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ABSTRACT

Stramenopiles, Alveolates, and Rhizaria (SAR) are environmentally
ubiquitous and form one of the most genetically diverse groups of eukaryotes
on earth. Combined, these phyla encompass nearly half of all known eukaryotic
genomic diversity. Stramenopiles comprise both non-photosynthetic taxa
including important pathogens of animals and plants such as the gastric parasite
Blastocystis and oomycetes like Phytophthora, the causative agent of the Irish
Potato Famine. Additionally, photosynthetic members from the Phylum
Ochrophyta, like the charismatic seaweeds such as giant kelp, create important
ecosystems while diverse microbial phytoplankton including diatoms are
fundamental to biogeochemical cycles and form the base of the food web.
Despite the known diversity within the stramenopiles, the lack of obvious
morphological characteristics for distinguishing taxa has led to some classes
becoming a dumping ground for difficult to place taxa. The combination of
largely understudied, yet genetically diverse taxa with few reliable distinguishing
characteristics has complicated stramenopile systematics for centuries. The
absence of a resolved phylogeny representing the diversity of the group
significantly hinders the ability to make meaningful inferences about ochrophyte
evolution. Here we expand the taxonomic sampling for ochrophytes by
generating twenty-eight novel transcriptomes, focusing on classes lacking
genome-scale data and species of uncertain taxonomic affiliation. By combining
these data with other publicly available data, we constructed the most

taxonomically comprehensive phylogeny of ochrophytes comprised of nineteen



out of the twenty-one previously described classes. Our analyses robustly
resolve relationships between stramenopiles and support four main clades of
ochrophytes. We placed historically difficult to resolve taxa. A rapid radiation in
the diversification of ochrophytes remains problematic for resolving the root of
ochrophytes and deep internal branches. These outstanding questions will likely
require identification and sequencing of additional, and even novel ochrophyte
taxa or methodological advances to extract a reliable phylogenetic signal from

these ancient events.
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PREFACE

This thesis is presented in manuscript format. Chapter 1 is prepared for
submission to Journal of Phycology as a literature review. Chapter 2 is in

prepared for submission as a research article to Molecular Biology and
Evolution.
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CHAPTER 1
This chapter is prepared for submission to Journal of Phycology



A Brief History of Stramenopiles

Introduction

The term Chromophyta was first introduced by Linnaeus (1751) to refer
to colored plants. The term “colored plants” was not to mean the opposite of
colorless, but rather any color other than green. In 1813, Lamouroux was the
first to distinguish algae based on their color. He established groups for the
red, the brown, and the green algae called the Fucacées, Floridées, and
Ulvaceés, along with two additional groups, one for Codium and the other for
Dictyota (Lamouroux, 1813). Around the turn of the century, researchers
started to utilize additional morphological features for algal classification
including the flagella (or cilium) as a distinguishing characteristic. For example,
Luther separated the yellow-green algae (todays Xanthophytes, specifically
Tribonema) from the other green algae (Ulvaceés) due to differences in their
flagella, and called this new group the Heterokontae (Luther, 1899). A few
years later, Chodat suggested that all algal groups with a flagellated life stage
should be placed into two groups, Chlorophyceés (green algae) and
Phéophyceés, comprised of Luther's Heterokontae, as well as diatoms,
dinoflagellates, and euglenoids (Chodat, 1909). Over time, this definition
changed as more ultrastructural studies revealed greater diversity among this
group.

In 1952, the Stockholm Congress made the -phyta ending the standard

terminology for divisions in the International Code of Botanical Nomenclature



and the term Chromophyta was later introduced by Bourrelly (1957). In 1960,
Chadefaud updated the names of the algal groups to include -phyco- in them,
to designate them as non-vascular plants (Chadefaud, 1960). The three
groups that contained all eukaryotic algae were now known as
Rhodophycophyta, Chlorophycophyta, and Chromophycophyta. Since red
algae are also colored but lack flagella, Christensen (1962) introduced the
group Contophora to encompass both the rhodophycophytes and the
chromophycophytes, with the distinguishing characteristic of presence of a
flagellum was present. Christensen (1962) gave the designation of
Chromophyta (nomen nudum) as a group compromising taxa that contain
chlorophylls a and c, lack chlorophyll b, and are flagellated. This included the
current ochrophytes, haptophytes, cryptophytes, Dinophyta, and the
choanoflagellates, while the euglenoids were transferred to the Chlorophyta. In
1986, Cavalier-Smith introduced the term Chromista consisting of three
groups: the Heterokonts, Haptophytes, and Cryptomonads (Cavalier-Smith,
1986). The term ‘Stramenopile’ was later introduced by Patterson (1989) to
encompass the clade of protists that shared the synapomorphy of tripartite
hairs because the meaning of Heterokont had changed throughout time and
became ambiguous. Stramenopiles (Patterson, 1989), also known as
Heterokonts (Cavalier-Smith, 1986) remain as one of the most diverse
eukaryotic clades.

Generally, stramenopiles have two flagella that are used for swimming.

One is longer and smooth, while the other is shorter and has tripartite hairs



attached. Most vegetative cells of the Chrysophyceae, Bolidophyceae,
Raphidophyceae, Pinguiophyceae, and Synurophyceae have two typical
flagella (Andersen, 1989; Guillou et al., 1999; Heywood, 1990; Hibbered,
1976; Honda & Inouye, 2002). Similarly, the zoospores of some members of
the Chrysomerophyceae, Eustigmatophyceae, Schizocladiophyceae,
Phaeothamniophyceae, and Xanthophyceae also retain two flagella (Andersen
et al., 1998; Hibbered, 1990; Kawai et al., 2003; O’Kelly, 1989). One of these
flagella is smooth and shorter, while the other is longer and has tripartite hairs.
The orientation of these flagella vary, and in some species the flagella can be
pointing in the same direction, while in others, the flagella may be on opposite
sides of the biflagellated cell. Further complicating this, some stramenopiles
retain only a single flagellum in parts of their lifecycle and others have life
stages that lack flagella. For example, some species of the Dictyochophyceae
have only a single flagellum during their skeletal stage (Chang, 2015).
Similarly, the male gametes of diatoms have only a single flagellum, while the
vegetative state of diatoms have lost their flagella completely. The presence of
tripartite hairs on the shorter flagellum is the only known synapomorphy of
stramenopiles, uniting the heterotrophic stramenopiles with ochrophytes.

Throughout the twentieth century, pigment analysis was primarily used
to characterize distinct groups of photosynthetic stramenopiles. It was clear
that groups could be defined by the lack or presence of chlorophyll b, and
differences in pigment profiles. It was believed at that time that all

chromophytes contain chlorophylls a and ¢ plus various accessory pigments,



with the most prevalent being fucoxanthin, which gives them their
characteristic golden-brown color. Carotenoid distribution within the
ochrophytes also varies. For example, fucoxanthin is always the predominate
carotenoid in the Phaeophyceae, with the next major pigment being
violaxanthin. When the class Chrysophyceae was established in 1914 by
Pascher, he placed all taxa that were not diatoms or brown algae into this new
class and created orders for each of the different cellular types such as
coccoid, filamentous, and capsoid (Andersen et al., 1993). This class was then
modified in the 1950’s to contain all taxa that were not raphidophytes,
xanthophytes, diatoms, or brown algae. In the 1970’s six different species of
what was then considered chrysophytes sensu strictu were examined for their
carotenoid composition and it was found that the profiles varied wildly, causing
confusion and belief that the chrysophytes were highly diverse in their pigment
retention (Bjgrnland, 1989). When the diversity of this group was eventually
examined using electron microscopy coupled with these pigment analyses,
this group was split into several different groups. Today, pigment composition
correlates well with clades resolved using phylogenies from molecular data.
However, losses of these pigments have led to certain taxa being
incorrectly assigned to other groups. For example, members of the
Eustigmatophyceae and Xanthophyceae, which appear to be bright green in
color due to the loss of fucoxanthin, were originally placed in the
Chlorophyceae. Further pigment analysis and ultrastructural examination

determined that they belong within the ochrophytes. As new taxa have been



described, two ochrophyte classes, the Eustigmatophyceae and the monotypic
Aureanophyceae, have each independently lost chlorophyll c. In the
Raphidophyceae, freshwater taxa resemble the Xanthophyceae in carotenoid
composition, whereas marine taxa resemble those of the Chrysophyceae and
Phaeophyceae. Christensen (1980) attempted to resolve this difference in taxa
that contain or lack fucoxanthin, by placing fucoxanthin containing
raphidophytes into the Chrysophyceae and merging those lacking it into the
Xanthophyceae. However, these relationships did not hold up with
ultrastructural characteristics.

Oomycetes were originally grouped with Fungi due to similarities in
morphology, however with biochemical and ultrastructural information it was
discovered that they share a common ancestor with other stramenopiles.
Other studies further corroborated the relationship between the photosynthetic
and heterotrophic stramenopiles. For example, Manton et al. (1951) examined
the morphological similarities in the zoospores of Saprolegnia spp.
(Oomycota) and the coenocytic Vaucheria spp. (Ochrophyta) and Parker et al.
(1963) identified biochemical parallels between these two groups. Additionally,
heterotrophic Bicosoecides resemble some sessile stages of photosynthetic
chrysophytes. Ultrastructural data has confirmed the presence of two flagella
with the shorter of the two having tripartite tubular hairs. This feature was
found to unite the heterotrophic and photosynthetic taxa, however, the

relationships between different groups of stramenopiles remained ambiguous



and clear morphological features demonstrating evolutionary histories were
lacking.

As mentioned above, morphological similarities were able to unite
heterotrophic and photosynthetic stramenopiles. For example, the oomycetes
share a handful of structural similarities with the Xanthophyceae and
Eustigmatophyceae such as a closed pattern of mitosis, which is rare in
chromophyte algae (Beakes 1989). This relationship was further supported by
the presence of electron-dense encystment vesicles around the outside of the
zoospore (Beakes, 1983; Ott & Brown, 1974b, 1975) Additionally, oomycetes
share similarities of the flagellar root system with Phaeophyceae and some
members of the Chrysophyceae, yet it remained unclear how the group
evolved and were specifically related. It was believed that the oomycetes
shared a common ancestor with the xanthophytes, but the oomycetes
secondarily lost the ability to photosynthesis and accordingly also lost their
plastid. Alternative scenarios were proposed, including that chloroplasts were
gained independently at least twice, or that a chromophytic stramenopile lost
chloroplasts, and then regained them after the evolution within the plastid-less
lineages. Li and Volcani (1987) proposed the latter to explain how apocholoric
diatoms arose.

More recently, the placement of Symbiomonas scintillans and
Picophagus flagellatus within the stramenopiles proved to be difficult. Both
species are hetereotrophs that possess key stramenopile ultrastructural

features, including mitochondria with tubular cristae and tripartite hairs on their



shorter flagellum, yet lack ultrastructural evidence for a plastid. Molecular
phylogenetics were required to conclusively place these taxa within the
phylum. Surprisingly, Picophagus was placed sister to the Chrysophyceae and
Synurophyceae, indicating it was a heterotrophic ochrophyte (Guillou et al.,
1999). Detailed ultrastructural analyses demonstrated that P. flagellatus has
not only lost the ability to photosynthesize, but has apparently lost its plastid
entirely (Guillou et al., 1999). Without molecular data these taxa would not
have been included within the ochrophytes, but rather as a heterotrophic
stramenopiles. The use of molecular phylogenetics made it clear that
photosynthesis arose once in stramenopiles resulting from a secondary
endosymbiotic event, dividing ochrophytes from heterotrophic stramenopiles
(Andersen et al., 1999; Cavalier-Smith et al., 1995; Keeling, 2013; Sibbald &
Archibald, 2020).

Throughout the evolution of stramenopiles there have been multiple
independent loses of either photosynthetic capabilities, or the plastid entirely.
While the most obvious role of the chloroplasts is photosynthesis, plastids also
perform other cellular functions such as biosynthesis of fatty acids,
isoprenoids, iron sulfur clusters, and/or haem (Salomaki & Kolisko, 2019;
Sibbald & Archibald, 2020). The production of these, and other compounds,
relies heavily on proteins encoded in the nucleus and targeted to the plastid,
with many fewer of these proteins being encoded on the plastid genome itself.

Without establishing other mechanisms to replace these essential metabolic



functions, the plastid remains essential, and is retained even without
performing photosynthesis.

Several ochrophytes have independently lost photosynthetic ability,
which has confounded their placement within the group. For example,
members of the Synchromophyceae are mixotrophic and capable of acquiring
nutrients without photosynthesis. While Synchroma spp. and Chlamydomyxa
spp. are mixotrophic and retain photosynthetic capabilities, Leukarachnion is
solely heterotrophic and retains a cryptic plastid whose function remains
unknown. Although the Synchromophyceae exhibit a wide range of plastid
morphologies and functions, they are united by their amoeboid (rhizopodial)
morphology and lack of flagella in their vegetative state. The chrysophytes and
synurophytes are two classes that are trophically diverse including obligate
phototrophs, mixotrophs, and obligate heterotrophic lineages. Photosynthesis
has been lost multiple times in the chrysophytes, and mixotrophy is very
common. Dorrell et al. (2019) investigated the plastid of Paraphysomonas and
found that, in contrast to all other nonphotosynthetic chrysophytes,
Paraphysomonas spp. do not retain a plastid genome, but still retain the
organelle that functions in haem biosynthesis.

While the chrysophytes, synurophytes, and synchromophytes are close
relatives, diatoms represent a more distant ochrophyte lineage that has also
undergone the loss of photosynthesis. There are at least twenty or so free-
living species of Nitzschia that have lost the ability to photosynthesize.

However, the nuclear encoded, plastid targeted genes, are still retained and



provided important metabolic capabilities (Kamikawa et al., 2015, 2017).
Recent phylogenomic analysis suggests that there was a single loss of
photosynthesis within Nitzschia, giving rise to a monophyletic grouping within
the autotrophic Nitzschia spp. (Onyshchenko et al., 2019). The origin of the
plastid enabled the diversification of ochrophytes and allowed them to occupy
new ecological niches, however secondary losses of photosynthesis has
further allowed this group to expand its nutrition acquisition strategies.

Both autotrophic and heterotrophic stramenopiles play significant roles
in diverse ecosystems. Diatoms are major contributors to the global carbon
cycle and the brown algae (kelp) create large ecosystems in the inter and
subtidal. Oomycetes include notable plant pathogens such as Phytophthora
infestans, the causative agent of the Irish potato famine, and Blastocystis is a
parasite of humans and other animals. Meanwhile there is a scarcity of
information for other taxa belonging to this phylum and with the increased use
of molecular data for taxonomy novel lineages are continually found. The use
of increasingly available molecular tools provides the ability to explore the
evolution of ochrophytes and provide a greater understanding of their
adaptation to unique environments. Recent studies have focused on resolving
the evolutionary relationships within ochrophytes. Some studies have used
few genes to explore many classes (Cavalier-Smith & Scoble, 2013;
Wetherbee et al., 2018; Yang et al., 2012), while others used a phylogenomic
approach using many genes, but did not have deep taxonomic sampling

(Derelle et al., 2016; Leonard et al., 2018; Strassert et al., 2019). Research
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presented in this thesis adds transcriptomic data for 7 ochrophyte classes
previously lacking genome-scale data. This work investigates the evolution of
ochrophytes using the most taxonomically comprehensive phylogenomic study

of stramenopiles, to date.
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Figure 1. Timeline showing important events in stramenopile classification.
Our understanding of the evolutionary relationships of this diverse group has
changed considerably overtime with morphological, pigment, and molecular
data.
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A Phylogenomic Approach to Explore Photosynthetic Stramenopile Evolution

Abstract

Stramenopiles, Alveolates, and Rhizaria (SAR) are environmentally
ubiquitous and form one of the most genetically diverse groups of eukaryotes
on earth. Combined, these phyla encompass nearly half of all known
eukaryotic genomic diversity. Stramenopiles are comprised of lineages that
are non-photosynthetic including important pathogens of animals and plants
such as the gastric parasite Blastocystis and oomycetes like Phytophthora, the
causative agent of the Irish Potato Famine. Additionally, there is a singular
photosynthetic lineage (Ochrophyta) which includes the charismatic seaweeds
(e.g., giant kelp) which create important ecosystems and diverse microbial
phytoplankton (e.g., diatoms) that are fundamental to biogeochemical cycles
and form the base of the food web. Despite the known diversity within the
stramenopiles, the lack of obvious morphological characteristics for
distinguishing taxa has led to some classes becoming a dumping ground for
difficult to place taxa. The combination of largely understudied, yet genetically
diverse taxa with few reliable distinguishing characteristics has complicated
stramenopile systematics for centuries. The absence of a resolved phylogeny
representing the diversity of the group significantly hinders the ability to make
meaningful inferences about ochrophyte evolution. Here we expand the
taxonomic sampling for ochrophytes by generating twenty-eight novel

transcriptomes, focusing on classes lacking genome-scale data and species of

20



uncertain taxonomic affiliation. By combining these data with other publicly
available data, we constructed the most taxonomically comprehensive
phylogeny of ochrophytes comprising nineteen out of the twenty-one
previously described classes. Our analyses robustly resolve relationships
between stramenopiles and support four main clades of ochrophytes and
placed historically difficult to resolve taxa. A rapid radiation in the
diversification of ochrophytes remains problematic for resolving the root of
ochrophytes and deep internal branches. These outstanding questions will
likely require identification and sequencing of additional, and even novel,
ochrophyte taxa or methodological advances to extract a reliable phylogenetic

signal from these ancient events.

Introduction

The stramenopiles, alveolates, and Rhizaria form one of the most
diverse major eukaryotic clades on earth and is commonly referred to as SAR
(Grattepanche et al., 2018). Some members of SAR have been intensely
studied, such as the parasitic Blastocystis, oomycetes (stramenopiles), or
Plasmodium (Alveolata). Photosynthetic lineages such as diatoms and kelp
(stramenopiles), and dinoflagellates (alveolates) have also been extensively
studied due to their importance as primary producers in marine ecosystems.
However, many members of this supergroup remain largely ignored (Lin et al.,

2012; Massana et al., 2004).
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Photosynthesis has a complex evolutionary history across SAR
exemplified by multiple, independent, plastid acquisitions across the
supergroup (Delwiche, 1999; Derelle et al., 2016; Dorrell et al., 2017; Keeling,
2013; Sevéikova et al., 2016; Strassert et al., 2021). Stramenopiles include a
single photosynthetic clade, termed Ochrophyta (Cavalier-Smith et al., 1995),
that branch sister to numerous heterotrophic lineages. The ochrophytes are an
incredibly diverse clade of stramenopiles, including members ranging in
complexity from 30-m long multicellular kelp, to unicellular protists <20-pym in
size. They are found in marine, freshwater, and terrestrial habitats and exhibit
a wide range of morphological, life history, and nutritional strategies. Surveys
of marine environments have revealed that stramenopiles make up a large
fraction of the poorly studied microscopic marine eukaryotes (Logares et al.,
2014; Pernice et al., 2016).

Despite diverse morphologies, a characteristic that remains consistent
among all stramenopiles is that motile cells possess two unequal flagella: one
long flagellum oriented towards the anterior of the cell with tripartitie tubular
hairs (mastigonemes), and a shorter and generally posterior and smooth
flagellum. The underlying synapomorphy of ochrophytes is a plastid of red
algal origin acquired via an endosymbiotic event (Dorrell et al., 2017). Current
evidence indicates a single plastid acquisition in the ancestor of ochrophytes
(Dorrell et al., 2017; Sevéikova et al., 2015; Stiller et al., 2014), has been
followed by a few independent losses of photosynthesis (Dorrell et al., 2019;

Grant et al., 2009; Kamikawa et al., 2017; Onyshchenko et al., 2019). Most
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ochrophyte plastids are characterized by the presence of chlorophylls a and c,
with fucoxanthin as the predominant xanthophyll (Andersen, 2004). However,
photosynthetic pigment profiles vary considerably, and differential losses of
accessory pigments have led to the incorrect assignment of some species to
other stramenopile classes, or even other phyla (Ott et al., 2015).

Currently, 17 classes of Ochrophyta are recognized, many of which
have been described in the last 30 years, based solely on small-subunit (SSU)
rRNA genes, or other single gene phylogenies. Single gene phylogenies have
been efficient for placing newly discovered taxa in known or novel classes
when distinguishing morphology is lacking, but phylogenies employing the
SSU are unable to resolve deep relationships (Gentekaki et al., 2014; Hampl
et al., 2009). Furthermore, clades with weak statistical support are unstable
and prone to move with the addition of more, or different data. The lack of
informative morphological characteristics for distinguishing ochrophyte classes
has had historical consequences for inferring evolutionary relationships
(Derelle et al., 2016). For example, prior to molecular techniques,
characteristically biflagellated brown cells were often classified within
Chrysophyceae (Bailey et al., 1998). From careful examination of these cells,
new classes were formed based on light microscopy, ultrastructural, and DNA
sequence data, such as the Phaeothamniophyceae (Bailey et al., 1998)
Pelagophyceae (Andersen et al., 1993), and Chrysomerophyceae (Cavalier-

Smith et al., 1995).
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In an attempt to resolve the evolutionary relationships among
ochrophytes, Yang et al. (2012), used a five-gene alignment, recovering three
main clades that they termed Sl, SlI, and Slll. Shortly after, the Marine
Microbial Eukaryotic Sequencing Project (MMETSP) represented a
fundamental turning point in data availability for stramenopiles. Over 650 novel
transcriptomes were sequenced from across the tree of life (Keeling et al.,
2014) and nearly half of the data generated (269 transcriptomes), were from
stramenopiles. This focus was intentional, due to the low abundance of
available data relative to the diversity of the phylum. However, even these
data were heavily biased towards diatoms (Diatomeae sensu lato), due to their
importance in global carbon cycling. Despite taxonomic biases, these data
were combined with additional new transcriptomes to produce the first
phylogenomic analysis of ochrophytes (Derelle et al., 2016). While there was
robust support for the monophyly and relationships among the classes
represented, data for only 9 of the 17 known classes ochrophytes of were
included. Subsequently, the expanded application of high-throughput
sequencing enabled phylogenomic studies to significantly improve the
resolution of relationships within and among stramenopile classes (Dorrell et
al., 2019; Jackson et al., 2017; Leonard et al., 2018; Noguchi et al., 2016).

The range of morphology, life history, ecology, and overall diversity of
stramenopiles, provides enormous scope for studying the evolution of traits.
However, the lack of a resolved ochrophyte phylogeny representing the

breadth of diversity of the group significantly hinders the ability to make
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meaningful inferences about their evolution. Here, we expand the taxonomic
sampling for ochrophytes, focusing on classes lacking genome-scale data,
and species of uncertain taxonomic affiliation. We constructed the most
taxonomically comprehensive ochrophyte phylogeny to date, comprised of 17
previously described classes. Within this robustly resolved evolutionary
framework, we place historically difficult to resolve taxa in three different
classes and transfer two others to different ochrophyte classes. Ultimately, we
have improved class level taxonomic representation and phylogenetic
resolution among ochrophyte lineages. An apparent rapid radiation early in the
evolutionary history of ochrophytes remains problematic for resolving deep
branches within the clade and will likely require additional taxa and
methodological advances to extract a reliable phylogenetic signal from these

ancient events.

Results/Discussion
Phylogenomic Analyses

Our phylogenomic dataset consists of 242 genes from 114 taxa (Table
1), resulting in a concatenated alignment of 75,752 amino acid (AA) sites with
18.71% missing data across the entire dataset. As in previous stramenopile
phylogenies, we recover full support for Ochrophyta, consistent with a single
plastid origin in stramenopiles (Dorrell et al., 2017; Sibbald & Archibald, 2020).
Our 28 newly sequenced transcriptomes were combined with publicly

available data to robustly place five ochrophyte classes previously lacking
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molecular data (Phaeothamniophyceae, Phaeosacciophyceae,
Chrysoparadoxophyceae, Picophagophycae, and Olisthodiscophyceae) and
two taxa that were considered incertae sedis (Botrydiopsis pyrenoidosa
SAG31.83 and Phaeobotrys solitaria SAG15.95) (Figure 1). The topology
resolves a fully supported Diatomista and Chrysista, similar to the results
presented in Derelle et al. (2016). Our dataset also provides full support for the
monophyly of all classes, including the Phaeothamniophyceae,
Phaeosacciophyceae, Eustigmatophyceae, and the Pinguiophyceae.
Additionally, we confidently place the classes that are monotypic in our
dataset: Picophagea, Chrysoparadoxophyceae, and Schizocladiophyceae
(Figure 1).

In our phylogeny, Diatomeae and Bolidophyceae form a clade
(Khakista), with the Dictyochophyceae and Pelagophyceae branching together
to form a sister clade (Hypogyrista) (Figure 1). These four classes comprise
the Diatomista (sensu Cavalier-Smith), which has also been called SllI by
Yang et al. (2012). In agreement with the SlI clade recovered by Yang et al.
(2012), we recover a clade containing the Chrysophyceae, Synurophyceae,
and Synchromophyceae. The Synurophyceae has been established as a class
separate from the Chrysophyceae, although previous analyses suggest that
the Synurophyceae are an internal branch of the Chrysophyceae (Dorrell et
al., 2019; Noguchi et al., 2016). Dorrell et al. (2019) demonstrated the
paraphyly of the Chrysophyceae sensu stricto, by focusing on these two

classes in their study, where Paraphysomonas spp. (Chrysophyceae) branch
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sister to a clade containing the remaining Chrysophyceae and the
Synurophyceae. We recover this same relationship with full support (Figure 1).
We are unable to resolve this paraphyly with the data presented here,
however, increased taxonomic sampling of chrysophyte lineages may help
resolve these relationships.

We recover the Pinguiophyceae and the recently described class,
Olisthodiscophyceae, branching sister to the Sl clade. Olisthodiscus luteus
was classified as a raphidophyte (Hara & Chihara, 1987; Inouye et al., 1992)
before Cavalier-Smith & Scoble (2013) weakly recovered this taxon as sister
to the Pelagophyceae and Dictyochophyceae in their 18S rDNA phylogeny.
Our study agrees with the recent results of a plastid gene-based phylogenetic
analysis, that O. luteus is a deeply divergent sister lineage to the
Pinguiophyceae, and thus constitutes a separate class, Olisthodiscophyceae
(Barcyté et al., 2021). With the addition of our new data, we expand the
taxonomic breadth of the Sll clade recovered by Yang et al. (2012) and
Wetherbee et al. (2018). However, this topology places the pinguiophytes as
early branching members of the SlI clade, as opposed to their inclusion as
members of the Diatomista by Adl et al. (2019).

The remaining ochrophytes form a clade sister to the Sll group with the
Eustigmatophyceae being the earliest diverging lineage. The Raphidophyceae
then branch sister to a fully supported clade, widely known as the PX clade,
that is comprised of Phaeophyceae, Xanthophyceae, and several smaller

classes (Figure 1). Other studies also recover strong support for the grouping

27



of the Raphidophyceae with the PX clade and this has been termed Sl (Yang
et al., 2012). While other studies have recovered strong support for the PX
clade, the relationships within the group were always poorly resolved (Kawachi
et al., 2002; Kawai et al., 2003; Wetherbee et al., 2018; Yang et al., 2012). We
recover full support for all taxa contained within the PX clade, except for the
node containing Phaeothamniophyceae and Phaeophyceae, which only has

87% bootstrap support (Figure 1).

Resolving Contentious Ochrophyte Relationships

The eustigmatophytes have historically proven difficult to place within
the ochrophyte phylogeny, with affinities being linked to clades SI, SlI, or
branching as sister to all other ochrophytes depending on genes and taxa
used in the analyses (Bailey et al., 1998; Kai et al., 2008; Kawachi et al., 2002;
Sevéikova et al., 2016; Yang et al., 2012). However, in these studies the
placement of the Eustigmatophyceae is rarely well-supported. Although
phylogenomic analyses have provided the ability to resolve historically difficult
relationships, the first study dedicated to investigating the relationships among
ochrophytes did not include the Eustigmatophyceae (Derelle et al., 2016).
Subsequent phylogenomic studies that included the Eustigmatophyceae within
their phylogenomic datasets were unable to robustly place this class (Leonard
et al., 2018; Noguchi et al., 2016). Here, we recover the eustigmatophytes
branching sister to the Sl clade with full statistical support in ML and from

Bayesian analyses (Figure 1).
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Although our analyses provided full support for the Eustigmatophyceae
forming a sister lineage to the Sl clade, there were several very short, internal
branches present in the ochrophyte early divergence. Such rapid radiations
have proven difficult to resolve (Giarla & Esselstyn, 2015; Mitchell et al., 2017;
Rothfels et al., 2017; Whitfield & Lockhart, 2007), and given the variety of
previously published results, we decided to further investigate the deep
evolutionary history. We repeated our ML analyses after removing all distant,
long-branching outgroups (Alveolata, Rhizaria, Bigyra), leaving Pseudofungi,
the closest known relatives of ochrophytes with publicly available genome-
scale data, as our outgroup taxa. In this analysis, the relationships between
most classes remains unchanged. However, we now recover a clade
comprised of the Sll and SlII groups, with Sl branching sister to them (Figure
2) as opposed to Sl and Sl branching together (Figure 1). Our analyses after
removing long branching outgroup taxa places the Eustigmatophyceae as the
earliest diverging class of ochrophytes (Figure 2). This placement is
uncommon in phylogenetic analyses, however, this relationship is supported
by mitochondrial data. The Eustigmatophyceae has previously been reported
as the only ochrophyte lineage to encode the atp1 gene on its mitochondrion
genome (Sevdikova et al., 2016). Moreover, in their phylogeny of the atp1
gene, the authors recover the eustigmatophytes among heterotrophic
stramenopiles, which also encode afp1 on the mitochondrion genome
(Sevéikova et al., 2016). This placement suggests that retention of the atp1

gene on the mitochondrion genome may be an ancestral trait of stramenopiles
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which was lost or transferred to the nuclear genome early in the ochrophyte

radiation. Accordingly, the topology showing the Eustigmatophyceae as the

earliest branching ochrophyte lineage could indicate the transfer of the gene
occurred after they diverged from other ochrophytes.

As noted above, our phylogeny also fully supports the relationship of
Olisthodiscus with the Pinguiophyceae as members of the Sll clade. However,
the placement of the pinguiophytes within SllI, rather than the Diatomista (SlI),
as described in the recent taxonomic updates by Adl et al. (2019), warrants
further investigation. Interestingly, Barcyté et al. (2021) recover Olisthodiscus
as sister to the pinguiophytes in their concatenated plastid encoded dataset,
and 18S and 28S concatenated Bayesian tree, but not in the 18S and 28S
concatenated ML tree. The relationship between these lineages is therefore
also worth further analyses. This is especially true, given the fact that both
Olisthodiscus and pinguiophytes represent long branches within the
ochrophyte phylogeny, suggesting that their close relationship may be an
artifact of long branch attraction (LBA).

In an effort to resolve the true root of ochrophytes, as well as the
relationship of Pinguiophyceae and Olisthodiscophyceae, we ran
Approximately Unbiased (AU) tests on the competing topologies, and tested
the possible impact of systematic errors (e.g., LBA) and gene selection as
drivers of support for either of the topologies. We performed serial fast-
evolving and heterotacheous site removal (FSR and HSR, respectively) on

both of our datasets, with the 5000 fastest or most heterotacheous sites being
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removed at each step and assessed the support for several clades of interest
in each newly generated dataset (Figure 3). In the SAR dataset, for both the
fast site removal and heterotachy analyses, the support of eustigmatophytes
belonging to the Sl quickly lost support. Interestingly, the placement of the
eustigmatophytes with Sll is supported in the fast site removal and
heterotachy once 40,752 sites remained, but this is roughly the same point
once the monophyly of Sl begins to fall apart. The AU test on the SAR dataset
rejected the topology of eustigmatophytes branching first (P=0.039) and
eustigmatophytes being a member of the Sll clade (P=0.003) with the only
topology not rejected being eustigmatophytes with SI (P=0.799).

For the ochrophytes + Pseudofungi dataset, the placement of
eustigmatophytes with Sl is never supported in either fast site removal or
heterotachy analysis. The support for eustigmatophytes being sister to all
other ochrophytes remained strong until 31,189 sites remained, when
eustigmatophytes branched with Sl for just one step with 60% bootstrap
support before the relationship switched back. The placement of the
eustigmatophytes branching sister to all other ochrophytes was the only
supported topology in the heterotachy analysis with good support (90ML)
(Figure 3). The AU test on the ochrophyte + Pseudofungi dataset rejected the
placement of eustigmatophytes as a part of the Sll clade (P=0.001) but was
unable to reject the eustigmatophytes branching with the Sl clade (P=0.117),

or eustigmatophytes as the earliest branching ochrophytes (P=0.872).
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A comparison of random gene subsampling for the SAR dataset and
the ochrophyte + Pseudofungi dataset provided a striking difference in support
for the placement of the Eustigmatophyceae within ochrophytes. In the 40%,
60%, and 80% subsets of the SAR dataset, Eustigmatophyceae branching
with the Sl clade was strongly supported. Only in the 20% dataset does
support for this grouping waver, but the Eustigmatophyceae are never well
supported as sister to the remaining ochrophytes, or branching with the SlI
clade. When the more divergent outgroup taxa are removed from the dataset
and only Pseudofungi are used as an outgroup in the analyses, the
Eustigmatophyceae are strongly supported as a sister lineage of all other
ochrophytes, with this topology receiving the highest support in the 40% and
80% datasets. In the 20% and 60% datasets, support for the
Eustigmatophyceae branching sister to ochrophytes, or the Sl was highly
variable. These results demonstrate that the placement of the
Eustigmatophyceae with the Sl clade is strongly impacted by gene selection
and highlights the difficultly of resolving relationships at the ochrophyte
radiation. This conflict may be a result of genes have differing rates of
evolution which could be producing these differing topologies. Certain genes
that are included may not contain enough phylogenetically informative signal
to resolve deeper or shallower relationships resulting in different results. This
is especially true when trying to resolve deep evolutionary relationships, as

adequate phylogenetic signal in the selected genes may have been lost.
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The relationship between the Pinguiophyceae and Olisthodiscophyceae
was strongly supported in both the SAR and ochrophyte + Pseudofungi
dataset for FSR, HSR, and random gene subsampling datasets (Figure 3).
Throughout the analyses, a relationship for the Pinguiophyceae + SllI, or
Pinguiophyceae + Olisthodiscophyceae + Sl was never supported. In both
datasets, topologies where pinguiophytes were branching with SllI, and
pinguiophytes + Olisthodiscus + Slll were rejected. This confirms the finding of
Barcyté et al. (2021) that Olisthodiscus is a deeply divergent taxon, related to
the Pinguiophyceae, and rejects the affinity of the Pinguiophyceae with Slll as
summarized in Adl et al (2019). We also never recover any support for a clade
containing Leukarachion, Chylamdomyxa, Synchroma, and Picophagus,
demonstrating that Picophagus and the Synchromophyceae are separate
classes.

Although it is still uncertain where the root of ochrophytes sits, our
topologies, both with and without distant ancestors as outgroups, identify
Eustigmatophyceae diverging from the members of the SI, Sll, and SllI clades
as described by Yang et al. (2012). Based on this pattern, the
Eustigmatophyceae represent an independent early diverging lineage of
Ochrophyta that cannot be considered belonging to the Sl, SlI, or SllI clades.
Further supporting this hypothesis, eustigmatophytes are the only known
ochrophyte class to have preserved the atp1 gene in the mitochondrial
genome. All other ochrophytes have a nuclear encoded mitochondrial targeted

atp1 protein. Our Pseudofungi + ochrophyte topology supports a scenario in
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which the afp1 gene was retained in the mitochondrion in the common
ancestor of ochrophytes, and then transferred to the nucleus in the common
ancestor of the remaining ochrophytes. In both of our phylogenies we
recovered full support for four distinct clades of ochrophytes, S, Sll, SllI, and
eustigmatophytes, with the key difference being the root placement (Figure 4).
Fully resolving the placement of the ochrophyte root will likely require the
identification and inclusion of molecular data from more deep branching
ochrophyte taxa and perhaps novel heterotrophic stramenopiles, or the
creation of evolutionary models better suited to identify phylogenetic signal in

short internal branches, as suggested by Di Franco et al. (2021).

Conclusions

Here we have the most complete reconstruction of ochrophyte evolutionary
history to date with 17 known classes. We resolved the placement of
Olisthodiscus luteus with the pinguiophytes as early branching members of the
Sll clade. The placement of the root of ochrophytes remains a challenge that
may require increased sampling of early branching photosynthetic
stramenopiles. Finally, our analyses indicate that the Eustigmatophyceae
should be considered as an independent ochrophyte lineage rather than a

member of any of the previous clades.

Methods

Material sources and culturing
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Cultures were purchased from culture collections based on availability.
The cultures were grown in 250mL glass flasks under the culture collections
recommended culturing conditions in a Percival incubator. Culture growth was
monitored by fluorometer and once each culture reached mid-exponential
phase, cells were harvested over a 2-micron 25-millimeter poly carbonate filter
and flash frozen in liquid nitrogen and stored in a -80° C freezer until RNA was
isolated.

RNA isolation, sequencing, and assembly

RNA was extracted using Machery Nagel plant RNA kit following
manufacturers protocol with the exception of cell lysis. This was carried out by
bead beating for 5 minutes using a mixture of 0.1 and 0.5mm zirconia/silica
beads (BioSpec) in a BioSpec Mini-Beadbeater.

Sequencing libraries were constructed using the NEB Next Ultra RNA
prep kit and sequenced on the lllumina HiSeq (4000) in paired-end mode
(2x150bp). Adapters and low-quality regions were removed using
Trimmomatic (Bolger et al., 2014). Trimmed reads were assembled using
rnaSPAdes v3.13 (Bushmanova et al., 2018) and transcripts were translated
to protein sequences using Transdecoder. Completeness of all genomes or
transcriptomes after removal of low coverage sequences in this study were
assessed using BUSCO with the Eukaryotic gene set (Table 1) Prior to the
phylogenomic dataset construction, individual transcriptomes were clustered
at 99% using CDHit (Li & Godzik, 2006).

Phylogenomic dataset construction
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The previously published dataset from (Leonard et al., 2018) was used
as a starting point for this study because of its broad representation of
photosynthetic and heterotrophic stramenopiles. This dataset was generated
using OrthoMCL (Li et al., 2003) to identify candidate genes from a broad
eukaryotic taxon sampling. All orthogroups were examined and groups that
had at least 80% retained data were kept. These orthogroups were examined
further for monophyly of eukaryotic groups and removed genes that contained
too many missing lineages, were too paralogous, or were too unreliable for
phylogenomics. A subset of those genes were used in the curation of the
Leonard et al. dataset based on the presence of stramenopiles.

In addition to the 22 transcriptomes generated for this study, 20
publicly available photosynthetic stramenopile transcriptomes were gathered
to increase taxonomic sampling of ochrophytes (Table 1).

Representative sequences from Vaucheria litorea, Chrysophyceae sp.,
Phaeomonas parva, and Thalassiosira pseudonana were selected to be used
as BLAST queries for each gene in the dataset. All potential ortholog
candidates were identified using a BLASTP search (evalue 1e-10, BLAST
v2.7.1). Sequences represented by low coverage (<5) were removed from the
blast results and then the top 5 remaining BLAST hits for each taxon being
added to the dataset were selected as potential orthologs and added to the
dataset for subsequent single gene tree construction and manual curation of

orthologs.
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Single gene datasets were aligned using MAFFT (--globalpair --
maxiterate 1000) (Katoh & Standley, 2013), alignment errors were filtered
using DIVVIER (--partial -mincol 4 -divvygap) (Ali et al., 2019) and trimmed
with trimAL (Capella-Gutiérrez et al., 2009) using a gap threshold of 0.2. Trees
were built using RAXML (Stamatakis, 2014) under the LG model with 100 rapid
bootstrap replicates. For each single gene dataset, a total of three rounds of
manual inspection were performed to detect and remove contaminants and
paralogs. The first round was to remove deep paralogs, a second for the
removal of midparalogs and a third to address inparalogs. After removal of
paralogs and contaminants during each round of manual curation, the
datasets were realigned, trimmed and trees were reconstructed. During the
second and third rounds of manual curation, filtered using Divvier (-partial -
mincol 4) prior to trimming in trimAL.

The final ortholog-only dataset for each of the 242 genes was masked
using Prequal under the default settings (Whelan et al., 2018), aligned using
MAFFT (--globalpair --maxiterate 1000), and filtered using Divvier (--partial -
mincol 4 -divvygap). Single gene alignments were concatenated, and genes
were partitioned using Partition Finder 2 (Lanfear et al., 2017) under the LG+G
model using the corrected Aikaike Information Criterion (AICc). A Maximum
likelihood (ML) tree was inferred using 1Q Tree v 1.6.7 (Nguyen et al., 2015)
under the LG+C60+F+G4 mixture model. The resulting ML tree was used as a
guide tree under the same model to estimate the PMSF profiles (Wang et al.,

2018). Support values were then estimated using 500 nonparametric bootstrap
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replicates under the LG+C60+F+G4+PMSF model. Bayesian analyses were
inferred using Phylobayes-MPI v. 1.5 (Lartillot et al., 2013) with the
CAT+GTR+G4 model and constant sites removed (-dc). Four independent
Markov Chain Monte Carlo (MCMC) chains were run for >10,000 generations
(all sampled).

For the fast site removal (FSR) analysis, per site evolutionary rates
were estimated and sites in the alignment were sorted from fastest to slowest
evolving. This was followed by sequential removal of 5,000 fastest sites at a
time generating increasingly smaller alternative datasets at each step.
Similarly, for the Heterotacheous sites removal (HSR), the most
heterotacheous sites were removed in a stepwise fashion 5000 sites at a time,
producing iteratively smaller datasets until no further sites could be removed.
Random subsampling of 20%, 40%, 60%, or 80% of genes that comprise the
complete phylogenomic dataset was conducted under the default 95%
confidence interval setting as in Brown et al. 2018 (Brown et al., 2018). The
generation of these datasets were performed using scripts in the Phylofisher
software package (https://github.com/TheBrownLab/PhyloFisher). For each of
the FSR, HSR, and randomly resampled gene analyses, each step or
subsample was analyzed using 100 fast bootstrap replicates in IQ-Tree under
the LG+C60+F+G+PMSF model.

Both datasets used in the phylogenomic analyses were subjected to
constrained ML tree reconstruction in IQTree (LG+C60+F+G) using the same

partitioning scheme utilized in our initial analyses. Trees were constrained to
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reflect the following relationships: Eustigmatophyceae + Sl,
Eustigmatophyceae + Sll, Eustigmatophyceae outside, Pinguiophyceae + SllI,
and Pinguiophyceae + Olisthodiscus + Slll. For each of the constrained
topologies, ML trees were reconstructed in IQTree under the LG+C60+F+G
model of evolution. Gene concordance factors (gCF) for the best ML tree for
our initial phylogenomic analysis and the constrained topologies were
calculated in IQTree. Additionally, the approximately unbiased (AU) test (Minh
et al., 2020) was conducted on both datasets, the constrained trees, and 100
distinct local topologies saved during the initial ML analysis (-wt option in
IQTree).

Maximum likelihood analyses were conducted under LG+C60+F+G-PMSF in
IQTree.

To further investigate the role of systematic errors contributing to the observed
topologies, we also ran phylogenomic analyses using the less complex LG
model to strengthen a possible artifactual result compared to the partitioned

LG+C60+F+G used in our previous analyses.
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Figure 1. Phylogeny of SAR. Maximum likelihood and Bayesian phylogeny of
ochrophytes inferred using |IQTree (LG+C60+F+I'4) and PhyloBayes (CAT-
GTR+I'4) based on our initial dataset including heterotrophic stramenopiles,
Rhizaria, and alveolates as outgroup taxa. This dataset was comprised of 242
genes and 75,752 sites. Statistical support is derived from non-parametric
PMSF based bootstrap support (n=500) (BS) and Bayesian posterior
probabilities (PP). Ochrophyte transcriptomes newly sequenced as part of this
study are colored orange and transcriptomes added to increase taxonomic
sampling are colored blue. Branch supports correspond to ML BS (right) and
Bayesian posterior probabilities (left). Branches fully supported in each
analysis are shown with hollow circles (100 BS/1.0 PP).
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Figure 2. Phylogeny of Ochrophytes + Pseudofungi Maximum likelihood
phylogeny of Ochrophytes + Pseduofungi inferred using IQTree
(LG+C60+F+I'4) and PhyloBayes (CAT-GTR+I'4). This dataset was
comprised of 242 genes and 76,189 sites. Statistical support is derived from
non-parametric PMSF based bootstrap support (n=500) (BS) and Bayesian
posterior probabilities (PP). Ochrophyte transcriptomes newly sequenced as
part of this study are colored orange and transcriptomes added to increase
taxonomic sampling are colored blue. Branch supports correspond to ML BS
(right) and Bayesian posterior probabilities (left). Branches fully supported in
each analysis are shown with hollow circles (100 BS/1.0 PP).
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Figure 3. Effects of removing fast evolving and heterotacheous sites,
and random gene subsampling on apicomplexan relationships. (A)
Graphs plotting support for bipartitions of interest for the SAR and
Pseudofungi + Ochrophytes datasets after the stepwise removal of the 5,000
fastest evolving sites until all sites are removed from each dataset. Non-
parametric bootstrap support (n=100) values are on the y-axis and number of
sites removed, measured in thousands, is shown on the x-axis. (B) Graphs
plotting support for bipartitions of interest for the SAR and Pseudofungi +
Ochrophytes datasets after the stepwise removal of the 5,000 most
heterotacheous sites until all sites are removed from each dataset. Non-
parametric bootstrap support (n=100) values are on the y-axis and number of
sites removed, measured in thousands, is shown on the x-axis. (C) Box-and-
whisker plots showing support for randomly sampled subsets of genes from

43




each total dataset (SAR dataset on the left and ochrophytes + pseudofungi on
the right). Non-parametric bootstrap support (n=100) values are on the y-axis
and subsample percentage is shown on the x-axis. The number of individual
datasets required to sample every gene with 95% probability of sampling
every gene for each percentage of genes being sampled is shown in
parentheses. Abbreviated groups of interest are: SI = Raphidophyceae +
Xanthophyceae + Chrysoparadoxophyceae + Phaeophyceae +
Schizocladophyceae + Phaeosacciophyceae + Phaeothamniophyceae; SlI =
Olisthodiscophyceae + Pinguiophyceae + Picophagophyceae +
Synchromophyceae + Chrysophyceae + Synurophyceae + Other
Chrysophyceae; Sl = Pelagophyceae + Dictyochophyceae + Bolidophyceae
+ Diatomae; Pseudofungi = Pseudofungi; Eustigs = Eustigmatophyceae;
Eustigs Sister = Eustigmatophyceae are earliest diverging ochrophytes;
Eustigs + S| = Eustigmatophyceae + Sl taxa; Eustigs + Sl =
Eustigmatophyceae + Sll taxa; Pin + O = Pinguiophyceae +
Olisthodiscophyceae; Pin + O + Slll = Pinguiophyceae + Olisthodiscophyceae
+ SllI taxa; Pin + Slll = Pinguiophyceae+ SllI taxa; Pico + Syn =
Picophagophyceae + Synchromophyceae.
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Figure 4. Possible placement for the root of ochrophytes. A) Two
topologies recovered in ML analyses utilizing different outgroup taxa in this
study. The SAR dataset is shown on the left with a blue line that places the
root closest to the Slll clade. The ochrophytes + pseudofungi dataset is shown
on the right with a red line placing the root closest to the Eustigmatophyceae.
B) A star tree showing that the relationships between the ochrophytes lineages
are the same in both datasets, with the placement of the root differing between
the two.
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1165_clean.pep.fa 40

SRR485867 58.8

18.8

11.4

10.2

14.5

5.9

38.5

35.7

35.7

45.5

35.3



23]

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2093/MMETSP
0886_clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2094/MMETSP
0887 _clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1973/MMETSP
0888 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
Pelagomonas ojects/104/samples/1974/MMETSP
Pelagophyceae calceolata 0889 clean.pep.fa 61.2 11.8 27

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2077/MMETSP
0882 _clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2078/MMETSP
0883 _clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2086/MMETSP
Pelagococcus 0884 clean.pep.fa &
Pelagophyceae subviridis https://de.cyverse.org/anon- 52.2 19.6 28.2



1°1°]

Perkinsozoa
Phaeophyceae
Phaeophyceae

Phaeophyceae
Phaeophyceae
Phaeophyceae

Phaeophyceae
Phaeophyceae

Phaeophyceae

Phaeosacciophyceae

Phaeosacciophyceae

files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2087/MMETSP
0885 clean.pep.fa

Perkinsus marinus GCF_000006405.1
Agarum clathratum SRR3711333

Dictyota dichotoma SRR5088950

http://www.research.kobe-
u.ac.jp/rcis-ku-

Discosporangium macc/e.p.folder/e.i.folder/download.
mesarthrocarpum html
Ectocarpus sp. 7 GCA 0003100251

Fucus ceranoides ERR1161612
https://ftp.cngb.org/pub/gigadb/pub/
10.5524/100001_101000/100627/as

semblies/APTP-
Ishige_okamurae/APTP-

Ishige okamurae SOAPdenovo-Trans-assembly.fa.gz
Nereocystis luetkeana SRR3711301

Sargassum

hemiphyllum ERR2041177

Tetrasporopsis moei

A12,475 This study

Phaeosaccion

multiseriatum

CCMP1308 This study

57.2
70.6
36.4

16.9
84.7
60.4

69.5
72.1

58

84.3

70.2

13.7
18.4
20

31.8
7.8
5.1

18.8
16.1

20.4

7.1

14.5

29.1
11
43.6

51.3
7.5
34.5

11.7
11.8

21.6

8.6

15.3



9G

Phaeosacciophyceae

Phaeothamniophyceae

Phaeothamniophyceae
Phaeothamniophyceae

Phaeothamniophyceae
Picophagophyceae

Pinguiophyceae

Pinguiophyceae

Pinguiophyceae

Raphiodphyceae

Tetrasporopsis
fuscescens SAG20.88

Stitchogloea dopii
ACOI338

Phaeothamnion
wetherbeei sp. nov.
CCMP637

Stichogloea
doederleinii CCMP823

Phaeoschizochlamys
siveri UTEX2647

Picophagus flagellatus

Pinguiococcus
pyrenoidosus

Phaeomonas parva

Glossomastix
chrysoplasta RCC625

Fibrocapsa japonica
CCMP1661

This study 76.9
This study 73.7
This study 66.3
This study 78

This study 86.2
This study 75.7

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2158/MMETSP
1160_clean.pep.fa 51.8

http://datacommons.cyverse.org/bro
wse/iplant/home/shared/imicrobe/pr
ojects/104/samples/2098/MMETSP
1163_clean.pep.fa 494

This study 52.9

http://datacommons.cyverse.org/bro
wse/iplant/home/shared/imicrobe/pr
ojects/104/samples/2520/MMETSP
1339 clean.pep.fa 37.7

10.6

11.8

19.2

14.9

8.2
10.2

4.7

18.8

20.4

17.3

12.5

14.5

14.5

7.1

5.6
141

43.5

31.8

26.7

45



LG

Raphiodphyceae

Raphiodphyceae

Raphiodphyceae

Gonyostomum semen
CCMP2518

Chattonella subsalsa

This study 88.3 3.5

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1923/MMETSP
0947 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1924/MMETSP
0948 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1929/MMETSP
0949 clean.pep.fa
&https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1930/MMETSP
0950 _clean.pep.fa 72.1 10.2

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1800/MMETSP
0292 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1801/MMETSP
0294 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr

Heterosigma akashiwo ojects/104/samples/1802/MMETSP 58.8 21.2

8.2

17.7

20



8G

Sagenista

Sagenista

Sagenista

Sagenista

Schizocladiophyceae

Synchromophyceae

Aplanochytrium
kerguelense

Aurantiochytrium
limacinum

Schizochytrium
aggregatum

Thraustochytrium sp.
LLF1b

Schizocladia ischiensis

Synchroma pusillum
CCMP3072

0295 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1803/MMETSP
0296_clean.pep.fa

https://genome.jgi.doe.gov/portal/Ap
Ike1/download/Aplke1_GeneCatalo
g_proteins_20121220.aa.fasta.gz 91.4

https://genome.jgi.doe.gov/portal/Au
rli1/download/Aurli1_GeneCatalog_
proteins_20120618.aa.fasta.gz 85.9

JGI Project: 402022, Schagf 80

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1765/MMETSP

0198 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1766/MMETSP

0199 clean.pep.fa 81.1

http://www.research.kobe-
u.ac.jp/rcis-ku-
macc/e.p.folder/e.i.folder/download.

html 6.3

http://datacommons.cyverse.org/bro
wse/iplant/home/shared/imicrobe/pr 55.3

3.1

6.3

8.2

5.5

26.3

16.9

5.5

7.8

11.8

13.4

67.4

27.8



6S

Synchromophyceae

Synchromophyceae

Synurophyceae

Synurophyceae

Synurophyceae
Synurophyceae

Synurophyceae

Synurophyceae?

Leukarachnion sp.
PRA-24

Chlamydomyxa
montana SAG36.96

Mallomonas marina

Mallomonas sp.

Synura petersenii
Synura sp. LO234KE

Synura sp.

Pedospumella
elongata

ojects/104/samples/2283/MMETSP
1452_clean.pep.fa

This study 91.4

This study 43.9

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/2105/MMETSP
1167_clean.pep.fa 40.8
https://ftp.cngb.org/pub/gigadb/pub/
10.5524/100001_101000/100627/as
semblies/BOGT-

Mallomonas_sp/BOGT-
SOAPdenovo-Trans-assembly.fa.gz 63.6
https://ftp.cngb.org/pub/gigadb/pub/
10.5524/100001_101000/100627/as
semblies/DBYD-
Synura_petersenii/DBYD-
SOAPdenovo-Trans-assembly.fa.gz 40.4

HAGD00000000.1 15.7

https://ftp.cngb.org/pub/gigadb/pub/
10.5524/100001_101000/100627/as
semblies/VKVG-Synura_sp/VKVG-
SOAPdenovo-Trans-assembly.fa.gz 38.1

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr 70.6

2.4

28.6

20.8

18.4

28.2
16.5

26.7

7.1

6.2

27.5

38.4

18

31.4
67.8

35.2

22.3



09

Xanthophyceae
Xanthophyceae

Xanthophyceae
Xanthophyceae

Xanthophyceae

Vaucheria bursata
CCMP1084

Chlorellidium
tetrabotrys SAG811-1

Tribonema minus
SAG880-3

Tribonema gayanum

Vaucheria litorea

ojects/104/samples/2171/MMETSP
1098 _clean.pep.fa

This study 77.3
This study 81.2
This study 69.8
SRR7470091 55.7

https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1916/MMETSP
0945 clean.pep.fa &
https://de.cyverse.org/anon-
files//iplant/home/shared/imicrobe/pr
ojects/104/samples/1917/MMETSP
0946 _clean.pep.fa 60

12.5

9.8

13.3
13.3

12.2

10.2

16.9
31

27.8

Table 1. Taxonomy, sources, and BUSCO completeness based on the Eukaryota ODB10 reference gene set for data

used in this study.
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