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Parmales (Bolidophyceae) is a minor eukaryotic phytoplankton group, sister to diatoms, which exists as two distinct
forms of unicellular organisms: silicified cells and naked flagellates. Since their discovery, many field studies on Parmales
have been performed; however, their global distribution has not yet been examined in detail. We herein compiled more than
3,000 marine DNA metabarcoding datasets targeting the V4 region of the 18S rRNA gene from the EukBank database.
By linking this large dataset with the latest morphological and genetic information, we provide updated estimates on the
diversity and distribution of Parmales in the global ocean at a fine taxonomic resolution. Parmalean amplicon sequence
variants (ASVs) were detected in nearly 90% of the samples analyzed. However, the relative abundance of parmaleans
in the eukaryotic community was less than 0.2% on average, and the estimated true richness of parmalean ASVs was
approximately 316 ASVs, confirming their low abundance and diversity. A phylogenetic analysis divided these algae into
four clades, and three known morphotypes of silicified cells were classified into three different clades. The abundance of
Parmales is generally high in the poles and decreases towards the tropics, and individual clades/subclades show further
distinctions in their distribution. Collectively, the present results suggest clade/subclade-specific adaptation to different

ecological niches.
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The order Parmales (class Bolidophyceae) comprises
eukaryotic microalgae of two morphologically distinct
forms: one is a naked flagellate (1-1.7 um in diameter) and
the other has silicified cell walls (2-5 pm in diameter)
(Booth and Marchant, 1987; Guillou et al., 1999;
Ichinomiya et al., 2011, 2016). The silicified forms were
originally established as a new order, Parmales, within
Chrysophyceae (Booth and Marchant, 1987). Following the
first isolation of a parmalean from the Oyashio region near
Japan (Ichinomiya et al., 2011), phylogenetic analyses
revealed that parmaleans formed a monophyletic group with
previously known naked flagellates (bolidophytes)
(Ichinomiya et al., 2011) that comprise a sister group to
diatoms (Guillou et al., 1999). Consequently, the order
Parmales was re-established under the class Bolidophyceae
(Ichinomiya et al., 2016). The two forms have a phylogenet-
ically nested relationship, and silicified strains possess the
genomic potential to form flagella, suggesting that these two
forms represent different stages in the life cycle of the same
organisms (Ichinomiya et al., 2016; Ban et al., 2023). Four
morphotypes of silicified parmaleans have been identified to
date, with each being distinguished by the morphological
features of their silicified cell walls: Triparma, Tetraparma,
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‘Scaly parma’, and Pentalamina, the last morphotype of
which has not yet been isolated (Booth and Marchant, 1987;
Ban et al., 2023; Sato et al., unpublished).

Their life cycle and predicted phago-mixotrophic nutrient
acquisition markedly contrast with those of diatoms, their
closest evolutionary photo-autotrophic relatives (Ban et al.,
2023). Therefore, Parmales is a key eukaryotic group for
understanding the physiology, ecology, and evolution of dia-
toms, the most successful phytoplankton group in the mod-
ern ocean (Kuwata et al., 2018; Ban et al., 2023). Efforts to
characterize the diversity and biogeography of Parmales
across space and niches are expected to provide fundamen-
tal information on differences in ecological and evolutionary
strategies between diatoms and Parmales.

Based on field observations to date, the silicified form of
Parmales is widely distributed from frequently-reported
polar and subpolar regions, including coastal sites (Booth et
al., 1980, 1981; Silver et al, 1980; Nishida, 1986;
Taniguchi et al., 1995; Komuro et al., 2005; Konno et al.,
2007; Ichinomiya et al., 2010, 2019; Ichinomiya and
Kuwata, 2015; Luan et al., 2018; Hoshina et al., 2021a,
2021b, 2021c), to the tropics (Kosman et al., 1993; Bravo-
Sierra and Hernandez-Becerril, 2003; Fujita and Jordan,
2017). However, these observations were based on micro-
scopic analyses of the silicified cell wall morphology and,
thus, naked flagellates were missed. There were also poten-
tial issues regarding cryptic species (Bickford et al., 2007)
and variations within a single species due to morphological
phenotypic plasticity (Konno et al., 2007). Therefore, an
accurate and consistent taxon identification method is
needed to quantify the abundance and diversity of Parmales.

DNA metabarcoding targeting the V4 or V9 region of the

Article ME23093



18S rRNA gene has recently become an effective method to
examine the eukaryotic diversity and community composi-
tion of the ocean (De Vargas et al., 2015; Massana et al.,
2015; Cordier et al., 2022). DNA metabarcoding bypasses
microscopic taxonomy identification and provides abundant
comprehensive data that may resolve the issues associated
with microscopic observations. Previous studies investi-
gated the distribution of Parmales using the V9
metabarcoding dataset produced by the 7ara Oceans expedi-
tion (Ichinomiya et al., 2016) and the V4 metabarcoding
datasets from multiple studies covering coastal, Arctic, and
Antarctic oceans not represented in 7ara Oceans data
(Kuwata et al., 2018). These studies characterize the global
distribution of Parmales in the ocean, revealing their consis-
tently low frequency in microeukaryotic communities and
suggesting that each clade of Parmales has its own distribu-
tion pattern. However, the data used by Ichinomiya et al.
(2016) from the Tara Oceans expedition do not cover
coastal areas and some oceanic regions, such as the Indian
Ocean and Antarctic Sea, while data used by Kuwata et al.
(2018) underrepresent the Southern Hemisphere. Addition-
ally, when these studies were conducted, sequence informa-
tion on isolated strains was only available for one clade,
Triparma, of the four morphotypes.

In the present study, we used the EukBank database,
which provides the largest dataset for DNA metabarcodes
targeting the 18S rRNA gene V4 region (Kaneko et al.,
2023). The EukBank project consolidates multiple datasets
originating from various sampling projects, including 7ara
Oceans (Pesant ef al, 2015; Sunagawa et al, 2020),
Malaspina (Logares et al., 2020), and the Australian Micro-
biome (Brown et al., 2018). This dataset comprises more
than 15,000 DNA metabarcoding samples targeting the 18S
rRNA gene V4 region, with samples derived from various
biomes, such as marine, freshwater, and soil biomes. After
appropriate filtering, we compiled more than 3,000 marine
samples from pole-to-pole oceanic regions, including
coastal areas. We associated these data with current knowl-
edge on Parmales, including information on recent isolates
from Triparma, Tetraparma, and ‘Scaly parma’ (Yamada et
al., 2020; Ban et al., 2023). The present results quantita-
tively describe the diversity and distribution of Parmales at a
fine taxonomic resolution.

Materials and Methods

EukBank data preprocessing

The EukBank database provides amplicon sequencing variant
(ASV) sequences and their taxonomic annotations, and also
includes table data representing the read counts of ASVs in each
sample with metadata. Detailed information on the preprocessing
of raw data is provided in Kaneko et al. (2023).

We initially selected seawater samples with metadata and a total
read count higher than 10,000. We then filtered samples based on
the availability of sampling site information on latitude, longitude,
and depth. During this process, samples without specific depth
information were also retained if the range of sampling depth was
obtained from other information (Supplementary Information).
Depth information was finally classified as either the surface layer
(0-10 m) or euphotic zone (10-200 m). We subsequently retained
only samples (depth 0-200 m) with a lower limit of the size frac-
tion of less than 1 um. This size threshold was selected with the
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expectation that it would allow all parmalean morphological forms
to be captured on the filter. We then categorized samples based on
their seafloor depth at the sampling sites; sites shallower than
200 m were defined as coastal ocean sites, while deeper sites were
defined as open ocean sites. The depths of the sampling sites were
calculated by interpolating depth data from the global relief model
(ETOP 1) (Amante, 2009) using latitude and longitude information
with the Julia package “Interpolations.jl”’. We finally collected
3,200 marine samples, 1,633 of which were coastal ocean samples
and 1,567 were open ocean samples (Fig. S1).

We also obtained 432 ASV sequences that were annotated as
“Bolidophyceae” from all EukBank ASV sequences.

Phylogenetic analyses and ASV annotation

We collected full-length parmalean 18S rRNA gene sequences
from the SILVA database (categorized as “Bolidomonas”; accessed
Jun 2023) (Quast et al., 2012) and from published work (Ban ef al.,
2023). We added some diatom sequences as outgroups to the data-
set and then removed previously reported chimeric sequences
(Ichinomiya et al., 2016) and sequences shorter than 900 bp. We
aligned and masked the sequences using the “ssu-align” and “ssu-
mask” commands of SSU-ALIGN (v.0.1.1) (Nawrocki, 2009) with
default parameters. A maximum likelihood tree was estimated with
a GTR+G+F model and 1,000 bootstrap replicates using RAXML-
ng (v.1.0.2) (Kozlov et al., 2019). We defined clades and subclades
based on the topology of the estimated phylogenetic tree according
to previous studies (Ichinomiya et al., 2016; Kuwata et al., 2018)
(Fig. 1).

ASVs were assigned their phylogenetic placement on the esti-
mated reference tree. Full-length 18S rRNA gene sequences were
aligned to make a multiple sequence alignment using the “ssu-
align” command with default parameters; however, since default
masking causes a loss in resolution for distinguishing ASVs,
masking of the alignment was performed using the “ssu-mask”
command with the “--rfonly” option. The sequences of 432 parma-
lean ASVs were also aligned and masked using the “ssu-align”
command with default parameters and the “ssu-mask” command
with the previously produced mask file from full-length 18S rRNA
gene alignments. Model parameters for phylogenetic placements
were evaluated with the full-length 18S rRNA gene alignment and
the estimated tree using RAXML-ng (Kozlov et al., 2019) with the
“--evaluate” option (v.1.0.2) specifying the GTR+G+F model. Phy-
logenetic placement was performed using EPA-ng (Barbera et al.,
2019) under the evaluated model with the ASV alignment as the
query and the maximum likelihood tree and full-length 18S rRNA
gene alignment as the reference.

To annotate each ASV into a clade/subclade, we used the
“extract” command of gappa (v.0.8.4) (Czech et al., 2020). ASVs
were annotated into Clades I-IV, “basal branches”, and “out-
group”. We herein prioritized EukBank’s taxonomy; therefore,
ASVs annotated as “outgroup” were treated as a Parmales origin,
while those annotated as “basal branches” and “outgroup” were
grouped together as “uncertain” sequences of Parmales. At the sub-
clade level, Clade III was divided into Clades Illa—Illc, and Clade
IV into Clades IVa-IVd (Fig. 1). ASVs annotated as Clade III or
IV at the clade level, but as “basal branches” at the subclade level
were re-annotated as “Clade III uncertain” or “Clade IV uncer-
tain”, respectively.

Parmalean ASV sequences were also aligned to full-length 18S
rRNA gene sequences using vsearch (v.2.22.1) (Rognes et al.,
2016) for sequence similarity searches.

Ecological analyses

Rarefaction curves were obtained by plotting the expected count
of ASVs calculated under the assumption that all reads from 3,200
samples were pooled and then sub-sampled. The number of reads
sub-sampled increased in increments of 10,000. The slopes of the
rarefaction curves were calculated from the last data points and
their predecessors.
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Fig. 1. Phylogenetic tree of 18S rRNA genes.

Maximum likelihood phylogenetic tree of the full-length 18S rRNA genes of Parmales and diatoms (outgroup). IDs of isolates are in bold and, if
isolates are of the silicified form, IDs are underlined. Bootstrap values >50 are noted on the nodes. Clades/subclades were separated based on the

tree topology.
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Preston’s log-normal distribution (Preston, 1948) was used to
estimate the completeness of sampling by fitting a left-truncated
normal distribution to the log2-transformed total counts of each
ASV in 3,200 samples using function “prestondistr” in the R pack-
age “vegan” via Julia package “RCall j1”.

The relationships between latitude and parmalean ASV
abundances were visualized by Locally Estimated Scatterplot
Smoothing (LOESS; span=0.8) using the Julia package “Loess.jl”.
Confidence intervals were computed using 100 bootstrap resam-
pling iterations.

To characterize the habitats of each clade and subclade, the
weighted average temperature (WAT) was used as the index for
clade/subclade temperature preferences using the relative abun-
dance in 2,002 of the 3,200 samples for which temperature infor-
mation was available. This index was calculated using the
following equation:

2 Wt

2 Wi

where WAT, is the weighted average temperature index of clade/
subclade &, and wy and ¢, are the relative abundances of clade/
subclade k and water temperature in sample 7, respectively.

Plots were generated using the Julia packages “Makie.jl”
(Danisch and Krumbiegel, 2021) and “GeoMakie.jl”.

WAT) =

Statistical analysis

Regarding each clade and subclade, the Mann-Whitney U test
(Mann and Whitney, 1947) was employed using the Julia package
“HypothesisTests.jl” to evaluate whether a difference existed in
relative abundance between coastal ocean samples (#=1,633) and
open ocean samples (n=1,567). The results obtained were further
validated using the rank-biserial correlation (RBC), which is the
effect size of the Mann-Whitney U test (Wendt, 1972; Kerby,
2014). Positive RBC values indicated a preference for the coastal
ocean and negative values for the open ocean; the absolute value
(0-1) indicated the strength of the preference.

Results

Phylogenetic analyses

The maximum likelihood tree (Fig. 1) based on the phylo-
genetic analysis of full-length 18S rRNA gene sequences
showed the clear grouping of parmalean sequences into four
clades (Clade I-IV), which is consistent with previous
findings (Kuwata et al., 2018). Clade I is the most basal
clade, containing ‘Scaly parma’, which are morphologically
distinct from other parmalean taxa (Ban et al., 2023; Sato et
al., unpublished). Clade II consists only of environmental
sequences and does not include any sequences from isolates
of either silicified forms or naked flagellates. Clade III is
divided into three subclades based on topology (Clade I1la—
Illc). Clade Illa contains a silicified isolate sequence
(Tetraparma gracilis) and a sequence of unknown morphol-
ogy (KY980029: Triparma pacifica isolate NY13S 157),
while Clade IIlc contains two sequences of unknown mor-
phology (KY980053: T pacifica isolate NY13S 197,
KY98405: T pacifica isolate BH65 151). Clade IIIb con-
sists only of environmental sequences. The taxonomic anno-
tation of Triparma for the three sequences of unknown
morphology in Clade III may be the misannotation of sam-
ples that properly belong to Tetraparma. Clade 1V is also
divided into four subclades (Clade IVa—1Vd). Clade IVa and
Clade IVd contain sequences from silicified isolates and
naked flagellate isolates, with Triparma columacea and
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Triparma retinervis representing the silicified form and 7.
pacifica RCC205 (HQ912557) representing the naked flag-
ellate for Clade IVa. In Clade 1Vd, Triparma laevis f.
inornata (AB546639) represents the silicified form, while
Triparma sp. RCC1657 (KF422625) represents the naked
flagellate. Clades IVb and IVc do not have any sequences
from silicified form isolates, with Triparma eleuthera
(KR998400) and Triparma mediterranea (KR998397) rep-
resenting naked flagellates for Clades IVb and IVc, respec-
tively.

As a result of the phylogenetic placement of ASVs in the
reference maximum likelihood tree, 86.3% of ASVs were
annotated into one of the four clades (Table 1). There were
no ASVs that showed the best match with outgroup sequen-
ces in the sequence similarity search, suggesting that all
ASVs were derived from Parmales. ASVs that were anno-
tated into clades, as well as those that were not, had
sequence identities of 91.7 and 83.1%, respectively, on aver-
age with their closest matching full-length 18S rRNA gene
sequences (Fig. S2). Clade II, the environmental clade, con-
tained the most annotated ASVs, followed by Clades I, 111,
and IV (Table 1).

Global marine dataset of parmalean ASVs

After filtering samples from the EukBank database, we
obtained 3,200 marine water samples containing approxi-
mately 402 million reads. Although the coastal ocean sam-
ples were predominantly from Europe and Australia, the
open ocean samples widely ranged from pole to pole, with
some exceptions (e.g., the West Pacific) (Fig. S1). These
samples covered oceanic regions that had not appeared in
previous studies (Ichinomiya et al., 2016; Kuwata et al.,
2018) and alleviated the data bias issue. Among 432
EukBank ASVs, 267 ASVs appeared at least once and
accounted for approximately 630,000 of the total reads.
Overall, 94.6% of parmalean ASV reads were assigned to
four clades (Fig. 2a), of which Clade IV was the most domi-
nant, followed by Clades III, II, and I (Fig. 2a). This order
of abundance was not consistent with the order of diversity
inside the clades (Table 1). Within Clade III, Clade Illc was
slightly more abundant than Clade Illa, with Clade IIIb
being the least abundant (Fig. 2a). Within Clade IV, Clade
IVa was the most abundant, followed by Clades IVd and
IVb, with Clade IVc being markedly less abundant (Fig. 2a).
A rarefaction analysis indicated that the ASV richness of all
global ocean parmaleans was far from saturation (Fig. 2b).
Clade II in particular had the largest slope (Table S1). The
fitted Preston model (blue line in Fig. 2c) extrapolated true
parmalean ASV richness to 315.85 ASVs, indicating that

Table 1. Counts of parmalean ASVs in each annotation category.

Annotation  No. of parmalean ASVs No. of parmalean ASVs

in all EukBank samples in 3,200 marine samples
Clade 1 76 32
Clade 11 214 120
Clade III 50 44
Clade IV 33 28
Uncertain 59 43
Total 432 267
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(a) The number of reads of parmalean ASVs in each clade from 3,200 samples. (Top right) The number of reads of parmalean ASVs in Clade III.
(Bottom right) The number of reads of parmalean ASVs in Clade IV. (b) Rarefaction curve, representing parmalean ASV richness. Each curve
shows the expected number of parmalean ASVs against the number of re-sampled reads for each clade. The slopes of each curve are listed in
Table S1. (c) Preston’s log-normal distribution of parmalean ASVs. The x-axis is transformed to log2. The histogram represents the frequency of
actual parmalean ASVs binned by abundance in octaves. The blue line indicates the fitted left-truncated normal distribution. The left side of
Preston’s Veil line (dashed black vertical line) corresponds to ASVs that did not appear in the samples. Total parmalean ASV richness was

extrapolated to ASVs on this side.

the analyzed samples uncovered ~84.5% of parmalean ASVs
in the global ocean (right side of the veil line in Fig. 2c).

Oceanic distribution of parmalean ASVs

Parmalean ASVs were widely distributed across the
global ocean in both coastal and open oceans from the poles
to the tropics (Fig. 3a). Parmalean ASVs appeared in 89.1%
of the samples, indicating their wide distribution. However,
the relative abundance of parmalean ASVs in the microeu-
karyotic community was generally low, with a median of
0.05% and an average of 0.16% (Fig. 3b). Nevertheless,
there were samples where parmalean ASVs accounted for a
markedly large percentage of the community (three outliers
in Fig. 3b). In three samples taken on the same day and
location in Botany Bay of Sydney, Australia, parmalean
ASVs contributed to 58.2, 48.1, and 36.5% of the microeu-
karyotic community (SRA Run: SRR8820967, SRR8820804,
and SRR8820815, respectively, from the Australian Micro-
biome). ASVs with a high sample coverage (i.e., the per-
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centage of samples in which they were detected had a
slightly high maximum relative abundance) (Fig. 3c). How-
ever, an ASV that was dominant in one sample was not nec-
essarily widely distributed.

The relative abundance of parmalean ASVs across lati-
tudes showed a clear previously undescribed pattern that
decreased from the poles to tropics, while they were
detected in the coast and open oceans across the surface and
euphotic zones (Fig. 4). In the open ocean, the relative abun-
dance of parmalean ASVs decreased more markedly in the
tropics in the euphotic layer than in the surface layer (Fig.
4).

Global diversity pattern of parmalean ASV:s.

Although all Parmales clades were distributed in both the
coastal and open oceans, distinct distribution patterns
emerged for the clades (Fig. 5). Clade I (‘Scaly parma’)
appeared to be biased towards subarctic to polar regions
(Fig. 5a). The WAT index of Clade I was 6.64°C, suggesting
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Fig. 3.

Overview of the parmalean ASV distribution in the global ocean.

(a) Global distribution of parmalean ASVs. (Top left) Coastal ocean surface layer, (bottom left) Coastal ocean euphotic zone, (top right) Open
ocean surface layer, and (bottom right) Open ocean euphotic zone. Dot sizes are scaled to log10 (“parmalean ASV abundance”x10,000+1) at each
sample. (b) Parmalean ASV abundance of each sample. The x-axis is scaled with the pseudologlO function. (¢) Sample coverage and the
maximum relative abundance of each ASV. The x-axis is scaled with the pseudolog10 function.

a preference for lower temperatures (Fig. 6a and S3a). Clade
II (environmental clade) was rare in the tropics, but was
widely distributed through the mid- and high-latitude areas
(Fig. 5b). The WAT index of Clade II was 14.2°C, which
was higher than that of Clade I (Fig. 6a and S3Db).

We conducted a detailed subclade analysis of Clade III
(Tetraparma) and Clade IV (Triparma) (Fig. 5c and d). The
three subclades of Clade III showed clearly distinct distribu-
tion patterns between Clade IIla and Clade IIIb/Clade Illc.
Clade IIla was distributed in both the coastal and open
oceans from the subarctic to polar regions, suggesting a
preference for cold water (Fig. 6a and 7a). Clades I1Ib and
IIIc exhibited a strong bias towards coastal oceans (Fig. 7b
and c), with the RBC values of Clades I1Ib and Illc being

6/

0.598 and 0.468, respectively (Fig. 6b, S5d, S5e, and Table
S2).

Clades IVa, IVb, and IVd were very widely distributed,
with each being detected in more than 50% of samples (Fig.
8a, b, and d). In contrast, Clade IVc was narrowly distrib-
uted and present in only 8.25% of samples. Clade IVc was
only found in the mid-latitude zones of both hemispheres,
such as the Mediterranean Sea (Fig. 8c), and in a narrower
range of water temperatures (Fig. 6a and S4f). Clades IVa
and IVb exhibited similar distribution patterns, being rela-
tively rare in polar regions, but still widely distributed (Fig.
8a and b); the WAT indices of the two clades were 19.0 and
19.7°C, respectively (Fig. 6a). The RBC values of Clades
IVa and IVb were 0.146 and 0.320, respectively, with Clade
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IVb showing a stronger preference for the coastal oceans
than Clade IVa (Fig. 6b, S5f, S5g, and Table S2). Clade IVd
was widely distributed, but less abundant in the tropics, in
contrast to Clade IVa and Clade IVb (Fig. 8d). The WAT
index of Clade IVb was 13.3°C, suggesting a preference for
cold oceans (Fig. 6a and S4g).

Discussion

Using larger DNA metabarcoding datasets than those pre-
viously employed (Ichinomiya ez al., 2016; Kuwata et al.,
2018), we found that Parmales was broadly distributed from
coastal to open oceans and from pole to pole (Fig. 3a). How-
ever, its relative abundance in the microeukaryotic commun-
ity was less than 0.2% on average, as previously reported
(Ichinomiya et al., 2016; Kuwata et al., 2018). Therefore,
Parmales may be regarded as a cosmopolitan phytoplankton
group belonging to a rare biosphere (Lynch and Neufeld,
2015). Nevertheless, its relative abundance sometimes
exceeds 1% (up to approximately 60%) (Fig. 3b), and it may
occasionally play important ecological roles.

The predicted true richness of Parmales in the global
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ocean was approximately 316 ASVs. This low level of
diversity is in marked contrast to that of their sister group,
diatoms, which are estimated to have approximately
100,000 ribotypes of the V9 region in the global ocean,
methodological differences notwithstanding (Malviya et al.,
2016). Therefore, Parmales is a minor group of eukaryotes
with respect to diversity. The fitted Preston model suggests
that the ASVs collected in the present study covered 84.5%
of the entire diversity of Parmales (Fig. 2c¢).

Previous field observations on silicified Parmales cells
showed a strong relationship between water temperature and
their distribution (Ichinomiya and Kuwata, 2015; Ichinomiya
et al.,2019; Hoshina ef al., 2021¢c). We revealed that the rel-
ative abundance of Parmales increased with latitude (Fig. 4),
which supports a relationship between water temperature
and the distribution of Parmales; however, our analyses did
not distinguish silicified forms from naked flagellates and,
thus, differed from previous studies.

The phylogenetic analysis of full-length 18S rRNA gene
sequences recovered four clades of Parmales, as previously
reported (Kuwata ef al., 2018; Ban et al., 2023) (Fig. 1).
These sequences also include recent isolates of silicified
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Fig. 5. Global distribution of parmalean ASVs in each clade.

Samples from all depths are shown in single plots. Orange dots indicate coastal ocean samples and blue dots indicate open ocean samples. Dot
sizes are scaled to logl0 (“parmalean ASV abundance”x10,000+1) at each sample. (a) Clade I (‘Scaly Parma’), (b) Clade II (environmental
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Fig. 6. Characteristics of the distribution of clades/subclades.
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(a) Temperature preference of each clade/subclade. Blue dots represent the respective WAT indices. Shaded areas are violin plots of temperature
weighted by frequency in each sample. (b) Preference between the coastal ocean and open ocean of each clade/subclade. The bar plot indicates the
rank-biserial correlation, which is an effect size of the Mann-Whitney U test. Positive RBC values indicate a preference for the coastal ocean,
negative values indicate a preference for the open ocean, and the absolute value (0—1) indicates the strength of the preference. Asterisks indicate
the significance of differences in the test for each clade/subclade (P<0.05). Detailed results of the Mann-Whitney U test are shown in Table S2.

forms (Ban et al., 2023), particularly ‘Scaly parma’ and T.
gracilis. Together with a previous analysis (Ban et al.,
2023), our study confirmed the phylogenetic positions of
‘Scaly parma’ in Clade I and Tetraparma in Clade 1II (Fig.
1). Isolates of Triparma belonged to Clade IV. Clade II con-
sisted only of environmental sequences with moderate levels
of relative abundance (Fig. 2a) and a relatively high level of
diversity (Fig. 2b and Table 1). Pentalamina (Booth and
Marchant, 1987) is a genus of Parmales with a distinct mor-
phology; however, there have been no isolates or 18S rRNA
sequences from this genus. Since each silicified form of par-
maleans in Clades I, III, and IV has a distinct morphology
and Pentalamina also has a distinct morphology from other
parmaleans, Pentalamina is the prime candidate for a mem-
ber of environmental Clade II. However, unidentified par-
malean species may also be members of Clade II or, in
consideration of the genetic diversity of Clade II (Fig. 2b),
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Pentalamina and unidentified species may both be members
of Clade II. Pileolosphaera longistirpes may be such a
member because it was initially identified as a parmalean
based on its morphology (Tanimoto ef al., 2003). However,
a subsequent study showed that its plates were made of
calcium rather than silica (Meier et al., 2014), leaving it
as a remote candidate for examination by isolation and
sequencing.

Individual clades/subclades showed distinct distribution
patterns (Fig. 5, 6, 7, 8, S3, S4, S5, and Table S2),
suggesting their adaptation to different ecological niches.
Clade I (‘Scaly parma’) showed a strong preference for
high-latitude regions and lower temperatures (Fig. 5a and
6a), which is consistent with previous findings (Kuwata et
al., 2018) and our observation of the lone ‘Scaly Parma’ iso-
late derived from the cold waters of the Sea of Okhotsk
(Ban et al., 2023). Clade I was the least abundant among the
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Global distribution of parmalean ASVs in each subclade of Clade III.

Same legend as in Fig. 5. (a) Clade Illa (ZTetraparma gracilis), (b) Clade I1Ib (environmental clade), and (c) Clade Illc (7etraparma).

Clade IVa
a (Triparma columacea/pacifica)

b Clade IVb
(Triparma eleuthera)

Parmalean ASV abundance (%)
0.01 0.1 1 10

100

Ocean region
coastal ocean [l open ocean

Fig. 8. Global distribution of parmalean ASVs in each subclade of Clade IV.
Same legend as in Fig. 5. (a) Clade IVa (Triparma columacea and Triparma pacifica), (b) Clade 1Vb (Triparma eleuthera), (c) Clade 1Vc

(Triparma mediterranea), and (d) Clade 1Vd (Triparma laevis).

four clades (Fig. 2a). The lack of field observations (apart
from the single isolate) may be explained by this low abun-
dance.

Clade 1II (environmental clade) also showed a preference
for cold water, though not to the extent of Clade I (Fig. 5b
and 6a). In samples in which Parmales dominated in Botany
Bay, Sydney, Australia, the most frequent ASV belonged to
Clade II. Therefore, Clade II members may have the ability
to cause blooms. As described above, we speculate that
Pentalamina belongs to Clade II. The silicified form of
Pentalamina has only been reported from the Antarctic
Ocean (Kuwata et al., 2018), which overlaps with the distri-
bution of Clade II.

Clade III (7etraparma) and Clade 1V (Triparma) showed
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distinct distribution patterns when divided into subclades
(Fig. 6, 7, and 8). Clade Illa (7. gracilis) preferred cold water
(Fig. 6a and 7a), which is consistent with previous findings
showing that the silicified form of 7. gracilis was frequently
observed in cold water (Ichinomiya et al., 2019; Hoshina et
al., 2021c), while Clades I1Ib and Illc showed different dis-
tribution patterns; they were preferentially distributed in
coastal areas (Fig. 6b, 7b, 7¢c, S5f, S5g, and Table S2).

Clade IVc (T. mediterranea) preferred the mid-latitude of
both hemispheres (Fig. 8c). Previous studies proposed that
the distribution of 7. mediterranea was mostly restricted to
the Mediterranean Sea (Ichinomiya ef al., 2016; Kuwata et
al., 2018). The present study revealed that the mid-latitude
distribution is a feature of Clade [Vc, suggesting that parma-
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leans of this clade are restricted to a narrow temperature
range (Fig. 6a). Clades IVa, IVb, and IVd were widely dis-
tributed and four of the highest sample coverage ASVs were
from these clades (Fig. 3c). Clade IVd (T. laevis) showed a
preference for cold water, as previously reported (Fig. 6a
and 8d) (Ichinomiya et al., 2016; Kuwata et al., 2018),
while Clade IVa (7. columacea, T. pacifica) and Clade IVb
(T. eleuthera) showed a preference for warmer water (Fig.
6a, 8a, and 8b). This result is to some extent consistent with
previous growth experiments; silicified form isolates of 7.
laevis f. inornata, T. laevis f. longispina, and Triparma
strigata (Clade IVd) grew in cold water, but not in water
warmer than 15°C (Ichinomiya and Kuwata, 2015), while
the naked flagellate isolate of 7. eleuthera (Clade IVDb) grew
at 16-24°C (Stawiarski et al., 2016). Previous field observa-
tions from the subarctic Pacific also showed that the silici-
fied forms of 7. laevis f. inornata, T. laevis f. longispina, T.
strigata, and Triparma verrucosa (Clade IVd) preferred cold
water, which was generally restricted to less than 8°C, while
the silicified forms of 7. columacea and T. retinervis (Clade
IVa) preferred warm water, which had a wider range of tem-
peratures in the warm direction of up to approximately 12°C
(Hoshina et al., 2021c). However, the ASVs of Clades [Va
and IVd also appeared in warmer waters (Fig. 6a and S4).
This inconsistency may be explained by diversity within
subclades, such as the existence of populations that prefer
warmer water, or the possibility that they shift to a naked
flagellate form in warmer water and evade microscopic
observations. Field observations on slightly different forms
of T laevis, T. columacea, and T. retinervis in subtropics to
tropics support the former idea (Kosman et al., 1993; Bravo-
Sierra and Hernandez-Becerril, 2003; Fujita and Jordan, 2017).

With the exception of Clades IlIb and Illc (coastal
groups), all clades/subclades commonly appeared in both
coastal and open oceans (Fig. 5, 6b, 7, 8, S5, and Table S2),
suggesting that many parmaleans have the ability to adapt to
both eutrophic coastal oceans and nutrient-depleted open
ocean. Parmales may switch between silicified photoauto-
trophic and naked flagellated phago-mixotrophic stages in
their life cycle (Ichinomiya et al., 2016; Ban et al., 2023),
and mixotrophs are generally considered to widen their
niche by alternating their trophic strategies (Endo et al.,
2018; Xu et al., 2022). Therefore, the present results corrob-
orate the idea that the cosmopolitan distribution of parma-
leans may be explained by their life cycle strategy (Ban et
al., 2023).

By integrating the large dataset produced by EukBank
with previous morphological and genetic information, we
firmly established that Parmales is a cosmopolitan, but rare
group of microeukaryotes that occasionally make blooms.
The mapping of morphological features onto the phyloge-
netic tree revealed still sparse, but consistent signals sup-
porting the correspondence between the clades and different
morphologies. Different clades display distinct spatial distri-
butions, suggesting ecological niche differentiations during
the evolutionary process of Parmales. We consider the bio-
geography of different clades of Parmales revealed in this
study to provide insights into the physiology, ecology, and
evolution of Parmales.
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Data availability

Data from the EukBank project are available from a previous
study (Kaneko et al., 2023). Data supporting the present results are
available at GenomeNet FTP: https://www.genome.jp/ftp/db/
community/parmales_diatoms.

Contributor Information

The EukBank Team:
Cédric Berney?, Frédéric Mahé*s, Nicolas Henry®’ and Colomban
de Vargas®’

3Sorbonne Université, CNRS, Station Biologique de Roscoff,
AD2M, UMR 7144, 29680 Roscoff, France

‘CIRAD, UMR PHIM, F-34398 Montpellier, France

SPHIM, Univ Montpellier, CIRAD, INRAE, Institut Agro, IRD,
Montpellier, France

°CNRS, Sorbonne Université, FR2424, ABiMS, Station Biologi-
que de Roscoff, 29680 Roscoff, France

"Research Federation for the study of Global Ocean Systems Ecol-
ogy and Evolution, FR2022/Tara Oceans GOSEE, 3 rue Michel-
Ange, 75016 Paris, France

Acknowledgements

We thank the 7ara Oceans consortium, the EukBank consortium,
and the people and sponsors who supported the Tara Oceans Expe-
dition (http://www.embl.de/tara-oceans/) for making the data
accessible. This is contribution number 149 of Tara Oceans Expe-
dition 2009-2013. This work was supported by the JST “Establish-
ment of University Fellowships Towards The Creation of Science
Technology Innovation” Grant Number JPMIJFS2123, JSPS
KAKENHI (No. 17H03724, 21K12231), and the Collaborative
Research Program of Institute for Chemical Research, Kyoto Uni-
versity (Nos. 2015-39, 2016-30, 2020-33). Computational time
was provided by the SuperComputer System, Institute for Chemi-
cal Research, Kyoto University. We are grateful to the Roscoff
Bioinformatics platform ABiMS (http://abims.sb-roscoff.fr), part
of the Institut Frangais de Bioinformatique (ANR-11-INBS-0013)
and BioGenouest network, for providing computing and storage
resources. We thank J. Carlson, Ph.D., from Edanz (https://
jp.edanz.com/ac) for editing a draft of this manuscript.

References

Amante, C. (2009) ETOPOl 1 Arc-Minute Global Relief Model:
Procedures, Data Sources and Analysis. National Geophysical Data
Center, NOAA. URL https://doi.org/10.7289/V5C8276M.

Ban, H., Sato, S., Yoshikawa, S., Yamada, K., Nakamura, Y., Ichinomiya,
M., et al. (2023) Genome analysis of Parmales, the sister group of
diatoms, reveals the evolutionary specialization of diatoms from
phago-mixotrophs to photoautotrophs. Commun Biol 6: 697.

Barbera, P., Kozlov, A.M., Czech, L., Morel, B., Darriba, D., Flouri, T.,
et al. (2019) EPA-ng: Massively parallel evolutionary placement of
genetic sequences. Syst Biol 68: 365-369.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, PX.L., Meier, R., Winker,
K., et al. (2007) Cryptic species as a window on diversity and
conservation. Trends Ecol Evol 22: 148—155.

Booth, B.C., Lewin, J., and Norris, R.E. (1980) Siliceous nanoplankton I.
Newly discovered cysts from the Gulf of Alaska. Mar Biol 58: 205—
209.

Booth, B.C., Lewin, J., and Norris, R.E. (1981) Silicified cysts in North
Pacific nanoplankton. Biol Oceanogr 1: 57-80.

Booth, B.C., and Marchant, H.J. (1987) Parmales, a new order of marine
chrysophytes, with descriptions of three new genera and seven new
species. J Phycol 23: 245-260.

Bravo-Sierra, E., and Hernandez-Becerril, D.U. (2003) Parmales
(Chrysophyceae) from the Gulf of Tehuantepec, Mexico, including
the description of a new species, Tetraparma insecta sp. nov., and a
proposal to the taxonomy of the group. J Phycol 39: 577-583.

Article ME23093


https://www.genome.jp/ftp/db/community/parmales_diatoms
https://www.genome.jp/ftp/db/community/parmales_diatoms
http://www.embl.de/tara-oceans/
http://abims.sb-roscoff.fr
https://jp.edanz.com/ac
https://jp.edanz.com/ac
https://doi.org/10.7289/V5C8276M

Parmales Distribution and Diversity

Brown, M.V., Van De Kamp, J., Ostrowski, M., Seymour, J.R., Ingleton,
T., Messer, L.F., et al. (2018) Systematic, continental scale temporal
monitoring of marine pelagic microbiota by the Australian Marine
Microbial Biodiversity Initiative. Sci Data 5: 180130.

Cordier, T., Angeles, 1.B., Henry, N., Lejzerowicz, F., Berney, C.,
Morard, R., et al. (2022) Patterns of eukaryotic diversity from the
surface to the deep-ocean sediment. Sci Adv 8: eabj9309.

Czech, L., Barbera, P., and Stamatakis, A. (2020) Genesis and Gappa:
processing, analyzing and visualizing phylogenetic (placement) data.
Bioinformatics 36: 3263-3265.

Danisch, S., and Krumbiegel, J. (2021) Makiejl: Flexible high-
performance data visualization for Julia. J Open Source Sofiw 6: 3349.

De Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F., Logares, R., et
al. (2015) Eukaryotic plankton diversity in the sunlit ocean. Science
348: 1261605.

Endo, H., Ogata, H., and Suzuki, K. (2018) Contrasting biogeography
and diversity patterns between diatoms and haptophytes in the
central Pacific Ocean. Sci Rep 8: 10916.

Fujita, R., and Jordan, R.W. (2017) Tropical Parmales (Bolidophyceae)
assemblages from the Sulu Sea and South China Sea, including the
description of five new taxa. Phycologia 56: 499—-509.

Guillou, L., Chrétiennot-Dinet, M.-J., Medlin, L.K., Claustre, H., Goér,
S.L., and Vaulot, D. (1999) Bolidomonas: A new genus with two
species belonging to a new algal class, the Bolidophyceae
(Heterokonta). J Phycol 35: 368-381.

Hoshina, K., Narita, H., Harada, N., and Jordan, R.W. (2021a) Diversity
within the Triparma  strigata—Triparma  verrucosa  group
(Bolidophyceae), including five new taxa from polar—subpolar
regions. Phycologia 60: 215-224.

Hoshina, K., Narita, H., Harada, N., and Jordan, R.W. (2021b) Triparma
laevis f. marchantii f. nov. (Bolidophyceae) from the Southern
Ocean, and comparison with other infraspecific taxa of 7. laevis.
Phycologia 60: 180—-187.

Hoshina, K., Uezato, Y., and Jordan, R.W. (2021c) Parmales
(Bolidophyceae) assemblages in the subarctic Pacific Ocean during
the mid-1960s. Phycologia 60: 35-47.

Ichinomiya, M., Gomi, Y., Nakamachi, M., Ota, T., and Kobari, T. (2010)
Temporal patterns in silica deposition among siliceous plankton
during the spring bloom in the Oyashio region. Deep Sea Res Part II
57: 1665-1670.

Ichinomiya, M., Yoshikawa, S., Kamiya, M., Ohki, K., Takaichi, S., and
Kuwata, A. (2011) Isolation and characterization of Parmales
(Heterokonta/Heterokontophyta/Stramenopiles) from the Oyashio
region, Western North Pacific. J Phycol 47: 144-151.

Ichinomiya, M., and Kuwata, A. (2015) Seasonal variation in abundance
and species composition of the Parmales community in the Oyashio
region, western North Pacific. Aquat Microb Ecol 75: 207-223.

Ichinomiya, M., dos Santos, A.L., Gourvil, P., Yoshikawa, S., Kamiya,
M., Ohki, K., et al. (2016) Diversity and oceanic distribution of the
Parmales (Bolidophyceae), a picoplanktonic group closely related to
diatoms. ISME J 10: 2419-2434.

Ichinomiya, M., Yamada, K., Nakagawa, Y., Nishino, Y., Kasai, H., and
Kuwata, A. (2019) Parmales abundance and species composition in
the waters surrounding Hokkaido, North Japan. Polar Sci 19: 130—
136.

Kaneko, H., Endo, H., Henry, N., Berney, C., Mah¢, F., Poulain, J., et al.
(2023) Predicting global distributions of eukaryotic plankton
communities from satellite data. ISME Commun 3: 101.

Kerby, D.S. (2014) The simple difference formula: An approach to
teaching nonparametric correlation. Compr Psychol 3: 11.1T.3.1.
Komuro, C., Narita, H., Imai, K., Nojiri, Y., and Jordan, R.W. (2005)
Microplankton assemblages at Station KNOT in the subarctic

western Pacific, 1999-2000. Deep Sea Res Part 11 52: 2206-2217.

Konno, S., Ohira, R., Komuro, C., Harada, N., and Jordan, R.W. (2007)
Six new taxa of subarctic Parmales (Chrysophyceae). J
Nannoplankton Res 29: 108—128.

Kosman, C.A., Thomsen, H.A., and Ostergaard, J.B. (1993) Parmales
(Chrysophyceae) from Mexican, Californian, Baltic, Arctic and
Antarctic waters with the description of a new subspecies and
several new forms. Phycologia 32: 116-128.

Kozlov, A.M., Darriba, D., Flouri, T., Morel, B., and Stamatakis, A.
(2019) RAXML-NG: a fast, scalable and user-friendly tool for
maximum likelihood phylogenetic inference. Bioinformatics 35:
4453-4455.

11/11

Kuwata, A., Yamada, K., Ichinomiya, M., Yoshikawa, S., Tragin, M.,
Vaulot, D., et al. (2018) Bolidophyceae, a sister picoplanktonic
group of diatoms—a review. Front Mar Sci 5: 370.

Logares, R., Deutschmann, .M., Junger, P.C., Giner, C.R., Krabbered,
AK., Schmidt, T.S.B., et al. (2020) Disentangling the mechanisms
shaping the surface ocean microbiota. Microbiome 8: 55.

Luan, Q., Sun, J.,, and Wang, J. (2018) Large-scale distribution of
coccolithophores and Parmales in the surface waters of the Atlantic
Ocean. J Mar Biol Assoc U K 98: 567-579.

Lynch, M.D.J., and Neufeld, J.D. (2015) Ecology and exploration of the
rare biosphere. Nat Rev Microbiol 13: 217-229.

Malviya, S., Scalco, E., Audic, S., Vincent, F., Veluchamy, A., Poulain,
J., et al. (2016) Insights into global diatom distribution and diversity
in the world’s ocean. Proc Natl Acad Sci U S A 113: E1516-E1525.

Mann, H.B., and Whitney, D.R. (1947) On a test of whether one of two
random variables is stochastically larger than the other. Ann Math
Statist 18: 50-60.

Massana, R., Gobet, A., Audic, S., Bass, D., Bittner, L., Boutte, C., et al.
(2015) Marine protist diversity in European coastal waters and
sediments as revealed by high-throughput sequencing. Environ
Microbiol 17: 4035-4049.

Meier, K.J.S., Kinkel, H., and Young, J. (2014) A note on calcareous
nannoplankton from the Kieler Forde (Baltic Sea). J Nannoplankton
Res 33: 29-37.

Nawrocki, E. (2009) Structural RNA homology search and alignment
using covariance models. A/l Theses and Dissertations (ETDs). 256.
PhD. Thesis, Washington University in St. Louis. URL: http://
dx.doi.org/10.7936/K78050MP.

Nishida, S. (1986) Nannoplankton flora in the Southern Ocean, with
special reference to siliceous varieties. Mem Natl Polar Res Spec
Issue (Jpn) 40: 56-68.

Pesant, S., Not, F., Picheral, M., Kandels-Lewis, S., Le Bescot, N.,
Gorsky, G., et al. (2015) Open science resources for the discovery
and analysis of Tara Oceans data. Sci Data 2: 150023.

Preston, F.W. (1948) The commonness, and rarity, of species. Ecology
29: 254-283.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et
al. (2012) The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res
41: D590-D596.

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016)
VSEARCH: a versatile open source tool for metagenomics. Peer.J 4:
e2584.

Silver, M.W., Mitchell, J.G., and Ringo, D.L. (1980) Siliceous
nanoplankton. II.  Newly discovered cysts and abundant
choanoflagellates from the Weddell Sea, Antarctica. Mar Biol 58:
211-217.

Stawiarski, B., Buitenhuis, E.T., and Le Quéré, C. (2016) The
physiological response of picophytoplankton to temperature and its
model representation. Front Mar Sci 3: 164.

Sunagawa, S., Acinas, S.G., Bork, P., Bowler, C., Tara Oceans
Coordinators, Acinas, S.G., et al. (2020) Tara Oceans: towards
global ocean ecosystems biology. Nat Rev Microbiol 18: 428-445.

Taniguchi, A., Suzuki, T., and Shimada, S. (1995) Growth characteristics
of Parmales (Chrysophyceae) observed in bag cultures. Mar Biol
123: 631-638.

Tanimoto, M., Aizawa, C., and Jordan, R.W. (2003) Assemblages of
living microplankton from the subarctic North Pacific and Bering
Sea during July-August 1999. CFS Cour Forschungsinst
Senckenberg 244: 83-103.

Wendt, H.W. (1972) Dealing with a common problem in social science:
A simplified rank-biserial coefficient of correlation based on the U
statistic. Eur J Soc Psychol 2: 463-465.

Xu, Z., Cheung, S., Endo, H., Xia, X., Wu, W., Chen, B., et al. (2022)
Disentangling the ecological processes shaping the latitudinal pattern
of phytoplankton communities in the Pacific Ocean. mSystems 7:
¢01203-21.

Yamada, K., Sato, S., Yamazaki, M., Yoshikawa, S., Kuwata, A., and
Ichinomiya, M. (2020) New clade of silicified bolidophytes that
belong to Triparma (Bolidophyceae, Stramenopiles). Phycol Res 68:
178-182.

Article ME23093


http://dx.doi.org/10.7936/K78050MP
http://dx.doi.org/10.7936/K78050MP

