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Abstract 1 

There are many eukaryotic lineages that exclusively composed of environmental sequences 2 

and lack information about which species are included. Regarding stramenopiles, at least 18 3 

environmental lineages, known as marine stramenopiles (MAST), have been recognized. 4 

Since each MAST lineage forms deep branches in the stramenopiles, the characterization of 5 

MAST members is key to understanding the diversity and evolution of stramenopiles. In 6 

this study, we established a culture of Pseudophyllomitus vesiculosus, which is a poorly 7 

studied phagotrophic flagellate of uncertain taxonomic position. Our molecular 8 

phylogenetic analyses based on small subunit ribosomal RNA gene sequences robustly 9 

supported the inclusion of P. vesiculosus in the MAST-6 clade. Our microscopic 10 

observations indicated that P. vesiculosus shared characteristics with stramenopiles, 11 

including an anterior flagellum that exhibits sinusoidal waves and bears tubular 12 

mastigonemes. The flagellar apparatus of P. vesiculosus was also similar to other 13 

stramenopiles in having a transitional helix and five microtubular roots (R1–R4 and S 14 

tubules) including R2 that split into two bands. On the other hand, P. vesiculosus was 15 

distinguished from other deep-branching stramenopiles by the combination of flagellar 16 

apparatus characteristics. Based on the phylogenetic analyses and microscopic observations, 17 

we established Pseudophyllomitidae fam. nov in stramenopiles. 18 

Key words: flagellar apparatus; MAST; phylogenetic analysis; stramenopiles; 19 

ultrastructure  20 
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Introduction 1 

Environmental DNA surveys focusing on small subunit ribosomal RNA (SSU rRNA) gene 2 

sequences have uncovered the great diversity of protists (Bass and Cavalier-Smith 2004; 3 

Lara et al. 2009; Lopez-Garcia et al. 2001). These environmental DNA surveys have 4 

revealed not only the cryptic diversity of previously described taxa (Cavalier-Smith and 5 

Von der Heyden, 2007; Holzmann et al. 2003; Lara et al. 2009), but also novel 6 

environmental lineages that could not be assigned to any described groups (Choi et al. 7 

2017; Kim et al. 2016). Culture-independent studies, such as fluorescence in situ 8 

hybridization (FISH) and single cell based genome sequencing are effective approaches to 9 

characterize these environmental lineages, and the methods have provided important 10 

information, including cell shape and size, presence or absence of plastids, and mode of 11 

nutrition (Jones et al. 2011; Yoon et al. 2011). However, traditional culture-based 12 

taxonomic studies are also important for improved characterization of these environmental 13 

lineages (del Campo et al. 2016; Moreira and López-García 2014). This approach provides 14 

detailed morphological and ultrastructural information that complements 15 

culture-independent studies and aids our understanding of the ecological role and 16 

evolutionary history of targeted organisms. 17 

Stramenopiles are a large eukaryotic assemblage characterized by the presence of 18 

tripartite or bipartite tubular hairs (mastigonemes) on the anterior flagellum, and the group 19 

includes various organisms ranging from multicellular seaweeds (Phaeophyceae) and 20 

parasitic or saprotrophic fungus-like organisms (e.g., Hyphochytrea and Oomycetes) to 21 

diverse photosynthetic and heterotrophic protists (e.g., Bikosea, Chrysophyceae, and 22 
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Bacillariophyceae). The stramenopiles also include several environmental lineages that are 1 

not classified in any described groups, which have been described as MArine 2 

STramenopiles (MAST) or Mystery Heterokont (MH) (Massana et al. 2004; Orsi et al. 3 

2011; Richards and Bass 2005). Massana et al. (2014) rearranged newly and previously 4 

described environmental lineages into 18 MAST groups (MAST-1, -2, -3, -4, -6, -7, -8, -9, 5 

-10, -11, -12, -16, -20, -21, -22, -23, -24, and -25) by excluding synonyms and lineages that 6 

are represented by chimeric sequences.  7 

Molecular phylogenetic analyses using SSU rRNA gene sequences indicated that 8 

most MAST lineages formed deep branches within the stramenopiles (Cavalier-Smith and 9 

Scoble 2013; Massana et al. 2014). Therefore, the characterization of MAST species is key 10 

to understanding the diversity and evolution of stramenopiles. Investigations of MAST 11 

species to date have been mainly performed using culture independent approaches. 12 

Environmental DNA surveys showed that the abundance of MAST sequences reached 13 

around 20% of total picoeukaryotes in the surface water of open oceans (Massana et al. 14 

2004), while some MAST lineages were specific to anaerobic water column or sediment 15 

(Massana et al. 2014). FISH experiments using lineage-specific oligonucleotide probes and 16 

incubation experiments revealed approximate cell size, habitat, and the prey of some 17 

MAST members (Kolodziej and Stoeck 2007; Massana et al. 2009; Piwosz and Pernthaler 18 

2010). On the other hand, culture-dependent approaches for the identification of MAST 19 

members have not been frequently performed and only a few MAST species have been 20 

identified so far (MAST-3: Incisomonas marina and Solenicola setigera) (Cavalier-smith 21 

and Scoble 2013; Gómez et al. 2011). 22 
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 In this study, we established a culture of Pseudophyllomitus vesiculosus (strain 1 

SRT537) from marine detritus on the tidal flat sediment of Amami Island, Okinawa, Japan. 2 

Pseudophyllomitus is a genus of heterotrophic free-living flagellates established by Lee 3 

(2002), and it includes four species that were reassigned from Phyllomitus based on 4 

morphological differences. Pseudophyllomitus has a sac-shaped cell body and two 5 

heterodynamic flagella that emerge from a subapical gullet or pocket (Lee 2002). Although 6 

Pseudophyllomitus spp. were reported in field surveys of marine sediment samples (Aydin 7 

and Lee 2012; Larsen and Patterson 1990; Lee 2015; Lee and Patterson 2000), molecular 8 

and ultrastructural data of this genus are still unavailable, thus the taxonomic position is 9 

uncertain. Our molecular phylogenetic analysis using SSU rRNA gene sequences showed 10 

that P. vesiculosus is a member of the MAST-6. We also performed microscopic 11 

observations of P. vesiculosus, and compared the morphology and ultrastructure with other 12 

deep-branching stramenopiles for MAST-6 characterization. 13 

14 
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Results 1 

Light microscopic observation 2 

The cells of P. vesiculosus strain SRT537 were flexible, sac-shaped, and slightly 3 

dorsoventrally flattened (Fig. 1A, B). Cell length was 9.3–18.3 µm (13.58 ± 1.95 µm, n = 4 

62), and the width was 6.3–12.4 µm (8.89 ± 1.31 µm, n = 62). Two flagella were inserted 5 

subapically, and were arranged at a right angle (Fig. 1A–D). The anterior flagellum was 6 

14.4–24.9 µm (19.31 ± 2.10 µm, n = 58), curved over the right side of the cell, and it 7 

exhibited sinusoidal waves during swimming. The posterior flagellum was as long as or 8 

slightly longer than the cell, and it trailed behind the cell body. Cells had many large 9 

vesicles (approximately 1.1–2.4 µm in diameter) in the peripheral region (Fig. 1A–E). Cells 10 

occasionally included lipid globules that were probably derived from prey diatoms (Fig. 1A, 11 

B, D). A nucleus with a nucleolus was positioned at the center or slightly anterior region of 12 

the cell (Fig. 1A, B). A rod or bar laid against anterior side of the nucleus (Fig. 1A). Cells 13 

swam immediately above the substrate with attaching the tip of the posterior flagellum to 14 

the substrate or in the water column with rotating movements. 15 

Transmission electron microscopic observation 16 

Whole-mount observation using a transmission electron microscope showed that P. 17 

vesiculosus strain SRT537 had bipartite tubular mastigonemes on the anterior flagellum 18 

(Fig. 1F). The tubular mastigoneme consisted of a shaft and a terminal filament (Fig. 1G, 19 

H). The posterior flagellum was acronematic (Fig. 1F). 20 

In ultrathin section observation, thin extensions were observed on the cell surface 21 

(Fig, 2A). The extensions considered to be fixation artifacts because they were not 22 

observed in light microscopy (Fig. 1A-E) and whole-mount observation (Fig. 1F) as well as 23 
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ultrathin section observation using chemical fixation specimen (not shown).  Except for 1 

the extensions, no  appendages (e.g., cell wall, cell coat, and scales) were observed on cell 2 

surface (Fig. 2A). A large nucleus with a conspicuous nucleolus was observed at the middle 3 

to anterior region of the cell (Fig. 2A). A Golgi apparatus was located at the anterior region 4 

of the cell, along the anterior side of the nucleus (Fig. 2A). Large vesicles that occasionally 5 

contained amorphous inclusions were arranged along the peripheral region of the cell (Fig. 6 

2A). Several round or oval mitochondrial profiles with tubular cristae were scattered 7 

throughout the cell (Fig. 2A, B). Amorphous microbodies, including dense dots were 8 

closely associated with the nucleus (Fig. 2C). The endoplasmic reticulum (ER) around the 9 

nucleus included bunches of mastigonemes (Fig. 2D). Small vesicles containing electron 10 

dense inclusions were observed just beneath the plasma membrane (Fig. 2E). 11 

 The flagellar transitional region had a dense transitional plate and a single 12 

transitional helix with 10–12 gyros that were positioned at the distal side of the plate (Fig. 13 

3A, B). Two basal bodies were arranged at approximately 70–90° (Fig. 3C, D). The basal 14 

bodies were not in the same plane, and the right side of the posterior basal body was closely 15 

associated with the left side of the anterior basal body (Fig. 3D). Basal bodies were 16 

connected by a fibrous bridge (Fig. 3C, D). Another fibrous structure was associated with 17 

the posterior side of the posterior basal body (Fig. 3C, E). This fibrous structure was 18 

separated into several bands, and was directed towards the nucleus (Fig. 3E). Since the 19 

microtubular roots of P. vesiculosus appear to be homologous with those of other 20 

stramenopiles, we applied the label for microtubular roots used by Moestrup (2000). The 21 

posterior basal body had three microtubular roots (R1, R2, and S tubule). The R2 consisted 22 



8 
 

of 13 microtubules that were arranged in an L-shape, and the short side was associated with 1 

the right side of the posterior basal body (Fig. 3E, F). We numbered each R2 microtubule as 2 

described by Moestrup and Thomsen (1976) (1–10 and a–c from the long side to the short 3 

side of the L-shape). The R2 was directed towards the posterior side, and it then split into 4 

two bands (Fig. 3G–J). The large band that consisted of microtubules 1–10 directed to the 5 

right side, whereas the small band that consisted of microtubules a–c directed to the left 6 

side of the cell (Fig. 3G–J). The R1 consisted of a single microtubule (Fig. 4A–C). It 7 

originated from the anterior side of the posterior basal body and directed to the left side of 8 

the cell (Fig. 4A–C). The S tubule consisted of a single microtubule, and it originated from 9 

the posterior side of the basal body (Fig. 4A–D). It directed to the left side of the cell, along 10 

with the R1 (Fig. 4A–D). The anterior basal body had two microtubular roots (R3 and R4). 11 

The R3 consisted of two microtubules (Fig. 4G, H). It originated from the right side of the 12 

anterior basal body, and directed to the dorsal right side of the cell (Fig. 4G, H). The R4 13 

consisted of a single microtubule. It originated from the left side of the anterior basal body 14 

and directed to the dorsal side of the cell (Fig. 4G, H). The flagellar apparatus of P. 15 

vesiculosus is illustrated in Fig. 5A. 16 

Molecular phylogenetic analysis 17 

The maximum likelihood (ML) tree based on 113 SSU rRNA gene sequences, including all 18 
major groups of stramenopiles and MAST lineages, is shown in Fig. 6. In the ML tree, P. 19 
vesiculosus formed a clade with seven environmental sequences that were labeled as 20 
MAST-6 in Massana et al. (2014) with robust statistical supports. No environmental 21 
sequences were identical to P. vesiculosus, and nucleotide differences between P. 22 
vesiculosus and the seven MAST-6 environmental sequences were 5–7%. The MAST-6 23 
clade including P. vesiculosus branched as sister group to MAST-20, but the position was 24 
not statistically supported.  25 
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Discussion 1 

Pseudophyllomitus vesiculosus is a member of MAST-6 2 

Lee (2002) established the genus Pseudophyllomitus, and moved four Phyllomitus species 3 

(P. apiculatus Skuja 1948, P. granulatus Larsen and Patterson 1990, P. salinus Lackey 1940, 4 

and P. vesiculosus) to the new genus, because they lacked the two adhering flagella that 5 

were observed in the type species (P. undulans Stein 1878). Pseudophyllomitus is 6 

characterized by a flexible, sac-shaped cell, and two flagella that do not adhere to each 7 

other and inserted sub-apically into a gullet or pocket (Lee 2002). Although 8 

Pseudophyllomitus spp. have been reported by field surveys (Aydin and Lee 2012; Larsen 9 

and Patterson 1990; Lee 2015; Lee and Patterson 2000), no ultrastructural and molecular 10 

investigations had been performed on these species. Therefore, their taxonomic position 11 

remained uncertain. Our light microscopic observations indicated that the strain SRT537 12 

exhibited characteristics of Pseudophyllomitus. The cytoplasm of the strain SRT537 was 13 

highly vesiculated, which is a unique characteristic of P. vesiculosus. Cell size and 14 

swimming behavior of this strain also corresponded with the original description of P. 15 

vesiculosus. Therefore, we concluded that the strain SRT537 is P. vesiculosus. 16 

Our molecular phylogenetic analyses clearly showed that P. vesiculosus is a 17 

member of the stramenopiles, and this phylogenetic position was also supported by both 18 

morphological and ultrastructural characters shared among stramenopiles such as the 19 

presence of an anterior flagellum with tubular mastigonemes and a sinusoidal beating 20 

pattern as well as a transitional helix in the flagellar transitional region. In the SSU rRNA 21 

gene tree, P. vesiculosus was included in the MAST-6 clade with robust supports, which 22 

indicated that this species is the first recognized member of MAST-6. Although it was 23 
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suggested that Pseudophyllomitus might not be a coherent genus (Cavalier-Smith 2016; Lee 1 

2002) and it includes a potential kinetoplastid species (P. apiculatus), the type species of 2 

Pseudophyllomitus (P. granulatus) has similar morphological characteristics and flagellar 3 

orientation to those of P. vesiculosus. Moreover, the anterior flagellum of P. granulatus 4 

also shows sinusoidal waves, which is a characteristic of stramenopiles including P. 5 

vesiculosus (Lee and Patterson 2000). Therefore, we concluded that Pseudophyllomitus 6 

should be treated as a member of the stramenopiles, and that it should be placed in the 7 

MAST-6. Pseudophyllomitus apiculatus probably should be transferred to Kinetoplastida 8 

and P. salinus needs to be re-examined in detail by molecularly and ultrastructurally in the 9 

future. Previous culture-independent studies also supported the placement of 10 

Pseudophyllomitus in MAST-6. Environmental DNA surveys indicated that MAST-6 11 

sequences were mainly obtained from sediment samples (Logares et al. 2012; Massana et al. 12 

2014), and FISH observations using a specific probe showed that MAST-6 includes at least 13 

small (6.4 ± 0.8 µm in length) and large (14.1 ± 2.4 µm in length) morphotypes that fed on 14 

algae (Piwosz and Pernthaler 2010). P. vesiculosus and P. granulatus were detected in 15 

sediment samples, and both feed on algae (Aydin and Lee 2012; Larsen and Patterson 1990; 16 

Lee and Patterson 2000). Moreover, the cell sizes of P. vesiculosus and other 17 

Pseudophyllomitus spp. corresponded with the large morphotype of MAST-6 that was 18 

detected by Piwosz and Pernthaler (2010). On the other hand, the cell size of the small 19 

morphotype of MAST-6 detected by Piwosz and Pernthaler (2010) did not overlap with that 20 

of Pseudophyllomitus spp., and MAST-6 environmental sequences were also obtained from 21 

picoplanktonic size fractions and anaerobic environments (Behnke et al. 2006; Logares et al. 22 
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2012). We confirmed that the probe used in Piwosz and Pernthaler (2010) has three 1 

mismatches to P. vesiculosus sequence, suggesting that it detected MAST-6 organisms 2 

other than P. vesiculosus. These information suggests the possibility that there are still 3 

some undescribed genera or species in MAST-6. 4 

Comparison of flagellar apparatus with other basal stramenopiles 5 

Our molecular phylogenetic analyses using SSU rRNA gene sequences failed to resolve the 6 

relationship between the MAST-6 clade and other deep-branching stramenopiles. The deep 7 

branching stramenopiles comprise six described lineages (Bikosea, Labyrinthulea, 8 

Nanomonadea, Opalinata, Placididea, and Platysulcus), and three of the six (Bikosea, 9 

Placididea, and Platysulcus) are groups of free-living biflagellates. These three 10 

deep-branching groups are generally small (<10 µm) and feed on bacteria, and this is in 11 

contrast with large-celled P. vesiculosus that feeds on eukaryotic algae. Since other MAST 12 

organisms are also suggested as small and bacterivorous (Massana et al. 2002, 2006), the 13 

large cell size and the eukaryovorous behavior are possibly specific features of 14 

Pseudophyllomitus to distinguish it from other deep-branching stramenopile flagellates. 15 

Flagellar apparatus is one of main taxonomic traits for higher classification and these 16 

deep-branching stramenopile flagellates also can be clearly distinguished by specific 17 

features in their flagellar apparatuses (Fig. 5). Placididea, and Platysulcus share 18 

microtubular roots R1–R4, including R2 that splits into two rows (Fig. 5B, D). Placididea 19 

includes three genera, and two of these genera (Wobblia and Placidia) have almost identical 20 

flagellar apparatuses in that R2 consists of ten (7+3) microtubules that are arranged in a 21 

U-shape. Furthermore, the flagellar transitional regions of these two genera exhibit double 22 
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transitional helices, and the basal bodies contain intrakinetosomal shelves (Moriya et al. 1 

2000, 2002). The third genus, Suigetsumonas, was recently described, and it differed from 2 

the other two placididean genera in that it exhibited an R2 with 5+3 microtubules and a 3 

single transitional helix, and it lacked intrakinetosomal shelves (Okamura and Kondo 2015). 4 

Platysulcus includes a single species, P. tardus. This species has an R2 with 7+3 5 

microtubules and another singlet microtubule (S tubule) that originates from posterior basal 6 

body, and  lacks  any helical structures in the transitional region and the basal body 7 

(Shiratori et al. 2015). Flagellar apparatuses of bikosean flagellates had been considered to 8 

have similar microtubular root system with Placididea and Platysulcus. However, Harder et 9 

al. (2014) argued that the split R2 has different origins and they should be treated as 10 

separate roots, R2 and R3 respectively (Fig. 5C). The R3+R2 (former split R2) consists of 8 11 

(R3)+3 (R2) microtubules. However, the number of microtubules in R2+R3 varies among 12 

species (e.g., 6+3 in Symbiomonas scintillans, 3+1 in Siluania monomastiga, and 10+1 in 13 

Otto terricolus) (Guillou et al. 1999; Harder et al. 2014; Karpov et al. 1998; 2001). 14 

Bikosean flagellates are mostly characterized by the presence of an additional singlet 15 

microtubule (x-fiber) that is associated with R2. Furthermore, another singlet microtubule 16 

(S tubule) that originates from posterior basal body was reported in Bicosoeca maris 17 

(Moestrup and Thomsen 1976). S tubule is also reported in Rictus lutensis, an anaerobic 18 

flagellate that might be a member of Bikosea.  (Yubuki et al. 2010) In some bikoseans 19 

species, concentric rings or spiral fibers were reported in their flagellar transitional region 20 

(Karpov 2000; Karpov et al. 1998). Our ultrathin section observations of P. vesiculosus 21 

indicated that it has microtubular roots R1–R4, including a split R2 that is similar to other 22 
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deep-branching stramenopile flagellates. On the other hand, the R2 of P. vesiculosus has 13 1 

microtubules (10+3); this has not been reported in other deep-branching stramenopiles. P. 2 

vesiculosus also differs from bikoseans in that it lacks an x-fiber. Similarly, P. vesiculosus 3 

possesses an S tubule that is not found in placidideans, and it has only been reported in a 4 

few bikosean species and Platysulcus. P. vesiculosus also has a single transitional helix that 5 

is absent in Platysulcus. Additionally, P. vesiculosus lacks some ultrastructural 6 

characteristics that are observed in Labyrinthulea and Opalinata, including a bell-shaped 7 

structure in the flagellar transitional region and intrakinetosomal shelves in the basal bodies 8 

(Barr and Allan 1985; Patterson and Delvinquier 1990). The combination of ultrastructural 9 

characteristics in the flagellar apparatus can separate P. vesiculosus from other 10 

deep-branching stramenopiles. Our molecular phylogenetic analyses suggested that P. 11 

vesiculosus is an independent lineage of deep-branching stramenopiles, and this is 12 

congruent with its unique ultrastructure. Based on the phylogenetic position and 13 

ultrastructure, we propose a new family Pseudophyllomitidae fam. nov. in stramenopiles. 14 

 15 

Taxonomic Summary 16 

Pseudophyllomitidae fam. nov. (ICZN) 17 

Pseudophyllomitaceae fam. nov. (ICN) 18 

 19 

Diagnosis: Free-living phagotrophic biflagellates. Anterior flagellum bears tubular 20 

mastigonemes. Mitochondria with tubular cristae. Flagellar transitional region with 21 

transitional helix. S tubule and split R2 present. 22 
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 1 

Type species: Pseudophyllomitus granulatus. 2 

  3 
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Materials and methods 1 

Culture establishment: Marine detritus was collected from the tidal flat of Amami Island, 2 

Kagoshima, Japan (28.441809 °N, 129.671856 °E). The detritus was incubated for six days 3 

in mIMR medium (Kasai 2009) at 20 °C under a 14 h light and 10 h dark cycle. A cell of P. 4 

vesiculosus in the incubated sample was isolated by micropipetting and was placed into a 5 

96-well plate containing a pennate diatom culture in mIMR medium. A established culture 6 

of P. vesiculosus (strain SRT537) was maintained in ESM medium (Kasai 2009) by adding 7 

Chaetoceros sp. or Phaeodactylum tricornutum as prey at 18 °C under a 14 h light and 10 h 8 

dark cycle. The strain SRT537 was deposited at the National Institute for the Environmental 9 

Sciences (NIES), Tsukuba, Japan as NIES-4114. 10 

Light and electron microscopic observations: The cells of the strain SRT537 11 

were observed using an Olympus IX71 inverted microscope (Olympus, Tokyo, Japan) that 12 

was equipped with an Olympus DP71 CCD camera (Olympus). 13 

For the observations of whole-mount cells using transmission electron microscopy 14 

(TEM), cell suspensions were mounted on formvar-coated copper grids, and were fixed 15 

using OsO4 vapor. The copper grids were washed with distilled water and stained with 2% 16 

(w/v) uranyl acetate. The grids were then observed using a Hitachi H-7650 electron 17 

microscope (Hitachi High-Technologies Corp., Tokyo, Japan) that was equipped with a 18 

Veleta TEM CCD camera (Olympus). 19 

Specimens for ultrathin section observation using TEM were prepared as follow; 20 

pellets of centrifuged cells were placed on a formvar-coated copper loop and plunged 21 

rapidly into liquid propane. The frozen pellets were then plunged into liquid nitrogen for 22 
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several seconds and were then placed in acetone with 2% osmium tetroxide at -85 °C for 48 1 

h. The fixing solution was kept at -20 °C for 2 h and at -4 °C for 2 h. The pellets were 2 

rinsed with acetone three times, and were then replaced by agar low viscosity resin R1078 3 

(Agar Scientific Ltd, Stansted, England). The resin was polymerized by heating at 60°C for 4 

12 h. Ultrathin sections were prepared on a Reichert Ultracut S ultramicrotome (Leica, 5 

Vienna, Austria), and were double stained with 2% (w/v) uranyl acetate and lead citrate 6 

(Hanaichi et al. 1986; Sato 1968). Ultrathin sections were then observed using a Hitachi 7 

H-7650 electron microscope (Hitachi High-Technologies Corp.) that was equipped with a 8 

Veleta TEM CCD camera (Olympus). 9 

DNA extraction and polymerase chain reaction (PCR): Cells of the strain 10 

SRT537 were centrifuged, and total DNA was extracted from the pellet using a DNeasy 11 

Plant Mini Kit (Qiagen Science, Valencia, CA), according to the manufacturer’s 12 

instructions. The SSU rRNA gene sequence of the strain SRT537 was amplified via 13 

polymerase chain reaction (PCR) with 18F-18R primers (Yabuki et al. 2010). Amplification 14 

consisted of 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 min, and 15 

extension at 72°C for 2 min. An additional extension at 72°C for 4 min was performed at 16 

the end of the reaction. Amplified DNA fragments were subjected to gel electrophoresis, 17 

and were then purified using a QIAquick Gel Extraction Kit (Qiagen Science). Purified 18 

products were then cloned into the p-GEM® T-easy vector (Promega, Tokyo, Japan), and 19 

the inserted DNA fragments were completely sequenced using a 3130 Genetic Analyzer 20 

(Applied Biosystems, Monza, Italy). The SSU rDNA sequence of the strain SRT537 was 21 

deposited as LC257669 in GenBank. 22 
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Sequence alignments and phylogenetic analyses: we newly created a dataset of 1 

SSU rRNA gene sequences that includes 104 stramenopiles that represent all major lineages 2 

and MAST clades, and nine alveolates and rhizarians as outgroups. Our newly obtained 3 

SSU rRNA gene sequence of the strain SRT537 was added to this dataset. All sequences 4 

were automatically aligned using MAFFT (Katoh and Standley 2013), and the resulting 5 

alignment was manually edited using SeaView (Gouy et al. 2010). For phylogenetic 6 

analyses, ambiguously aligned regions were manually deleted from the alignment, resulting 7 

in an SSU rDNA alignment with 1,570 nucleotide positions. The alignment file used in this 8 

analysis is available upon request. ML analyses were performed with IQ-TREE v. 1.3.0 9 

(Nguyen et al. 2015), and the model that best fit the data was determined based on the 10 

Bayesian information criterion (BIC). The best-fit model for our dataset was TIM2+I+G4. 11 

To assess branch support, 100 replicates of non-parametric bootstrap analysis was 12 

performed using IQ-TREE. A Bayesian analysis was also conducted using MrBayes v. 3.2.2 13 

(Ronquist et al 2012) with the GTR+I+G4 model. One cold and three heated Markov chains 14 

with default temperature parameters were run for 6.1 × 107 generations, and trees were 15 

sampled at 100 generation intervals. Convergence was assessed based on the average 16 

standard deviation of split frequencies, and the first 25% of each generation was discarded 17 

as “burn-in.” Bayesian posterior probabilities and branch lengths were calculated from the 18 

remaining trees. 19 

  20 
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Figure 1. Light and transmission electron micrographs of Pseudophyllomitus vesiculosus 1 

strain SRT537. AF, anterior flagellum; L, lipid globule; PF, posterior flagellum; V, large 2 

vacuole. Arrowhead indicates a short rod structure associated with the anterior side of the 3 

nucleus. A–E. Differential interference contrast (DIC) micrographs. Scale bar = 10 µm. F. 4 

Whole-mount transmission electron micrograph of whole cell. Scale bar = 5 µm. H. 5 

Whole-mount transmission electron micrograph of the anterior flagellum and 6 

mastigonemes. Scale bar = 1 µm G. whole-mount transmission electron micrograph of tip 7 

of mastigonemes. Scale bar = 500 nm.  8 

 9 

Figure 2. Transmission electron micrographs of Pseudophyllomitus vesiculosus strain 10 

SRT537. G, Golgi apparatus; L, lipid globule; Mt, mitochondrion; Mb, microbody; N, 11 

nucleus; n, nucleolus; V, large vacuole. Asterisks indicate tubular mastigonemes in the 12 

endoplasmic reticulum (ER). A. General cell image. Scale bar = 1 µm. B. Mitochondrion. 13 

Scale bar = 500 nm. C. High magnification view of the nucleus and the microbody. Scale 14 

bar = 500 nm. D. Nucleus and tubular mastigonemes in the ER. Scale bar = 500 nm. E. 15 

Small vesicles containing dense materials. Scale bar = 500 nm.  16 

 17 

Figure 3. Transmission electron micrographs of Pseudophyllomitus vesiculosus strain 18 

SRT537. AB, anterior basal body; FB, fibrous bridge; Mt, mitochondrion; PB, posterior 19 

basal body. Double arrowheads indicate fibrous structures. A. Cross-section of the flagellar 20 

transitional region. Scale bar = 200 nm. B. Longitudinal section of the basal body and the 21 

flagellar transitional region. Scale bar = 200 nm. C. Approximate longitudinal section of 22 
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anterior and posterior basal body. Scale bar = 500 nm. D. Approximate cross-section of 1 

anterior basal body and approximate longitudinal section of posterior basal body. Scale bar 2 

= 500 nm. E. Fibrous structure associated with posterior basal body. Scale bar = 500 nm. F. 3 

Cross-section of R2 showing 13 microtubules (1–10 and a–c). Scale bar = 200 nm. G. R2 4 

that split into two bands. Scale bar = 1 µm. H–J. Selected serial sections taken from right to 5 

left, showing R2 that split into large (1–10) and small (a–c) bands. Scale bar = 500 nm. 6 

 7 

Figure 4. Transmission electron micrographs of Pseudophyllomitus vesiculosus strain 8 

SRT537. AB, anterior basal body; Mt, mitochondrion; S, S tubule; PB, posterior basal 9 

body; Double arrowheads indicate fibrous structures. A–H. Selected serial sections taken 10 

from ventral to dorsal. Scale bar = 500 nm. I–K. Selected serial sections taken from anterior 11 

to posterior. Scale bar = 500 nm. 12 

 13 

Figure 5. Illustration of the microtubular roots of stramenopile flagellates.  A. 14 

Pseudophyllomitus vesiculosus strain SRT537. B. Wobblia lunata, illustrated based on 15 

Moriya et al. (2000). Each microtubular root was numbered according to Moestrup (2000). 16 

C. Cafeteria roenbergensis illustrated based on O’kelly and Patterson (1996). Each 17 

microtubular root was numbered according to Harder et al. (2014). D. Platysulcus tardus 18 

illustrated based on Shiratori et al. (2015).AB, anterior basal body; FB, fibrous bridge; FS, 19 

fibrous structure; PB, posterior basal body; S, S tubule; X, x-fiber. 20 

 21 

Figure 6. Maximum-likelihood tree of 104 stramenopiles, four rhizarians, and five 22 
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alveolates using 1,570 positions of the small subunit (SSU) rDNA sequences. 1 

Environmental sequences were labeled with accession numbers. Only bootstrap support 2 

values ≥50% are shown. Nodes supported by Bayesian posterior probabilities ≥0.98 are 3 

highlighted with bold lines. 4 
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