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Summary

Marine heterotrophic flagellates (HF) are very small (2-5 µm) unpigmented protists that are 
dominant bacterial grazers in the ocean, where they link the transfer of carbon from bacterial 
cells to higher trophic levels. Through their bacterivorous activity, they also act as nutrient 
recyclers that allow for regenerated primary production, and they are partially responsible of 
keeping bacterial abundances in the ocean fairly constant. HFs are widespread throughout 
the eukaryotic tree of life, ubiquitous in the plankton and display a high functional diversity. 
During the last decades of the twentieth century, a growing interest in this functional group 
occurred, and studies were performed to characterize their ecological role. However, this ini-
tial attention diminished due to the difficulty to study natural HF species, as they possess 
few morphological traits for identification and generally remain uncultured. Consequently, 
HFs have been often neglected in marine surveys, to the extent of becoming one of the most 
understudied components of the marine microbiome. With the advent of high-throughput se-
quencing and the reduction of sequencing costs, studying these protists at a high-resolution 
level became feasible. This thesis represents a return to the study of HFs using these newly 
developed tools. We first investigated the distribution patterns of eukaryotic diversity along 
the water column of the ocean by metagenomics and compared the results with metabar-
coding approaches. This analysis revealed a clear separation of taxonomic groups between 
pico- (0.2-3 µm) and nanoplanktonic (3-20 µm) fractions, as well as between photic (0-200 m) 
and aphotic (>200 m) regions. While some groups were not well represented by metabarcod-
ing approaches due to technical biases, HFs were generally not affected by them. We then 
studied the diversity and distribution of HFs in the ocean using global metabarcoding data 
sets. With this, we identified a few dozens of HF species, most of them uncultured, as the 
dominant in surface and deep ocean regions. Many of these dominant species were present 
at relatively constant abundances, while others were influenced by temperature or displayed 
patchy distributions. Finally, we jumped from global patterns to study the gene expression of 
HFs in natural assemblages growing by bacterivory in unamended incubations. The obtained 
results using metatranscriptomics sequencing showed similar functional dynamics between 
experiments done at different times of a seasonal cycle, with marked differences between 
incubation times. Genes related to cysteine peptidases as well as some glycoside hydrolases 
emerged as key components involved in the process of bacterivory. Overall, this thesis re-
turns HFs back to the spotlight and creates a solid foundation on which to perform renewed 
research on the ecology and functional role of this group.
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Resum

Els flagel·lats heterotròfics marins (HF) són protists no pigmentats de mida molt petita (2-5 
µm). Són els principals bacterívors a l’oceà i tenen un paper clau a la cadena tròfica com a en-
llaç en la transferència de carboni de les cèl·lules bacterianes cap a nivells tròfics superiors. 
A través de la seva activitat, també actuen com a remineralitzadors de nutrients, tot perme-
tent una contínua producció primària, i són responsables parcialment de mantenir estable la 
concentració de bacteris a l’oceà. Els HFs es troben al llarg de tot l’arbre eucariota de la vida, 
tenen una gran presència en ambients planctònics i mostren una gran diversitat funcional. 
Durant les últimes dècades del segle XX, l’atenció cap aquest grup funcional va créixer de 
forma notable, i es van dur a terme estudis per caracteritzar millor el seu paper ecològic. 
Tanmateix, aquest interès va anar disminuint a causa de la dificultat per estudiar-ne les es-
pècies naturals, atès que aquestes tenen pocs trets morfològics per a la seva identificació i 
generalment no han pogut ser cultivades. Com a conseqüència, els HFs han estat sovint obli-
dats en les campanyes oceanogràfiques, fins al punt de convertir-se en un dels components 
menys estudiats del microbioma marí. Amb el naixement de les tècniques de seqüenciació 
massiva i la reducció dels seus costos, l’estudi detallat d’aquests protists ha passat a ser 
possible. Aquesta tesi representa un retorn a l’estudi dels HF utilitzant aquestes noves eines. 
En primer lloc, hem investigat els patrons de distribució de la diversitat eucariota al llarg de la 
columna d’aigua de l’oceà per mitjà de dades de metagenòmica i els hem comparat amb els 
resultats obtinguts a partir de seqüències del gen ribosomal 18S (metabarcoding). Aquesta 
anàlisi mostra una clara separació taxonòmica entre les fraccions pico (0.2-3 µm) i nano-
planctòniques (3-20 µm), així com entre les regions fòtiques (0-200 m) i afòtiques (>200 m). 
Tot i que alguns dels grups no estan ben representats en l’anàlisi feta a través del gen 18S a 
causa de biaxos tècnics, la majoria dels HF no es veuen afectats per aquests. A continuació, 
hem estudiat la diversitat i distribució dels HFs a l’oceà utilitzant conjunts de dades globals de 
metabarcoding. Amb això, hem identificat unes poques espècies d’HFs, majoritàriament no 
cultivades, com les dominants en aigües superficials i profundes de l’oceà. Moltes d’aquestes 
espècies dominants es troben presents en abundàncies relativament constants, mentre que 
d’altres estan influenciades per la temperatura o mostren distribucions irregulars. Finalment, 
hem passat de l’anàlisi de patrons globals a l’estudi de l’expressió gènica de comunitats nat-
urals d’HFs mitjançant una sèrie d’incubacions on la bacterivoria ha estat estimulada. Els 
resultats obtinguts fent servir dades de metatranscriptòmica mostren una dinàmica funcio-
nal similar entre experiments duts a terme en diferents estacions de l’any, amb diferències 
marcades entre els temps d’incubació. Els gens relacionats amb les peptidases de cisteïna, 
així com algunes hidrolases glicosídiques es presenten com a components clau implicats 
en el procés de bacterivoria. Amb tot, amb aquesta tesi hem tornat a posar els HFs al centre 
d’atenció i hem creat una base sòlida sobre la qual realitzar una investigació renovada de 
l’ecologia i el paper funcional d’aquest grup.
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Introduction

The marine microbiome and the carbon cycle

The marine environment is the largest ecosystem on Earth, covering more than 70% of its 
surface with an average water column of 3682 m and containing 97% of the world’s water 
(Charette & Smith, 2010). Although not visible to the naked eye, life in the ocean is eminently 
microbial. Microbes, namely microbial eukaryotes (protists) and prokaryotes (bacteria and 
archaea), represent approximately two-thirds of the total biomass of marine organisms (Bar-
On & Milo, 2019) and are the engines driving the biogeochemical cycles of the planet (Falkow-
ski et al., 2008). In fact, around half of the total global carbon fixation on Earth occurs in the 
ocean, being performed by cyanobacteria and microalgae (Falkowski, 2012), which form the 
base of ocean food chains (Worden et al., 2015). Furthermore, biological nitrogen fixation in 
the ocean is solely performed by a variety of prokaryotes (Zehr & Kudela, 2011).

The current view of the importance of microorganisms in the ocean is less than 50 years old 
(Williams & Ducklow, 2019). Marine microbiology started as a research field back in the late 
19th century, when scientists from other biology-related fields began to participate in ocean-
ographic expeditions (Zobell, 1946). During 1930s, the first studies on the role of bacteria in 
the ocean started, with different approaches between Western (mainly United States) and 
Eastern (mainly Russia) laboratories. While the former relied on plate counts to quantify the 
abundance of bacteria in the ocean, the latter implemented direct counts using microsco-
py. Thus, Eastern scientists obtained more accurate bacterial abundances, up to 3 orders 
of magnitude higher than Western scientists. Despite having a more accurate view of the 
importance of bacteria in the sea (Sorokin, 1978), their work had little impact on research-
ers in the West. This, coupled with the latter being reluctant to trust microscopic evidence, 
hindered earlier conceptual advances in microbial interactions in the sea. It was not until the 
mid 1970s that Pomeroy (1974) created the conceptual model on which today’s marine mi-
crobiology is based, and his ideas finally matured in the early 1980s, when Azam et al. (1983) 
coined the term ‘microbial loop’.

The microbial loop concept starts with the active uptake of dissolved organic matter (DOM) 
by heterotrophic bacteria in the plankton (Fig. 1). With its incorporation into bacterial biomass, 
DOM becomes available to higher trophic levels after being consumed by heterotrophic flag-
ellates, which in turn are ingested by larger protists and microzooplankton (Fig. 1).  Today we 
know that a significant fraction of this bacterial biomass is consumed by viral lysis (Fuhrman 
& Noble, 1995) or by pigmented protists (Zubkov & Tarran, 2008). Among other sources, DOM 
is released to the environment through microbial lysis by viruses, sloppy feeding and phyto-
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plankton exudation (Lønborg et al., 2020). Phytoplankton cells, at the base of the marine food 
web, grow in the sunlit part of the ocean, also known as epipelagic zone (0-200m). Some of 
the organic matter produced there can escape from predators and the microbial loop and 
sink into the dark ocean. In the mesopelagic zone (200-1000m), most of this organic carbon 
is consumed by bacteria and can return to the atmosphere as carbon dioxide in a timespan of 
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Figure 1. The marine microbial food web. A schematic depiction of the trophic interactions occur-
ring in marine pelagic ecosystems. Phytoplankton form the base of the food web as primary producers. 
Fixed nutrients are transformed to dissolved organic matter (DOM) through various mechanisms and 
enter the food chain via the microbial loop, with its incorporation into bacterial biomass. Heterotrophic 
flagellates feed on bacteria and channel carbon up to higher trophic levels (i.e., ciliates and zooplank-
ton). Part of the fixed carbon can be exported to the deep ocean through particle sinking from phyto-
plankton cells or fecal pellets from zooplankton in a process known as the biological carbon pump.
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months to years (Arístegui et al., 2009). Nevertheless, the carbon that circumvents microbial 
processing in the mesopelagic zone is exported to the bathypelagic region (1000-4000m) or 
even the seafloor sediment, where it can be sequestered for centuries (Arístegui et al., 2009) 
in a process known as the biological carbon pump (Fig. 1).

The omics era

The huge difference in numbers between bacterial counts coming from culturing and those 
from direct microcopy was named the “Great Plate Count Anomaly” (Staley & Konopka, 
1985). In fact, it was proposed that only around 0.1-1% of bacterial and protist organisms can 
be easily cultured (Amann et al., 1995; Caron et al., 1989), and these often do not represent 
the abundant taxa in the ocean (del Campo et al., 2013a; Pedrós-Alió, 2006). Molecular tech-
niques such as amplification and sequencing of the small subunit of the ribosomal RNA gene 
(18S rDNA in eukaryotes and 16S rDNA in prokaryotes) led to the discovery of extremely rel-
evant taxa in the oceans (Acinas et al., 2022), such as Pelagibacter ubique (Giovannoni et al., 
1990), which is the most abundant bacterium in the ocean, marine archaea (DeLong, 1992; 
Fuhrman et al., 1992) or the abundant and widespread marine stramenopiles (MAST) (Mas-
sana et al., 2004). The development of high-throughput sequencing (HTS) platforms revolu-
tionized the field of microbial ecology, as they dramatically increased the sequencing depth 
while keeping low costs (Goodwin et al., 2016). With this, amplification and sequencing of 
the 18S/16S rRNA gene (known as metabarcoding or amplicon sequencing; Fig. 2) became 
the standard to characterize the diversity of microbial communities in marine environments 
and to allow for community comparisons (Burki et al., 2021). The advent of HTS also consol-
idated omics approaches, first implemented more than 20 years ago (Béjà, 2000), as a way 
to study the whole gene repertoire of the community rather than focusing on specific marker 
genes. Omics techniques based on nucleic acids are metagenomics, metatranscriptomics 
and single cell genomics (Fig. 2). Metagenomics aims to sequence the DNA content of a 
microbial community (all genomes), while metatranscriptomics does the same but targeting 
messenger RNA (all genes being expressed). The main advantage of these techniques is that 
they do not rely on PCR amplification, so preventing putative amplification biases (Acinas et 
al., 2005) and taxonomic biases derived from the used primers (McNichol et al., 2021). Finally, 
single cell genomics is based on isolating single cells, and then amplifying and sequencing 
their genomes (Richards et al., 2019) (Fig. 2). Other omics techniques are metaproteomics, 
which is based on the quantification and identification of the proteins from a microbial com-
munity (Kleiner, 2019), and metabolomics, where metabolites – the substrates, intermediates 
and products of cell metabolism – are targeted (Fiehn, 2002). 

The first global effort to characterize microbial communities in the surface ocean using an 
omics approach was the Global Ocean Sampling Expedition (GOS) (Venter, 2004), but this 
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did not use HTS tools. Later, more expeditions were developed to circumnavigate the globe 
while sampling water from surface to the deep ocean, such as Tara Oceans (Karsenti et al., 
2011) or Malaspina 2010 (Duarte, 2015) initiatives, just to name two of them (see Acinas et 
al. (2022) for a review). Apart from global environmental surveys, other collaborative efforts 
were carried out to sequence microbial diversity, such as the Marine Microbial Eukaryotic 
Transcriptome Sequencing Project (MMETSP; Keeling et al. (2014)), aiming to obtain tran-
scriptomes of cultured microbial eukaryotes. The beauty of science is that all these initia-
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metabarcoding is also included here due to its wide use in microbial ecology studies. Figure adapted 
from Zuñiga et al. (2017).



5

INTRODUCTION

tives made (or should make) all their sequencing data publicly available, thus representing 
a precious data resource that can be used by other researchers to further study microbial 
communities in the ocean.

Microbial eukaryotes

The eukaryotic cell

Contrary to prokaryotic cells, eukaryotic cells have a membrane-bound nucleus, a highly 
compartmentalized cytoplasm containing membrane-bound organelles (such as the mito-
chondrion or chloroplast) and a cytoskeleton that shapes the cell and can form complex 
structures (Massana & Logares, 2013). While prokaryotes display a high diversity in their 
metabolism, microbial unicellular eukaryotes (or protists) have a wide range of morpholo-
gies, cell sizes and behaviour (Keeling & del Campo, 2017). In fact, protists’ size range spans 
more than 5 orders of magnitude (Caron et al., 2012), going from less than 1 µm to more 
than 1 cm. According to their size, planktonic protists are commonly divided into pico- (0.2-3 
µm), nano- (3-20 µm) and microplankton (20-200 µm). Protists can also be divided by their 
nutritional modes into heterotrophic (predatory, osmotrophic or parasitic), phototrophic and 
mixotrophic (organisms capable of both heterotrophy and phototrophy) (Bachy et al., 2022). 

The process by which the eukaryotic cell emerged – eukaryogenesis – still represents a key 
question in evolutionary biology. To date, the most accepted scenario is that eukaryotes de-
rive from a host cell related to Asgard archaea (Eme et al., 2017) that incorporated a bacte-
rium closely related to alphaproteobacterial lineages, which after several changes became 
the mitochondrion (Gabaldón, 2021). Later, the incorporation of a cyanobacterium by a het-
erotrophic eukaryotic host gave rise to the first photosynthetic plastid in a process called 
primary endosymbiosis (López-García et al., 2017). Virtually all the eukaryotic plastids derive 
from this endosymbiotic event, with the only known exception being Paulinella chromato-
phora (Marin et al., 2005). In the subsequent eukaryotic evolution there have been multiple 
secondary endosymbiotic events (Worden et al., 2015) in which a heterotrophic eukaryotic 
host engulfed a photosynthetic eukaryote. This originated secondary plastids, which can be 
found in many lineages of the eukaryotic tree of life.

A brief history of protistology

Protists were first described nearly 350 years ago by Antonie van Leeuwenhoek, arguably 
the first microbiologist in history, using a hand-made microscope (Leeuwenhoek, 1677). The 
complexity of protist shapes inspired Ernst Haeckel’s world famous illustrations (Haeckel, 
1887), which, together with his remarkable studies, had a big impact on both the general pub-
lic and the scientific community. However, it was Victor Hensen, a contemporary of Haeckel, 
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the first to treat protists as key players in the base of marine food webs (Smetacek, 1999), 
and the one who coined the term “plankton”. His works were never translated to English (con-
trary to Haeckel’s), and his findings were not embraced by other scientists. After Leeuwen-
hoek’s first observations, researchers started classifying protists into different taxa based on 
morphology and trophic strategies, placing photosynthetic ones close to plants (“algae”) and 
heterotrophic ones near animals (“protozoa”). Nevertheless, the myriad of complex morphol-
ogies displayed by protists together with inconsistent descriptors to resolve the relationship 
between the different taxonomic groupings led to the placement of protists in a kingdom 
of ‘lower’ organisms below animals, plants and fungi (Bachy et al., 2022). This separation 
was challenged by the use of electron microscopy to study the ultrastructure of eukaryotes 
(Corliss, 1984), a work started by Irene Manton in phototrophic protists and later continued 
by Dorothy Pitelka for heterotrophic protists. With this new technique, researchers could 
identify cell components that were essentially the same between protists and multicellular 
organisms, such as mitochondrion or chloroplasts (Taylor, 2003). The first molecular studies 
using 18S rRNA as a marker gene started to solve critical evolutionary relationships (Taylor, 
2003), and started to put together, in eukaryotic “supergroups, groups that apparently had no 
relation. It was the advent of phylogenomics that finally brought a clearer picture of the tree 
of eukaryotes, and allowed assembling several groups previously described by ultrastructure 
into a small number of ‘supergroups’ (Baldauf, 2003). Some of these “supergroups” were sole-
ly formed by unicellular microorganisms and others contained both multicellular organisms 
and microbial lineages. Thus, the separation between “higher” and “lower” eukaryotes was 
abandoned for good.

The eukaryotic tree of life

Today we know that most of the phylogenetic diversity within the domain Eukarya is con-
stituted by microbial forms (Caron et al., 2012) and that multicellular organisms (such as 
animals and plants) are present in a few branches of the eukaryotic tree of life (Burki et al., 
2020). The phylogenetic diversity of eukaryotes can be divided into major lineages, often 
referred to as “supergroups” (Burki et al., 2020). Currently, these are divided into TSAR, Haptis-
ta, Cryptista, Archaeplastida, Amorphea, CRuMs, Discoba, Metamonada, Hemimastigophora 
and orphan taxa (Fig. 3). 

TSAR constitutes a mega-assemblage that groups Telonemia, Stramenopiles, Alveolata and 
Rhizaria (Strassert et al., 2019). Telonemia is a supergroup of flagellated organisms from 
which only 7 described species exist (Shalchian-Tabrizi et al., 2006; Tikhonenkov et al., 2022). 
Telonemia represents the sister group to the SAR clade, originally described by phylogenomic 
approaches 15 years ago (Burki et al., 2007) and comprising the highest diversity within pro-
tists (del Campo et al., 2014).
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Stramenopiles are formed by a large radiation of chloroplast-containing groups (placed in 
Ochrophyta) together with basal groups of heterotrophic protists (Massana et al., 2014). 
Most Stramenopiles, also known as heterokonts, have 2 flagella of unequal length, with the 
longer one having hair-like structures called mastigonemes (Adl et al., 2019). The Ochrophyta 
contains relevant groups such as the well-known diatoms, responsible for 40-45% of total 
oceanic primary production (Mann, 1999); the chrysophytes, pelagophytes, bolidophytes and 
dictyochophytes, abundant phototrophic picoeukaryotes in the surface ocean (Massana, 
2011), some of which also contain mixotrophic species (Stoecker et al., 2017); and the giant 
kelp, which can be one of the largest organisms on Earth (Caron et al., 2012). Ochrophyta 
plastids, originated by secondary or even tertiary endosymbiosis with red algae (Azuma et 
al., 2022), are bound by four membranes, with the outermost one being fused with the en-
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doplasmic reticulum and nuclear membranes (Andersen, 2004). In the heterotrophic part of 
Stramenopiles radiation, there are pseudofungi groups such as labyrinthulomycetes, sapro-
trophic organisms highly present in bathypelagic marine snow (Bochdansky et al., 2017); and 
oomycetes, like the notorious Phytophthora, the causative agent of the potato blight that led 
Ireland into the Great Famine during the mid-nineteenth century (Bachy et al., 2022). Other 
relevant heterotrophic flagellates are bicosoecids, generally associated to particles (Schoen-
le et al., 2020) and common in the benthos (Caron et al., 2012); Blastocystis, a potentially 
mutualistic parasite in the human gut microbiome (del Campo et al., 2020); and many MAST 
groups (Massana et al., 2014), which were first described in environmental surveys and still 
remain largely uncultured, with only a few exceptions (Cavalier-Smith & Scoble, 2013; Shir-
atori et al., 2017). Although generally considered as heterotrophic, most of MAST function-
al roles are yet to be characterized. In the case of MAST-3 (Nanomonadea), parasitic and 
bacterivorous modes have been described for Solenicola setigera (Gómez et al., 2011) and 
Incisomonas marina (Cavalier-Smith & Scoble, 2013), respectively. For MAST-4, MAST-1 and 
MAST-7, there is microscopic evidence of their phagotrophic activity (Massana et al., 2009; 
Rodríguez-Martínez et al., 2022).

Alveolata contains three main groups, namely ciliates, dinoflagellates and apicomplexans. 
Their main characteristic is the presence of alveoli, membrane-bound cavities, in the inner 
part of the plasma membrane (Caron et al., 2012). Ciliates are a major group of predators 
and grazers and represent a significant trophic link between heterotrophic flagellates and 
zooplankton (Sherr & Sherr, 2002). Dinoflagellates display a high diversity of species and tro-
phic lifestyles, from autotrophs and mixotrophs to grazers and parasites, and they can host 
intracellular symbionts or be endosymbionts themselves (Taylor et al., 2008). They are one of 
the most abundant groups of large microalgae in the plankton, with a pivotal role in primary 
production and famous for the production of algal blooms (Simpson & Eglit, 2016). Predatory 
dinoflagellates are important grazers in the ocean, preying from bacteria and picoeukary-
otes to diatoms, ciliates and even some metazoans (Jeong et al., 2010). Dinoflagellates also 
comprise the marine alveolates (MALV, also known as Syndiniales), first discovered by envi-
ronmental surveys (López-García et al., 2001) and very abundant in the ocean where they act 
mostly as parasites (Guillou et al., 2008). Apicomplexans are mainly parasites of a wide range 
of animals (del Campo et al., 2019), such as fish or even humans, as the infamous Plasmodi-
um, the agent of malaria. The origin of plastids in alveolates mostly derives from secondary 
or higher-order endosymbiotic events, with the exception of a few lineages that incorporate 
them through kleptoplasty (Stoecker et al., 2009).

Rhizaria includes a wide range of mostly heterotrophic amoeboid protists that have pseu-
dopodia, which they use mainly for feeding (Adl et al., 2019), and flagellated forms (Burki 
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& Keeling, 2014). They can be divided into foraminifera, radiolarians and cercozoans. The 
former 2 groups produce the skeletal structures that can pictured in the above-mentioned 
Haeckel’s illustrations (Caron et al., 2012) and are also important in paleobiology (Burki & 
Keeling, 2014). Cercozoans include several groups of cercomonad flagellates, some appar-
ent amoebas, and the photosynthetic algae chlorarachniophytes, the plastids of which are 
from secondary endosymbiotic origin with green algae. The only heterotrophic member of 
the chlorarachniophytes is Minorisa minuta, a tiny heterotrophic flagellate abundant in coast-
al waters (del Campo et al., 2013b). A characteristic trait of phototrophic chlorarachniophytes 
(and cryptophytes, see below) is the presence of a nucleomorph, which is a reduced version 
of the endosymbiont nucleus (Curtis et al., 2012).

Haptista contains 2 main lineages: haptophytes and centrohelids. Haptophytes are phototro-
phic microorganisms that can form high-density blooms. One of its most famous members 
are the coccolithophores (e.g., Emiliania huxleyi), cells covered by calcium carbonate plates 
that have a unique role in biogeochemical cycles (Bachy et al., 2022) and their microfossils 
represent important chalk deposits (as in the Cliffs of Dover). Non-calcifying haptophytes 
are also important constituents of phytoplankton, and some its species can be key bacterial 
grazers (Unrein et al., 2014). Centrohelids have a ‘heliozoan’ amoeboid shape with axopodia 
radiating from a spherical cell body (Burki et al., 2020), with either silica scales or organic 
spicules (Cavalier-Smith & Chao, 2012). There are only 2 described centrohelid species with 
naked cells, belonging to the genus Oxnerella (Cavalier-Smith & Chao, 2012).

Cryptista are formed by cryptophytes, katablepharids and the single genus Palpitomonas. 
Cryptophytes have a secondary plastid and a nucleomorph and they are of particular interest 
for the study of their evolution (Sibbald & Archibald, 2020). Katablepharids are enigmatic 
heterotrophic protists that are being targeted for the study of plastid acquisition (Okamoto 
et al., 2009).

Archaeplastida are mostly phototrophic cells with plastids coming from a primary endosym-
biotic event. They are divided into green algae (from which land plants evolved), red algae and 
glaucophytes. No heterotrophic component was described within Archaeplastida until the 
recent description of Rhodelphis, a sister group to red algae formed by phagotrophic species 
containing non-photosynthetic plastids (Gawryluk et al., 2019). Additionally, a recent phylog-
enomic study placed Picozoa (Not et al., 2007), a group of heterotrophic flagellates without 
plastid formerly treated as orphan taxa, as a second closely-related lineage to red algae, thus 
challenging the current view of plastid evolution (Schön et al., 2021).

Amorphea groups opisthokonts and amoebozoans together, as well as two small lineages of 
heterotrophic flagellates, apusomonads and breviates. The latter two lineages cluster togeth-
er with opisthokonts to form the Obazoa (Brown et al., 2013). 
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Opisthokonta are divided into two main lineages: Nucletmycea (or Holomycota), which in-
cludes fungi (Grossart et al., 2019) and their unicellular relatives; and the Holozoa, containing 
animals (Metazoa) and their unicellular relatives (Torruella et al., 2012). One of these unicel-
lular holozoans are choanoflagellates, bacterivorous protists that display a characteristic mi-
crovillar feeding collar (Simpson & Eglit, 2016) and represent the closest relatives to animals. 
Thus, they are a key lineage in the study of the transition to multicellularity (Sebé-Pedrós et 
al., 2017). Other closely-related taxa being targeted in this quest are filastereans and ichtyo-
sporeans (Sebé-Pedrós et al., 2017), which include several fish parasites.

Amoebozoa, as the name suggests, contains amoeboid protists. These present lobose pseu-
dopodia, or lamellipodia (used for feeding and locomotion) that are much broader than the 
pseudopodia present in Rhizaria (Simpson & Eglit, 2016). They also include flagellated forms, 
as well as human parasites such as Entamoeba histolytica (causative agent of amoebic dis-
entery). Amoebozoa are common in marine sediments, from which several species have 
been isolated (Kudryavtsev et al., 2018; Kudryavtsev & Pawlowski, 2013, 2015), and known 
planktonic forms are mostly associated to particles (Kudryavtsev et al., 2022; Rogerson et 
al., 2003).

CRuMs is a grouping of former orphan taxa that were recently found to branch together 
(Brown et al., 2018). It includes Collodictyonids, Rigifilida and the genus Mantamonas, all 
free-living protists with different morphologies. 

Discoba and Metamonada were formerly treated as one supergroup named Excavata. How-
ever, no strong evidence exists that supports this grouping (Burki et al., 2020). Discoba in-
cludes abundant and diverse heterotrophic flagellates such as diplonemids (Flegontova et al., 
2016) and kinetoplastids (Flegontova et al., 2018), as well as the photosynthetic euglenids. 
Metamonada is formed by anaerobic protists including several pathogens like Giardia and 
Trichomonas and symbionts in animal guts (Bachy et al., 2022).

Hemimastigophora represents one of the deepest-branching lineages in eukaryotes, contain-
ing free-living protists from soils, and was recently proposed as a new supergroup (Lax et al., 
2018). 

Orphan taxa groups organisms and lineages with an unclear taxonomical position in the eu-
karyotic tree. These include Ancoracysta, malawimonads and ancyromonads, all of which are 
free-living heterotrophic flagellates (Burki et al., 2020).
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The study of protists: limitations and advances 

Accessing reference genomes for protists is key to investigate both the ecology and the evo-
lution of these taxa. However, databases of eukaryotic reference genomes currently have 
three critical biases. First, the big majority of the sequenced genomes belong to multicellular 
organisms (animals, fungi and plants). Second, genomes from phototrophic (easier to cul-
ture and maintain), parasitic or economically important microbial species greatly outnumber 
those from heterotrophic protists (del Campo et al., 2014) (Fig. 4). And third, a high fraction of 
protist diversity is not available in culture (del Campo et al., 2013a). Apart from these biases, 
another problem arises for already available genomes, and that is that a large number of the 
predicted genes are completely unknown. In fact, it is estimated that around 40-60% of genes 
from microbial systems completely lack a functional annotation, and efforts are being made 
to bridge this knowledge gap (Vanni et al., 2022).

Advances in different omics fields, as well as new innovative culturing efforts, currently rep-
resent powerful tools to tackle the above-mentioned problems. In the field of genomics, the 
Earth BioGenome Project (Blaxter et al., 2022) now aims to sequence, catalog, and charac-
terize the genomes of all of Earth’s eukaryotic biodiversity. Meanwhile, metagenome-assem-
bled genomes, formerly used only in prokaryotes due to their simpler genomes (Massana 
& López-Escardó, 2022), are now being obtained en masse for eukaryotes (Alexander et al., 
2022; Delmont et al., 2022; Duncan et al., 2022) thanks to the reanalysis of published global 
data sets. Single-cell genomics is also allowing for obtaining genomes from lineages that 
refuse culturing (Gawryluk et al., 2016; Labarre et al., 2020; Latorre et al., 2021; Seeleuthner 
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et al., 2018), and in the case of Picozoa helping to find their place in the eukaryotic tree of life 
(Schön et al., 2021). Metatranscriptomics and transcriptomics represent powerful tools for 
phylogenomic analyses (Keeling et al., 2014; Tice et al., 2021) and to assess the ecological 
functional roles of eukaryotic taxa (Carradec et al., 2018; Lambert et al., 2022). Additionally, 
metabarcoding surveys keep being useful to uncover the huge diversity of uncultured protists 
and describe their biogeographical patterns (de Vargas et al., 2015; Giner et al., 2020; Pernice 
et al., 2016), and the obtained public data sets represent a vast wealth of information for fur-
ther exploration (Vaulot et al., 2022).

Marine heterotrophic flagellates

Heterotrophic flagellates (HF; Fig. 5) are small unpigmented protists that are dominant bac-
terial grazers in the ocean, therefore having pivotal roles in global biogeochemical cycles. 
First, given their small size (2-5 µm), they represent a link between bacteria and higher trophic 
levels, thus maintaining the carbon transfer in marine food webs (as highlighted by Azam et 
al. (1983)); second, they recycle inorganic nutrients such as phosphorus and nitrogen that 
can then be used again for regenerated primary production (Goldman & Caron, 1985; Sherr 
& Sherr, 2002); and third, they keep bacterial abundances in the ocean fairly constant (Per-
nthaler, 2005), a role that share with viruses (Fuhrman & Noble, 1995) and mixotrophic pro-
tists (Zubkov & Tarran, 2008). HFs are distributed in the plankton at concentrations 102-104 

cells ml-1 and represent around 20% of all microbial eukaryotes in the epipelagic zone of the 
ocean (Jürgens & Massana, 2008). Collectively, HFs form an extremely taxonomically diverse 
assemblage, with species scattered through all the major eukaryotic supergroups (see previ-
ous section). Contrary to larger protists (>20 µm) like dinoflagellates and ciliates, most HFs 
cannot be easily discriminated through light microscopy, as they generally display a simple 
morphology without conspicuous morphological traits. That is, a round or oval cell with a 
single nucleus and 1-2 flagella (Fig. 5). Consequently, and despite their huge diversity, HFs 
have been historically treated as a single functional group that behaves similarly to certain 
environmental factors (Sanders et al., 1992).

The study of HFs through history

The first studies evaluating the role of HFs in seawater date back from the beginning of the 
twentieth century. These attempted to quantify HFs in the sea (Lohmann, 1911) as well as 
isolate and describe some of its forms (Griessmann, 1914). HFs were nevertheless mostly 
ignored by ecologists until the realization that bacterial abundances in the ocean remained 
fairly constant despite high prokaryotic production rates (Fenchel, 1986). Following incoming 
evidence of HF being able to predate on bacteria (Haas & Webb, 1979; Sorokin, 1979), it was 
thus proposed that HFs could be responsible for maintaining these high bacterial numbers 
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in check, and that they could represent the “missing link” between bacteria and larger sus-
pension feeders (such as ciliates and zooplankton) in pelagic food webs (Fenchel, 1982a-d). 
This last idea crystallized in the work by Azam et al. (1983) where the microbial loop concept 
was described, and represented a turning point for the consideration of the ecological sig-
nificance of HFs in the ecosystem. As a result, studying HFs gained some popularity, subse-
quent works studied the importance of HF predation in food webs (Boenigk et al., 2001; Boe-
nigk & Arndt, 2002; Jürgens & DeMott, 1995; Jürgens & Matz, 2002; Pernthaler, 2005; Sherr & 
Sherr, 2002), and some available HF strains were studied in detail regarding their autecology 
(Caron et al., 1986, 1990; Eccleston-Parry & Leadbeater, 1994; Geider & Leadbeater, 1988; 
Goldman & Caron, 1985). Collectively, these studies showed a high functional diversity (see 
next section) within HFs (Arndt et al., 2000) and established their key role in the ecosystem 
(Jürgens & Massana, 2008). In the early 2000s, the use of molecular techniques revolutionized 
again the view of HFs. Environmental surveys using metabarcoding identified a massive new 

Figure 5. Heterotrophic flagellates under the microscope. HFs (2-5 µm) as seen by epifluores-
cence (upper images), phase contrast (middle), and electronic microscopy (lower). Micrographs ex-
tracted from Massana (2020).
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diversity of HFs (Díez et al., 2001; López-García et al., 2001; Moon-Van Der Staay et al., 2001), 
and new taxonomic groups were described, such as MAST (Massana et al., 2004) or Picozoa 
(Not et al., 2007). Besides this enormous diversity, the use of FISH gave a new dimension to 
microscopy-based studies, and it allowed retrieving ecological information on in situ abun-
dance, feeding modes, grazing preferences, and growth rates of specific lineages (Piwosz et 
al., 2021). However, after this initial peak of popularity, interest in HFs began to decrease due 
to the difficulty to study natural HF species. These possess few conspicuous morphological 
traits to identify them through microscopy and most of them remain uncultured (Weber et al., 
2017). As mentioned in the previous section, this last problem is shared with the majority of 
protists, but the fact that HFs need a specific prey to grow makes culturing them even more 
complicated. HFs were therefore often neglected in marine surveys and became one of the 
most understudied components of the marine microbiome (del Campo et al., 2014). Finally, 
the advent of HTS and the reduction of sequencing costs (Goodwin et al., 2016) opened up 
new possibilities in the study of HFs and assessing these protists at a high-resolution level 
became feasible.

Functional diversity within HFs

HF assemblages include cells with different evolutionary histories, feeding mechanisms, 
optimal prey spectra, and behavior (Jürgens & Massana, 2008). Regarding their modes of 
movement, HF forms can be gliding or free-swimming, as well as be temporarily or perma-
nently attached to a substrate (Fenchel, 1987). In terms of feeding modes, these comprise 
filter-feeding (e.g. choanoflagellates), direct interception feeding (e.g. chrysophytes) or rap-
torial feeding (e.g. kinetoplastids) (Jeuck & Arndt, 2013). One of the key factors in HF prey 
selectivity is bacterial size (Chrzanowski & Šimek, 1990), and niche differentiation of HF spe-
cies occurs even in narrow prey size ranges, with species showing different size-dependent 
feeding efficiency curves (Jürgens & Matz, 2002). This existing size-selective grazing has 
implications in bacterial populations, such as shifting their size structure towards smaller or 
larger cell sizes (Pernthaler, 2005) as well as altering the behavioral traits of bacterial commu-
nities, which can develop grazing-resistant morphologies like cell aggregates or filamentous 
forms (Hahn, 2002). It has also been demonstrated that evolutionarily closely-related and 
morphologically similar HF species display different prey preferences that can differentially 
modify the abundance and composition of bacterial communities (Glücksman et al., 2010). 
At the same time, shifts in bacterial community structure can impact the structure of HF 
assemblages (Šimek et al., 2013), as different bacterial prey can have different nutritional 
values to predators (Šimek et al., 2018), and even the same bacterial strain may not have 
the same nutritional quality for different HF species (Chrzanowski & Foster, 2014). Besides 
different feeding behaviors, HFs also display different responses to abiotic factors, such as 
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salinity or temperature, with some species displaying wide ranges of tolerance and others be-
ing restricted to narrower gradients (Arndt et al., 2000). As it happens with bacterial prey, HFs 
can also exhibit morphological and behavioral strategies to avoid predation by larger hetero-
trophic protists. Some of these strategies can be the presence of loricae in many bicosoecids 
and choanoflagellates or scales in chrysophytes, as well as the attachment to larger particles 
(Arndt et al., 2000).

The process of phagocytosis in HFs

Bacterivory is performed through phagocytosis, an ancient evolutionarily-conserved process 
(Boulais et al., 2010) with deep implications in the origin and evolution of the eukaryotic cell 
(Mills, 2020). This process starts with the internalization of the prey through the invagination of 
the plasma membrane, which creates a vesicle called phagosome (Fig. 6). For digestion, this 
phagosome strongly acidifies its lumen and fuses with a lysosome, which carries digestive 
enzymes, thus forming the phagolysosome. After absorption of the released nutrients into 
the cytoplasm, the phagosome is fused again with the plasma membrane and the remaining 
material is egested to the extracellular space (Flannagan et al., 2012). Phagocytosis is a well 
characterized process in metazoans due to its primary role in the immune response, but less 
is known for HF and other protists that rely on this mechanism for their nutrition (Rosales 
& Uribe-Querol, 2017). Even though the first observations of this process from the ciliate 
Paramecium date back from the late 1940s (Mast, 1947), very few studies were carried out to 
study phagocytosis as a feeding mechanism in microbial eukaryotes, with the exception of the 
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Figure 6. The process of phagocytosis. Schematic overview of phagocytosis in HFs. Adapted from 
original figure by Marta Royo-Llonch (SHOOK Studio).
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amoeba Dictyostelium discoideum (Bozzaro et al., 2008). Given its primary role in bacterivory 
and, extensively, to global biogeochemical cycles, it is crucial to better understand this 
process in non-model grazers. Phagocytosis is a promising case where a purely eukaryotic 
function can be analyzed by gene expression, and recent transcriptomics with non-model 
HFs (Massana et al., 2021; Prokopchuk et al., 2022) and metatranscriptomics experiments 
with natural samples (Labarre et al., 2020) have been carried out to assess the expression of 
phagocytosis-related genes. These approaches coupled with extensive databases such as 
EukProt (Richter et al., 2022), MATOU (Carradec et al., 2018), MGT (Vorobev et al., 2020) or 
sMAGs (Delmont et al., 2022) are now a promising way to explore the function of HFs in the 
ocean and disentangle their different and diverse roles in the ocean.
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Aims and objectives

Heterotrophic flagellates (HF) represent a key component in the marine ecosystem. During 
the last decades of the twentieth century, studying them gained some popularity, and some 
aspects regarding their ecology were characterized. However, this initial attention was later 
followed by a general lack of interest, mainly due to the difficulty to assess them. With the 
advent of high-throughput techniques and the growing availability of global sequencing data 
sets, it is now feasible to study HFs at a high-resolution level. This thesis represents a return 
to their study, emphasizing their pivotal role in the ocean that seminal studies revealed 40 
years ago. The overall aim of this thesis is to better understand the ecology and functional 
role of HFs in the ocean using global and local data sets and different omics approaches.  

The thesis is divided into 3 chapters. In Chapter 1 (A metagenomic assessment of microbial 
eukaryotic diversity in the global ocean), we studied the abundance and distribution of mi-
crobial eukaryotes in the global ocean from surface to the deep ocean by means of metage-
nomics and compared it to metabarcoding This analysis revealed that HFs do not generally 
face technical biases when assessed through this latter approach. Thus, in Chapter 2 (Oce-
anic heterotrophic flagellates are dominated by a few widespread taxa), we investigated the 
distribution and diversity of HF communities along horizontal and vertical scales by means 
of metabarcoding. We identified the most abundant HF species in the ocean, most of which 
remain uncultured, and determined their biogeographical distribution. In Chapter 3 (Gene ex-
pression dynamics of natural assemblages of heterotrophic flagellates during bacterivory), we 
characterized the gene expression patterns of natural assemblages of uncultured HFs during 
phagotrophic feeding in unamended incubations through metatranscriptomics.

The general and specific objectives of this thesis are the following:

Objective 1. To determine the distribution of microbial eukaryotes in the ocean using 
metagenomics.

• To create a custom database of the 18S-V4 region of the rDNA covering the whole 
eukaryotic diversity.

• To develop a pipeline to extract and classify 18S-V4 fragments (mTags) from metag-
enomic data sets using the previous database.

• To compare the community profiles of microbial eukaryotes along depth and be-
tween pico- and nanosized fractions.

• To compare the community profiles of microbial eukaryotes obtained with metag-
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enomics with the ones obtained through metabarcoding to detect putative technical 
biases in some taxonomic groups.

• To assess whether amplicon sequencing is a suitable tool to study the abundance 
and distribution of HFs in the ocean.

Objective 2. To identify the most abundant HF species in the ocean.

• To assess the diversity of HF assemblages along horizontal and vertical scales.

• To compare the HF community profile obtained using V4 amplicons from the Mala-
spina survey with other sequencing approaches of the same data set (V9 amplicons 
and mTags) and metabarcoding from other surveys (TARA oceans).

• To identify the environmental factors driving the distribution of HF species.

• To characterize the distribution patterns of abundant HF species.

• To study the co-occurrence patterns between prokaryotes and HF species.

Objective 3. To better understand the process of bacterivory in HFs.

• To promote the growth of natural HF assemblages in unamended incubations of 
surface seawater.

• To follow the dynamics of HFs, phototrophic flagellates and bacterial cells through 
epifluorescence microscopy and metatranscriptomic 18S-V4 mTags.

• To study gene expression of natural HF assemblages at different states of their 
growth.

• To compare gene expression and taxonomic patterns between incubations started 
with different natural assemblages. 

• To select genes highly expressed in the HF growth state of the incubations, where 
bacterivory is highest.

• To investigate the expression levels of the selected genes among species with differ-
ent trophic modes.
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A metagenomic assessment of microbial eukaryotic diversity in 
the global ocean
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Abstract

Surveying microbial diversity and function is accomplished by combining complementary 
molecular tools. Among them, metagenomics is a PCR free approach that contains all genet-
ic information from microbial assemblages and is today performed at a relatively large scale 
and reasonable cost, mostly based on very short reads. Here we investigated the potential of 
metagenomics to provide taxonomic reports of marine microbial eukaryotes. We prepared 
a curated database with reference sequences of the V4 region of 18S rDNA clustered at 
97% similarity and used this database to extract and classify metagenomic reads. More than 
half of them were unambiguously affiliated to a unique reference whilst the rest could be 
assigned to a given taxonomic group. The overall diversity reported by metagenomics was 
similar to that obtained by amplicon sequencing of the V4 and V9 regions of the 18S rRNA 
gene, although either one or both of these amplicon surveys performed poorly for groups 
like Excavata, Amoebozoa, Fungi and Haptophyta. We then studied the diversity of picoeu-
karyotes and nanoeukaryotes using 91 metagenomes from surface down to bathypelagic 
layers in different oceans, unveiling a clear taxonomic separation between size fractions and 
depth layers. Finally, we retrieved long rDNA sequences from assembled metagenomes that 
improved phylogenetic reconstructions of particular groups. Overall, this study shows metag-
enomics as an excellent resource for taxonomic exploration of marine microbial eukaryotes.
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1.1. Introduction

Marine microbial eukaryotes are key components of planktonic ecosystems in all ocean bi-
omes (Caron et al., 2012). They are, along with cyanobacteria, responsible for nearly half of 
the global primary production (Falkowski, 2012), and play important roles in food-web dy-
namics as grazers and parasites (Edgcomb, 2016; Jürgens & Massana, 2008), carbon export 
to the deep ocean (Guidi et al., 2016), and nutrient remineralization (Worden et al., 2015). A 
number of studies in the early 2000s, based on 18S ribosomal DNA (rDNA) amplicon data, 
hinted at their huge diversity and relevant novelty in different oceanic regions (Díez et al., 
2001; Edgcomb et al., 2002; López-García et al., 2001; Moon-Van Der Staay et al., 2001), re-
cently confirmed by large-scale surveys (de Vargas et al., 2015; Pernice et al., 2016). However, 
rDNA amplicon data are dependent on PCR, which is known to introduce biases in microbial 
diversity estimates (Acinas et al., 2005; Balzano et al., 2015; Sinclair et al., 2015), potential-
ly affecting both the number and relative abundance of the species and taxonomic groups 
present. In addition, the short reads of high-throughput sequencing (HTS) surveys require 
the choice of a given 18S rDNA region to amplify, with the hypervariable regions V9 (Ama-
ral-Zettler et al., 2009) and V4 (Stoeck et al., 2010) being most used, which in some cases 
yield different results (Giner et al., 2016; Stoeck et al., 2010).

An alternative to amplicon-based HTS approaches (metabarcoding) to studying microbial 
diversity involves exploiting the taxonomic information contained in metagenomes. These 
use massive shotgun sequencing of genomic DNA extracted from microbial assemblages 
with the goal of assessing their functional metabolic potential. Given the usefulness and 
general application of the 18S rDNA, it follows that the identification of 18S rDNA sequences 
within the metagenomes provides a path to resolve microeukaryotic diversity free of the po-
tential biases of PCR-dependent methods. Indeed, this technique was already used with shot-
gun Sanger sequencing data derived from the Global Ocean Survey, GOS (Not et al., 2009; 
Piganeau et al., 2008). In these studies, however, the modest sequencing depth attainable 
at the time allowed the retrieval of a low signal, with only 116 18S rDNA fragments found in 
the complete GOS data set. The development of high-throughput sequencing platforms and 
the reduction of sequencing costs (Goodwin et al., 2016) have allowed a drastic increase 
in sequencing depth, thus granting the retrieval of a significant number of short 18S rDNA 
metagenomic reads from a given sample (metagenomic Illumina Tags or miTags; Logares et 
al. 2014). The term miTags coined by Logares et al. (2014) has been shortened hereafter as 
mTags to make it independent of the sequencing technology used. Several tools have been 
developed for the extraction of these reads (Bengtsson et al., 2011; Gruber-Vodicka et al., 
2019; Hartmann et al., 2010; Huang et al., 2009), generally based on 16S/18S rDNA Hidden 
Markov Model (HMM) profiles. 
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Although some studies have used HMM profiles to assess eukaryotic diversity in different 
environments (Bahram et al., 2018; Guajardo-Leiva et al., 2018; Pernice et al., 2016; Saghaï 
et al., 2015), retrieving a precise taxonomical classification of the short metagenomic reads 
(100-250 bp) remains challenging (Breitwieser et al., 2017), especially when targeting the 18S 
rDNA gene that contains a mosaic of highly conserved and highly variable regions (Neefs et 
al., 1993). Some bioinformatic tools have tried to address this concern by keeping the highest 
unambiguous level in hierarchical taxonomic classifications (Bengtsson-Palme et al., 2015; 
Guo et al., 2016), but these are still highly dependent on good reference databases for a cor-
rect taxonomic assignment (Pedrós-Alió et al., 2018).

Here we attempted to expand the taxonomy assessment potential of metagenomic reads 
by extracting and classifying them using the eukaryotesV4 database, a custom database of 
eukaryotic V4 18S rDNA sequences built for this study. We first assessed the resolution level 
that this method can provide using 91 marine metagenomes collected during the Malaspina 
2010 Circumglobal Expedition (Duarte, 2015). We then compared the obtained results with 
the more common amplicon sequencing of the V4 region (using the data from Giner et al., 
2020; Figure S1), and the V9 region (newly obtained here). The mentioned paper from Giner 
et al. (2020) focused on vertical changes of picoeukaryotic (0.2-3 µm) diversity in the global 
ocean assessed by V4-metabarcoding and here we complement this study using V9-me-
tabarcoding, metagenomic data, and add the still unexplored nanoeukaryotic fraction (3-20 
µm) of the Malaspina data set. Finally, we increased the taxonomic information of microbi-
al eukaryotes by retrieving long sequences of the ribosomal DNA operon from assembled 
metagenomes. Overall, our study reveals that the analysis of metagenomes using a well cu-
rated rDNA database yields very good reports of the taxonomic groups present in marine 
assemblages, together with broadly comparable results with metabarcoding.

1.2. Materials and Methods

1.2.1. Building a custom 18S rDNA-V4 region database

A custom database of the V4 region of 18S rDNA (Table S1), eukaryotesV4, was created to 
retrieve and taxonomically classify metagenomic reads (mTags from now on). The database 
was first built using 97% clustered V4 sequences from previous environmental high-through-
put sequencing (HTS) studies in European coastal systems: Blanes Bay Microbial Observa-
tory (Giner et al., 2019) and BioMarKs project (Massana et al., 2015), and the water column 
of the global ocean sampled during the Malaspina cruise (Giner et al., 2020). Then, the da-
tabase was complemented with trimmed 97% clustered V4 sequences from SILVA SSU 128 
(Quast et al., 2013) that were not found in environmental HTS data sets. This trimming was 
performed using cutadapt v1.16 (Martin, 2011) with the universal eukaryotic forward primer 
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from Stoeck et al. (2010) and reverse primer from Balzano et al. (2015), with an error rate of 
0.2. All sequences were manually curated to discard possible chimeras and were classified at 
three taxonomic levels based on previous data, exhaustive inspection in multiple phylogenet-
ic trees and iterative testing with environmental data sets to detect and correct problematic 
cases (i.e. distant references sequences retrieving the same mTag). These three levels were: 
(1) OTU97 level (Operational Taxonomic Units of sequences clustered at 97% similarity), (2) 
taxonomic group (in general a formal Class), and (3) supergroup. The largest effort was the 
classification at the taxonomic group level, which comprised 136 groups (Table S1). The final 
eukaryotesV4 database contains 25,849 sequences, 43% of which derive from environmental 
data sets.

1.2.2. Sampling, DNA extraction and sequencing

As part of the Malaspina 2010 Circumnavigation Expedition (Duarte, 2015), we visited 10 
stations distributed across the world’s major oceans: three in the Atlantic Ocean, three in the 
Indian Ocean and four in the Pacific Ocean (Figure S1; Table S2). At each station, seawater 
samples from 7 depths (surface, deep chlorophyll maximum, and 2-3 depths at the meso-
pelagic and bathypelagic regions) were collected by means of Niskin bottles attached to a 
rosette coupled with a CTD profiler, which measured conductivity, temperature, fluorescence, 
salinity and dissolved oxygen along the water column. About 12 L of seawater were prefil-
tered through a 200 µm nylon mesh and then sequentially filtered with a peristaltic pump 
through a 20 µm nylon mesh followed by a 3 µm and a 0.2 µm pore-size 142 mm Millipore 
polycarbonate filters. Filters were immediately flash-frozen into liquid nitrogen and stored 
at -80ºC until processed in the laboratory. Samples for amplicon sequencing were similarly 
collected except that filtering was carried out using 47 mm diameter filters.

DNA extracts for metagenomics were obtained with the phenol-chloroform protocol (Mas-
sana et al, 1997). For the nanoeukaryotic fraction (3-20 µm) we obtained 25 samples from 4 
stations, and for the picoeukaryotic fraction (0.2-3 µm) we obtained 66 samples from 10 sta-
tions (Figure S1; Table S2). Whole metagenome sequencing was performed using a PCR free 
protocol at CNAG (Barcelona, Spain; http://cnag.cat/). Short-insert paired-end libraries were 
prepared with the Illumina TruSeq Sample Preparation kit (Illumina Inc.) and sequenced using 
the HiSeq 2000 Illumina platform (2 x 101 bp) for all picoeukaryotic samples and 6 nanoeu-
karyotic samples. For the remaining 19 nanoeukaryotic samples, short-insert paired-end li-
braries were prepared with KAPA HyperPrep kit (Roche Kapa Biosystems) and sequenced 
with either NovaSeq 6000 or HiSeq 4000 Illumina platforms (2 x 151 bp). Sequencing yielded 
30.4 ± 20.6 Gbp per sample (average ± standard deviation). The full functional exploitation of 
the metagenomes is currently in preparation.
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DNA extracts for amplicon sequencing and data for metabarcoding of the V4 region derive 
from a recent study targeting the picoeukaryotic fraction (Giner et al., 2020). We used the 
same DNA extracts to amplify the V9 region of the 18S rDNA (~130 bp) using primers 1389F 
and 1510R (Amaral-Zettler et al., 2009). A touchdown PCR amplification protocol with 35 cy-
cles was performed for both regions. Sequencing of amplicons was done with the MiSeq Illu-
mina platform (2 x 250 bp) at RTLGenomics (http://rtlgenomics.com/). Amplicon data of the 
V4 and V9 regions was obtained along the vertical profile of 4 stations (Figure S1; Table S2).

1.2.3. Metagenomics data processing for mTags extraction and classification

Metagenomic raw reads were trimmed for TruSeq adapters and filtered for phred scores of 
≥20 and length ≥45 base pairs either with trimmomatic v0.35 (Bolger et al., 2014) for HiSeq 
runs, or with cutadapt v1.16 (Martin, 2011) for NovaSeq runs. The pipeline used to extract and 
assign taxonomy to V4 metagenomic reads (mTags) is shown in Figure 1A. Reads longer 
than 70 bp were mapped against a 92% clustered version of eukaryotesV4 (10,188 reference 
sequences) using BLAST v2.7.1 (Altschul et al., 1990). Sequences with a hit to a reference 
sequence with >90% similarity and >70% query alignment were retrieved from the metag-
enomes with seqtk’s v.1.3 subseq option (https://github.com/lh3/seqtk). As most metage-
nomes yielded 101 bp reads, mTags of 151 bp from some metagenomes were trimmed 
at the 3’ end to 101 bp with seqkit’s v0.10.1 subseq option (Shen et al., 2016) to make re-
sults comparable. All mTags were then mapped against the eukaryotesV4 database with the 
usearch_local command of USEARCH v9.2 (Edgar, 2010) with a 97% similarity threshold and 
options -strand both, -mincols 70, and top_hits_only, which yielded all top scoring hits for each 
read. Based on this score list, mTags were classified as: (a) those with a single hit (OTU97 lev-
el), (b) those with >1 hit to sequences of the same taxonomic group (Group level), (c) those 
with >1 hit to sequences of different groups but same supergroup (Supergroup level) and (d) 
those with hits to sequences from different supergroups (Ambiguous level). When both reads 
of an Illumina pair matched the database, the best assignment was considered and count-
ed as one. After the classification, mTags from Charophyta, Metazoa, nucleomorphs and 
Ulvophyceae were removed (5.5% of total mTags). The final table contained 302,269 mTags 
from 66 picoeukaryotic samples and 25 nanoeukaryotic samples that were assigned to 4,723 
OTU97 and 84 higher-rank levels.

mTags were also extracted from the metagenomes using Hidden Markov Models (HMM) as 
used in previous studies (Bengtsson-Palme et al., 2015; Guo et al., 2016; Logares et al., 2014), 
using the hmmsearch in HMMER v3.2 (hmmer.org) as implemented in Logares et al. (2014), 
with e-value 10 and a custom HMM profile prepared from an aligned version of eukaryotesV4 
database. The taxonomy assignment of the extracted reads was done as before. 
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1.2.4. Amplicon data processing 

In both V4 and V9 amplicon data sets, raw reads were trimmed for amplification primers with 
cutadapt v1.16 (Martin, 2011) and processed using the software package DADA2 v1.4 (Cal-
lahan et al., 2016) with the parameters truncLen 220,210 and maxEE 6,8 for V4 samples and 
truncLen 110,90 and maxEE 4,6 for V9 samples. For each data set, an amplicon sequence 
variant (ASV) table was obtained. Samples contained 51,421 reads on average (standard 
error 4,860) and ASVs present in only one sample with less than 10 reads were removed. Tax-
onomic assignment of V4 ASVs was performed using blastn command in BLAST v2.7.1 (Alt-
schul et al., 1990) against eukaryotesV4. Taxonomy of V9 ASVs was assigned using BLAST 
against PR2 (Guillou et al., 2013) and NCBI nt databases and was formatted to match eukary-
otesV4 taxonomic levels. ASVs classified as Archaea, Bacteria, Charophyta, Ulvophyceae, 
Metazoa, and nucleomorphs were removed (1.3% of reads in V4 and 47% in V9 amplicons, 
mostly coming from amplified prokaryotic taxa in the latter). The V4 final table contained 23 
samples, 6,037 ASVs and 1,760,294 reads, while the V9 final table contained 23 samples, 
3,310 ASVs and 605,053 reads.

1.2.5. Metagenomes assembly, 18S rDNA contigs retrieval and phylogenetic analyses 

Metagenomic samples were assembled using MEGAHIT v1.1.3 (Li et al., 2015) with me-
ta-large preset and a minimum contig length of 500 bp. Assembled contigs containing the eu-
karyotic rDNA operon were retrieved using blastn command in BLAST against eukaryotesV4 
database. In order to identify the location of 18S and 28S genes in the contigs, these were 
mapped against PR2 (Guillou et al., 2013) and SILVA LSU 132 (Quast et al., 2013), respectively, 
using BLAST. A full list with all extracted contigs with more than 1000 bp of 18S rDNA gene 
is found in Table S3.

Phylogenetic trees were built using contigs containing >1500 bp of 18S rDNA and complete 
18S versions of sequences from eukaryotesV4 database extracted from SILVA SSU 128 
(Quast et al., 2013). These were aligned using MAFFT v7.402 (Katoh & Standley, 2013) in 
auto mode. Alignments were trimmed with trimAl v1.4.rev22 (Capella-Gutiérrez et al., 2009), 
regions not shared  among sequences were removed with AliView v1.25 (Larsson, 2014) and 
a maximum likelihood (ML) tree was constructed with RAxML v8.2.12 (Stamatakis, 2014), 
using GTRCATI model, by selecting the best topology out of 1000 alternative trees. Bootstrap 
analysis was done with 1000 pseudo-replicates.

1.2.6. Statistical analyses

Most of the analyses of this study were conducted in R statistical environment v3.6.0 (R 
Core Team, 2019). Using vegan package v.2.5-5 (Oksanen et al., 2019), Bray-Curtis dissim-
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ilarities were computed on relative abundance OTU/ASV tables with function vegdist() and 
non-metric multidimensional scaling (NMDS) was performed with function metaMDS() on 
the dissimilarity matrixes obtained. These were also used to run PERMANOVA tests with veg-
an’s function adonis2(). General analyses were performed with the package tidyverse v1.2.1 
(Wickham et al., 2019). All scripts used are located at GitHub (https://github.com/aleixop/
Malaspina_Euk_mTags).

1.3. Results

1.3.1. mTags extraction and taxonomic classification

We prepared an exhaustive collection of V4-18S rDNA sequences from the complete eu-
karyotic domain. Sequences within the eukaryotesV4 reference data set were clustered at 
97% similarity (OTU97), curated to remove any chimeric signal, and classified into main tax-
onomic groups (Table S1). Using this database, we evaluated the taxonomic assessment 
power of V4-containing fragments (mTags) retrieved from 91 marine metagenomes from 
different oceans and depths (Figure S1) following the described pipeline (Figure 1A). A total 
of 302,269 mTags averaging 99.4 bp in length were retrieved, of which 58.5% were assigned 
to a specific sequence in the database (OTU97 level) and 40.4% were classified at group level, 
while a very low proportion were classified at supergroup level (1.0%) or remained ambigu-
ous (0.2%) (Figure 1B). Thus, the assignment to a given group was achieved in nearly 99% of 
the mTags. Classification precision was not homogeneous among the different supergroups 
(Figure 1C): Stramenopiles presented only 27.1% of mTags defined to the OTU97 level and 
7.3% not defined to any given group, mainly due to a conserved V4 region within Ochrophyta, 
while on the other side, 88.6% of mTags from Amoebozoa were well defined. 

Both read length and mTags extraction method influenced the final number of reads retrieved 
and taxonomically classified. We took advantage of the fact that a few samples were se-
quenced with a different Illumina technology that yielded longer reads (151 bp instead of 101 
bp) to report that longer reads improve the resolution of the taxonomic classification, yielding 
a 10% increase in the number of OTU97-defined reads (Figure S2). Additionally, extracting 
mTags following an HMM-based protocol instead of using BLAST resulted in an 8% decrease 
of the total number of mTags retrieved. HMM-based extraction runs substantially faster and 
is the commonly used protocol. Both extraction approaches were well correlated, with R2 
values being virtually 1 and slopes close to 1 in most taxonomic supergroups (Figure S3). 
Nevertheless, for some supergroups the slopes were somewhat lower (i.e. 0.76 in Excavata, 
0.82 in Amoebozoa or 0.90 in Stramenopiles), indicating that up to 24% of the mTags of these 
groups were missed by the HMM extraction.

https://github.com/aleixop/Malaspina_Euk_mTags
https://github.com/aleixop/Malaspina_Euk_mTags
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1.3.2. Comparison of mTags and amplicon sequencing

We compared the relative abundance of taxonomic groups derived from metagenomes with 
that obtained by V4 and V9 amplicon sequencing in a subset of 23 picoeukaryotic (0.2-3 
µm) samples from 4 separate stations (Figure S1; Table S2). The most remarkable differ-
ences were found in Discosea, Diplonemea, Kinetoplastida, and Prymnesiophyceae (Figure 
2). These groups were absent in the V4 data set and, except for Prymnesiophyceae, had 
significantly lower relative abundances in the V9 data set. MALV-II and MALV-I, groups with 
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Figure 1. Pipeline for V4-18S rDNA mTags extraction from metagenomes (metaG) and classification 
and technical results. (A) Flow diagram of the pipeline used in this study. (B) Number of V4-18S mTags 
retrieved at the four defined taxonomic levels. (C) Relative abundance of the three corresponding taxo-
nomic levels within each supergroup.
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very high relative abundances in the mTags survey, were significantly overrepresented with 
V4 amplicons (p < .05), but not with V9 amplicons. Groups equally represented in the three 
surveys (i.e. did not have significant differences; p > .05) were Polycystinea, Pelagophyceae, 
Chrysophyceae, Dinoflagellata, Acantharia, Bicosoecida and Chloropicophyceae. Both am-
plicon approaches yielded lower relative abundances in the case of Dictyochophyceae, and 
V9 amplicons underrepresented MALV-III. Fungi (Ascomycota and Basidiomycota), MAST 
groups and RAD-B were significantly underrepresented by V4 amplicons.

Bray-Curtis dissimilarities between community structures based on the relative abundances 
of taxonomic groups in the three surveys were calculated and used for representing all sam-
ples in a non-metric multidimensional scaling (NMDS) plot (Figure S4). The three community 
surveys from the same sample were always closely placed, and there was a clear separation 
between the photic and aphotic water layers. We performed a PERMANOVA test in order to 
interpret these patterns using the sequencing approach, depth layers and oceanic region as 
variables. Within these, the different sequencing approaches only explained 7% of the overall 
variance (p < .001), while depth layer explained 36% of it (p < .001).

Figure 2. Distribution of the relative abundance of main taxonomic groups as seen by each of the three 
sequencing approaches (mTags, V4 amplicons and V9 amplicons) in a subset of 23 picoeukaryotic 
(0.2-3 µm) samples from four vertical profiles. Groups are ordered by decreasing median of the relative 
abundance by mTags. A log10 scale on the y-axis is used. Significant differences between approaches 
with Wilcoxon paired tests are shown (*: p < .05, **: p < .01, ***:  p < .001).
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1.3.3. Nano and picoeukaryotic diversity assessed by mTags

We used the V4-18S mTags retrieved from the full data set of 91 metagenomes to assess 
pico- (0.2-3 µm) and nanoeukaryotic (3-20 µm) diversity in the global ocean and along the 
water column. Each taxonomic group displayed a distinct vertical distribution, which was 
consistent across oceanic regions (Figure S5). Within the picoeukaryotic fraction MALV-II 
and MALV-I dominated in both water layers, with a median relative abundance of 29% and 
15% in the photic and 22% and 7% in the aphotic layer, respectively (Figure 3; Table S4). In 
the latter, Polycystinea was also present with high abundance (14%). Regarding the nano 
fraction, Dinoflagellata was highly abundant in photic layers (61%) and moderately abundant 
in aphotic ones (14%) and in the latter, Polycystinea (22%) and Diplonemea (19%) were also 
abundant (Figure 3). As expected, groups known to include picosized organisms such as 
Pelagophyceae, MALV-II and MAST-4 (in the photic layers) and Chrysophyceae (in the aphotic 
layers) were much more abundant in the smaller size fraction (Figure 3). On the other hand, 
groups including typically larger cell sizes like Diatomea or RAD-A (in the photic layers) were 
mostly found in the nanoeukaryotic fraction. Groups underepresented by amplicons were 
more present in aphotic layers; Kinetoplastida was primarily detected in the picoeukaryotic 
fraction and Diplonemea and Discosea in the nano fraction. 

Taxonomic groups organized very well along pico- versus nanoeukaryotic fractions and pho-
tic versus aphotic layers, with most groups showing maximal relevance in one of the four 
resulting compartments (Figure 4; Table S4), such as MAST-4 and MAST-7 in the pico-photic 
space and Diatomea in the nano-photic one. Conversely, a few groups covered the two size 
fractions of the same layer, such as Prymnesiophyceae, Choanomonada and MAST-3 in the 
photic layer or Polycystinea in the aphotic layer, and others were dispersed in the four cate-
gories, like MALV-I or Ciliophora (Figure 4).

Clustering pico- and nanoeukaryotic samples by their Bray-Curtis dissimilarities using the 
V4-18S mTags identified at the OTU97 level (about 60% of total) revealed a clear separation 
between size fractions and ocean layers in a NMDS plot (Figure S6). A PERMANOVA test 
using the variables size fraction, ocean layer, oceanic region and environmental parameters 
(temperature, salinity, dissolved oxygen and conductivity; Table S2) revealed ocean layer and 
size fraction as the main community structuring parameters, explaining 19% and 11% of the 
variance (p < .001), respectively, followed by differences in oceanic regions (7%, p < .001), 
indicating that communities within the same size fraction but from different geographic lo-
cations shared more similarities between them than with other size fraction communities in 
the same sampling station.
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Figure 3. Distribution of the relative abundance of main eukaryotic groups from the pico- (0.2-3 µm) and 
nanoeukaryotic (3-20 µm) fractions in photic (“P”) and aphotic (“A”) layers of the ocean as seen by mTags. 
Groups are ordered by decreasing median relative abundances and log10 scale on the y-axis is used.  
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Table 1. Overview of the taxonomic affiliation of the 724 contigs having at least 1,000 bp in the 18S 
rDNA, together with their coverage of the rest of the rDNA operon. In the circle pairs, left circle rep-
resents 18S rDNA gene and right circle the 28S rDNA gene, while black-colored circles represent full 
gene sequences and half colored ones represent partial gene sequences.

Group
Total 

contigs

Polycystinea 158 79 11 10 37 2 19

MALV-I 87 62 6 6 13 – –

Dinoflagellata 53 34 3 4 12 – –

Diplonemea 51 43 4 4 – – –

Acantharia 47 35 6 2 1 – 3

Discosea 46 27 2 1 13 – 3

MALV-II 35 28 6 – 1 – –

Chrysophyceae 29 17 1 – 2 1 8

Basidiomycota 28 13 8 3 3 1 –

RAD-B 28 20 4 3 1 – –

Prymnesiophyceae 23 20 1 2 – – –

Kinetoplastida 20 8 2 2 6 – 2

Ascomycota 19 8 3 1 7 – –

InSedAlveolata 11 9 1 – 1 – –

Bicosoecida 10 3 1 – 4 – 2

Ciliophora 9 8 – – – – 1

RAD-A 9 8 – 1 – – –

Pelagophyceae 8 7 – – – 1 –

Apicomplexa 7 3 1 – 3 – –

RAD-C 7 6 1 – – – –

InSedEukaryota 6 5 – 1 – – –

Cercozoa 5 4 1 – – – –

Katablepharidae 4 4 – – – – –

Telonemia 4 4 – – – – –

Chloropicophyceae 3 1 – 2 – – –

Euglenida 3 – – 1 2 – –

Foraminifera 3 2 – – 1 – –

Choanomonada 2 2 – – – – –

Diatomea 2 2 – – – – –

Mamiellophyceae 2 2 – – – – –

Dictyochophyceae 1 1 – – – – –

Ellobiopsidae 1 1 – – – – –

MALV-III 1 1 – – – – –

MOCH-2 1 1 – – – – –

Prasino-Clade-IX 1 1 – – – – –

TOTAL 724 469 62 43 107 5 38

rDNA operon complete partial18S 28S
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1.3.4. Phylogenetic analyses using long rDNA sequences from assembled contigs

Our metagenomics approach also allowed accessing long rDNA sequences for the most 
dominant groups. A total of 724 contigs containing >1,000 bp of the 18S rDNA were obtained 
(Table 1; Table S3). Overall, 188 of these contigs encompassed a complete 18S, and 38 con-
tigs seemed to have the complete rDNA operon (i.e. 18S and 28S genes). Looking at the 
identity of all retrieved 18S fragments against PR2, nearly a third of them had a percentage 
identity lower than 95%, thus potentially expanding the taxonomic information of eukaryotic 
microbial diversity. Taxonomic groups most represented by contigs matched those most 
abundant in the mTags analysis (Table 1). 

The diversity of one of these abundant groups, Diplonemea, which was largely overlooked by 
our V4 and V9 amplicon surveys, was further explored in a maximum likelihood phylogenetic 
tree with references from eukaryotesV4 database (Figure 5). From a total of 20 contigs con-
taining more than 1,500 bp of 18S rDNA, 18 of them belonged to Eupelagonemidae and came 
from both pico- (0.2-3 µm) and nanoeukaryotic (3-20 µm) fractions. The other two contigs 
fell into DSPD II family and were retrieved from nano samples only. The mean percentage 
identity these contigs had against GenBank was 97.5%, and about a third of them appeared to 
be separated from reference sequences in the phylogenetic tree, confirming and expanding 
previous reports of a high phylogenetic diversity within the group. All reference sequences 
within Eupelagonemidae and DSPD II retrieved at least one mTag (Figure 5), highlighting the 
high diversity of Diplonemea in our oceanic samples.

1.4. Discussion

In this work we explored the taxonomic information contained in deeply-sequenced marine 
metagenomes to assess the global diversity of marine microbial eukaryotes, and compared 
it with the results obtained by the commonly used 18S rDNA amplicon sequencing. One of 
the concerns of using Illumina-based metagenomic fragments (mTags) to assess the di-
versity of microbial communities is their short length (101 bp here), which potentially limits 
the taxonomic detail they provide. Previous research on prokaryotic 16S rDNA reported that 
fragments as small as 100 bp suffice for community analysis (Liu et al., 2007; Logares et al., 
2014), while our results reveal that these short fragments provide a highly accurate descrip-
tion of the taxonomic diversity of microbial eukaryotes at the group level, which is contingent 
on the availability of a good reference database (Pedrós-Alió et al., 2018). Using the hypervari-
able V4 region instead of the entire 18S that contains both conserved and variable regions 
(Neefs et al., 1993), nearly 60% of our retrieved mTags could be assigned to a given reference 
sequence in our 97%-clustered database, a number that increased when using 151 bp long 
fragments, showing the expected result of having less ambiguities with longer reads. Our 
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highly-curated V4 region database, eukaryotesV4, turns out to be a simple, yet robust refer-
ence to correctly discriminate short metagenomic reads of microbial eukaryotes.

A clear advantage of metagenomic approaches over amplicon sequencing to address mi-
crobial diversity is that the former does not require a marker gene amplification and thus 
bypasses the biases that may accompany PCR steps (Acinas et al., 2005; Parada et al., 2016). 
There have been several studies comparing metagenomics and metabarcoding in different 
systems, mostly in prokaryotic communities, with some of them reporting a strong correla-
tion (Fierer et al., 2012), comparable results at the phylum level (Poretsky et al., 2014) or 
similar community structures in terms of presence or absence of specific taxa (Logares et 
al., 2014). However, other works have described metagenomics as a better-performing tech-
nique in assessing community structure (Shakya et al., 2013) and in revealing uncharacter-
ized diversity (Eloe-Fadrosh et al., 2016). Here, we detected similar overall compositions by 
both approaches, but particular taxonomic groups displayed different relative abundances 
among them and, in some extreme cases, some groups were only detected by metagenom-
ics (discussed further below). Although it is important to remember that a community profil-
ing without any biases is not attainable in sequencing experiments (McLaren et al., 2019), our 
results indicate that metagenomics yields a more complete image of overall diversity than 
metabarcoding when assessing eukaryotic communities at the group level, as nearly 99% of 
the reads are correctly defined to this level. Despite the very good classification at this level, 
40% of the mTags matched with identical score to more than one OTU97 reference sequence 
in our database, highlighting the taxonomic limits of our approach. Even for the 60% mTags 
that were assigned to a unique OTU97 sequence, these represented units clustered at 97%, 
a threshold at which we already lose taxonomic detail. We could use a database clustered 
at a higher identity (e.g. 99%), but then we would expect a much lower proportion of mTags 
unambiguously affiliated to an OTU99 reference. Therefore, amplicon sequencing clearly out-
performs metagenomics in terms of fine-scale diversity recovery, as state-of-the-art tools are 
able to infer real biological variants differing by only one nucleotide (Nearing et al., 2018) out 
from these data. Altogether, we advocate the use of amplicon sequencing when eukaryotic 
diversity has to be assessed in detail, and argue that their use is not needed when having 
metagenomic data and an overall image of the group diversity is sufficient.

When looking at which of the amplified regions (i.e. V4 or V9) in the metabarcoding gave an 
image closer to the one yielded by metagenomics, there was not a clear winner, as both re-
gions deviated from mTags in different ways, although it is worth noting that V9 was able to 
detect more groups than V4. There have been other studies carrying out a V4/V9 comparison, 
some of them yielding similar results in terms of community composition (Kim et al., 2016; 
Piredda et al., 2017; Tragin et al., 2018) and others reporting different performances depend-
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ing on the taxa (Dunthorn et al., 2012; Forster et al., 2019; Giner et al., 2016; Pawlowski et al., 
2011; Stoeck et al., 2010). In the present work some groups that were relatively abundant in 
the metagenomes did not appear or were underrepresented by amplicons. That was the case 
of Prymnesiophyceae in V4, known to have a critical mismatch in our reverse primer used 
here (Balzano et al., 2015; Piredda et al., 2017), and Diplonemea, Kinetoplastida and Discosea, 
groups that have typically longer V4 inserts (Table S1) that probably limit their amplification. 
In fact, it was already known that the V4 region of Amoebozoa is not easily amplified (Lahr et 
al., 2011). The V9 region, initially chosen as the first high-throughput sequencing platforms 
could only work with very short lengths (Amaral-Zettler et al., 2009), is also known to cause 
some conflicts in taxonomic assignments (Pawlowski et al., 2011) and, more critically, makes 
it very difficult to place novel sequences within a phylogenetic context (Dunthorn et al., 2014). 
Therefore, both V4 and V9 amplicons have their limitations and provide complementary infor-
mation that can be combined to improve community profiling analyses.

The taxonomic information retrieved from mTags using 91 samples from the Malaspina 
global scale survey revealed a clear separation between pico- (0.2-3 µm) and nanoeukaryotic 
(3-20 µm) communities. This size-driven differentiation of microbial eukaryotic assemblages 
was also observed in another large-scale study conducted in the photic region of the global 
ocean (de Vargas et al., 2015) using amplicon sequencing, and here we report that this also 
happens in deeper aphotic waters. In relation to this separation, and of significance, is how 
the majority of taxonomic groups tend to occupy a different region in the size-depth layer 
space, thus stressing the importance of size fractionation, as cells from a given taxonomic 
group tend to belong to the same size class. This claims against treating the eukaryotic pi-
conanoplankton as a uniform assemblage.

The image retrieved in our study on the picosized fraction was broadly similar to that reported 
in Giner et al. (2020) using V4 rDNA amplicons, with MALV groups dominating the photic zone 
along with Dinoflagellata, Pelagophyceae and Prymnesiophyceae, although this last group 
was only detected by metagenomics and represented a critical difference. In the aphotic 
layer, both approaches revealed a dominance of MALV, Polycystinea, Acantharia, and RAD-B, 
together with Diplonemea only detected by metagenomics. The fact that some taxonomic 
groups that are typically larger (e.g. Radiolaria) were found in the picoeukaryotic fraction 
could be explained by the presence of smaller life cycle stages or to filtration artifacts (Mas-
sana et al., 2015). Apart from Prymnesiophyceae and Diplonemea, we could retrieve a rela-
tively important signal of Kinetoplastida in the picoeukaryotic fraction by means of metage-
nomics (median relative abundance 0.5%), a similar abundance already seen in Tara Oceans 
V9 amplicons but not detected in the metagenomes from that same data set (Flegontova et 
al., 2018). 
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In the nano fraction, the photic layer was highly dominated by Dinoflagellata with more than 
60% of median relative abundance, followed by MALV-I, Prymnesiophyceae and MALV-II. 
These high numbers of Alveolata groups in the sunlit part of the ocean were also reported in 
the 5-20 µm fraction of Tara Oceans amplicons (de Vargas et al., 2015). There, Rhizaria was 
also found to contribute largely to total reads, a trend that was not observed here, where the 
most abundant rhizarian group was RAD-B with a median relative abundance of 1%. In the 
aphotic part of the water column, the most dominant groups were Polycystinea, Diplonemea 
and Dinoflagellata. High abundances of these taxa have also been reported in regional (Count-
way et al., 2007; Zoccarato et al., 2016) and global (Pernice et al. 2016) deep water studies. In 
the latter, eukaryotic diversity was assessed on bathypelagic samples derived from the same 
Malaspina Expedition and their results, considering that the size fraction covered was the pi-
conanoplankton (0.8-20 µm), are comparable to our results when combining the image given 
by aphotic samples of both pico- and nanoeukaryotic fractions. The detection of Diplonemea 
in all the above-mentioned works is explained by the fact that they used either PCR-based ap-
proaches not targeting the V4 region or metagenomes. The high presence of Discosea in our 
data set (2% median relative abundance), naked amoeboid protists still poorly assessed that 
have been found in both deep pelagic and benthic marine areas (Kudryavtsev & Pawlowski, 
2013, 2015) hints at the relevance of these microorganisms in planktonic ecosystems, as 
well as Fungi, mainly Ascomycota and Basidiomycota, which seem to be important players 
in all aquatic ecosystems (Grossart et al., 2019).

Another type of valuable information on microbial eukaryotic diversity can be found in con-
tigs in the assembled metagenomes containing long rDNA sequences. These contigs, some-
times encompassing full rDNA operons, allowed us to jump from the group and OTU97 levels 
reached by mTags to a high-resolution species level, and to expand the available taxonomic 
data for some eukaryotic groups. As a proof of concept, in this work we assessed the diver-
sity within diplonemids, which have been recently reported as one of the most species-rich 
eukaryotic group in marine planktonic systems by means of amplicon sequencing (Flegon-
tova et al., 2016) and were poorly represented in our amplicon comparison. As previous me-
tabarcoding (Flegontova et al., 2016; Lara et al., 2009) and single cell (Gawryluk et al., 2016) 
studies found, the vast majority of the contigs we retrieved belonged to Eupelagonemidae 
(Okamoto et al., 2019; Tashyreva et al., 2018), formerly treated as DSPD II, a very diverse 
deep-branching monophyletic clade (Lara et al., 2009). A number of these recovered contigs 
were relatively distant to known reference sequences, thus confirming that part of the diver-
sity of these microorganisms is yet to be explored. 

Overall, our study reveals that the analysis of metagenomes using a well curated database 
provides very good taxonomic assignment of the groups dominating marine assemblages. 
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Despite lower taxonomic resolution compared to amplicons, mTags outperformed these 
when defining community composition at the general group level, as they did not suffer from 
PCR biases. The obtained results on pico- and nanoeukaryotic diversity revealed a clear sep-
aration between size fractions and water depths in terms of community composition and 
allowed us to better define the ecological context of the main eukaryotic groups populating 
the global ocean.
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1.8. Supplementary figures
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Figure S1. Map showing the geographic position (black dots) of the 10 sampling stations and the 
sequencing analysis done in each station.

Figure S2. Differences on taxonomic resolution between using the original 151 bp sized mTags from 
some metagenomes, and the same data set trimmed at 101 bp.
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Figure S3. Comparison of 18S-V4 mTags extraction methods. Correlations between the number of 
mTags extracted by direct BLAST mapping and HMM profiling within the different supergroups, which 
are ordered by decreasing differences. Linear regression equations and r-squared coefficients are 
shown.
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Figure S4. Comparison of 23 samples surveyed with 18S-V4 mTags, V4 and V9 amplicons in a NMDS 
plot based on Bray-Curtis dissimilarities of community structures defined by the relative abundances of 
taxonomic groups. Lines join the same environmental sample.
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Figure S5. Vertical distribution of main taxonomic groups along the water column as represented by 
mTags for pico- (A) and nanoeukaryotic (B) fractions (0.2-3 µm and 3-20 µm, respectively). Each dot 
represents relative abundance of that group in a specific sample and is colored by ocean. Depth axis 
has been modified to display the same distance in the three vertical ocean layers: epipelagic: 0-200m, 
mesopelagic: 200-1000m, bathypelagic: 1000-4000m.

Figure S6. Comparison of the community structure of pico- (0.2-3 µm) and nanoeukaryotic (3-20 µm) 
fractions along the global ocean as seen in non-metric multidimensional scaling based on Bray-Curtis 
dissimilarities. Relative abundances of OTU-defined mTags are used.
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1.9. Supplementary tables

Table S1. Overview of the eukaryotesV4 database, indicating the taxonomic affiliation of the reference 
sequences as well as their size in base pairs (bp; range and average). Supergroups and groups are 
ordered alphabetically. 

Average Min Max Average Min Max

Apicomplexa Alveolata 615 373 305 487 Ascomycota Obazoa 601 375 265 452

Ciliophora Alveolata 1975 364 277 519 BasalFungi Obazoa 704 384 275 546

Colpodellida Alveolata 28 371 351 383 Basidiomycota Obazoa 416 380 350 408

Colponema Alveolata 7 379 377 381 Breviatea Obazoa 24 379 367 391

Dinoflagellata Alveolata 1384 377 300 393 Choanomonada Obazoa 241 383 352 502

Ellobiopsidae Alveolata 9 365 359 372 Discicristoidea Obazoa 39 407 373 567

InSedAlveolata Alveolata 138 376 331 400 Filasterea Obazoa 5 376 355 382

MALV-I Alveolata 605 376 300 402 Ichthyosporea Obazoa 47 385 302 528

MALV-II Alveolata 2306 378 307 411 InSedObazoa Obazoa 67 386 343 451

MALV-III Alveolata 82 379 349 390 MarineOpisthokonts Obazoa 27 376 370 384

MALV-IV Alveolata 47 381 377 389 Metazoa Obazoa 7220 427 287 789

MALV-V Alveolata 14 369 310 379 Acantharia Rhizaria 434 368 337 384

Perkinsidae Alveolata 94 379 356 437 Cercozoa Rhizaria 1440 392 346 575

X-Cell Alveolata 56 396 364 422 Chlorarachniophyta Rhizaria 56 385 366 422

Archamoebae Amoebozoa 9 371 332 391 Foraminifera Rhizaria 15 647 332 764

Cavosteliida Amoebozoa 8 385 357 423 InSedRhizaria Rhizaria 35 388 368 398

Dictyostelia Amoebozoa 8 405 381 422 Polycystinea Rhizaria 318 382 354 394

Discosea Amoebozoa 152 485 384 741 RAD-A Rhizaria 64 386 384 389

Fractovitelliida Amoebozoa 3 383 382 386 RAD-B Rhizaria 66 385 367 395

Gracilipodida Amoebozoa 17 392 379 465 RAD-C Rhizaria 28 378 376 381

InSedAmoebozoa Amoebozoa 37 370 342 457 Aurearenophyceae Stramenopiles 1 396 396 396

Myxogastria Amoebozoa 84 438 417 514 Bicosoecida Stramenopiles 165 371 317 429

Protosporangiida Amoebozoa 6 432 382 547 Blastocystis Stramenopiles 45 393 367 503

Protosteliida Amoebozoa 20 378 368 386 Bolidomonas Stramenopiles 34 382 378 385

Schizoplasmodiida Amoebozoa 13 391 372 401 Cantina Stramenopiles 1 378 378 378

Tubulinea Amoebozoa 87 390 301 469 Chrysomerophyceae Stramenopiles 4 388 386 389

Charophyta Archaeplastida 730 380 351 407 Chrysophyceae Stramenopiles 299 383 333 451

Chlorodendrophyceae Archaeplastida 8 381 377 391 Developayella Stramenopiles 6 385 382 387

Chlorophyceae Archaeplastida 156 379 350 432 Diatomea Stramenopiles 822 379 337 475

Chloropicophyceae Archaeplastida 18 376 357 381 Dictyochophyceae Stramenopiles 94 392 382 429

Glaucocystophyceae Archaeplastida 2 384 383 384 Eustigmatales Stramenopiles 20 388 382 401

Glaucophyta Archaeplastida 3 386 381 396 Hyphochytriales Stramenopiles 5 387 377 391

InSedArchaeplastida Archaeplastida 122 380 347 427 InSedStramenopiles Stramenopiles 134 389 359 450

Mamiellophyceae Archaeplastida 100 377 360 398 Labyrinthulomycetes Stramenopiles 414 381 312 417

Nephroselmidophyceae Archaeplastida 17 380 377 383 MAST-1 Stramenopiles 28 381 348 386

Other-Chlorophyta Archaeplastida 1 380 380 380 MAST-10 Stramenopiles 2 380 379 382

Palmophyllophyceae Archaeplastida 19 378 371 381 MAST-11 Stramenopiles 3 380 377 383

Pedinophyceae Archaeplastida 7 375 369 380 MAST-12 Stramenopiles 65 387 382 396

Prasino-Clade-IX Archaeplastida 8 372 365 376 MAST-16 Stramenopiles 1 389 389 389

Pycnococcaceae Archaeplastida 3 380 378 381 MAST-2 Stramenopiles 4 382 381 383

Pyramimonadales Archaeplastida 44 379 377 384 MAST-20 Stramenopiles 2 380 378 382

Rhodophyta Archaeplastida 388 382 349 470 MAST-22 Stramenopiles 8 384 378 386

Trebouxiophyceae Archaeplastida 81 380 353 406 MAST-23 Stramenopiles 2 388 388 389

Ulvophyceae Archaeplastida 79 378 364 394 MAST-24 Stramenopiles 2 386 386 387

Cryptomonadales Cryptista 109 380 355 432 MAST-25 Stramenopiles 5 375 373 377

Goniomonas Cryptista 4 422 367 484 MAST-3 Stramenopiles 170 384 337 430

Katablepharidae Cryptista 21 381 372 467 MAST-4 Stramenopiles 6 379 372 383

Palpitomonas Cryptista 1 375 375 375 MAST-6 Stramenopiles 17 385 381 387

Ancyromonadida Eukaryota 39 382 369 401 MAST-7 Stramenopiles 19 378 373 381

InSedEukaryota Eukaryota 324 360 303 454 MAST-8 Stramenopiles 26 386 383 391

Malawimonadidae Eukaryota 1 386 386 386 MAST-9 Stramenopiles 36 379 375 396

Mantamonas Eukaryota 2 385 384 386 MOCH-1 Stramenopiles 21 384 381 386

Nucleomorph Eukaryota 18 397 358 455 MOCH-2 Stramenopiles 33 383 373 388

Picozoa Eukaryota 31 378 355 384 MOCH-3 Stramenopiles 2 388 388 389

Rigifilida Eukaryota 6 388 386 390 MOCH-4 Stramenopiles 3 388 387 388

Telonemia Eukaryota 32 376 361 386 MOCH-5 Stramenopiles 7 383 380 390

Diplonemea Excavata 56 535 492 549 Olisthodiscus Stramenopiles 1 387 387 387

Euglenida Excavata 194 627 510 765 Opalinata Stramenopiles 4 394 347 436

Fornicata Excavata 14 367 354 387 Pelagophyceae Stramenopiles 34 383 339 389

Heterolobosea Excavata 24 475 332 506 Peronosporomycetes Stramenopiles 104 391 380 405

Jakobida Excavata 18 411 359 483 Phaeophyceae Stramenopiles 25 395 390 405

Kinetoplastida Excavata 220 547 451 744 Phaeothamniophyceae Stramenopiles 3 388 387 388

Parabasalia Excavata 159 270 256 316 Picophagea Stramenopiles 3 386 384 388

Preaxostyla Excavata 11 405 279 611 Pinguiochrysidales Stramenopiles 8 389 382 394

Centrohelida Haptista 159 399 379 471 Pirsonia Stramenopiles 21 388 384 392

Pavlovophyceae Haptista 25 377 364 388 Placidida Stramenopiles 6 386 367 398

Prymnesiophyceae Haptista 63 380 372 387 Raphidophyceae Stramenopiles 9 392 388 405

Apusomonadida Obazoa 132 382 345 411 Xanthophyceae Stramenopiles 25 395 377 413

Group Supergroup
OTU97 

sequences
Sequence lengths (bp)Sequence lengths (bp)

Group Supergroup
OTU97 

sequences
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Station Depth Layer Layer2 temp cond salinity O2 Ocean
Sub 

ocean
Long 
prov

lat long
mTags 

pico
mTags 

nano
amplicon

V4
amplicon

V9
19 3 Photic Surface 27.11 5.74 36.48 4.33 AO SAO SATL -7.283 -29.322 x

19 76 Photic DSL 26.60 5.70 36.59 4.40 AO SAO SATL -7.283 -29.322 x

19 120 Photic DCM 21.73 5.16 36.50 3.88 AO SAO SATL -7.283 -29.322 x

19 400 Aphotic Mesopelagic 8.64 3.68 34.78 1.61 AO SAO SATL -7.283 -29.322 x

19 800 Aphotic Mesopelagic 4.68 3.31 34.46 3.44 AO SAO SATL -7.283 -29.322 x

19 1600 Aphotic Bathypelagic 4.15 3.34 34.96 5.05 AO SAO SATL -7.283 -29.322 x

19 4000 Aphotic Bathypelagic 1.96 3.22 34.85 5.40 AO SAO SATL -7.283 -29.322 x

44 3 Photic Surface 20.66 4.93 35.56 4.85 AO SAO BENG -33.23 15.34 x

44 56 Photic DCM 18.30 4.69 35.53 4.90 AO SAO BENG -33.23 15.34 x

44 350 Aphotic Mesopelagic 9.41 3.74 34.72 4.50 AO SAO BENG -33.23 15.34 x

44 725 Aphotic Mesopelagic 4.53 3.28 34.37 4.37 AO SAO BENG -33.23 15.34 x

44 1200 Aphotic Bathypelagic 3.02 3.19 34.59 3.76 AO SAO BENG -33.23 15.34 x

49 86 Photic DCM 19.23 4.79 35.57 4.64 IO IO ISSG -33.91 37.042 x x x

49 450 Aphotic Mesopelagic 13.54 4.20 35.29 4.56 IO IO ISSG -33.91 37.042 x x x

49 800 Aphotic Mesopelagic 10.08 3.83 34.82 4.65 IO IO ISSG -33.91 37.042 x x x

49 1200 Aphotic Bathypelagic 5.31 3.38 34.43 4.18 IO IO ISSG -33.91 37.042 x x x

49 3000 Aphotic Bathypelagic 2.27 3.21 34.81 NA IO IO ISSG -33.91 37.042 x x x

49 4000 Aphotic Bathypelagic 1.11 3.14 34.74 4.67 IO IO ISSG -33.91 37.042 x x x

63 3 Photic Surface 21.74 5.07 35.79 4.64 IO IO ISSG -29.57 96.407 x x x x

63 115 Photic DCM 16.00 4.47 35.68 5.07 IO IO ISSG -29.57 96.407 x x x x

63 420 Aphotic Mesopelagic 10.80 3.89 34.89 5.21 IO IO ISSG -29.57 96.407 x x x x

63 650 Aphotic Mesopelagic 9.21 3.73 34.67 5.01 IO IO ISSG -29.57 96.407 x x x x

63 950 Aphotic Mesopelagic 4.99 3.33 34.37 4.22 IO IO ISSG -29.57 96.407 x x x x

63 1790 Aphotic Bathypelagic 2.69 3.19 34.68 3.31 IO IO ISSG -29.57 96.407 x x x x

63 2600 Aphotic Bathypelagic 1.79 3.15 34.73 3.83 IO IO ISSG -29.57 96.407 x x x x

76 3 Photic Surface 15.75 4.36 34.99 5.23 SAB SAB SSTC -40.55 142.5 x

76 70 Photic DCM 13.43 4.15 35.11 5.19 SAB SAB SSTC -40.55 142.5 x

76 275 Aphotic Mesopelagic 10.85 3.90 34.95 5.32 SAB SAB SSTC -40.55 142.5 x

76 550 Aphotic Mesopelagic 8.65 3.67 34.59 4.85 SAB SAB SSTC -40.55 142.5 x

76 860 Aphotic Mesopelagic 5.22 3.35 34.40 4.16 SAB SAB SSTC -40.55 142.5 x

76 2800 Aphotic Bathypelagic 1.76 3.15 34.73 3.90 SAB SAB SSTC -40.55 142.5 x

76 3300 Aphotic Bathypelagic 1.47 3.15 34.73 4.09 SAB SAB SSTC -40.55 142.5 x

83 3 Photic Surface 26.67 5.52 35.28 4.22 PO SPO SPSG -23.38 -178.21 x x

83 110 Photic DCM 23.62 5.26 35.69 4.23 PO SPO SPSG -23.38 -178.21 x x

83 200 Aphotic Mesopelagic 20.86 4.97 35.63 3.84 PO SPO SPSG -23.38 -178.21 x x

83 350 Aphotic Mesopelagic 16.73 4.53 35.41 4.03 PO SPO SPSG -23.38 -178.21 x x

83 750 Aphotic Mesopelagic 6.45 3.45 34.37 4.51 PO SPO SPSG -23.38 -178.21 x x

83 2000 Aphotic Bathypelagic 2.45 3.17 34.61 3.15 PO SPO SPSG -23.38 -178.21 x

83 2500 Aphotic Bathypelagic 2.39 3.19 34.62 3.12 PO SPO SPSG -23.38 -178.21 x x

92 3 Photic Surface 28.13 5.69 35.39 4.22 PO NPO PEQD -3.41 -169.46 x x x x

92 65 Photic DCM 28.03 5.69 35.42 4.22 PO NPO PEQD -3.41 -169.46 x x x x

92 450 Aphotic Mesopelagic 8.47 3.65 34.65 1.67 PO NPO PEQD -3.41 -169.46 x x x x

92 580 Aphotic Mesopelagic 7.42 3.56 34.59 1.48 PO NPO PEQD -3.41 -169.46 x x

92 650 Aphotic Mesopelagic 6.71 3.49 34.56 1.72 PO NPO PEQD -3.41 -169.46 x x

92 1500 Aphotic Bathypelagic 3.00 3.20 34.60 2.25 PO NPO PEQD -3.41 -169.46 x x x

92 4000 Aphotic Bathypelagic 1.40 3.16 34.70 3.57 PO NPO PEQD -3.41 -169.46 x x x x

101 3 Photic Surface 24.65 5.24 34.76 4.50 PO NPO NPTG 21.89 -155.66 x

101 125 Photic DCM 23.46 5.18 35.23 4.57 PO NPO NPTG 21.89 -155.66 x

101 320 Aphotic Mesopelagic 12.83 4.01 34.22 3.22 PO NPO NPTG 21.89 -155.66 x

101 500 Aphotic Mesopelagic 7.10 3.48 34.09 2.05 PO NPO NPTG 21.89 -155.66 x

101 730 Aphotic Mesopelagic 5.07 3.33 34.32 0.67 PO NPO NPTG 21.89 -155.66 x

101 2000 Aphotic Bathypelagic 2.20 3.15 34.62 1.90 PO NPO NPTG 21.89 -155.66 x

101 4000 Aphotic Bathypelagic 1.47 3.17 34.69 3.16 PO NPO NPTG 21.89 -155.66 x

120 3 Photic Surface 29.28 5.53 33.46 4.18 PO NPO PNEC 10.759 -102.44 x x x

120 37 Photic DCM 26.14 5.29 34.02 3.40 PO NPO PNEC 10.759 -102.44 x x x

120 280 Aphotic Mesopelagic 11.12 3.90 34.75 0.12 PO NPO PNEC 10.759 -102.44 x x x

120 780 Aphotic Mesopelagic 5.74 3.41 34.56 0.10 PO NPO PNEC 10.759 -102.44 x x x

120 2000 Aphotic Bathypelagic 2.26 3.16 34.65 1.86 PO NPO PNEC 10.759 -102.44 x x x

120 2800 Aphotic Bathypelagic 1.85 3.16 34.67 2.32 PO NPO PNEC 10.759 -102.44 x

141 3 Photic Surface 23.87 5.52 37.53 4.49 AO NAO NASE 26.911 -32.837 x x

141 150 Photic DCM 20.05 5.05 36.99 4.62 AO NAO NASE 26.911 -32.837 x x

141 430 Aphotic Mesopelagic 14.52 4.37 35.99 3.98 AO NAO NASE 26.911 -32.837 x

141 900 Aphotic Mesopelagic 8.40 3.72 35.27 3.35 AO NAO NASE 26.911 -32.837 x x

141 1000 Aphotic Mesopelagic 7.63 3.65 35.25 3.59 AO NAO NASE 26.911 -32.837 x x

141 2500 Aphotic Bathypelagic 3.18 3.29 34.99 5.25 AO NAO NASE 26.911 -32.837 x x

141 4000 Aphotic Bathypelagic 2.44 3.27 34.91 5.22 AO NAO NASE 26.911 -32.837 x x

Table S2. Analyzed samples and their associated metadata. 
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Table S3. List of contigs containing >1000 bp of 18S rDNA and their taxonomy. Total lengths of each 
contig, as well as coordinates for the 18S and 28S genes are displayed. For the 18S, closest match to all 
NCBI nt database (‘ncbi all’) and closest match to NCBI nt database excluding environmental sequences 
(‘ncbi cultured’) are given when available. Available at: https://onlinelibrary.wiley.com/action/download-
Supplement?doi=10.1111%2F1755-0998.13147&file=men13147-sup-0002-TableS1-S4.xlsx

Table S4. Summary of median relative abundances and mean ± standard error for main taxonomic 
groups in pico(0.2-3 µm)/nanoeukaryotic(3-20 µm) fractions and photic/aphotic layers as seen by mTags.

median
mean ± 
stderr

median
mean ± 
stderr

median
mean ± 
stderr

median
mean ± 
stderr

Dinoflagellata 8.4 8.6 ± 0.9 1.7 2.1 ± 0.3 60.9 60.6 ± 3.6 14.2 16.5 ± 3

MALV-II 29.2 27.1 ± 1.8 21.5 21.2 ± 1.8 2.6 2.7 ± 0.2 0.7 2.2 ± 1.1

Polycystinea 1.4 8.9 ± 3.9 14.3 21.4 ± 3.4 0.6 0.8 ± 0.4 23.2 24.7 ± 5.1

Diplonemea 0.4 0.5 ± 0.1 2.7 4 ± 0.7 1.1 1.5 ± 0.4 18.4 21.5 ± 2.1

MALV-I 14.6 17.3 ± 2.4 6.8 6.6 ± 0.6 10.2 10.1 ± 1.1 9.9 8.9 ± 1.1

RAD-B 1.9 2.3 ± 0.5 6.1 6.7 ± 0.7 0.5 0.5 ± 0.1 1.3 1.6 ± 0.4

Prymnesiophyceae 6 6.8 ± 0.8 0.1 0.4 ± 0.1 3.1 3.4 ± 0.6 0.1 0.3 ± 0.2

Acantharia 0.7 1.3 ± 0.3 3.1 8 ± 1.7 0.7 0.7 ± 0.1 1 1.7 ± 0.4

Chrysophyceae 0.9 1.9 ± 0.6 2.9 9.6 ± 2.2 0.1 0.1 ± 0 0.2 1.6 ± 1.2

Pelagophyceae 2.5 3.7 ± 1 0 0.3 ± 0.3 0.1 0.1 ± 0 0 0 ± 0

MALV-III 2.2 1.9 ± 0.2 0.3 0.3 ± 0.1 0.4 0.4 ± 0 0.1 0.1 ± 0

Discosea 0 0.1 ± 0.1 0.8 2.2 ± 0.5 0.5 0.8 ± 0.3 2 6 ± 1.7

RAD-A 0.4 0.7 ± 0.2 0 0.3 ± 0.2 1.9 5.1 ± 2.3 0.3 1 ± 0.5

Ascomycota 0 0.1 ± 0 1 3.2 ± 0.8 0.1 0.6 ± 0.3 1.5 4.9 ± 1.6

MAST-1 1.4 1.3 ± 0.2 0.1 0.2 ± 0 0.4 0.4 ± 0.1 0 0.1 ± 0

MAST-4 1.2 1.4 ± 0.2 0 0.1 ± 0 0 0.1 ± 0.1 0 0 ± 0

Telonemia 0.5 0.5 ± 0.1 0 0.1 ± 0 1.2 1.1 ± 0.1 0.2 0.4 ± 0.1

Dictyochophyceae 1.2 1.3 ± 0.2 0.4 0.8 ± 0.2 0.1 0.2 ± 0.1 0 0 ± 0

MAST-3 1.1 1.8 ± 0.4 0.1 0.2 ± 0 0.9 0.9 ± 0.1 0.2 0.2 ± 0

MALV-V 1.1 1 ± 0.2 0 0.1 ± 0 0 0 ± 0 0 0 ± 0

Basidiomycota 0 0.4 ± 0.3 0.6 1.9 ± 0.5 0.4 1.4 ± 0.7 1 3.3 ± 1.3

Diatomea 0 0.2 ± 0.1 0 0 ± 0 1 1.4 ± 0.5 0 0.1 ± 0

Ciliophora 0.5 0.7 ± 0.2 0.3 0.5 ± 0.1 0.9 1.1 ± 0.2 0.7 0.8 ± 0.1

Picozoa 0.6 0.8 ± 0.1 0.1 0.2 ± 0 0.1 0.1 ± 0 0 0 ± 0

RAD-C 0 0.1 ± 0 0.1 0.1 ± 0 0.3 0.5 ± 0.2 0.6 0.7 ± 0.2

Cercozoa 0 0.1 ± 0 0.6 0.7 ± 0.1 0.1 0.2 ± 0.1 0.3 0.3 ± 0

Kinetoplastida 0 0.3 ± 0.1 0.5 1.7 ± 0.4 0 0 ± 0 0 0.2 ± 0.1

MOCH-2 0.4 0.5 ± 0.1 0 0 ± 0 0.1 0.2 ± 0.1 0 0 ± 0

MAST-7 0.4 0.5 ± 0.1 0 0 ± 0 0 0 ± 0 0 0 ± 0

Choanomonada 0.4 0.4 ± 0.1 0 0.2 ± 0.1 0.3 0.4 ± 0.1 0 0.1 ± 0

Group

Pico-Photic Pico-Aphotic Nano-Photic Nano-Aphotic

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2F1755-0998.13147&file=men13147-sup-0002-TableS1-S4.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2F1755-0998.13147&file=men13147-sup-0002-TableS1-S4.xlsx
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Abstract

Marine heterotrophic flagellates (HF) form a diverse and ecologically relevant functional 
group of bacterial grazers and nutrient remineralizers in oceanic waters. Despite playing a 
crucial role in marine biogeochemical cycles, there is still a lack of information on which 
specific taxa dominate HF assemblages and what are their patterns of distribution in a glob-
al context. In the present work we addressed this issue by analyzing amplicon sequencing 
data sets retrieved from samples taken in tropical and subtropical oceanic regions at depths 
from surface to 4000 m. Only a few dozens of widespread taxa, mostly affiliating to MAST 
clades, Picozoa, Bicosoecida and Chrysophyceae, seemed to dominate surface HF assem-
blages. The majority of these dominant HFs were present at relatively constant abundances, 
while others were influenced by temperature or displayed a patchy distribution. In the deep 
ocean, only a handful of taxa belonging to Bicosoecida and Chrysophyceae, together with 
Diplonemea and Kinetoplastida, explained most of the HF signal. Co-occurrence networks 
between HF and prokaryotic taxa at the surface ocean revealed two main clusters influenced 
by temperature that did not seem to show specific patterns of interaction. However, some 
correlations emerged outside these thermal groups that could represent new prey-predator 
interactions. Overall, we identified the putatively most ecologically relevant HF taxa in the 
ocean, which become promising targets for further experimental and genomic studies.
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2.1. Introduction

Marine heterotrophic flagellates (HFs) are minute unpigmented eukaryotes (2-20 µm in size) 
that are found in the plankton at concentrations of 102-104 cells ml-1. They represent around 
20% of total eukaryotic organisms in the photic zone of the oceans (Jürgens & Massana, 
2008). Collectively, they form a highly diverse assemblage, with species affiliated with all 
major eukaryotic supergroups (Adl et al., 2019; Jeuck & Arndt, 2013; Schön et al., 2021). Con-
sideration of their importance in ocean ecosystems changed dramatically about 40 yr ago, 
when it was shown that these microorganisms were active bacterial grazers and were part 
of marine food webs (Azam et al., 1983). Further studies confirmed that HFs, and particularly 
those in the 2-5 µm size range, were major agents of prokaryotic mortality in planktonic sys-
tems (Fenchel, 1986), along with viruses (Fuhrman & Noble, 1995), and mixotrophic protists 
(Zubkov & Tarran, 2008). In these planktonic systems, HFs are crucial in channeling carbon 
to higher trophic levels and in regenerating inorganic nutrients such as nitrogen and phos-
phorus that would otherwise be kept within bacterial biomass (Jürgens & Massana, 2008; 
Pernthaler, 2005; Sherr & Sherr, 2002). 

Despite their significance in the environment, studying HFs presents some challenges that 
have impeded obtaining a detailed image of the diversity and function of natural HF assem-
blages. First, contrary to larger eukaryotic microorganisms, many HF cells lack conspicu-
ous morphological traits that could be used for taxonomy, thus hindering their identification 
through light microscopy. Second, the available cultured strains do not generally represent 
the dominant species in the environment, many of which still remain uncultured (del Cam-
po et al., 2013). So, ecophysiological studies on cultured strains (functional and numerical 
responses, recycling capacity, environmental responses) may poorly account for in situ eco-
logical performances. In fact, HF assemblages have been usually treated as a black box in 
terms of their ecological activity in marine ecosystems, ignoring they are formed by species 
with distinct ecophysiologies. Molecular diversity studies have been fundamental to open 
this black box.

The first molecular diversity surveys of marine protists, including HFs, cloned and sequenced 
the 18S ribosomal DNA gene as a phylogenetic marker (Díez et al., 2001; Edgcomb et al., 
2002; López-García et al., 2001; Moon-Van Der Staay et al., 2001). These revealed a large 
taxonomic diversity in natural assemblages and allowed new uncultured lineages to be de-
scribed (Guillou et al., 2008; Massana et al., 2004; Not et al., 2007). Recent global oceanic 
expeditions, using high-throughput sequencing, also surveyed eukaryotic diversity (de Vargas 
et al., 2015; Giner et al., 2020; Obiol et al., 2020), expanding the initial picture and creating pre-
cious resources for further detailed studies. Recent publications have used the released data 
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to assess the diversity and biogeography of specific groups, such as diatoms (Malviya et al., 
2016), dinoflagellates (Le Bescot et al., 2016), green algae (Lopes dos Santos et al., 2017; 
Metz et al., 2019), kinetoplastids (Flegontova et al., 2018) and ciliates (Canals et al.,  2020). 
An equivalent study targeting the taxonomically heterogeneous HF assemblages in the water 
column of the oceans is still missing.

Here, we used previously released sequencing data sets to address a series of crucial ques-
tions related to understanding marine HFs at a large scale: (1) Which are the main HF taxo-
nomic groups in marine waters? (2) Are HF assemblages shaped by environmental factors? 
(3) Are there globally-dominant HF species and what are their spatial distributions? (4) Can 
we detect specific co-occurrence patterns among dominant HF species and prokaryotic 
taxa? To answer these questions, we analyzed V4 18S rDNA sequences assigned to HF tax-
onomic groups in 279 metabarcoding samples. These corresponded to the picoeukaryotic 
fraction (0.2-3 µm) and were collected during the Malaspina 2010 circumglobal expedition in 
surface waters (Logares et al., 2020) and down the water column (Giner et al., 2020). We also 
analyzed other oceanic data sets (V9 amplicons and metagenomes) to provide additional 
support to the emerging view. Our results revealed a large taxonomic diversity in HF marine 
assemblages, a contrasted community structure in different depth zones, and the existence 
of a few dominant and widespread taxa that may be ecologically relevant models whose 
ecological roles should be examined in further studies. We also highlighted co-occurrence 
patterns that could represent undescribed and promising prey-predator interactions. Overall, 
our findings put HFs back in the spotlight in which they were placed decades ago.

2.2. Materials and methods

2.2.1. Samples for sequencing and amplicon processing

Samples were collected in tropical and subtropical oceans during the Malaspina 2010 Circum-
navigation Expedition (Fig. S1; Table S1). Seawater sampling, filtration to keep the pico-sized 
fraction (0.2-3 µm) and nucleic acids extractions are explained in the original publications for 
surface samples (Logares et al. 2020) and for vertical profiles (Giner et al., 2020). Here we 
considered 122 nucleic acid extracts from surface waters (3 m depth; DNA extracts only) and 
179 from vertical profiles (88 DNA and 91 RNA extracts). The vertical profiles were collected 
at 13 stations sampled at surface, Deep Chlorophyll Maximum (DCM) and 2-3 depths at me-
sopelagic (200-1000 m) and bathypelagic (1000-4000m) zones. For the obtained extracts, 
the V4 region of the 18S rDNA (~380 bp) was amplified by Polymerase Chain Reaction (PCR) 
using eukaryotic universal primers (Stoeck et al., 2010) and sequenced with the MiSeq plat-
form (2 x 250 bp).
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We trimmed Illumina raw reads to remove amplification primers using cutadapt v1.16 (Martin, 
2011) and processed them with DADA2 v1.12.1 (Callahan et al., 2016). We set DADA2’s trun-
cLen parameters to 240,210 for the surface data set and 210,190 for both DNA and RNA data 
sets from the vertical profiles, as these were processed in separate batches and presented 
different quality profiles. In the three runs we used values of 6,8 for maxEE and pool=TRUE. 
We merged the obtained tables based on the amplicon sequence variants (ASVs) delineated. 
We removed chimeric ASVs with the method pooled as implemented in DADA2’s function 
removeBimeraDenovo, and removed ASVs shorter than 300 bp or not present in at least 2 
samples. Then, we discarded 14 samples with less than 8000 reads. We added group level 
taxonomy (in general a formal Class) by comparing ASVs by BLAST (Altschul et al., 1990) to 
the eukaryotesV4 version 4 database (Obiol et al., 2020), based in the taxonomic outline of 
Adl et al. (2019). When an ASV was >95% identical in >300 bp alignment to an eukaryotesV4 
reference sequence, we assigned the taxonomic group of the reference to the ASV. When 
identity was between 90-95%, we manually inspected ASVs in phylogenetic trees performed 
with RAxML-NG (Kozlov et al., 2019) using all ASVs from the same supergroup. For identities 
lower than 90%, we placed ASVs as incertae sedis (InSed). A total of 426 ASVs (0.7% of the 
reads) remained unclassified even at the supergroup level and some could potentially repre-
sent very distinctive novel HF taxa. Yet, we did not consider them, as we lacked any informa-
tion on their cell identity. We removed ASVs assigned to Metazoa, Charophyta, Embryophyta 
and nucleomorphs (5.3% of the reads). The final protist table contained 16,629 ASVs and 
287 samples (116 from the surface data set, 80 from DNA vertical profiles, and 91 from RNA 
vertical profiles), with an average of 91,561 (70,064 SD, standard deviation) reads per sample.

2.2.2. Creating a catalogue of oceanic heterotrophic flagellates

We created a subset table of heterotrophic flagellates by keeping ASVs from taxonomic 
groups possibly including HF morphotypes (listed in Table S2). We did not consider dinofla-
gellates, as their minimal size is about 5 µm, which is larger than the size fraction analyzed 
here. We placed the selected ASVs into previously published phylogenetic trees (Fig. S2) 
for the following groups: Bicosoecida (del Campo & Massana, 2011), Centrohelida (Shishkin 
et al., 2018), Cercozoa (Bass et al., 2018), Choanoflagellata (del Campo & Massana, 2011), 
Chrysophyceae (del Campo & Massana, 2011), Dictyochophyceae (Sekiguchi et al., 2002), 
Marine Stramenopiles (MAST; Massana et al., 2014), Picozoa (Moreira & López-García, 2014), 
and Telonemia (Shalchian-Tabrizi et al., 2007). For each group, we retrieved complete 18S 
rDNA sequences using the NCBI accession numbers shown in the trees, aligned them using 
mafft v7.402 (Katoh & Standley, 2013), added the ASV sequences to the alignment with mafft, 
and constructed maximum likelihood trees with RAxML-NG (Kozlov et al., 2019). Group-spe-
cific phylogenetic trees served to refine taxonomic placements and to identify ASVs close to 
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plastidic species in groups encompassing colorless and pigmented taxa. Thus, we removed 
137 Dictyochophyceae and 7 Cercozoa ASVs that were >97% identical to species known to 
have chloroplasts, while we did not detect any ASV closely related to a plastidic Chrysophy-
ceae. We also visually inspected the alignments and removed 133 ASVs that were obvious 
chimeras or partial sequences.

We filtered the obtained preliminary HF ASV table to keep samples with more than 500 reads 
(we removed 8 samples), and ASVs that were present in at least 2 samples. The final HF table 
contained 1642 ASVs from 25 taxonomic groups, 279 samples (115 from surface, 73 from 
DNA vertical profiles, and 91 from RNA vertical profiles), and an average of 23,906 (34,319 
SD) reads per sample. With this table we created a catalogue of oceanic HF ASVs (Table S3). 
We kept RNA samples (“V4 RNA”) only for comparison purposes and used the DNA data set 
(“V4 DNA”), which contained 188 samples from both surface and vertical profiles, for the rest 
of the analyses (Table S1). For each DNA ASV, we performed a BLAST search against NCBI 
nt database excluding environmental sequences to find its closest cultured match (CCM) 
and added a name to its unique identifier. If identity to the CCM was >97%, we used species 
name and percentage of identity; otherwise, we used group name and ‘sp’ followed by a rank 
abundance index. For example, the first Chrysophyceae ASV in terms of overall abundance 
without a close CCM was named ’Chrysophyceae-sp1’.

2.2.3. A web application to map global microbial biogeographies

We developed an online visualization tool for marine microbial biogeography. MicroMap is 
a web application that provides an interface for submitting queries to an ASV database and 
creating global maps of ASV abundances. MicroMap incorporates the 18S rDNA protist data-
base used here and the 16S rDNA surface data set published in Logares et al. (2020). In ad-
dition, MicroMap can incorporate a custom-made database constructed from the users’ own 
ASV table and sample table. Queries can be done with 16S/18S rDNA sequences, with named 
taxonomic groups, or with known sequence IDs from the database. In the query with a DNA 
sequence, the application runs a BLAST search using the parameters configured in the home 
page. It takes the matching ASVs and collates them into a results file used to interactively 
display relative abundances in four water zones and abundance spectra plots. In queries 
based on taxonomic names, the application looks for ASVs classified with that name and 
treats all of them as a single result. In queries based on a sequence ID, the tool displays the 
results of that ASV. MicroMap is implemented in Laravel 5.8 using PHP 7.2, and the front end 
of the application runs in VueJS, with R scripts providing additional functionality for creating 
plots. The interactive map uses the Datamaps library implemented in the D3 framework. It is 
hosted at the ICM-CSIC on a Dell server, with 320 GB of RAM and two 2 Intel Xeon E5-2650v4 
processors, and is accessible at https://micromap.icm.csic.es/. 

https://micromap.icm.csic.es/
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2.2.4. Other data sets used for comparison and co-occurrence analyses

We analyzed two additional molecular data sets to support the HF diversity and distribution 
results obtained by 18S-V4 amplicons (Table S1): (1) 70 V9-18S rDNA amplicon sequenc-
ing samples (0.8-5 µm size fraction; “TARA V9”) from surface and DCM waters from TARA 
Oceans (Callahan, 2017; de Vargas et al., 2015), and (2) 66 metagenomes (“mTags”) and 34 
V9-18S rDNA amplicon sequencing samples (“V9 DNA”) from vertical profiles from the pico 
fraction (0.2-3 µm) from Malaspina (Obiol et al., 2020). For co-occurrence analyses with pro-
karyotes, we used the V4-V5 16S rDNA data set (“Prokaryotes”) from Logares et al. (2020), 
which comprised 115 surface samples from the same DNA extracts as the 18S rDNA data 
set. All samples used are listed in Table S1.

2.2.5. Statistical analyses

We performed general processing of ASV tables using R v4.0.5 (R Core Team, 2020) and 
packages tidyverse v1.3.1 (Wickham et al., 2019) and phyloseq v1.34.0 (McMurdie & Holmes, 
2013). We conducted principal coordinate analysis (PCoA), non-metric multidimensional 
scaling (NMDS) and permutational multivariate analysis of variance (PERMANOVA) with veg-
an v2.5.7 (Oksanen et al., 2019) using Bray-Curtis dissimilarity matrices computed with the 
package DivNet v0.3.6 (Willis & Martin, 2020). We performed differential abundance tests 
of HF and prokaryotic ASVs with scaled environmental variables with the package corncob 
v0.1.0 (Martin et al., 2020). To describe the distribution pattern of surface HF ASVs, we used 
the ratio SD/mean of the relative abundance over samples; an ASV was considered “patchy“ 
when this was higher than 2.3. When the ratio was lower, an ASV was considered “warm“ or 
“cold“ if it had a significant estimate across temperature in the corncob test (estimate > 0.5, p 
< 0.01) and “equal“ when the test was not significant. We carried out co-occurrence network 
analyses using sparCC (Friedman & Alm, 2012) as implemented in fastSpar v0.0.7 (Watts et 
al., 2019). We used EnDED (Deutschmann et al., 2019) as implemented in Deutschmann et 
al. (2021) on the obtained correlation matrix to remove associations driven by environmen-
tal variables (temperature, conductivity, dissolved oxygen and fluorescence). We carried out 
network processing with tidygraph v1.2.0 (Pedersen, 2020b) and ggraph v2.0.5 (Pedersen, 
2020a). We performed DivNet, corncob and sparCC analyses on absolute counts tables, as 
these packages already take into consideration the compositional nature of microbiome data 
(Gloor et al., 2017).
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2.3. Results

2.3.1. General overview of HF assemblages in the ocean

The processing of V4 18S rDNA reads derived from DNA extracts taken at the surface and 
from vertical profiles in Malaspina (Fig. S1) yielded 1030 ASVs representing HF taxa within 24 
taxonomic groups (Table S3, Fig. S2). The contribution of HF reads to the total picoeukary-
otic signal varied between water column zones (Fig. 1A). Most surface and DCM samples 
showed similar contributions (median values of 11% and 5%, respectively), while a much 
larger dispersion was found in deeper samples, with median values of 3% in the mesopelagic 
and as large as 28% in the bathypelagic layer. In all depth zones, Alveolates (mainly Marine Al-
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Figure 1. Contribution of HFs in four depth zones of the ocean water column derived from 188 Mala-
spina samples (V4 DNA data set). (A) Percentage of reads affiliating to HF taxa with respect to the total 
picoeukaryotic signal. (B) Shannon alpha-diversity indices of HF assemblages using the corresponding 
ASVs. (C) Relative read abundance of the main taxonomic groups of HFs. 
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veolates [MALV] clades) and other Rhizarians (mainly radiolarians) represented 58-89% of the 
protist signal (Fig. S3). Regarding Shannon estimates of alpha diversity based on HF ASVs, 
there was a clear decreasing trend with depth, with very different Shannon values at surface 
and the bathypelagic (median of 4.3 and 1.1, respectively) (Fig. 1B). The taxonomic affiliation 
of ASVs allowed delineation of the contribution of different taxonomic groups to HF assem-
blages. Surface and DCM samples were composed of several groups with similar overall 
relative abundances (MAST-3, MAST-1, MAST-4, Picozoa, Chrysophyceae, and Bicosoecida; 
9-16% on average each; Fig. 1C). At the sample level, these were relatively stable across the 
ocean, with Chrysophyceae and Bicosoecida deviating from the general trend (Fig. S4). In 
mesopelagic and bathypelagic zones, samples were overwhelmingly dominated by Chryso-
phyceae and Bicosoecida (25-68% on average each; Fig. 1C) and showed distinct profiles in 
each station (Fig. S5). 

We next compared the HF taxonomic composition derived from DNA samples (Fig. 1C) with 
that obtained from other oceanic data sets (Table S1). The RNA samples from the Malaspina 
survey yielded a highly similar HF composition in the four surveyed zones of the water col-
umn (Fig. 2), and ASVs that were detected in both DNA and RNA extracts represented 94-98% 
of the reads (Fig. S6). In general, ASVs unique to the RNA data set did not add new diversity, 
with notable exceptions within Choanoflagellata, InSedMAST (putative novel MAST clades), 
and MAST-3 (Table S3). We also processed two additional Malaspina data sets derived from 
DNA extracts: V9-18S amplicons and metagenomes (mTags). In surface samples, the rela-
tive read abundances of taxonomic groups were generally similar to the V4 DNA data set, 
except for a lower presence of Bicosoecida and the detection of Euglenozoa (Diplonemea 
and Kinetoplastida) at moderate abundances (Fig. 2). In aphotic samples, the presence of Eu-
glenozoa increased substantially, to the point that Diplonemea was the most abundant group 
in mesopelagic metagenomes (34% on average). Finally, we analyzed the HF composition 
derived from V9-18S amplicons in photic waters of the TARA oceans survey (Fig. 2). Despite 
different sampling locations and size fractions analyzed (0.2-3 µm in Malaspina, and 0.8-5 
µm in TARA), groups like MAST-1, -3, -4, and Picozoa showed similar relative abundances in 
both data sets. The most noticeable difference was the higher presence of Diplonemea in the 
TARA oceans survey (12% at surface and 32% in DCM). This was higher than that reported in 
the V9 and mTags Malaspina data sets and could be explained by the size fraction analyzed, 
as diplonemid cell sizes tend to exceed 3 µm.

2.3.2. Environmental drivers to HF community structure

We performed PERMANOVA analyses on the HF assemblages defined by ASVs to identify 
the environmental factors explaining the variance in their community structure (Table S4). 
In surface samples, temperature (16%) and the sampled ocean (13%) were the main factors 
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driving HF community variation, while in vertical profiles, the depth zone accounted for 22% 
of variance, and the sampled ocean for 19%. Within aphotic samples (mesopelagic and bat-
hypelagic), the majority of the variance was explained by water masses (34%). 

To further investigate how water temperature influenced HF assemblages in surface sam-
ples, we built a PCoA using Bray-Curtis dissimilarities among HF assemblages (Fig. 3A). 
Surface samples were distributed in the PCoA plot along the first axis (21% of variance ex-
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Figure 2. Relative read abundance of the main taxonomic groups of HFs in four depth zones of the 
ocean as seen by different oceanic data sets. V4 RNA: Malaspina 18S-V4 amplicons from RNA extracts; 
V9 DNA:  Malaspina 18S-V9 amplicons from DNA extracts; mTags: Malaspina 18S-V4 metagenomic 
tags; TARA V9: TARA Oceans 18S-V9 amplicons from DNA extracts. See Table S1 for details of the 
number of samples and the fraction analyzed in each data set. Dictyochophyceae and Cercozoa (that 
had pigmented taxa) and InSedMAST (only defined in the V4 tree) were not included in this comparison.
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plained) following a temperature gradient, thus highlighting the influence of this variable on 
the HF community structure. The effect of the sampled ocean was also evident when plotting 
the same dissimilarity matrix against the matrix of geographic distances among samples 
(Fig. 3B). Thus, geographically (and temporally) closer samples (<1000 km) were more sim-
ilar, whereas dissimilarities increased up to distances of about 2000 km and remained fairly 
constant with samples that were farther apart. 

2.3.3. The dominant HFs in the ocean

We identified which HF ASVs dominated in the different depth zones by averaging their rel-
ative read abundances in all samples from that zone. The above-mentioned pattern of de-
creasing diversity with increasing depth was clearly reflected by the number of ASVs that ex-
plained the majority of reads in each depth zone (Table S5). Thus, while 52 ASVs accounted 
for 60% of the signal at the surface, only 6 did so in the mesopelagic, and 3 in the bathypelag-
ic. In surface samples, the ASVs contributing to HF assemblages appeared with a reasonable 
evenness (Table 1), and the 10 most abundant surface ASVs accounted for 2.0-3.5% of the 
signal each: 1 ASV affiliated to Centrohelida (very distant to any cultured representative); 5 
to MASTs (clades -1, -3 and -4); 1 to Chrysophyceae (Spumella sp. IOW86); 2 to Bicosoecida 
(Cafeteria burkhardae and Caecitellus pseudoparvulus); and 1 to Picozoa.

Some of these ASVs dominated at the DCM as well, where the most abundant ASVs were 
related to Picomonas judraskeda (7.4%) and Caecitellus paraparvulus (6.2%; Table 1). In deep 
waters, just 2 ASVs, namely Spumella IOW86 and C. burkhardae, dominated the HF assem-
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Figure 3. Variation of HF community structure in surface samples. (A) Principal Coordinate Analysis 
of surface samples colored by water temperature based on Bray-Curtis dissimilarities among samples. 
(B) Plot of Bray-Curtis dissimilarity among samples against geographical distances.
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ASV Mean (%) SD Prevalence (%) 

54/ Centrohelida-sp1 3.5 3.8 97.6
75/ MAST-1D-sp1 3.3 2.2 98.4

1/ Spumella  IOW86 (100%) 3.3 9.8 78.0
4/ Cafeteria burkhardae  (100%) 3.2 7.6 80.3

31/ MAST-4A-sp1 3.1 3.0 93.7
51/ Picozoa-sp1 2.7 2.5 98.4

76/ MAST-1C-sp1 2.3 1.6 99.2
36/ Caecitellus pseudoparvulus (100%) 2.2 7.4 54.3

110/ MAST-4C-sp1 2.0 2.5 74.0
182/ MAST-3A-sp2 2.0 2.4 97.6

138/ Picomonas judraskeda (97.4%) 7.4 5.3 100.0
9/ Caecitellus paraparvulus (97.7%) 6.2 14.3 83.3

1/ Spumella  IOW86 (100%) 4.6 6.6 91.7
31/ MAST-4A-sp1 4.0 2.5 100.0

4/ Cafeteria burkhardae (100%) 3.1 8.0 75.0
75/ MAST-1D-sp1 2.8 1.5 100.0
312/ MAST-25-sp1 2.7 1.5 100.0
383/ Picozoa-sp2 2.4 1.6 100.0

12/ Caecitellus paraparvulus (100%) 2.2 4.9 50.0
763/ MOCH-4-sp1 1.9 1.8 91.7

1/ Spumella  IOW86 (100%) 29.3 31.7 100.0
4/ Cafeteria burkhardae  (100%) 10.1 18.5 91.3

12/ Caecitellus paraparvulus (100%) 8.8 15.5 87.0
9/ Caecitellus paraparvulus (97.7%) 7.1 16.8 91.3

11/ Spumella  IOW86 (99.5%) 4.3 12.7 60.9
138/ Picomonas judraskeda  (97.4%) 3.9 6.1 95.7

16/ Chrysophyceae-sp1 3.8 7.8 82.6
130/ Helkesimastix sp. (99.7%) 2.0 9.4 17.4
123/ Helkesimastix  sp. (99.7%) 1.5 6.8 17.4

1120/ Cercozoa-sp1 1.1 1.5 91.3

1/ Spumella IOW86 (100%) 38.7 36.8 100.0
11/ Spumella IOW86 (99.5%) 17.6 32.7 76.9

4/ Cafeteria burkhardae (100%) 15.2 23.1 96.2
16/ Chrysophyceae-sp1 6.7 10.6 80.8

12/ Caecitellus paraparvulus (100%) 4.2 9.5 84.6
9/ Caecitellus paraparvulus (97.7%) 3.7 10.6 76.9

141/ Paraphysomonas bandaiensis (100%) 1.8 8.3 11.5
36/ Caecitellus pseudoparvulus (100%) 1.4 6.3 26.9

29/ Planomonas micra  (100%) 1.0 2.1 65.4
686/ Spumella IOW86 (99.7%) 0.8 0.8 92.3

DCM

Mesopelagic

Bathypelagic

Surface

Table 1. Dominant HFs in the four depth zones of the ocean. The 10 ASVs with highest relative read 
abundance in each depth zone are displayed, including their mean relative read abundance (%), SD and 
prevalence (percentage of samples where it has been detected). Numbers at the beginning of ASV 
names correspond to their unique identifiers in the data set.
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Temperature
estimate

Mean relative
abundance 0.5−1% 1−2% 2−3% 3−4%

Distribution
pattern

cold warm
patchy equal

Prevalence 45−60% 60−80% 80−95% 95−100%
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1 / Spumella IOW86 (100%) | Clade C
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Figure 4. The 52 dominant HF ASVs in surface waters of the ocean. (A) Phylogenetic tree and broad 
distributional features of each dominant ASV. Prevalence and mean relative abundance are displayed, 
as well as their estimates of a differential abundance test with temperature. Taxa are then colored 
according to their distribution pattern. (B) Biogeography maps for four dominant HF ASVs exhibiting 
differentiated distribution patterns obtained by the MicroMap web application (https://micromap.icm.
csic.es/). The area of red circles is proportional to the relative read abundance of each ASV in the whole 
picoeukaryotic pool (maximum value is displayed in each panel), while gray circles indicate absence. 
Numbers at the beginning of ASV names correspond to their unique identifiers in the data set.

https://micromap.icm.csic.es/
https://micromap.icm.csic.es/
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blages and together accounted for 39.5% of the signal in mesopelagic and 53.9% in bathype-
lagic zones (Table 1). Looking at the list of dominant ASVs, it was evident that those related 
to cultured representatives increased with depth. A detailed list of the dominant ASVs in the 
four depth zones can be found in Table S6.

We then focused on the biogeography and distribution patterns of the 52 ASVs that explained 
60% of the reads at the surface ocean (Fig. 4). These ASVs were found at comparable abun-
dances in the RNA data set (Fig. S7) and also detected in the TARA survey (Table S7). Eleven 
ASVs were close (>97% identity) to cultured species within Chrysophyceae, Bicosoecida and 
Picozoa (albeit the reference culture is no longer available), 22 belonged to different environ-
mental MAST clades, and the rest formed new taxa within groups known to contain cultured 
representatives (Fig. 4A). The majority of these dominant ASVs (31 out of 52) had a preva-
lence >75%. We classified each ASV into one of four distribution categories by analyzing (1) 
the ratio SD/Mean of their relative read abundances in all samples, (2) the differential abun-
dance test across environmental factors, and (3) the heatmap clustering ASVs based on their 
normalized reads distribution (Fig. S8). ASVs were labeled as “equal” when they displayed 
relatively constant abundances across samples; “warm” or “cold” when showing preference 
for warmer or colder waters; and “patchy” when they appeared with peaks of high abundance 
in a few samples. More than half of the dominant surface ASVs (28) were labelled “equal”, 
16 were associated with temperature (7 “warm” and 9 “cold”), and 8 were “patchy” (Fig. 4A). 
All Bicosoecida ASVs fell into this latter category, as well as Spumella sp. and MAST-4E-sp1. 

Unsurprisingly, patchy ASVs tended to have the lowest prevalence (minimum of 47%). Ana-
lyzing the dominant ASVs in a phylogenetic tree (Fig. 4A), we detected closely related ones 
showing contrasted temperature distributions: MAST-4B-sp1 (“warm”) and MAST-4A-sp1 
(“cold”) had 2 bp difference; and MAST-3A-sp1 (“warm”) and MAST-3A-sp2 (“equal”) had a 
single mismatch. We used the MicroMap web application developed here to construct global 
maps of the distribution of the dominant ASVs (Fig. 4B shows an example of each distribu-
tion pattern in surface samples). This provided a visual confirmation of the reported distribu-
tion characteristics: “cold” or “warm” ASVs occupied different regions of the cruise track (Fig. 
S1), “equal” ASVs showed a widespread distribution, and “patchy” ASVs displayed isolated 
peaks of high abundance. 

2.3.4. Co-occurrence of HF and prokaryotes at the surface ocean

We performed a co-occurrence analysis between ASVs of HFs and prokaryotes retrieved 
from 113 surface samples of the Malaspina data set. After removing weak correlations (< 
0.3) and putative indirect associations driven by environmental factors, the obtained network 
contained 479 HF and 462 prokaryotic nodes (ASVs) and a total of 26,835 edges (correla-
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tions). The topology of the network displayed 2 clearly differentiated clusters driven by tem-
perature, as clearly seen when coloring the nodes by thermal preference (Fig. 5A), leaving a 
still substantial number of nonresponsive ASVs. This two-cluster scheme was maintained in 
the subnetwork formed by the dominant 52 HF ASVs and their correlations with prokaryotes 
(Fig. 5B). Most HF nodes were connected to several prokaryotic nodes, and these connec-
tions did not follow a specific taxonomic pattern. We then constructed a heatmap to visualize 
the specific co-occurrences, which clearly showed two clusters of HF nodes with opposite 
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Figure 5. Co-occurrence patterns between HF ASVs and prokaryotic ASVs at the surface of the ocean. 
(A) Co-occurrrence network of HF and prokaryotic taxa. Each point represents an ASV, and these are 
colored by their temperature preference according to a differential abundance test (gray is a non-signif-
icant response to temperature). (B) Co-occurrence subnetwork of the dominant HF ASVs and prokary-
otes, the latter colored by taxonomy. From the 52 dominant HF, only 25 display significant correlations 
and are thus shown in the subnetwork. (C) Heatmap displaying the correlations between dominant HFs 
(columns) and prokaryotes (rows); the estimates of a differential abundance test with temperature are 
displayed for each ASV.
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thermal preferences. These, in turn, were each associated with a cluster of prokaryotic nodes 
sharing the same thermal preference (Fig. 5C). 

When looking at the composition of the correlating prokaryotes, the two thermal clusters 
included ASVs from similar groups: SAR11, SAR86, SAR116, Actinomarinales and Prochlo-
rococcus. For the latter two groups, the ASVs shown in the networks accounted for most 
of their overall environmental signal. ASV_41 and ASV_4, both related to Prochlorococcus, 
showed the highest correlations with HF ASVs in the cluster with preference for higher tem-
peratures, while in the cluster with preference for colder waters ASV_209, from Candidatus 
Actinomarina, and ASV_382, from the SAR86 clade, were the taxa with the strongest correla-
tions. Apart from these two main thermal clusters, some other correlations appeared. Thus, 
C. pseudoparvulus, which had a patchy distribution in the ocean, was nonetheless strongly 
correlated to ASV_2 (Rhodococcus), ASV_55 (Rubrivirga) and ASV_13 (WPS-2). These asso-
ciations appeared isolated from the rest of the nodes in the co-occurrence network (Fig. 5B). 

2.4. Discussion

One of the main issues that prevented us from obtaining a detailed assessment on the ecol-
ogy of heterotrophic flagellates, a key microbial component in marine ecosystems, is the lack 
of cultured strains that effectively represent the dominant HF species in the ocean. Besides 
the prevalent culturing bias, this was due to our general ignorance of which HF taxa dominate 
in the marine plankton, and whether or not this dominance is similar over oceanic biomes. 
In this study, we investigated the presence of marker genes of HF taxa over the tropical and 
subtropical ocean using mostly Malaspina data (Giner et al., 2020; Logares et al., 2020; Obiol 
et al., 2020) together with Tara Oceans data (de Vargas et al., 2015). While abundance of ribo-
somal marker genes may not always correlate directly with abundance of cells due to copy 
number variations (Zhu et al., 2005), these could be a good proxy for the in situ abundance 
of the HFs analyzed here, as small-sized cells are hypothesized to contain a low and con-
strained number of rDNA copies (Rodríguez-Martínez et al., 2009; Zhu et al., 2005). With this, 
we show the prevalence of particular taxonomic groups over horizontal and vertical scales, 
and identify a subset of dominant and widespread HF taxa in different depth zones of the 
water column of the ocean.

In surface waters, the dominant HFs resolved into two clearly differentiated groups with dis-
tinct distributions. The first group formed a constant “core” community of uncultured taxa 
belonging to MAST clades (mostly -1, -3, and -4), Picozoa, and Chrysophyceae (uncultured 
clades G, H, and I) that were found in most samples, some of them with a preference for cold-
er or warmer waters. Previous microscopic counts confirmed the relatively homogeneous 
cell abundance in Malaspina surface samples of relevant clades like MAST-4, MAST-1C, and 
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MAST-7, which averaged between 10 and 50 cells ml−1 (Mangot et al., 2018). Moreover, these 
core surface taxa were scarce in the deep and dark ocean. A recent study using single ampli-
fied genomes detected rhodopsin genes in most MAST species investigated (Labarre et al., 
2021), which could partially explain their success in photic waters and their virtual absence 
in the dark ocean. Although no cultured representative exists for the dominant MASTs, there 
are already partial genomes for 10 of them (Labarre et al., 2021), and this will be an invaluable 
resource for further research. The high number of picozoans among the dominant surface 
ASVs suggests that these likely play a significant role in the ecosystem, a role that is yet 
to be characterized (Burki et al., 2020). The only described picozoan species, P. judraskeda, 
originally isolated from coastal waters (Seenivasan et al., 2013) but today lost, was not de-
tected in the open ocean. Finally, the most widespread and abundant ASV in surface waters 
was Centrohelida-sp1. This ASV, together with many others, formed an environmental clade 
phylogenetically distant to the described species of centrohelids (Shishkin et al., 2018). The 
prevalence of Centrohelida-sp1 in the picoeukaryotic fraction in surface waters hints at the 
existence of undescribed centrohelids that might be smaller than those reported (i.e., Ox-
nerella micra; Cavalier-Smith and Chao, 2012) and could be important bacterivores. 

Parallel to the described “core” community, surface waters contained a second set of patchy, 
unevenly distributed HF taxa from the groups Chrysophyceae (genus Spumella in clade C), 
and Bicosoecida (species C. burkhardae, and C. paraparvulus). These ASVs were markedly 
dominant in deeper aphotic zones and coincided with a clear decrease in HF alpha diver-
sity, a pattern already seen in studies targeting all microbial eukaryotes (Giner et al., 2020; 
Schnetzer et al., 2011). The low diversity and high dominance of these species, known to 
have a high tolerance to pressure (Živaljić et al., 2018) and to be well adapted to a parti-
cle-associated lifestyle (Jeuck & Arndt, 2013), may be explained by the fact that microbial 
life in the nutrient-poor deep ocean greatly relies on the particulate organic matter flux from 
upper layers (Nagata et al., 2010). So, the patchy distribution at the surface and deep ocean 
of Spumella, Cafeteria and Caecitellus spp. may be due to their living in or on particles as 
nutrient-rich hotspots. The fact that we detected them in the 0.2-3 µm size fraction could be 
due to the fragility of marine particles, which could break during filtration (Bochdansky et al., 
2017). The particle-attached existence of these taxa could also explain their relative ease of 
culturing compared to free-living species, since standard culturing media (i.e. a rice grain with 
seawater) could somehow resemble nutrient-rich particles (del Campo et al., 2013). In fact, 
while in the deep ocean the majority of dominant ASVs here detected seem to be already in 
culture, no cultured representative exists for the dominant surface ASVs besides these few 
patchy species, highlighting the current bias that exists in protistan knowledge (Keeling & 
Burki, 2019).
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Together with Chrysophyceae and Bicosoecida, Diplonemea (and to a lower extent Kineto-
plastida), also appeared to be major contributors to deep HF assemblages. This was obvious 
when analyzing V9 amplicons and metagenomes, but unfortunately these euglenozoans did 
not appear in the V4-18S data set, as the combination of longer V4 regions (Pernice et al., 
2016) and several mismatches with universal primers (Vaulot et al., 2021) prevent their cor-
rect amplification. Therefore, these euglenozoans do not appear in the catalogue of ASVs, 
a possibly minor issue for surface assemblages but an important limitation for the deep 
survey. The importance of deep diplonemids agrees with previous reports (Flegontova et al., 
2016; Lara et al., 2009; Schoenle et al., 2021), albeit it has been also proposed that read abun-
dances could overestimate cell abundances, given the tendency of Diplonemea to display 
high rDNA copy numbers (Mukherjee et al., 2020).

Environmental parameters measured during the Malaspina cruise could explain part of the 
variation displayed by HF assemblages along horizontal and vertical scales. Increasing depth 
in the water column resulted in a clear drop of HF diversity and the disappearance of many 
surface taxonomic groups, with deep ocean assemblages being dominated by only a few 
of them. In vertical profiles, the main explanatory variables were depth in the water column 
and the sampled ocean, together with water masses when aphotic samples were processed 
separately, as reported before for whole picoeukaryotic communities (Giner et al., 2020). In 
surface waters, we also detected the effect of the sampled ocean, but temperature was the 
primary environmental factor shaping sunlit HF communities. In global studies with strong 
latitudinal gradients, temperature has a marked effect in most planktonic groups (Ibarbalz et 
al., 2019), and HF assemblages are not an exception (Azovsky et al., 2016; Patterson & Lee, 
2000). The temperature effect was also detected in studies targeting specific HF taxa (Boe-
nigk et al., 2006; Flegontova et al., 2020; Latorre et al., 2021; Rodríguez-Martínez et al., 2013). 
Despite samples analyzed here having a relatively narrow temperature range (16-29ºC), we 
could detect a temperature effect on HF assemblages, highlighting the possible alterations 
that these could face by the expected increase of sea surface temperature due to global 
warming (Hutchins & Fu, 2017). The temperature gradient reported in the Malaspina sur-
vey was dominated by latitudinal changes and not by putative seasonality of the sampled 
sites, as could be inferred in Fig. S1 (i.e., samples from the same latitude that were collected 
several months apart share highly similar temperature values). Nonetheless, in our work, en-
vironmental variables were incomplete predictors of community structure (at surface, they 
only predicted 36% of the variance). Biotic factors, such as the community composition of 
prokaryotic assemblages, could be playing an important role in shaping HF assemblages.

To reveal putative biotic interactions, we assessed the co-occurrence between HF and pro-
karyotic taxa in association networks. We did not aim to use co-occurrence as a direct proxy 



81

CHAPTER 2

of interaction (Blanchet et al., 2020), but to identify potentially interesting biotic relationships 
that would then need to be experimentally validated (Carr et al., 2019). Even after removing 
associations that could arise from shared environmental preferences (Deutschmann et al., 
2021; Röttjers & Faust, 2018), HF and prokaryotic ASVs were placed in two differentiated 
clusters formed by abundant taxa with different thermal preferences, a phenomenon already 
seen in previous studies (Fuhrman et al., 2008; Lima-Mendez et al., 2015; Pommier et al., 
2007). At a broad scale, specific HF did not show preferential correlations with specific pro-
karyotic taxa, and this agrees with the perception that cell size is the main factor in prey 
vulnerability (Jürgens & Massana, 2008). However, some of the correlations displayed by 
taxa not belonging to the main “warm” and “cold” clusters could also suggest prey preference 
by some HFs. In fact, it has been shown that feeding natural HF communities with different 
bacterial strains can select distinct assemblages in freshwater manipulations (Šimek et al., 
2018), and that closely related grazers can differently impact bacterial communities (Glücks-
man et al., 2010). Our results thus represent an opportunity to further study particular preda-
tor-prey interactions in new experimental scenarios. 

Having identified the putatively most relevant HFs in the ocean, a renewed effort to culture 
them should be made, as these could be developed into new model organisms to be used 
to gain a better understanding of the role of HFs in the ecosystem. Single cell genomics is 
also a promising alternative to capture the genomes of these dominant species (Labarre et 
al., 2021), which can then be used in comparative genomics or to interpret complex metage-
nomic and metatranscriptomic data sets. Overall, our work paves the road for future studies 
on marine HFs, highlighting key species that may be playing crucial roles in the plankton.
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Figure S1. Map of sampling locations and sampling strategy down the water column (only surface or 
vertical profiles) for the Malaspina cruise. Samples are colored according to surface water temperature 
and grouped by the month of the year in which they were collected. 
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12 / Caecitellus paraparvulus (100%)

9 / Caecitellus paraparvulus (97.7%)

36 / Caecitellus pseudoparvulus (100%)

13674 / Bicosoecid−sp25

12745 / Bicosoecid−sp26

5687 / Bicosoecid−sp4

2193 / Bicosoecid−sp2

9967 / Bicosoecid−sp24

8950 / Bicosoecid−sp6
971 / Bicosoecid−sp1

5564 / Bicosoecid−sp3

4 / Cafeteria burkhardae (100%)

6400 / Bicosoecid−sp16

19740 / Bicosoecid−sp9

8201 / Bicosoecid−sp7

6789m / Bicosoeca vacillans (99.7%)

12952 / Bicosoecid−sp17
16744 / Bicosoecid−sp23

8099 / Bicosoeca kenaiensis (100%)
8951 / Bicosoeca kenaiensis (99.8%)

7238 / Bicosoeca kenaiensis (99.8%)
7524 / Bicosoeca kenaiensis (99.5%)

10242 / Pseudobodo tremulans (99.0%)

4935 / Pseudobodo tremulans (98.2%)

6417 / Caecitellus paraparvulus (99.4%)

2995 / Caecitellus paraparvulus (99.7%)

1947 / Caecitellus paraparvulus (99.7%)
6534 / Caecitellus paraparvulus (99.7%)

2069 / Caecitellus paraparvulus (99.7%)
1258 / Caecitellus paraparvulus (99.7%)
4003 / Caecitellus paraparvulus (97.3%)

4874 / Caecitellus paraparvulus (99.4%)

3649 / Caecitellus pseudoparvulus (99.4%)
6839 / Caecitellus pseudoparvulus  (99.4%)

3086 / Caecitellus pseudoparvulus (99.7%)

16333 / Bicosoecid−sp18

12119 / Bicosoecid−sp13

12505 / Bicosoecid−sp14

1314 / Cafeteria burkhardae (99.7%)

3425 / Cafeteria burkhardae (99.4%)
7475 / Cafeteria burkhardae (99.1%)

11114 / Cafeteria burkhardae (99.1%)
6905 / Cafeteria burkhardae (99.1%)

8450 / Bicosoecid−sp15

7459 / Bicosoecid−sp11

11513 / Bicosoecid−sp19
6034 / Bicosoeca vacillans (97.2%)

23832 / Bicosoeca vacillans (99.2%)
20927 / Bicosoecid−sp21

8573 / Bicosoecid−sp10
9304 / Bicosoecid−sp12

5655m / Bicosoecid−sp20
18973 / Bicosoecid−sp22

4661 / Bicosoecid−sp5

5513 / Pseudobodo tremulans (100%)

9038 / Bicosoecid−sp8

ASV_7713

ASV_11927
ASV_19929

ASV_13558
ASV_22672

ASV_23429

ASV_4866
ASV_9939

ASV_5572

ASV_14156

ASV_15312
ASV_20805

ASV_20487

ASV_24039

ASV_22926
ASV_24185

ASV_24806

ASV_6025
ASV_24179

ASV_18262
ASV_22423

ASV_8736
ASV_21002

ASV_23859
ASV_23915

AY827848 Caecitellus paraparvulus

AY827847 Caecitellus paraparvulus

EF050072 He001005.33
EF620523 OC4.7
EF620528 IND58.32

EF620527 IND58.06

EF620526 IND33.38

AY520446 Caecitellus paraparvulus
EF620524 OC4.14

AY642126 Caecitellus paraparvulus

AY520455 Caecitellus pseudoparvulus
AY520456 Caecitellus pseudoparvulus

AY520457 Caecitellus pseudoparvulus

AF174367 Caecitellus parvulus
AF174368 Caecitellus parvulus

FJ537321 Biosope.T39.110

AF185052 Symbiomonas scintilla
AF185053 Symbiomonas scintilla

AY520448 Anoeca atlantica
AY520449 Anoeca atlantica

EF620521 OC4.1

EF620525 OC4.19

AF174365 Cafeteria sp.
AY827849 Cafeteria burkhardae

AF174364 Cafeteria burkhardae
EF620522 OC4.2
L27633 Cafeteria
AY827851 Cafeteria burkhardae
AY827850 Cafeterias burkhardae
DQ102392 Cafeteria mylnikovii

AF174366 Cafeteria sp.

DQ269469 Halocafeteria sp.
DQ269470 Halocafeteria seosinensis

AY919808 LG36.05
AY919822 LG60.06

AY919714 LG09.12

AY919737 LG15.12
AY919782 LG28.12

AY919683 LG02.05
AY919774 LG25.12

AY919726 LG12.12
AY919748 LG19.12

AY919697 LG05.12
AY919718 LG10.05

AY821964 CH1.2A.3
AY919785 LG30.01

AF072883 Siluania monomastiga
AF243501 Adriamonas peritocrescens

AY821966 CH1.5A.8
EU162645 PSE8SP2005

EU162646 PSA11SP2005

AY520452 Paramonas globosa
AY919797 LG33.04

AY919753 LG20.12
AY919758 LG21.12

AY821965 CH1.2B.3
AY520453 Nerada mexicana

AY520445 Bicosoeca vacillans

DQ103774 M1.18B12
DQ103786 M1.18G05

DQ103795 M2.18B03

AY520444 Bicosoeca petiolata
EF023971 Amb.18S.1440

EF023669 Amb.18S.929
EU162647 PSH9SP2005

EU446304 UI11D07

AF315604 Pseudobodo tremulans
DQ310274 FV18.2D1

AB032606 Wobblia lunata

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(A) Bicosoecida

Caecitellus

Cafeteria

Halocafeteria

LG Heterokonta 1

LG Heterokonta 2

Bicosoeca

Pseudobodo
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AY919697 LG05.12
AY919718 LG10.05

AY821964 CH1.2A.3
AY919785 LG30.01

AF072883 Siluania monomastiga
AF243501 Adriamonas peritocrescens

AY821966 CH1.5A.8
EU162645 PSE8SP2005
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AY919797 LG33.04

AY919753 LG20.12
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AY821965 CH1.2B.3
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AY520445 Bicosoeca vacillans
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AY520444 Bicosoeca petiolata
EF023971 Amb.18S.1440

EF023669 Amb.18S.929
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10819 / Centrohelida−sp25

2642 / Centrohelida−sp8

3327 / Centrohelida−sp13

4527m / Centrohelida−sp20

2665 / Centrohelida−sp3
1952 / Centrohelida−sp5

537 / Centrohelida−sp2
11891 / Centrohelida−sp12
1143m / Centrohelida−sp7

5895 / Centrohelida−sp15
54 / Centrohelida−sp1

10289 / Centrohelida−sp24
6068 / Centrohelida−sp4

14658 / Centrohelida−sp14
3992 / Centrohelida−sp6

13237 / Centrohelida−sp26

12670 / Centrohelida−sp40
16523 / Centrohelida−sp37

14606 / Centrohelida−sp28
12666 / Centrohelida−sp31

21773 / Centrohelida−sp51
21716 / Centrohelida−sp46

12950 / Centrohelida−sp22
18846 / Centrohelida−sp50

16524 / Centrohelida−sp38
20942 / Centrohelida−sp49

23328 / Centrohelida−sp48
11330m / Centrohelida−sp34

16582 / Centrohelida−sp44
17338 / Centrohelida−sp35
13384 / Centrohelida−sp30

23041 / Centrohelida−sp47
24126 / Centrohelida−sp52

19983 / Centrohelida−sp39
14459 / Centrohelida−sp29

19834 / Centrohelida−sp41
16151 / Centrohelida−sp32

2093m / Centrohelida−sp11
9768 / Centrohelida−sp42

12421 / Centrohelida−sp33
7247 / Centrohelida−sp21
9617 / Centrohelida−sp27

4422 / Centrohelida−sp17
1585m / Centrohelida−sp9
2520m / Centrohelida−sp19

17322 / Centrohelida−sp53
5035 / Centrohelida−sp10
18059 / Centrohelida−sp43

9036 / Centrohelida−sp23
24946 / Centrohelida−sp54

7792 / Centrohelida−sp16
7331 / Centrohelida−sp18

16902 / Centrohelida−sp36

23034 / Centrohelida−sp45

ASV_17283

ASV_13458
ASV_16939

ASV_19321
ASV_23140

ASV_13005
ASV_18352

ASV_17591

AY749516 Env H30.5

KJ757367 Env SGYY410

AY749507 Env H9.7
AY749528 Env H28.9

AY749506 Env H15.3
AY749530 Env H26.10

FN598373 Env BS17 G10.2
AY749605 Choanocystis sp
KF990487 Choanocystis symna CCAP1597
AY749616 Choanocystis curvata

AY749518 Env H27.1
AY749547 Env H8.7
AY749533 Env H17.7

AY749519 Env H27.10
AY749532 Env H17.5

AY749508 Env H15.6
AY749515 Env H28.4

AY749509 Env H15.7
KU178913 Spiculophrys agregata

AM231693 Env DGGEband 5
AM231697 Env DGGEband 22

AY821943 Env CV1 B1 93
AY821944 Env CV1 B2 46

EU143988 Env EB17 116

AY749510 Env H15.10
AY749512 Env H9.6

AY749620 Acanthocystis sp. OX1
KU178909 HL01
AY749621 Acanthocystis aff polymorpha
AY749625 Acanthocystis sp. OX14

AY749623 Acanthocystis aff pectinata OX6
AY749627 Acanthocystis sp. OX4
AY749622 Acanthocystis aff pectinata OX2
AY749624 Acanthocystis sp. OX13

KF990486 Acanthocystis costata CCAP1504
KU178907 HL02

AY749632 Acanthocystis nichollsi
KX639994 Acanthocystis amura

GU479949 Env aff Acanthocystis
KU178908 HLO3

GQ330590 Env aff Acanthocystis
AY749630 Acanthocystis spinosa

AY749626 helio15 OX8
AY749629 Acanthocystis aff myriospina

AY749628 Acanthocystis sp. 16NZ

AY749501 Env H18.6
AY749618 Raphidocystis symmetrica

AY749619 Env aff Raphidocystis
AF534708 Raphidocystis ambigua

KU178910 Raphidocystis glabra
AB196984 Raphidocystis contractilis

AY268041 Marophrys sp. JJP2003
MH445507 Yogsothoth knorrus

MH445508 Yogsothoth carteri
AF534710 Marophrys marina

AY749523 Env H16.12
AY749617

AY749491 Env H20.10
AY749494 Env H7.8

AY749498 Env H23.4
KU178911 Raphidiophrys drakena

KU178912 Raphidiophrys heterophryoidea

AY749490 Env H20.6
AY749614 Sphaerastrum cf. fockii

AY749611 Heterophrys cf. myriopoda

AY749541 Env H22.7
EF023872 Env Amb 1324

AY749488 Env H1.10
AY749502 Env H19.3

AY749489 Env H5.6
AY749486 Env H19.7

AY749492 Env H7.1

AY749485 Env H19.9
AY749542 Env H22.10
AY749504 Env H9.3
AY749522 Env H3.1

AY749493 Env H7.4
AY749544 Env H25.8

AB505554 Env RM2 SGM46
AY749529 Env H26.4

AY749499 Env H23.9
AY749513 Env H28.1

AY749545 Env H8.9
AY749517 Env H30.9

AY749500 Env H18.3
AY749608 unid helio8

AY749613 Pterocystis clarkii

AY749550 Env H10.10
AY749612 Pterocystis quadrata

AY749603 Pterocystis devonica

DQ103826 Env M3 18F06
FJ153630 Env GoC1 B10

AY749503 Env H19.4
AY749548 Env H10.2

AY749606 Pterocystis canadensis
AY749633 Pterocystis canadensis
AY749549 Env H10.4

AY749610 Env aff Pterocystis sp

AY749535 Env aff Pterocystis pinnata H13.6
AY749538 H22.1

AY749543 Env H25.7

AY749537 Env H13.10
AY749601 Pterocystis tomi

EU860447 Env BF−A1−1−2c

AY749483 Env H23.1
AY749602 Pterocystis polymorpha

AY749539 Env H22.4
AY749496 Env H20.9

AY749484 Env H1.3
AY749600 Pterocystis cuspidata
AY749599 Pterocystis contorta
AY749481 Chlamydaster stemi
AF534709 Chlamydaster sterni
JQ245081 Pinaciophora sp.

JQ245079 Oxnerella micra
AY749531 Env H17.3
AY749615

KC404141 Emiliania huxleyi
MH182064 Prymnesium parvum

HQ877917 Pavlova gyrans

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(B) Centrohelida
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Panacanthocystida

NC1

NC3

Pterista

Ch 1

C4

NC6
NC2

Spiculophrydae



92

RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

2700 / Bodomorpha sp. (99.0%)

10752 / Cercozoa−sp43

11101 / Cercozoa−sp38
7543 / Cercozoa−sp37

5884 / Cercozoa−sp13
6301 / Cercozoa−sp12
10569 / Cercozoa−sp40

1120 / Cercozoa−sp1
2730 / Cercozoa−sp7

2138 / Cercozoa−sp2

5543 / Cercozoa−sp15
6246 / Cercozoa−sp26

6223 / Cercozoa−sp5

2962 / Cercozoa−sp10

18813 / Cercozoa−sp67

520 / Massisteria marina (100%)

6329 / Massisteria sp. (99.7%)

974 / Massisteria sp. (100%)

5720 / Massisteria sp. (99.7%)
130 / Helkesimastix sp. (99.7%)

123 / Helkesimastix sp. (99.7%)

18107 / Cercozoa−sp48

1449 / Cercozoa−sp3
1476 / Cercozoa−sp29

4321 / Cercozoa−sp30

11730 / Cercozoa−sp44

3613 / Cercozoa−sp17
5669 / Cercozoa−sp14

10101 / Cercozoa−sp16

540 / Cercozoa−sp21

12330 / Cercozoa−sp50

20221 / Cercozoa−sp69

9373 / Cercozoa−sp68

11159 / Cercozoa−sp19
12956 / Cercozoa−sp51

2388 / Cercozoa−sp4
6663 / Cercozoa−sp11

7065 / Cercozoa−sp28

6281 / Cercozoa−sp27

7743 / Cercozoa−sp25

5009 / Cercozoa−sp22
6160 / Cercozoa−sp23

485 / Minorisa minuta (99.5%)
6050 / Minorisa minuta (99.2%)

241 / Minorisa minuta (100%)

5929 / Cercozoa−sp18
4558 / Cercozoa−sp8

4239 / Cercozoa−sp34

17005 / Cercozoa−sp64

20961 / Cercozoa−sp58

3794 / Cercozoa−sp66

16137 / Cercozoa−sp54
22358 / Cercozoa−sp63

20964 / Cercozoa−sp70

20034 / Cercozoa−sp65

19528 / Cercozoa−sp53

16901 / Cercozoa−sp49

16105 / Cercozoa−sp57
18831 / Cercozoa−sp61

10529 / Cercozoa−sp31

20214 / Cercozoa−sp60

18437 / Cercozoa−sp55

18828 / Cryothecomonas aestivalis (98.7%)

22158 / Cryothecomonas longipes (97.2%)

4479 / Cercozoa−sp52

22819 / Cercozoa−sp59

14128 / Cercozoa−sp39

17447 / Cercozoa−sp47

11216 / Cercozoa−sp56

1616 / Cercozoa−sp6
16468 / Cercozoa−sp20

466 / Cercozoa−sp33

13081 / Cercozoa−sp35

904 / Cercozoa−sp9
1496 / Cercozoa−sp41

5518 / Cercozoa−sp36
7433 / Cercozoa−sp32

18959 / Cercozoa−sp46

10703 / Cercozoa−sp42
19261 / Cercozoa−sp62

20394 / Cercozoa−sp45

10813 / Cercozoa−sp24

ASV_24597

ASV_23433

ASV_23394

ASV_13896

ASV_24778

ASV_10209

ASV_4202
ASV_24809
ASV_16668

ASV_21395

ASV_24883
ASV_6926

ASV_1036

ASV_23381

ASV_19907
ASV_21605

ASV_23895

ASV_17721
ASV_12801

ASV_16010
ASV_15302

ASV_24074

ASV_13055
ASV_24323

ASV_12893

ASV_16487
ASV_23912

ASV_10622

ASV_23148

ASV_20465

ASV_17492
ASV_24034

ASV_16764

ASV_15826

ASV_20620

AY884339 Paracercomonas metabolica
FJ790731 Paracercomonas saepenatans

KU657112

AY884340 Paracercomonas virgaria
EF023582 Amb−18S−809

FJ790736 Undescribed cercomonad xt181
HM536165 Nucleocercomonas praelonga

AF411271 Metabolomonas sp. Tempisque
HQ121440 Metabolomas baikali

DQ243992 PCB12AU2004
HM536167 Metabolomonas insania

AY360709 10−4Fu05

EF023473 Amb−18S−1058
EF023548 Amb−18S−1151

EF024070 Amb−18S−5291
KF356925 P3S3−1−e06

FO181520 RBA1YH20
KR704194 Phytocercomonas venanatans

AF411272 Brevimastigomonas anaerobica
KX601118 Brevimastigomonas motovehiculus

EF024294 AMB−18S−695

FJ790717 Cavernomonas stercoris
FJ790718 Cavernomonas mira

HM536153 Eocercomonas sp. HFCC908
FJ790702 Cercomonas braziliensis

U42447 Neoheteromita globosa

AF411275 Proleptomonas faecicola
AF411276 Bodomorpha minima

EU709276 HetChi9
AF411265 Allapsa vibrans

AY748806 Agitata tremulans
DQ199661 Aurigamonas solis

EF024287 Elev 18S 684
KU657728

AJ561116 Pseudopirsonia mucosa

EU484394 Auranticordis quadriverberis

FJ919772 Clautriavia biflagellata

FJ824131 Discomonas retusa
AY620316 D6

AY620304 13−2.8
KP940374 Kraken carinae KD0092

AY268040 Reckertia filosa
HQ121429 Thaumatomonas oxoniensis

HQ121432 Ovulinata parva
X81811 Paulinella chromatophora

AJ418793 Cyphoderia ampulla

AJ418786 Euglypha filifera
AJ418792 Trinema enchelys

FJ824127 Ventrifissura artocarpoidea

FJ824130 Verrucomonas longifila

AF411281 Spongomonas sp. UT1
AY620252 Spongomonas sp. KV/DB

DQ211593 Peregrinia clavideferens

EF032802 HAVOmat−euk24
EU567215 op23

DQ388459 Exuviaella pusilla
AY620364 12−1.3

AY305009 Clathrulina elegans
AY305010 Hedriocystis reticulata

EU567207 lb19
EF024169 Amb−18S−508

EU567236 DB−2703−11
AF411283 Mesofila limnetica

AF411286 Massisteria marina

HQ121441 Micrometopion nutans

EF405665 Miniassisteria diva

AY620255 Metromonas simplex
AB252758 NAMAKO−18

EU567255 Limnofila anglica
EU567256 Limnofila oxoniensis

DQ243994 PCG6AU2004
EU567238 DB−2703−10

AF290539 Cryothecomonas aestivalis
AJ514867 Rhogostoma minus

AF290540 Protaspa longipes
FJ824121 Protaspa obliqua

DQ303922 Ebria tripartita
FJ824126 Botuliforma benthica

AJ418794 Pseudodifflugia cf. gracilis

AF018158 Chaunacanthid sp. 218
AF063242 Symphyacanthid 211

AF063240 Acanthometra sp.

AB101542 Spongaster tetras
AY268045 Sticholonche sp.

0.5

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(C) Cercozoa

Cercomonadida

Glissomonadida

Pansomonadida

Imbricatea

Granofilosea

Thecofilosea
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2700 / Bodomorpha sp. (99.0%)

10752 / Cercozoa−sp43

11101 / Cercozoa−sp38
7543 / Cercozoa−sp37

5884 / Cercozoa−sp13
6301 / Cercozoa−sp12
10569 / Cercozoa−sp40

1120 / Cercozoa−sp1
2730 / Cercozoa−sp7

2138 / Cercozoa−sp2

5543 / Cercozoa−sp15
6246 / Cercozoa−sp26

6223 / Cercozoa−sp5

2962 / Cercozoa−sp10

18813 / Cercozoa−sp67

520 / Massisteria marina (100%)

6329 / Massisteria sp. (99.7%)

974 / Massisteria sp. (100%)

5720 / Massisteria sp. (99.7%)
130 / Helkesimastix sp. (99.7%)

123 / Helkesimastix sp. (99.7%)

18107 / Cercozoa−sp48

1449 / Cercozoa−sp3
1476 / Cercozoa−sp29

4321 / Cercozoa−sp30

11730 / Cercozoa−sp44

3613 / Cercozoa−sp17
5669 / Cercozoa−sp14

10101 / Cercozoa−sp16

540 / Cercozoa−sp21

12330 / Cercozoa−sp50

20221 / Cercozoa−sp69

9373 / Cercozoa−sp68

11159 / Cercozoa−sp19
12956 / Cercozoa−sp51

2388 / Cercozoa−sp4
6663 / Cercozoa−sp11

7065 / Cercozoa−sp28

6281 / Cercozoa−sp27

7743 / Cercozoa−sp25

5009 / Cercozoa−sp22
6160 / Cercozoa−sp23

485 / Minorisa minuta (99.5%)
6050 / Minorisa minuta (99.2%)

241 / Minorisa minuta (100%)

5929 / Cercozoa−sp18
4558 / Cercozoa−sp8

4239 / Cercozoa−sp34

17005 / Cercozoa−sp64

20961 / Cercozoa−sp58

3794 / Cercozoa−sp66

16137 / Cercozoa−sp54
22358 / Cercozoa−sp63

20964 / Cercozoa−sp70

20034 / Cercozoa−sp65

19528 / Cercozoa−sp53

16901 / Cercozoa−sp49

16105 / Cercozoa−sp57
18831 / Cercozoa−sp61

10529 / Cercozoa−sp31

20214 / Cercozoa−sp60

18437 / Cercozoa−sp55

18828 / Cryothecomonas aestivalis (98.7%)

22158 / Cryothecomonas longipes (97.2%)

4479 / Cercozoa−sp52

22819 / Cercozoa−sp59

14128 / Cercozoa−sp39

17447 / Cercozoa−sp47

11216 / Cercozoa−sp56

1616 / Cercozoa−sp6
16468 / Cercozoa−sp20

466 / Cercozoa−sp33

13081 / Cercozoa−sp35

904 / Cercozoa−sp9
1496 / Cercozoa−sp41

5518 / Cercozoa−sp36
7433 / Cercozoa−sp32

18959 / Cercozoa−sp46

10703 / Cercozoa−sp42
19261 / Cercozoa−sp62

20394 / Cercozoa−sp45

10813 / Cercozoa−sp24

ASV_24597

ASV_23433

ASV_23394

ASV_13896

ASV_24778

ASV_10209

ASV_4202
ASV_24809
ASV_16668

ASV_21395

ASV_24883
ASV_6926

ASV_1036

ASV_23381

ASV_19907
ASV_21605

ASV_23895

ASV_17721
ASV_12801

ASV_16010
ASV_15302

ASV_24074

ASV_13055
ASV_24323

ASV_12893

ASV_16487
ASV_23912

ASV_10622

ASV_23148

ASV_20465

ASV_17492
ASV_24034

ASV_16764

ASV_15826

ASV_20620

AY884339 Paracercomonas metabolica
FJ790731 Paracercomonas saepenatans

KU657112

AY884340 Paracercomonas virgaria
EF023582 Amb−18S−809

FJ790736 Undescribed cercomonad xt181
HM536165 Nucleocercomonas praelonga

AF411271 Metabolomonas sp. Tempisque
HQ121440 Metabolomas baikali

DQ243992 PCB12AU2004
HM536167 Metabolomonas insania

AY360709 10−4Fu05

EF023473 Amb−18S−1058
EF023548 Amb−18S−1151

EF024070 Amb−18S−5291
KF356925 P3S3−1−e06

FO181520 RBA1YH20
KR704194 Phytocercomonas venanatans

AF411272 Brevimastigomonas anaerobica
KX601118 Brevimastigomonas motovehiculus

EF024294 AMB−18S−695

FJ790717 Cavernomonas stercoris
FJ790718 Cavernomonas mira

HM536153 Eocercomonas sp. HFCC908
FJ790702 Cercomonas braziliensis

U42447 Neoheteromita globosa

AF411275 Proleptomonas faecicola
AF411276 Bodomorpha minima

EU709276 HetChi9
AF411265 Allapsa vibrans

AY748806 Agitata tremulans
DQ199661 Aurigamonas solis

EF024287 Elev 18S 684
KU657728

AJ561116 Pseudopirsonia mucosa

EU484394 Auranticordis quadriverberis

FJ919772 Clautriavia biflagellata

FJ824131 Discomonas retusa
AY620316 D6

AY620304 13−2.8
KP940374 Kraken carinae KD0092

AY268040 Reckertia filosa
HQ121429 Thaumatomonas oxoniensis

HQ121432 Ovulinata parva
X81811 Paulinella chromatophora

AJ418793 Cyphoderia ampulla

AJ418786 Euglypha filifera
AJ418792 Trinema enchelys

FJ824127 Ventrifissura artocarpoidea

FJ824130 Verrucomonas longifila

AF411281 Spongomonas sp. UT1
AY620252 Spongomonas sp. KV/DB

DQ211593 Peregrinia clavideferens

EF032802 HAVOmat−euk24
EU567215 op23

DQ388459 Exuviaella pusilla
AY620364 12−1.3

AY305009 Clathrulina elegans
AY305010 Hedriocystis reticulata

EU567207 lb19
EF024169 Amb−18S−508

EU567236 DB−2703−11
AF411283 Mesofila limnetica

AF411286 Massisteria marina

HQ121441 Micrometopion nutans

EF405665 Miniassisteria diva

AY620255 Metromonas simplex
AB252758 NAMAKO−18

EU567255 Limnofila anglica
EU567256 Limnofila oxoniensis

DQ243994 PCG6AU2004
EU567238 DB−2703−10

AF290539 Cryothecomonas aestivalis
AJ514867 Rhogostoma minus

AF290540 Protaspa longipes
FJ824121 Protaspa obliqua

DQ303922 Ebria tripartita
FJ824126 Botuliforma benthica

AJ418794 Pseudodifflugia cf. gracilis

AF018158 Chaunacanthid sp. 218
AF063242 Symphyacanthid 211

AF063240 Acanthometra sp.

AB101542 Spongaster tetras
AY268045 Sticholonche sp.

0.5

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(C) Cercozoa

Cercomonadida

Glissomonadida

Pansomonadida

Imbricatea

Granofilosea

Thecofilosea

(C) Cercozoa  
(continued)
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RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

1286 / Choanoflagellata−sp5
2361 / Choanoflagellata−sp17
2471 / Choanoflagellata−sp14
3516 / Choanoflagellata−sp21

10803 / Stephanoeca cauliculata (98.2%)
2278m / Stephanoeca cauliculata (98.9%)
10038 / Stephanoeca cauliculata (98.9%)
7229 / Stephanoeca cauliculata (98.7%)

1945 / Stephanoeca cauliculata (99.5%)

9721 / Stephanoeca cauliculata (100%)

2720m / Diaphanoeca undulata (98.9%)
10504 / Choanoflagellata−sp42

14710 / Choanoflagellata−sp64

401m / Choanoflagellata−sp33
5010 / Choanoflagellata−sp28

10471 / Choanoflagellata−sp44

2096m / Acanthocorbis unguiculata (97.3%)

2619 / Cosmoeca ventricosa (97.6%)

5457m / Bicosta minor (99.7%)
788m / Bicosta minor (97.6%)

9747 / Acanthocorbis unguiculata (99.5%)

2428m / Choanoflagellata−sp29

2239m / Choanoflagellata−sp32

5948 / Choanoflagellata−sp31

15206 / Choanoflagellata−sp59
7528 / Choanoflagellata−sp43

22484 / Choanoflagellata−sp68

6304 / Choanoflagellata−sp36

2500m / Choanoflagellata−sp27
3003m / Choanoflagellata−sp34

4523m / Choanoflagellata−sp56

8650m / Choanoflagellata−sp52

2841m / Choanoflagellata−sp24
8538 / Choanoflagellata−sp40

1260 / Choanoflagellata−sp6

2971 / Choanoflagellata−sp15
3511 / Choanoflagellata−sp22

2549 / Choanoflagellata−sp16
10283 / Choanoflagellata−sp46
20027 / Choanoflagellata−sp66
3398 / Choanoflagellata−sp19

1269 / Choanoflagellata−sp2

1714 / Choanoflagellata−sp11

2334 / Choanoflagellata−sp20
589m / Choanoflagellata−sp9

1800 / Choanoflagellata−sp8

2205 / Choanoflagellata−sp10
915m / Choanoflagellata−sp7

1859 / Choanoflagellata−sp13
1980 / Choanoflagellata−sp3

516 / Choanoflagellata−sp1
4985 / Choanoflagellata−sp26

501m / Choanoflagellata−sp18

264m / Choanoflagellata−sp12

3185 / Choanoflagellata−sp23

12592 / Choanoflagellata−sp50

6546 / Choanoflagellata−sp39

8835 / Choanoflagellata−sp61

3109 / Choanoflagellata−sp45

1618 / Choanoflagellata−sp4
1244 / Monosiga brevicollis (100%)

2922 / Choanoflagellata−sp25
3595m / Choanoflagellata−sp30

3506 / Salpingoeca prava (100%)

1606m / Choanoflagellata−sp57

12989 / Choanoflagellata−sp49
13711 / Choanoflagellata−sp48

14061 / Acanthocorbis unguiculata (97.1%)

13029 / Choanoflagellata−sp47

18102 / Choanoflagellata−sp67

16740 / Choanoflagellata−sp55

22164 / Choanoflagellata−sp65
8187 / Choanoflagellata−sp38

17812 / Choanoflagellata−sp60

18695 / Choanoflagellata−sp62

8098 / Choanoflagellata−sp37

18055 / Choanoflagellata−sp63

22864 / Choanoflagellata−sp41

8199 / Choanoflagellata−sp35

14608 / Choanoflagellata−sp51

16546 / Choanoflagellata−sp53

15435 / Choanoflagellata−sp54

9485 / Choanoflagellata−sp58

3284 / Salpingoeca kvevrii  (98.2%)

ASV_22255
ASV_23393

ASV_24169
ASV_9382

ASV_10511
ASV_8043

ASV_15642

ASV_16946

ASV_14202

ASV_14086

ASV_19174
ASV_20251

ASV_22217
ASV_13103

ASV_20249

ASV_21614

ASV_22909

ASV_12488m

ASV_24041

ASV_6740m

ASV_11106

ASV_22003

ASV_21010

ASV_19319

ASV_24472

ASV_19770

ASV_22695

ASV_14635
ASV_8411m

ASV_17054

ASV_19149

ASV_10898
ASV_23623
ASV_10368
ASV_19303

ASV_22418
ASV_13108

ASV_17360
ASV_19024

ASV_17708
ASV_23613

ASV_17713
ASV_24328

ASV_19764
ASV_23387

ASV_22246

ASV_21193

ASV_11718
ASV_12802

ASV_18889
ASV_13784

ASV_23126

ASV_15828
ASV_23610

ASV_15629
ASV_18372

ASV_24624
ASV_13733

ASV_9314

ASV_11706
ASV_16670

ASV_12924

ASV_13848
ASV_8960

ASV_6828

ASV_21788
ASV_22012

ASV_12132
ASV_8118

ASV_14576
ASV_17359

ASV_17166
ASV_22908
ASV_11526

ASV_11527

ASV_16281
ASV_18383

ASV_19322
ASV_10064

ASV_16267
ASV_8731

ASV_24062

ASV_19036m

DQ310239 FV36.2B09 
DQ310248 FV36.2A12 

DQ310249 FV36.2D08
DQ310286 FV36.CilC10
L10824 Diaphanoeca grandis
DQ310287 FV36.CilC11 
DQ310312 FV36.CilG10

DQ310289 FV36.CilD7
DQ310309 FV36.CilH9 

DQ310290 FV36.CilA8 

DQ310302 FV36.CilA12 
DQ310313 FV36.CilE11

DQ310306 FV36.CilF10 
DQ310315 FV36.CilH12 

DQ310285 FV36.CilB9 
DQ310339 FV36.CilD8D9D12

EU446305 UI11E03
EU446410 cLA14G03 

EU446378 cLA12B02 
EU446337 UI13A05

DQ103820 M1.18E10 

EU154974 DB25.BASS
EU371175 NPK2.136

EU011926 Stephanoeca diplocostata
EU011927 Stephanoeca diplocostata 

AY149899 Stephanoeca diplocostata 
AF084235 Stephanoeca diplocostata

DQ103821 M1.18A02 
EU446341 UI13C07

AY426848 BL000921.30

FJ153672 GoC3.C08

DQ120005 NOR46.34

EU011923 Diplotheca costata

EU011922 Acanthoeca spectabilis 
L10823 Acanthocoepsis unguigulata

EU011928 Savillea micropora 

EU446388 cLA12G11 

AF272000 Calliacantha sp.

DQ310214 FV23.1A4

AJ402331 OLI11013

AY426845 BL000921.24

AY426868 BL001221.16

EU446354 UI13H07 
EU446411 cLA14H07
EU446321 UI12G07
EU446377 cLA12A08 

EU446385 cLA12E05 

AY426933 BL010625.36

AY426842 BL000921.20 

AB275066 DSGM−66
DQ995807 Lagenoeca antarctica

EF023856 Amb.18S.1307 
EF023936 Amb.18S.1397

EF024015 Amb.18S.1493
EF023626 Amb.18S.870 
EF024012 Amb.18S.1490 
EF023385 Amb.18S.720 

DQ059032 Salpingoeca amphoridium
EU011925 Salpingoeca amphoridium 

AY642707 P1.39
AF084231 Desmarella moniliformis 

AF084230 Monosiga ovata
AF271999 Monosiga ovata

AY642728 PG5.16
EU011929 Salpingoeca napiformis

AY149898 Choanoeca perplexa

AY149896 Proterospongia choanojuncta 
AY149897 Codonosiga gracilis 

AF084618 Monosiga brevicollis

AJ402325 OLI11041 
DQ310311 FV36.CilF8

AF100941 Salpingoeca infusionum
EU011924 Proterospongia sp. 

EU011931 Salpingoeca urceolata

EU011930 Salpingoeca pyxidium 

AY821948 CV1.B1.36 
AY821949 CV1.B2.17

AY348876 Chondrosia reniformis 
Y16260 Sphaeroforma arctica

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(D) Choanoflagellata

Clade H

Clade I

Clade D

Clade G

Clade E

Clade F

Clade B

Clade C

Clade A
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1286 / Choanoflagellata−sp5
2361 / Choanoflagellata−sp17
2471 / Choanoflagellata−sp14
3516 / Choanoflagellata−sp21

10803 / Stephanoeca cauliculata (98.2%)
2278m / Stephanoeca cauliculata (98.9%)
10038 / Stephanoeca cauliculata (98.9%)
7229 / Stephanoeca cauliculata (98.7%)

1945 / Stephanoeca cauliculata (99.5%)

9721 / Stephanoeca cauliculata (100%)

2720m / Diaphanoeca undulata (98.9%)
10504 / Choanoflagellata−sp42

14710 / Choanoflagellata−sp64

401m / Choanoflagellata−sp33
5010 / Choanoflagellata−sp28

10471 / Choanoflagellata−sp44

2096m / Acanthocorbis unguiculata (97.3%)

2619 / Cosmoeca ventricosa (97.6%)

5457m / Bicosta minor (99.7%)
788m / Bicosta minor (97.6%)

9747 / Acanthocorbis unguiculata (99.5%)

2428m / Choanoflagellata−sp29

2239m / Choanoflagellata−sp32

5948 / Choanoflagellata−sp31

15206 / Choanoflagellata−sp59
7528 / Choanoflagellata−sp43

22484 / Choanoflagellata−sp68

6304 / Choanoflagellata−sp36

2500m / Choanoflagellata−sp27
3003m / Choanoflagellata−sp34

4523m / Choanoflagellata−sp56

8650m / Choanoflagellata−sp52

2841m / Choanoflagellata−sp24
8538 / Choanoflagellata−sp40

1260 / Choanoflagellata−sp6

2971 / Choanoflagellata−sp15
3511 / Choanoflagellata−sp22

2549 / Choanoflagellata−sp16
10283 / Choanoflagellata−sp46
20027 / Choanoflagellata−sp66
3398 / Choanoflagellata−sp19

1269 / Choanoflagellata−sp2

1714 / Choanoflagellata−sp11

2334 / Choanoflagellata−sp20
589m / Choanoflagellata−sp9

1800 / Choanoflagellata−sp8

2205 / Choanoflagellata−sp10
915m / Choanoflagellata−sp7

1859 / Choanoflagellata−sp13
1980 / Choanoflagellata−sp3

516 / Choanoflagellata−sp1
4985 / Choanoflagellata−sp26

501m / Choanoflagellata−sp18

264m / Choanoflagellata−sp12

3185 / Choanoflagellata−sp23

12592 / Choanoflagellata−sp50

6546 / Choanoflagellata−sp39

8835 / Choanoflagellata−sp61

3109 / Choanoflagellata−sp45

1618 / Choanoflagellata−sp4
1244 / Monosiga brevicollis (100%)

2922 / Choanoflagellata−sp25
3595m / Choanoflagellata−sp30

3506 / Salpingoeca prava (100%)

1606m / Choanoflagellata−sp57

12989 / Choanoflagellata−sp49
13711 / Choanoflagellata−sp48

14061 / Acanthocorbis unguiculata (97.1%)

13029 / Choanoflagellata−sp47

18102 / Choanoflagellata−sp67

16740 / Choanoflagellata−sp55

22164 / Choanoflagellata−sp65
8187 / Choanoflagellata−sp38

17812 / Choanoflagellata−sp60

18695 / Choanoflagellata−sp62

8098 / Choanoflagellata−sp37

18055 / Choanoflagellata−sp63

22864 / Choanoflagellata−sp41

8199 / Choanoflagellata−sp35

14608 / Choanoflagellata−sp51

16546 / Choanoflagellata−sp53

15435 / Choanoflagellata−sp54

9485 / Choanoflagellata−sp58

3284 / Salpingoeca kvevrii  (98.2%)

ASV_22255
ASV_23393

ASV_24169
ASV_9382

ASV_10511
ASV_8043

ASV_15642

ASV_16946

ASV_14202

ASV_14086

ASV_19174
ASV_20251

ASV_22217
ASV_13103

ASV_20249

ASV_21614

ASV_22909

ASV_12488m

ASV_24041

ASV_6740m

ASV_11106

ASV_22003

ASV_21010

ASV_19319

ASV_24472

ASV_19770

ASV_22695

ASV_14635
ASV_8411m

ASV_17054

ASV_19149

ASV_10898
ASV_23623
ASV_10368
ASV_19303

ASV_22418
ASV_13108

ASV_17360
ASV_19024

ASV_17708
ASV_23613

ASV_17713
ASV_24328

ASV_19764
ASV_23387

ASV_22246

ASV_21193

ASV_11718
ASV_12802

ASV_18889
ASV_13784

ASV_23126

ASV_15828
ASV_23610

ASV_15629
ASV_18372

ASV_24624
ASV_13733

ASV_9314

ASV_11706
ASV_16670

ASV_12924

ASV_13848
ASV_8960

ASV_6828

ASV_21788
ASV_22012

ASV_12132
ASV_8118

ASV_14576
ASV_17359

ASV_17166
ASV_22908
ASV_11526

ASV_11527

ASV_16281
ASV_18383

ASV_19322
ASV_10064

ASV_16267
ASV_8731

ASV_24062

ASV_19036m

DQ310239 FV36.2B09 
DQ310248 FV36.2A12 

DQ310249 FV36.2D08
DQ310286 FV36.CilC10
L10824 Diaphanoeca grandis
DQ310287 FV36.CilC11 
DQ310312 FV36.CilG10

DQ310289 FV36.CilD7
DQ310309 FV36.CilH9 

DQ310290 FV36.CilA8 

DQ310302 FV36.CilA12 
DQ310313 FV36.CilE11

DQ310306 FV36.CilF10 
DQ310315 FV36.CilH12 

DQ310285 FV36.CilB9 
DQ310339 FV36.CilD8D9D12

EU446305 UI11E03
EU446410 cLA14G03 

EU446378 cLA12B02 
EU446337 UI13A05

DQ103820 M1.18E10 

EU154974 DB25.BASS
EU371175 NPK2.136

EU011926 Stephanoeca diplocostata
EU011927 Stephanoeca diplocostata 

AY149899 Stephanoeca diplocostata 
AF084235 Stephanoeca diplocostata

DQ103821 M1.18A02 
EU446341 UI13C07

AY426848 BL000921.30

FJ153672 GoC3.C08

DQ120005 NOR46.34

EU011923 Diplotheca costata

EU011922 Acanthoeca spectabilis 
L10823 Acanthocoepsis unguigulata

EU011928 Savillea micropora 

EU446388 cLA12G11 

AF272000 Calliacantha sp.

DQ310214 FV23.1A4

AJ402331 OLI11013

AY426845 BL000921.24

AY426868 BL001221.16

EU446354 UI13H07 
EU446411 cLA14H07
EU446321 UI12G07
EU446377 cLA12A08 

EU446385 cLA12E05 

AY426933 BL010625.36

AY426842 BL000921.20 

AB275066 DSGM−66
DQ995807 Lagenoeca antarctica

EF023856 Amb.18S.1307 
EF023936 Amb.18S.1397

EF024015 Amb.18S.1493
EF023626 Amb.18S.870 
EF024012 Amb.18S.1490 
EF023385 Amb.18S.720 

DQ059032 Salpingoeca amphoridium
EU011925 Salpingoeca amphoridium 

AY642707 P1.39
AF084231 Desmarella moniliformis 

AF084230 Monosiga ovata
AF271999 Monosiga ovata

AY642728 PG5.16
EU011929 Salpingoeca napiformis

AY149898 Choanoeca perplexa

AY149896 Proterospongia choanojuncta 
AY149897 Codonosiga gracilis 

AF084618 Monosiga brevicollis

AJ402325 OLI11041 
DQ310311 FV36.CilF8

AF100941 Salpingoeca infusionum
EU011924 Proterospongia sp. 

EU011931 Salpingoeca urceolata

EU011930 Salpingoeca pyxidium 

AY821948 CV1.B1.36 
AY821949 CV1.B2.17

AY348876 Chondrosia reniformis 
Y16260 Sphaeroforma arctica

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(D) Choanoflagellata

Clade H

Clade I

Clade D

Clade G

Clade E

Clade F

Clade B

Clade C

Clade A

(D) Choanoflagellata  (continued)
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RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

1 / Spumella IOW86 (100%)

1199 / Spumella IOW86 (99.0%)

307 / Pedospumella encystans (100%)

816 / Pedospumella encystans (99.5%)

614 / Spumella IOW86 (99.5%)

11 / Spumella IOW86 (99.5%)

4773m / Chrysophyceae−sp61

2991 / Chrysophyceae−sp40
9105m / Dinobryon faculiferum (97.9%)

3006m / Chrysophyceae−sp63

2060 / Chrysophyceae−sp29

2125 / Chrysophyceae−sp20

1439 / Chrysophyceae−sp18
8834 / Chrysophyceae−sp72

805 / Chrysophyceae−sp10

5267 / Chrysophyceae−sp41
7159 / Chrysophyceae−sp55

243 / Chrysophyceae−sp5

14395 / Chrysophyceae−sp83

277 / Chrysophyceae−sp4

14024 / Chrysophyceae−sp85

916 / Chrysophyceae−sp9

1460 / Chrysophyceae−sp26

1920 / Chrysophyceae−sp30
2075 / Chrysophyceae−sp21

1473 / Chrysophyceae−sp31

670 / Chrysophyceae−sp7
2139 / Chrysophyceae−sp24

1122 / Chrysophyceae−sp17

2645 / Chrysophyceae−sp32
8122 / Chrysophyceae−sp80

7010 / Chrysophyceae−sp60

3438 / Chrysophyceae−sp69

4741 / Chrysophyceae−sp19

5100 / Chrysophyceae−sp53

3490 / Chrysophyceae−sp76

11063 / Paraphysomonas sp. (99%)

6445 / Paraphysomonas imperforata (99.0%)

9920m / Chrysophyceae−sp87

141 / Paraphysomonas bandaiensis (100%)

16 / Chrysophyceae−sp1

101 / Chrysophyceae−sp11

6517 / Chrysophyceae−sp59

6059 / Chrysophyceae−sp48

942 / Chrysophyceae−sp15
969 / Chrysophyceae−sp14

5226 / Chrysophyceae−sp46

649 / Chrysophyceae−sp8

4253 / Chrysophyceae−sp35
213 / Chrysophyceae−sp2

4575 / Chrysophyceae−sp28

322m / Chrysophyceae−sp6

2567 / Chrysophyceae−sp25

3711 / Chrysophyceae−sp34

3034 / Chrysophyceae−sp37
3956 / Chrysophyceae−sp33

9354 / Chrysophyceae−sp57

246m / Chrysophyceae−sp3

2226 / Chrysophyceae−sp23

5930 / Chrysophyceae−sp45

1435 / Chrysophyceae−sp16
3980 / Chrysophyceae−sp27

934 / Chrysophyceae−sp12

18609 / Chrysophyceae−sp67
3323m / Chrysophyceae−sp44

7826 / Chrysophyceae−sp49
595m / Chrysophyceae−sp13

2344 / Chrysophyceae−sp22

3814 / Chrysophyceae−sp50
5272 / Chrysophyceae−sp56

1535 / Spumella IOW86 (99.7%)
1803 / Spumella IOW86 (99.5%)

15450 / Spumella IOW86 (99.0%)

686 / Spumella IOW86 (99.7%)
2135 / Spumella IOW86 (99.7%)

3265 / Spumella IOW86 (99.5%)
5370 / Spumella IOW86 (99.5%)

706 / Spumella IOW86 (99.7%)

1930 / Spumella IOW86 (99.7%)
2105 / Spumella IOW86 (99.7%)

6818 / Spumella IOW86 (99.2%)

7691m / Chrysophyceae−sp78

14254 / Chrysophyceae−sp84

13953 / Chrysophyceae−sp86

8670 / Chrysophyceae−sp77

7371 / Chrysophyceae−sp71
16910 / Chrysophyceae−sp81

13536 / Chrysophyceae−sp64

11263 / Chrysophyceae−sp82

1620m / Chrysophyceae−sp70

11014 / Chrysophyceae−sp58
14071 / Chrysophyceae−sp75

6060 / Chrysophyceae−sp39

22618 / Chrysophyceae−sp62

12383 / Chrysophyceae−sp74
5349 / Chrysophyceae−sp47

9259 / Chrysophyceae−sp65

16823 / Chrysophyceae−sp66

6192 / Chrysophyceae−sp43

2009m / Chrysophyceae−sp42

3904 / Chrysophyceae−sp51

5743m / Chrysophyceae−sp54

2898 / Chrysophyceae−sp36
4774 / Chrysophyceae−sp38

8754 / Chrysophyceae−sp73

12082 / Chrysophyceae−sp68
20420 / Chrysophyceae−sp79

4836m / Chrysophyceae−sp52

ASV_4114

ASV_21629

ASV_11569

ASV_12308
ASV_22887

ASV_11817

ASV_6426

ASV_12853

ASV_12930

ASV_3366m

ASV_10832

ASV_8243

ASV_10689

ASV_7593

ASV_15375
ASV_21393

ASV_6996
ASV_7499

ASV_22438
ASV_13352

ASV_11108

ASV_16276

ASV_13961
ASV_22680
ASV_21012

ASV_13682

ASV_16774

ASV_4431m

ASV_6364

ASV_3234
ASV_3873

ASV_18613

ASV_19608
ASV_14419

ASV_8544
ASV_13957

ASV_5560
ASV_8854

ASV_18746

ASV_11492

ASV_24337
ASV_24994

ASV_24066

ASV_10069
ASV_19774

ASV_14212
ASV_23181

ASV_11649

ASV_10513
ASV_15085

ASV_22921

ASV_7916

ASV_12218

ASV_12356

ASV_22638

ASV_24895

EF633325 Chrysophyta JZH200700

EF023552 Amb.18S.772
EF023675 Amb.18S.936

AY651085 Spumella JBM/512

AY651084 Spumella JBM19

AJ236859 Spumella elongata

AY651083 Spumella JBM/S11

EF027354 Spumella sp.

AJ236861 Spumella danica

AY651079 Spumella JBAS36
AY651080 Spumella JBC13

AY651081 Spumella JBC/S23
DQ310336 FV233A12

AF123290 Uroglena americana
EF165131 Uroglena americana

AY919807 LG35−11
AY919777 LG26−10

EU024983 Uroglena sp.
AY919717 LG10−03

EF165142 Ochromonas sp.
EU247838 Ochromonadaceae sp.

EF165139 Ochromonas sp.
U42381 Ochromonas sp.

EF165137 Ochromonas sp.
EF165138 Ochromonas marina

EF165135 Ochromonas sp.
EF165136 Ochromonas marina

DQ310291 FV36 CilC7

DQ388551 Spumella 194f
DQ388565 Spumella 1036

AY651086 Spumella JBL14

AJ236857 Spumella 15G
DQ388557 Spumella 391f

AB425951 Spumella Mbc3C

AJ236858 Spumella 37G
DQ388560 Spumella 1020

DQ388561 Spumella 1026

DQ388543 Spumella 8b3
EF023425 Amb.18S.766

DQ388554 Spumella 45b3hm
AJ236862 Spumella SpiG

DQ388568 Spumella 1305
DQ388562 Spumella 1027
DQ388559 Spumella 1013

AJ236860 Spumella obliqua
AY651088 Spumella JBNZ39

AY651089 Spumella JBM28

EU076736 Dinobryon divergens
EU076737 Dinobryon divergens

EU025019 Dinobryon divergens

EU024973 Dinobryon bavaricum
EU076735 Dinobryon bavaricum

EU024976 Dinobryon divergens
EU024980 Dinobryon crenulatum

EU024975 Dinobryon sociale
EU024993 Dinobryon pediforme

AY919719 LG10−11
AY919796 LG33−02

EF165141 Dinobryon sociale

AF123291 Dinobryon sociale
EF165140 Dinobryon cylindricum

AF123289 Dinobryon sertularia

AY919752 LG20−09
AB275090 CYSGM−7

AF123302 Chrysoxys sp.
DQ310261 FV23 1B1

EF165124 Ochromonas aestuarii
U42382 Ochromonas sp.

AF123298 Epipyxis pulchra
AF123301 Epipyxis aurea

U71196 Chrysonephele palustris
AF123297 Chrysolepidomonas dendrolepidota

AY919762 LG22−12
EF165110 Ochromonas sp.

EF165111 Ochromonas vasocystis
AY919828 LG81−06

AY651097 Spumella JBC07
AY919824 LG73−06

AY642745 A34
AY082999 RT5in36

AY082982 RT5in4
EF165126 Ochromonas sp.

AY082987 RT5iin35

AF123294 Ochromonas sphaerocystis
EF165123 Ochromonas sphaerocystis

EF165143 Ochromonas perlata
AY651078 Spumella JBC2

EF165108 Ochromonas danica
M32704 Ochromonas danica

DQ388540 Spumella JBC21
AY520447 Ochromonas sp.

AB023070 Poterioochromonas malhamensis
EF165112 Ochromonas gloeopara

AF123295 Poterioochromonas stipitata
EF165115 Ochromonas sp.

AY699607 Poterioochromonas sp.
EF165114 Poterioochromonas malhamensis

DQ388542 Spumella JBNA46
EF024085 Amb.18S.6261

AY642741 A43
AY651077 Spumella JBAF33

EF165132 Uroglena sp.

AF123282 Chromophyton rosanoffii
M87331 Hibberdia magna

AY082970 RT5in9
EF165103 Chromulina sp.

AF123284 Chrysochaete britannica
EF165130 Chrysocapsa sp.

AF123283 Chrysocapsa vernalis
EF165105 Chrysocapsa vernalis

EF165145 Chrysocapsa paludosa

EF172998 SSRPE02

EF172974 Q2B03N10

EF172972 N10E01
FJ537347 Biosope T65.123

AY129065 UEPAC37p4

AY129063 UEPAC48p3

DQ647519 CD8.18

AY919806 LG35−09

AY919698 LG06−01
AY919747 LG19−10

AY919684 LG02−12
AY919759 LG22−01

AY919725 LG12−10

AY179989 CCI40
AY919744 LG18−10

AF123296 Phaeoplaca thallosa
EU025002 Ochromonas sp.

AY180010
EF165134 Chrysophyceae sp.

EU247834 Chrysophyceae sp.
EF165133 Ochromonas sp.

AF123300 Chrysosaccus sp.
EF165121 Chrysosaccus sp.

AF044845 Chrysosaccus sp.
EF165120 Chrysosaccus sp.
M87332 Chromulina chionophila

EF165106 Chromophyton rosanoffii
EF165107 Chromophyton rosanoffii

AF123288 Lagynion scherfelii
EF165146 Lagynion ampullaceum

AF123299 Chrysosphaera parvula
AF123293 Ochromonas tuberculata

AY642709 P34.48

AY919798 LG33−07
AY919811 LG43−07

AY919742 LG18−01
AY919789 LG31−01

AY642705 P34.45
AY919829 LG92−06

AY651098 Spumella JBM08
AY651092 Spumella JBM18

AY919778 LG26−11

AY651071 Spumella JBAF35
U42454 Oikomonas mutabilis

AY520451 Oikomonas sp.

AF123285 Chromulina nebulosa
EF165101 Chromulina nebulosa

AF123286 Chrysamoeba pyrenoidifera
AF123287 Chrysamoeba mikrokonta

AY821972 CV1.B1.76
EF165102 Chrysamoeba tenera

AY642697 P34.28
EF185316 Chrysosphaerella sp.

AY919702 LG07−07
AY919800 LG34−01

AY919817 LG48−06
AY642726 PG5.3

AY919757 LG21−07
AY919791 LG32−01

AF123292 Cyclonexis annularis
AY651093 Spumella JBC27

DQ487199 Synura sp.
EF165116 Synura petersenii

U73224 Synura glabra
EF165117 Synura petersenii
U73223 Synura petersenii

EF165129 Synura petersenii

U73225 Mallomonas adamas
U73226 Mallomonas splendens

EF165118 Mallomonas insignis

U73227 Mallomonas matvienkoae
U73228 Mallomonas caudata

M55285 Mallomonas papillosa
U73231 Mallomonas rasilis

EU024970 Mallomonas tonsurata
U73232 Mallomonas striata

M87333 Mallomonas striata
U73229 Mallomonas akrokomos

EF165127 Mallomonas annulata
U73230 Mallomonas annulata

U73222 Synura uvella

EF165128 Synura curtispina
M87336 Synura spinosa

EU025006 Synura sphagnicola
U73221 Synura sphagnicola

U73220 Synura mammillosa

EF165119 Tessellaria volvocina
U73219 Tessellaria volvocina

AY919699 LG06−07
AY919816 LG47−07

AY651096Spumella JBM06
AY919818 LG48−10

AJ236863Paraphysomonas sp.

AF109323Paraphysomonas imperforata
AF109324 Paraphysomonas imperforata

AY180017 CCW27
AY665995 Paraphysomonas sp.

AB275089 CYSGM−6
DQ310307 FV36 CilF11

Z38025 Paraphysomonas foraminifera
AF174376 Paraphysomonas foraminifera

DQ310204 FV18 3A1
DQ310258 FV23 1C3

DQ103873 M3 18G02
DQ103874 M3 18A12

DQ103789 M1 18H01
DQ103808 M4 18F06

AF109322 Paraphysomonas bandaiensis

AB022864 Paraphysomonas foraminifera
Z28335 Paraphysomonas vestita

AF109325 Paraphysomonas vestita
AB168053 Monas sp.

AY642717 P1.35
DQ103782 M4 18B07

AY651090 Spumella JBC29
AY651091 Spumella JBNZ40

AY919766 LG23−10

DQ310247 FV18 3B4
DQ310257 FV23 1B7

AF109326 Paraphysomonas butcheri
AY821968 CV1.B1.34

AY642746 A1
AY919815 LG46−06

AY919756 LG21−05
AB275091 CYSGM−8

AY520450 Oikomonas sp.

FJ537340 Biosope T60.030

FJ537338 Biosope T60.011
EF172948 SSRPD64

FJ537356 Biosope T84.071

FJ537351 Biosope T65.151

DQ647511 CD8.06

FJ537322 Biosope T39.120
FJ537315 Biosope T39.013

AY919812 LG44−07

AY919724 LG12−01
AY919772 LG25−07

AY919691 LG04−04
AY919743 LG18−09

AY919804 LG34−12
AY919813 LG44−09

AY919802 LG34−04
AY919688 LG03−12

AY919765 LG23−07

FJ537317 Biosope T39.040
FJ537319 Biosope T39.098

FJ537339 Biosope T60.024
EU561701 IND31.28

FJ537343 Biosope T65.104
FJ537348 Biosope T65.136

FJ537350 Biosope T65.146

AY426840 BL000921.17

HQ437175 OA3.6

DQ647516 CD8.15
HQ437176 OA3.9

EU561718 IND31.45

AB052273 Nannochloropsis oceanica

0.06

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(E) Chrysophyceae

Clade C

Clade B1

Clade D

Clade E

Clade B2

Clade A

Clade F1

Clade F2

Clade J

Clade G

Clade I

Clade H
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CHAPTER 2

1 / Spumella IOW86 (100%)

1199 / Spumella IOW86 (99.0%)

307 / Pedospumella encystans (100%)

816 / Pedospumella encystans (99.5%)

614 / Spumella IOW86 (99.5%)

11 / Spumella IOW86 (99.5%)

4773m / Chrysophyceae−sp61

2991 / Chrysophyceae−sp40
9105m / Dinobryon faculiferum (97.9%)

3006m / Chrysophyceae−sp63

2060 / Chrysophyceae−sp29

2125 / Chrysophyceae−sp20

1439 / Chrysophyceae−sp18
8834 / Chrysophyceae−sp72

805 / Chrysophyceae−sp10

5267 / Chrysophyceae−sp41
7159 / Chrysophyceae−sp55

243 / Chrysophyceae−sp5

14395 / Chrysophyceae−sp83

277 / Chrysophyceae−sp4

14024 / Chrysophyceae−sp85

916 / Chrysophyceae−sp9

1460 / Chrysophyceae−sp26

1920 / Chrysophyceae−sp30
2075 / Chrysophyceae−sp21

1473 / Chrysophyceae−sp31

670 / Chrysophyceae−sp7
2139 / Chrysophyceae−sp24

1122 / Chrysophyceae−sp17

2645 / Chrysophyceae−sp32
8122 / Chrysophyceae−sp80

7010 / Chrysophyceae−sp60

3438 / Chrysophyceae−sp69

4741 / Chrysophyceae−sp19

5100 / Chrysophyceae−sp53

3490 / Chrysophyceae−sp76

11063 / Paraphysomonas sp. (99%)

6445 / Paraphysomonas imperforata (99.0%)

9920m / Chrysophyceae−sp87

141 / Paraphysomonas bandaiensis (100%)

16 / Chrysophyceae−sp1

101 / Chrysophyceae−sp11

6517 / Chrysophyceae−sp59

6059 / Chrysophyceae−sp48

942 / Chrysophyceae−sp15
969 / Chrysophyceae−sp14

5226 / Chrysophyceae−sp46

649 / Chrysophyceae−sp8

4253 / Chrysophyceae−sp35
213 / Chrysophyceae−sp2

4575 / Chrysophyceae−sp28

322m / Chrysophyceae−sp6

2567 / Chrysophyceae−sp25

3711 / Chrysophyceae−sp34

3034 / Chrysophyceae−sp37
3956 / Chrysophyceae−sp33

9354 / Chrysophyceae−sp57

246m / Chrysophyceae−sp3

2226 / Chrysophyceae−sp23

5930 / Chrysophyceae−sp45

1435 / Chrysophyceae−sp16
3980 / Chrysophyceae−sp27

934 / Chrysophyceae−sp12

18609 / Chrysophyceae−sp67
3323m / Chrysophyceae−sp44

7826 / Chrysophyceae−sp49
595m / Chrysophyceae−sp13

2344 / Chrysophyceae−sp22

3814 / Chrysophyceae−sp50
5272 / Chrysophyceae−sp56

1535 / Spumella IOW86 (99.7%)
1803 / Spumella IOW86 (99.5%)

15450 / Spumella IOW86 (99.0%)

686 / Spumella IOW86 (99.7%)
2135 / Spumella IOW86 (99.7%)

3265 / Spumella IOW86 (99.5%)
5370 / Spumella IOW86 (99.5%)

706 / Spumella IOW86 (99.7%)

1930 / Spumella IOW86 (99.7%)
2105 / Spumella IOW86 (99.7%)

6818 / Spumella IOW86 (99.2%)

7691m / Chrysophyceae−sp78

14254 / Chrysophyceae−sp84

13953 / Chrysophyceae−sp86

8670 / Chrysophyceae−sp77

7371 / Chrysophyceae−sp71
16910 / Chrysophyceae−sp81

13536 / Chrysophyceae−sp64

11263 / Chrysophyceae−sp82

1620m / Chrysophyceae−sp70

11014 / Chrysophyceae−sp58
14071 / Chrysophyceae−sp75

6060 / Chrysophyceae−sp39

22618 / Chrysophyceae−sp62

12383 / Chrysophyceae−sp74
5349 / Chrysophyceae−sp47

9259 / Chrysophyceae−sp65

16823 / Chrysophyceae−sp66

6192 / Chrysophyceae−sp43

2009m / Chrysophyceae−sp42

3904 / Chrysophyceae−sp51

5743m / Chrysophyceae−sp54

2898 / Chrysophyceae−sp36
4774 / Chrysophyceae−sp38

8754 / Chrysophyceae−sp73

12082 / Chrysophyceae−sp68
20420 / Chrysophyceae−sp79

4836m / Chrysophyceae−sp52

ASV_4114

ASV_21629

ASV_11569

ASV_12308
ASV_22887

ASV_11817

ASV_6426

ASV_12853

ASV_12930

ASV_3366m

ASV_10832

ASV_8243

ASV_10689

ASV_7593

ASV_15375
ASV_21393

ASV_6996
ASV_7499

ASV_22438
ASV_13352

ASV_11108

ASV_16276

ASV_13961
ASV_22680
ASV_21012

ASV_13682

ASV_16774

ASV_4431m

ASV_6364

ASV_3234
ASV_3873

ASV_18613

ASV_19608
ASV_14419

ASV_8544
ASV_13957

ASV_5560
ASV_8854

ASV_18746

ASV_11492

ASV_24337
ASV_24994

ASV_24066

ASV_10069
ASV_19774

ASV_14212
ASV_23181

ASV_11649

ASV_10513
ASV_15085

ASV_22921

ASV_7916

ASV_12218

ASV_12356

ASV_22638

ASV_24895

EF633325 Chrysophyta JZH200700

EF023552 Amb.18S.772
EF023675 Amb.18S.936

AY651085 Spumella JBM/512

AY651084 Spumella JBM19

AJ236859 Spumella elongata

AY651083 Spumella JBM/S11

EF027354 Spumella sp.

AJ236861 Spumella danica

AY651079 Spumella JBAS36
AY651080 Spumella JBC13

AY651081 Spumella JBC/S23
DQ310336 FV233A12

AF123290 Uroglena americana
EF165131 Uroglena americana

AY919807 LG35−11
AY919777 LG26−10

EU024983 Uroglena sp.
AY919717 LG10−03

EF165142 Ochromonas sp.
EU247838 Ochromonadaceae sp.

EF165139 Ochromonas sp.
U42381 Ochromonas sp.

EF165137 Ochromonas sp.
EF165138 Ochromonas marina

EF165135 Ochromonas sp.
EF165136 Ochromonas marina

DQ310291 FV36 CilC7

DQ388551 Spumella 194f
DQ388565 Spumella 1036

AY651086 Spumella JBL14

AJ236857 Spumella 15G
DQ388557 Spumella 391f

AB425951 Spumella Mbc3C

AJ236858 Spumella 37G
DQ388560 Spumella 1020

DQ388561 Spumella 1026

DQ388543 Spumella 8b3
EF023425 Amb.18S.766

DQ388554 Spumella 45b3hm
AJ236862 Spumella SpiG

DQ388568 Spumella 1305
DQ388562 Spumella 1027
DQ388559 Spumella 1013

AJ236860 Spumella obliqua
AY651088 Spumella JBNZ39

AY651089 Spumella JBM28

EU076736 Dinobryon divergens
EU076737 Dinobryon divergens

EU025019 Dinobryon divergens

EU024973 Dinobryon bavaricum
EU076735 Dinobryon bavaricum

EU024976 Dinobryon divergens
EU024980 Dinobryon crenulatum

EU024975 Dinobryon sociale
EU024993 Dinobryon pediforme

AY919719 LG10−11
AY919796 LG33−02

EF165141 Dinobryon sociale

AF123291 Dinobryon sociale
EF165140 Dinobryon cylindricum

AF123289 Dinobryon sertularia

AY919752 LG20−09
AB275090 CYSGM−7

AF123302 Chrysoxys sp.
DQ310261 FV23 1B1

EF165124 Ochromonas aestuarii
U42382 Ochromonas sp.

AF123298 Epipyxis pulchra
AF123301 Epipyxis aurea

U71196 Chrysonephele palustris
AF123297 Chrysolepidomonas dendrolepidota

AY919762 LG22−12
EF165110 Ochromonas sp.

EF165111 Ochromonas vasocystis
AY919828 LG81−06

AY651097 Spumella JBC07
AY919824 LG73−06

AY642745 A34
AY082999 RT5in36

AY082982 RT5in4
EF165126 Ochromonas sp.

AY082987 RT5iin35

AF123294 Ochromonas sphaerocystis
EF165123 Ochromonas sphaerocystis

EF165143 Ochromonas perlata
AY651078 Spumella JBC2

EF165108 Ochromonas danica
M32704 Ochromonas danica

DQ388540 Spumella JBC21
AY520447 Ochromonas sp.

AB023070 Poterioochromonas malhamensis
EF165112 Ochromonas gloeopara

AF123295 Poterioochromonas stipitata
EF165115 Ochromonas sp.

AY699607 Poterioochromonas sp.
EF165114 Poterioochromonas malhamensis

DQ388542 Spumella JBNA46
EF024085 Amb.18S.6261

AY642741 A43
AY651077 Spumella JBAF33

EF165132 Uroglena sp.

AF123282 Chromophyton rosanoffii
M87331 Hibberdia magna

AY082970 RT5in9
EF165103 Chromulina sp.

AF123284 Chrysochaete britannica
EF165130 Chrysocapsa sp.

AF123283 Chrysocapsa vernalis
EF165105 Chrysocapsa vernalis

EF165145 Chrysocapsa paludosa

EF172998 SSRPE02

EF172974 Q2B03N10

EF172972 N10E01
FJ537347 Biosope T65.123

AY129065 UEPAC37p4

AY129063 UEPAC48p3

DQ647519 CD8.18

AY919806 LG35−09

AY919698 LG06−01
AY919747 LG19−10

AY919684 LG02−12
AY919759 LG22−01

AY919725 LG12−10

AY179989 CCI40
AY919744 LG18−10

AF123296 Phaeoplaca thallosa
EU025002 Ochromonas sp.

AY180010
EF165134 Chrysophyceae sp.

EU247834 Chrysophyceae sp.
EF165133 Ochromonas sp.

AF123300 Chrysosaccus sp.
EF165121 Chrysosaccus sp.

AF044845 Chrysosaccus sp.
EF165120 Chrysosaccus sp.
M87332 Chromulina chionophila

EF165106 Chromophyton rosanoffii
EF165107 Chromophyton rosanoffii

AF123288 Lagynion scherfelii
EF165146 Lagynion ampullaceum

AF123299 Chrysosphaera parvula
AF123293 Ochromonas tuberculata

AY642709 P34.48

AY919798 LG33−07
AY919811 LG43−07

AY919742 LG18−01
AY919789 LG31−01

AY642705 P34.45
AY919829 LG92−06

AY651098 Spumella JBM08
AY651092 Spumella JBM18

AY919778 LG26−11

AY651071 Spumella JBAF35
U42454 Oikomonas mutabilis

AY520451 Oikomonas sp.

AF123285 Chromulina nebulosa
EF165101 Chromulina nebulosa

AF123286 Chrysamoeba pyrenoidifera
AF123287 Chrysamoeba mikrokonta

AY821972 CV1.B1.76
EF165102 Chrysamoeba tenera

AY642697 P34.28
EF185316 Chrysosphaerella sp.

AY919702 LG07−07
AY919800 LG34−01

AY919817 LG48−06
AY642726 PG5.3

AY919757 LG21−07
AY919791 LG32−01

AF123292 Cyclonexis annularis
AY651093 Spumella JBC27

DQ487199 Synura sp.
EF165116 Synura petersenii

U73224 Synura glabra
EF165117 Synura petersenii
U73223 Synura petersenii

EF165129 Synura petersenii

U73225 Mallomonas adamas
U73226 Mallomonas splendens

EF165118 Mallomonas insignis

U73227 Mallomonas matvienkoae
U73228 Mallomonas caudata

M55285 Mallomonas papillosa
U73231 Mallomonas rasilis

EU024970 Mallomonas tonsurata
U73232 Mallomonas striata

M87333 Mallomonas striata
U73229 Mallomonas akrokomos

EF165127 Mallomonas annulata
U73230 Mallomonas annulata

U73222 Synura uvella

EF165128 Synura curtispina
M87336 Synura spinosa

EU025006 Synura sphagnicola
U73221 Synura sphagnicola

U73220 Synura mammillosa

EF165119 Tessellaria volvocina
U73219 Tessellaria volvocina

AY919699 LG06−07
AY919816 LG47−07

AY651096Spumella JBM06
AY919818 LG48−10

AJ236863Paraphysomonas sp.

AF109323Paraphysomonas imperforata
AF109324 Paraphysomonas imperforata

AY180017 CCW27
AY665995 Paraphysomonas sp.

AB275089 CYSGM−6
DQ310307 FV36 CilF11

Z38025 Paraphysomonas foraminifera
AF174376 Paraphysomonas foraminifera

DQ310204 FV18 3A1
DQ310258 FV23 1C3

DQ103873 M3 18G02
DQ103874 M3 18A12

DQ103789 M1 18H01
DQ103808 M4 18F06

AF109322 Paraphysomonas bandaiensis

AB022864 Paraphysomonas foraminifera
Z28335 Paraphysomonas vestita

AF109325 Paraphysomonas vestita
AB168053 Monas sp.

AY642717 P1.35
DQ103782 M4 18B07

AY651090 Spumella JBC29
AY651091 Spumella JBNZ40

AY919766 LG23−10

DQ310247 FV18 3B4
DQ310257 FV23 1B7

AF109326 Paraphysomonas butcheri
AY821968 CV1.B1.34

AY642746 A1
AY919815 LG46−06

AY919756 LG21−05
AB275091 CYSGM−8

AY520450 Oikomonas sp.

FJ537340 Biosope T60.030

FJ537338 Biosope T60.011
EF172948 SSRPD64

FJ537356 Biosope T84.071

FJ537351 Biosope T65.151

DQ647511 CD8.06

FJ537322 Biosope T39.120
FJ537315 Biosope T39.013

AY919812 LG44−07

AY919724 LG12−01
AY919772 LG25−07

AY919691 LG04−04
AY919743 LG18−09

AY919804 LG34−12
AY919813 LG44−09

AY919802 LG34−04
AY919688 LG03−12

AY919765 LG23−07

FJ537317 Biosope T39.040
FJ537319 Biosope T39.098

FJ537339 Biosope T60.024
EU561701 IND31.28

FJ537343 Biosope T65.104
FJ537348 Biosope T65.136

FJ537350 Biosope T65.146

AY426840 BL000921.17

HQ437175 OA3.6

DQ647516 CD8.15
HQ437176 OA3.9

EU561718 IND31.45

AB052273 Nannochloropsis oceanica

0.06

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(E) Chrysophyceae

Clade C

Clade B1

Clade D

Clade E

Clade B2

Clade A

Clade F1

Clade F2

Clade J

Clade G

Clade I

Clade H

(E) Chrysophyceae  (continued)
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RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

1 / Spumella IOW86 (100%)

1199 / Spumella IOW86 (99.0%)

307 / Pedospumella encystans (100%)

816 / Pedospumella encystans (99.5%)

614 / Spumella IOW86 (99.5%)

11 / Spumella IOW86 (99.5%)

4773m / Chrysophyceae−sp61

2991 / Chrysophyceae−sp40
9105m / Dinobryon faculiferum (97.9%)

3006m / Chrysophyceae−sp63

2060 / Chrysophyceae−sp29

2125 / Chrysophyceae−sp20

1439 / Chrysophyceae−sp18
8834 / Chrysophyceae−sp72

805 / Chrysophyceae−sp10

5267 / Chrysophyceae−sp41
7159 / Chrysophyceae−sp55

243 / Chrysophyceae−sp5

14395 / Chrysophyceae−sp83

277 / Chrysophyceae−sp4

14024 / Chrysophyceae−sp85

916 / Chrysophyceae−sp9

1460 / Chrysophyceae−sp26

1920 / Chrysophyceae−sp30
2075 / Chrysophyceae−sp21

1473 / Chrysophyceae−sp31

670 / Chrysophyceae−sp7
2139 / Chrysophyceae−sp24

1122 / Chrysophyceae−sp17

2645 / Chrysophyceae−sp32
8122 / Chrysophyceae−sp80

7010 / Chrysophyceae−sp60

3438 / Chrysophyceae−sp69

4741 / Chrysophyceae−sp19

5100 / Chrysophyceae−sp53

3490 / Chrysophyceae−sp76

11063 / Paraphysomonas sp. (99%)

6445 / Paraphysomonas imperforata (99.0%)

9920m / Chrysophyceae−sp87

141 / Paraphysomonas bandaiensis (100%)

16 / Chrysophyceae−sp1

101 / Chrysophyceae−sp11

6517 / Chrysophyceae−sp59

6059 / Chrysophyceae−sp48

942 / Chrysophyceae−sp15
969 / Chrysophyceae−sp14

5226 / Chrysophyceae−sp46

649 / Chrysophyceae−sp8

4253 / Chrysophyceae−sp35
213 / Chrysophyceae−sp2

4575 / Chrysophyceae−sp28

322m / Chrysophyceae−sp6

2567 / Chrysophyceae−sp25

3711 / Chrysophyceae−sp34

3034 / Chrysophyceae−sp37
3956 / Chrysophyceae−sp33

9354 / Chrysophyceae−sp57

246m / Chrysophyceae−sp3

2226 / Chrysophyceae−sp23

5930 / Chrysophyceae−sp45

1435 / Chrysophyceae−sp16
3980 / Chrysophyceae−sp27

934 / Chrysophyceae−sp12

18609 / Chrysophyceae−sp67
3323m / Chrysophyceae−sp44

7826 / Chrysophyceae−sp49
595m / Chrysophyceae−sp13

2344 / Chrysophyceae−sp22

3814 / Chrysophyceae−sp50
5272 / Chrysophyceae−sp56

1535 / Spumella IOW86 (99.7%)
1803 / Spumella IOW86 (99.5%)

15450 / Spumella IOW86 (99.0%)

686 / Spumella IOW86 (99.7%)
2135 / Spumella IOW86 (99.7%)

3265 / Spumella IOW86 (99.5%)
5370 / Spumella IOW86 (99.5%)

706 / Spumella IOW86 (99.7%)

1930 / Spumella IOW86 (99.7%)
2105 / Spumella IOW86 (99.7%)

6818 / Spumella IOW86 (99.2%)

7691m / Chrysophyceae−sp78

14254 / Chrysophyceae−sp84

13953 / Chrysophyceae−sp86

8670 / Chrysophyceae−sp77

7371 / Chrysophyceae−sp71
16910 / Chrysophyceae−sp81

13536 / Chrysophyceae−sp64

11263 / Chrysophyceae−sp82

1620m / Chrysophyceae−sp70

11014 / Chrysophyceae−sp58
14071 / Chrysophyceae−sp75

6060 / Chrysophyceae−sp39

22618 / Chrysophyceae−sp62

12383 / Chrysophyceae−sp74
5349 / Chrysophyceae−sp47

9259 / Chrysophyceae−sp65

16823 / Chrysophyceae−sp66

6192 / Chrysophyceae−sp43

2009m / Chrysophyceae−sp42

3904 / Chrysophyceae−sp51

5743m / Chrysophyceae−sp54

2898 / Chrysophyceae−sp36
4774 / Chrysophyceae−sp38

8754 / Chrysophyceae−sp73

12082 / Chrysophyceae−sp68
20420 / Chrysophyceae−sp79

4836m / Chrysophyceae−sp52

ASV_4114

ASV_21629

ASV_11569

ASV_12308
ASV_22887

ASV_11817

ASV_6426

ASV_12853

ASV_12930

ASV_3366m

ASV_10832

ASV_8243

ASV_10689

ASV_7593

ASV_15375
ASV_21393

ASV_6996
ASV_7499

ASV_22438
ASV_13352

ASV_11108

ASV_16276

ASV_13961
ASV_22680
ASV_21012

ASV_13682

ASV_16774

ASV_4431m

ASV_6364

ASV_3234
ASV_3873

ASV_18613

ASV_19608
ASV_14419

ASV_8544
ASV_13957

ASV_5560
ASV_8854

ASV_18746

ASV_11492

ASV_24337
ASV_24994

ASV_24066

ASV_10069
ASV_19774

ASV_14212
ASV_23181

ASV_11649

ASV_10513
ASV_15085

ASV_22921

ASV_7916

ASV_12218

ASV_12356

ASV_22638

ASV_24895

EF633325 Chrysophyta JZH200700

EF023552 Amb.18S.772
EF023675 Amb.18S.936

AY651085 Spumella JBM/512

AY651084 Spumella JBM19

AJ236859 Spumella elongata

AY651083 Spumella JBM/S11

EF027354 Spumella sp.

AJ236861 Spumella danica

AY651079 Spumella JBAS36
AY651080 Spumella JBC13

AY651081 Spumella JBC/S23
DQ310336 FV233A12

AF123290 Uroglena americana
EF165131 Uroglena americana

AY919807 LG35−11
AY919777 LG26−10

EU024983 Uroglena sp.
AY919717 LG10−03

EF165142 Ochromonas sp.
EU247838 Ochromonadaceae sp.

EF165139 Ochromonas sp.
U42381 Ochromonas sp.

EF165137 Ochromonas sp.
EF165138 Ochromonas marina

EF165135 Ochromonas sp.
EF165136 Ochromonas marina

DQ310291 FV36 CilC7

DQ388551 Spumella 194f
DQ388565 Spumella 1036

AY651086 Spumella JBL14

AJ236857 Spumella 15G
DQ388557 Spumella 391f

AB425951 Spumella Mbc3C

AJ236858 Spumella 37G
DQ388560 Spumella 1020

DQ388561 Spumella 1026

DQ388543 Spumella 8b3
EF023425 Amb.18S.766

DQ388554 Spumella 45b3hm
AJ236862 Spumella SpiG

DQ388568 Spumella 1305
DQ388562 Spumella 1027
DQ388559 Spumella 1013

AJ236860 Spumella obliqua
AY651088 Spumella JBNZ39

AY651089 Spumella JBM28

EU076736 Dinobryon divergens
EU076737 Dinobryon divergens

EU025019 Dinobryon divergens

EU024973 Dinobryon bavaricum
EU076735 Dinobryon bavaricum

EU024976 Dinobryon divergens
EU024980 Dinobryon crenulatum

EU024975 Dinobryon sociale
EU024993 Dinobryon pediforme

AY919719 LG10−11
AY919796 LG33−02

EF165141 Dinobryon sociale

AF123291 Dinobryon sociale
EF165140 Dinobryon cylindricum

AF123289 Dinobryon sertularia

AY919752 LG20−09
AB275090 CYSGM−7

AF123302 Chrysoxys sp.
DQ310261 FV23 1B1

EF165124 Ochromonas aestuarii
U42382 Ochromonas sp.

AF123298 Epipyxis pulchra
AF123301 Epipyxis aurea

U71196 Chrysonephele palustris
AF123297 Chrysolepidomonas dendrolepidota

AY919762 LG22−12
EF165110 Ochromonas sp.

EF165111 Ochromonas vasocystis
AY919828 LG81−06

AY651097 Spumella JBC07
AY919824 LG73−06

AY642745 A34
AY082999 RT5in36

AY082982 RT5in4
EF165126 Ochromonas sp.

AY082987 RT5iin35

AF123294 Ochromonas sphaerocystis
EF165123 Ochromonas sphaerocystis

EF165143 Ochromonas perlata
AY651078 Spumella JBC2

EF165108 Ochromonas danica
M32704 Ochromonas danica

DQ388540 Spumella JBC21
AY520447 Ochromonas sp.

AB023070 Poterioochromonas malhamensis
EF165112 Ochromonas gloeopara

AF123295 Poterioochromonas stipitata
EF165115 Ochromonas sp.

AY699607 Poterioochromonas sp.
EF165114 Poterioochromonas malhamensis

DQ388542 Spumella JBNA46
EF024085 Amb.18S.6261

AY642741 A43
AY651077 Spumella JBAF33

EF165132 Uroglena sp.

AF123282 Chromophyton rosanoffii
M87331 Hibberdia magna

AY082970 RT5in9
EF165103 Chromulina sp.

AF123284 Chrysochaete britannica
EF165130 Chrysocapsa sp.

AF123283 Chrysocapsa vernalis
EF165105 Chrysocapsa vernalis

EF165145 Chrysocapsa paludosa

EF172998 SSRPE02

EF172974 Q2B03N10

EF172972 N10E01
FJ537347 Biosope T65.123

AY129065 UEPAC37p4

AY129063 UEPAC48p3

DQ647519 CD8.18

AY919806 LG35−09

AY919698 LG06−01
AY919747 LG19−10

AY919684 LG02−12
AY919759 LG22−01

AY919725 LG12−10

AY179989 CCI40
AY919744 LG18−10

AF123296 Phaeoplaca thallosa
EU025002 Ochromonas sp.

AY180010
EF165134 Chrysophyceae sp.

EU247834 Chrysophyceae sp.
EF165133 Ochromonas sp.

AF123300 Chrysosaccus sp.
EF165121 Chrysosaccus sp.

AF044845 Chrysosaccus sp.
EF165120 Chrysosaccus sp.
M87332 Chromulina chionophila

EF165106 Chromophyton rosanoffii
EF165107 Chromophyton rosanoffii

AF123288 Lagynion scherfelii
EF165146 Lagynion ampullaceum

AF123299 Chrysosphaera parvula
AF123293 Ochromonas tuberculata

AY642709 P34.48

AY919798 LG33−07
AY919811 LG43−07

AY919742 LG18−01
AY919789 LG31−01

AY642705 P34.45
AY919829 LG92−06

AY651098 Spumella JBM08
AY651092 Spumella JBM18

AY919778 LG26−11

AY651071 Spumella JBAF35
U42454 Oikomonas mutabilis

AY520451 Oikomonas sp.

AF123285 Chromulina nebulosa
EF165101 Chromulina nebulosa

AF123286 Chrysamoeba pyrenoidifera
AF123287 Chrysamoeba mikrokonta

AY821972 CV1.B1.76
EF165102 Chrysamoeba tenera

AY642697 P34.28
EF185316 Chrysosphaerella sp.

AY919702 LG07−07
AY919800 LG34−01

AY919817 LG48−06
AY642726 PG5.3

AY919757 LG21−07
AY919791 LG32−01

AF123292 Cyclonexis annularis
AY651093 Spumella JBC27

DQ487199 Synura sp.
EF165116 Synura petersenii

U73224 Synura glabra
EF165117 Synura petersenii
U73223 Synura petersenii

EF165129 Synura petersenii

U73225 Mallomonas adamas
U73226 Mallomonas splendens

EF165118 Mallomonas insignis

U73227 Mallomonas matvienkoae
U73228 Mallomonas caudata

M55285 Mallomonas papillosa
U73231 Mallomonas rasilis

EU024970 Mallomonas tonsurata
U73232 Mallomonas striata

M87333 Mallomonas striata
U73229 Mallomonas akrokomos

EF165127 Mallomonas annulata
U73230 Mallomonas annulata

U73222 Synura uvella

EF165128 Synura curtispina
M87336 Synura spinosa

EU025006 Synura sphagnicola
U73221 Synura sphagnicola

U73220 Synura mammillosa

EF165119 Tessellaria volvocina
U73219 Tessellaria volvocina

AY919699 LG06−07
AY919816 LG47−07

AY651096Spumella JBM06
AY919818 LG48−10

AJ236863Paraphysomonas sp.

AF109323Paraphysomonas imperforata
AF109324 Paraphysomonas imperforata

AY180017 CCW27
AY665995 Paraphysomonas sp.

AB275089 CYSGM−6
DQ310307 FV36 CilF11

Z38025 Paraphysomonas foraminifera
AF174376 Paraphysomonas foraminifera

DQ310204 FV18 3A1
DQ310258 FV23 1C3

DQ103873 M3 18G02
DQ103874 M3 18A12

DQ103789 M1 18H01
DQ103808 M4 18F06

AF109322 Paraphysomonas bandaiensis

AB022864 Paraphysomonas foraminifera
Z28335 Paraphysomonas vestita

AF109325 Paraphysomonas vestita
AB168053 Monas sp.

AY642717 P1.35
DQ103782 M4 18B07

AY651090 Spumella JBC29
AY651091 Spumella JBNZ40

AY919766 LG23−10

DQ310247 FV18 3B4
DQ310257 FV23 1B7

AF109326 Paraphysomonas butcheri
AY821968 CV1.B1.34

AY642746 A1
AY919815 LG46−06

AY919756 LG21−05
AB275091 CYSGM−8

AY520450 Oikomonas sp.

FJ537340 Biosope T60.030

FJ537338 Biosope T60.011
EF172948 SSRPD64

FJ537356 Biosope T84.071

FJ537351 Biosope T65.151

DQ647511 CD8.06

FJ537322 Biosope T39.120
FJ537315 Biosope T39.013

AY919812 LG44−07

AY919724 LG12−01
AY919772 LG25−07

AY919691 LG04−04
AY919743 LG18−09

AY919804 LG34−12
AY919813 LG44−09

AY919802 LG34−04
AY919688 LG03−12

AY919765 LG23−07

FJ537317 Biosope T39.040
FJ537319 Biosope T39.098

FJ537339 Biosope T60.024
EU561701 IND31.28

FJ537343 Biosope T65.104
FJ537348 Biosope T65.136

FJ537350 Biosope T65.146

AY426840 BL000921.17

HQ437175 OA3.6

DQ647516 CD8.15
HQ437176 OA3.9

EU561718 IND31.45

AB052273 Nannochloropsis oceanica

0.06

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(E) Chrysophyceae

Clade C

Clade B1

Clade D

Clade E

Clade B2

Clade A

Clade F1

Clade F2

Clade J

Clade G

Clade I

Clade H

(E) Chrysophyceae  (continued)
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CHAPTER 2

1 / Spumella IOW86 (100%)

1199 / Spumella IOW86 (99.0%)

307 / Pedospumella encystans (100%)

816 / Pedospumella encystans (99.5%)

614 / Spumella IOW86 (99.5%)

11 / Spumella IOW86 (99.5%)

4773m / Chrysophyceae−sp61

2991 / Chrysophyceae−sp40
9105m / Dinobryon faculiferum (97.9%)

3006m / Chrysophyceae−sp63

2060 / Chrysophyceae−sp29

2125 / Chrysophyceae−sp20

1439 / Chrysophyceae−sp18
8834 / Chrysophyceae−sp72

805 / Chrysophyceae−sp10

5267 / Chrysophyceae−sp41
7159 / Chrysophyceae−sp55

243 / Chrysophyceae−sp5

14395 / Chrysophyceae−sp83

277 / Chrysophyceae−sp4

14024 / Chrysophyceae−sp85

916 / Chrysophyceae−sp9

1460 / Chrysophyceae−sp26

1920 / Chrysophyceae−sp30
2075 / Chrysophyceae−sp21

1473 / Chrysophyceae−sp31

670 / Chrysophyceae−sp7
2139 / Chrysophyceae−sp24

1122 / Chrysophyceae−sp17

2645 / Chrysophyceae−sp32
8122 / Chrysophyceae−sp80

7010 / Chrysophyceae−sp60

3438 / Chrysophyceae−sp69

4741 / Chrysophyceae−sp19

5100 / Chrysophyceae−sp53

3490 / Chrysophyceae−sp76

11063 / Paraphysomonas sp. (99%)

6445 / Paraphysomonas imperforata (99.0%)

9920m / Chrysophyceae−sp87

141 / Paraphysomonas bandaiensis (100%)

16 / Chrysophyceae−sp1

101 / Chrysophyceae−sp11

6517 / Chrysophyceae−sp59

6059 / Chrysophyceae−sp48

942 / Chrysophyceae−sp15
969 / Chrysophyceae−sp14

5226 / Chrysophyceae−sp46

649 / Chrysophyceae−sp8

4253 / Chrysophyceae−sp35
213 / Chrysophyceae−sp2

4575 / Chrysophyceae−sp28

322m / Chrysophyceae−sp6

2567 / Chrysophyceae−sp25

3711 / Chrysophyceae−sp34

3034 / Chrysophyceae−sp37
3956 / Chrysophyceae−sp33

9354 / Chrysophyceae−sp57

246m / Chrysophyceae−sp3

2226 / Chrysophyceae−sp23

5930 / Chrysophyceae−sp45

1435 / Chrysophyceae−sp16
3980 / Chrysophyceae−sp27

934 / Chrysophyceae−sp12

18609 / Chrysophyceae−sp67
3323m / Chrysophyceae−sp44

7826 / Chrysophyceae−sp49
595m / Chrysophyceae−sp13

2344 / Chrysophyceae−sp22

3814 / Chrysophyceae−sp50
5272 / Chrysophyceae−sp56

1535 / Spumella IOW86 (99.7%)
1803 / Spumella IOW86 (99.5%)

15450 / Spumella IOW86 (99.0%)

686 / Spumella IOW86 (99.7%)
2135 / Spumella IOW86 (99.7%)

3265 / Spumella IOW86 (99.5%)
5370 / Spumella IOW86 (99.5%)

706 / Spumella IOW86 (99.7%)

1930 / Spumella IOW86 (99.7%)
2105 / Spumella IOW86 (99.7%)

6818 / Spumella IOW86 (99.2%)

7691m / Chrysophyceae−sp78

14254 / Chrysophyceae−sp84

13953 / Chrysophyceae−sp86

8670 / Chrysophyceae−sp77

7371 / Chrysophyceae−sp71
16910 / Chrysophyceae−sp81

13536 / Chrysophyceae−sp64

11263 / Chrysophyceae−sp82

1620m / Chrysophyceae−sp70

11014 / Chrysophyceae−sp58
14071 / Chrysophyceae−sp75

6060 / Chrysophyceae−sp39

22618 / Chrysophyceae−sp62

12383 / Chrysophyceae−sp74
5349 / Chrysophyceae−sp47

9259 / Chrysophyceae−sp65

16823 / Chrysophyceae−sp66

6192 / Chrysophyceae−sp43

2009m / Chrysophyceae−sp42

3904 / Chrysophyceae−sp51

5743m / Chrysophyceae−sp54

2898 / Chrysophyceae−sp36
4774 / Chrysophyceae−sp38

8754 / Chrysophyceae−sp73

12082 / Chrysophyceae−sp68
20420 / Chrysophyceae−sp79

4836m / Chrysophyceae−sp52

ASV_4114

ASV_21629

ASV_11569

ASV_12308
ASV_22887

ASV_11817

ASV_6426

ASV_12853

ASV_12930

ASV_3366m

ASV_10832

ASV_8243

ASV_10689

ASV_7593

ASV_15375
ASV_21393

ASV_6996
ASV_7499

ASV_22438
ASV_13352

ASV_11108

ASV_16276

ASV_13961
ASV_22680
ASV_21012

ASV_13682

ASV_16774

ASV_4431m

ASV_6364

ASV_3234
ASV_3873

ASV_18613

ASV_19608
ASV_14419

ASV_8544
ASV_13957

ASV_5560
ASV_8854

ASV_18746

ASV_11492

ASV_24337
ASV_24994

ASV_24066

ASV_10069
ASV_19774

ASV_14212
ASV_23181

ASV_11649

ASV_10513
ASV_15085

ASV_22921

ASV_7916

ASV_12218

ASV_12356

ASV_22638

ASV_24895

EF633325 Chrysophyta JZH200700

EF023552 Amb.18S.772
EF023675 Amb.18S.936

AY651085 Spumella JBM/512

AY651084 Spumella JBM19

AJ236859 Spumella elongata

AY651083 Spumella JBM/S11

EF027354 Spumella sp.

AJ236861 Spumella danica

AY651079 Spumella JBAS36
AY651080 Spumella JBC13

AY651081 Spumella JBC/S23
DQ310336 FV233A12

AF123290 Uroglena americana
EF165131 Uroglena americana

AY919807 LG35−11
AY919777 LG26−10

EU024983 Uroglena sp.
AY919717 LG10−03

EF165142 Ochromonas sp.
EU247838 Ochromonadaceae sp.

EF165139 Ochromonas sp.
U42381 Ochromonas sp.

EF165137 Ochromonas sp.
EF165138 Ochromonas marina

EF165135 Ochromonas sp.
EF165136 Ochromonas marina

DQ310291 FV36 CilC7

DQ388551 Spumella 194f
DQ388565 Spumella 1036

AY651086 Spumella JBL14

AJ236857 Spumella 15G
DQ388557 Spumella 391f

AB425951 Spumella Mbc3C

AJ236858 Spumella 37G
DQ388560 Spumella 1020

DQ388561 Spumella 1026

DQ388543 Spumella 8b3
EF023425 Amb.18S.766

DQ388554 Spumella 45b3hm
AJ236862 Spumella SpiG

DQ388568 Spumella 1305
DQ388562 Spumella 1027
DQ388559 Spumella 1013

AJ236860 Spumella obliqua
AY651088 Spumella JBNZ39

AY651089 Spumella JBM28

EU076736 Dinobryon divergens
EU076737 Dinobryon divergens

EU025019 Dinobryon divergens

EU024973 Dinobryon bavaricum
EU076735 Dinobryon bavaricum

EU024976 Dinobryon divergens
EU024980 Dinobryon crenulatum

EU024975 Dinobryon sociale
EU024993 Dinobryon pediforme

AY919719 LG10−11
AY919796 LG33−02

EF165141 Dinobryon sociale

AF123291 Dinobryon sociale
EF165140 Dinobryon cylindricum

AF123289 Dinobryon sertularia

AY919752 LG20−09
AB275090 CYSGM−7

AF123302 Chrysoxys sp.
DQ310261 FV23 1B1

EF165124 Ochromonas aestuarii
U42382 Ochromonas sp.

AF123298 Epipyxis pulchra
AF123301 Epipyxis aurea

U71196 Chrysonephele palustris
AF123297 Chrysolepidomonas dendrolepidota

AY919762 LG22−12
EF165110 Ochromonas sp.

EF165111 Ochromonas vasocystis
AY919828 LG81−06

AY651097 Spumella JBC07
AY919824 LG73−06

AY642745 A34
AY082999 RT5in36

AY082982 RT5in4
EF165126 Ochromonas sp.

AY082987 RT5iin35

AF123294 Ochromonas sphaerocystis
EF165123 Ochromonas sphaerocystis

EF165143 Ochromonas perlata
AY651078 Spumella JBC2

EF165108 Ochromonas danica
M32704 Ochromonas danica

DQ388540 Spumella JBC21
AY520447 Ochromonas sp.

AB023070 Poterioochromonas malhamensis
EF165112 Ochromonas gloeopara

AF123295 Poterioochromonas stipitata
EF165115 Ochromonas sp.

AY699607 Poterioochromonas sp.
EF165114 Poterioochromonas malhamensis

DQ388542 Spumella JBNA46
EF024085 Amb.18S.6261

AY642741 A43
AY651077 Spumella JBAF33

EF165132 Uroglena sp.

AF123282 Chromophyton rosanoffii
M87331 Hibberdia magna

AY082970 RT5in9
EF165103 Chromulina sp.

AF123284 Chrysochaete britannica
EF165130 Chrysocapsa sp.

AF123283 Chrysocapsa vernalis
EF165105 Chrysocapsa vernalis

EF165145 Chrysocapsa paludosa

EF172998 SSRPE02

EF172974 Q2B03N10

EF172972 N10E01
FJ537347 Biosope T65.123

AY129065 UEPAC37p4

AY129063 UEPAC48p3

DQ647519 CD8.18

AY919806 LG35−09

AY919698 LG06−01
AY919747 LG19−10

AY919684 LG02−12
AY919759 LG22−01

AY919725 LG12−10

AY179989 CCI40
AY919744 LG18−10

AF123296 Phaeoplaca thallosa
EU025002 Ochromonas sp.

AY180010
EF165134 Chrysophyceae sp.

EU247834 Chrysophyceae sp.
EF165133 Ochromonas sp.

AF123300 Chrysosaccus sp.
EF165121 Chrysosaccus sp.

AF044845 Chrysosaccus sp.
EF165120 Chrysosaccus sp.
M87332 Chromulina chionophila

EF165106 Chromophyton rosanoffii
EF165107 Chromophyton rosanoffii

AF123288 Lagynion scherfelii
EF165146 Lagynion ampullaceum

AF123299 Chrysosphaera parvula
AF123293 Ochromonas tuberculata

AY642709 P34.48

AY919798 LG33−07
AY919811 LG43−07

AY919742 LG18−01
AY919789 LG31−01

AY642705 P34.45
AY919829 LG92−06

AY651098 Spumella JBM08
AY651092 Spumella JBM18

AY919778 LG26−11

AY651071 Spumella JBAF35
U42454 Oikomonas mutabilis

AY520451 Oikomonas sp.

AF123285 Chromulina nebulosa
EF165101 Chromulina nebulosa

AF123286 Chrysamoeba pyrenoidifera
AF123287 Chrysamoeba mikrokonta

AY821972 CV1.B1.76
EF165102 Chrysamoeba tenera

AY642697 P34.28
EF185316 Chrysosphaerella sp.

AY919702 LG07−07
AY919800 LG34−01

AY919817 LG48−06
AY642726 PG5.3

AY919757 LG21−07
AY919791 LG32−01

AF123292 Cyclonexis annularis
AY651093 Spumella JBC27

DQ487199 Synura sp.
EF165116 Synura petersenii

U73224 Synura glabra
EF165117 Synura petersenii
U73223 Synura petersenii

EF165129 Synura petersenii

U73225 Mallomonas adamas
U73226 Mallomonas splendens

EF165118 Mallomonas insignis

U73227 Mallomonas matvienkoae
U73228 Mallomonas caudata

M55285 Mallomonas papillosa
U73231 Mallomonas rasilis

EU024970 Mallomonas tonsurata
U73232 Mallomonas striata

M87333 Mallomonas striata
U73229 Mallomonas akrokomos

EF165127 Mallomonas annulata
U73230 Mallomonas annulata

U73222 Synura uvella

EF165128 Synura curtispina
M87336 Synura spinosa

EU025006 Synura sphagnicola
U73221 Synura sphagnicola

U73220 Synura mammillosa

EF165119 Tessellaria volvocina
U73219 Tessellaria volvocina

AY919699 LG06−07
AY919816 LG47−07

AY651096Spumella JBM06
AY919818 LG48−10

AJ236863Paraphysomonas sp.

AF109323Paraphysomonas imperforata
AF109324 Paraphysomonas imperforata

AY180017 CCW27
AY665995 Paraphysomonas sp.

AB275089 CYSGM−6
DQ310307 FV36 CilF11

Z38025 Paraphysomonas foraminifera
AF174376 Paraphysomonas foraminifera

DQ310204 FV18 3A1
DQ310258 FV23 1C3

DQ103873 M3 18G02
DQ103874 M3 18A12

DQ103789 M1 18H01
DQ103808 M4 18F06

AF109322 Paraphysomonas bandaiensis

AB022864 Paraphysomonas foraminifera
Z28335 Paraphysomonas vestita

AF109325 Paraphysomonas vestita
AB168053 Monas sp.

AY642717 P1.35
DQ103782 M4 18B07

AY651090 Spumella JBC29
AY651091 Spumella JBNZ40

AY919766 LG23−10

DQ310247 FV18 3B4
DQ310257 FV23 1B7

AF109326 Paraphysomonas butcheri
AY821968 CV1.B1.34

AY642746 A1
AY919815 LG46−06

AY919756 LG21−05
AB275091 CYSGM−8

AY520450 Oikomonas sp.

FJ537340 Biosope T60.030

FJ537338 Biosope T60.011
EF172948 SSRPD64

FJ537356 Biosope T84.071

FJ537351 Biosope T65.151

DQ647511 CD8.06

FJ537322 Biosope T39.120
FJ537315 Biosope T39.013

AY919812 LG44−07

AY919724 LG12−01
AY919772 LG25−07

AY919691 LG04−04
AY919743 LG18−09

AY919804 LG34−12
AY919813 LG44−09

AY919802 LG34−04
AY919688 LG03−12

AY919765 LG23−07

FJ537317 Biosope T39.040
FJ537319 Biosope T39.098

FJ537339 Biosope T60.024
EU561701 IND31.28

FJ537343 Biosope T65.104
FJ537348 Biosope T65.136

FJ537350 Biosope T65.146

AY426840 BL000921.17

HQ437175 OA3.6

DQ647516 CD8.15
HQ437176 OA3.9

EU561718 IND31.45

AB052273 Nannochloropsis oceanica

0.06

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(E) Chrysophyceae

Clade C

Clade B1

Clade D

Clade E

Clade B2

Clade A

Clade F1

Clade F2

Clade J

Clade G

Clade I

Clade H

(E) Chrysophyceae  (continued)
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2195 / Dictyochophyceae−sp2
2636 / Dictyochophyceae−sp3

3859 / Dictyochophyceae−sp11
2740 / Dictyochophyceae−sp7

3895 / Dictyochophyceae−sp6

4748 / Dictyochophyceae−sp10
7821 / Dictyochophyceae−sp14

285 / Dictyochophyceae−sp1

8705 / Dictyochophyceae−sp16
5454 / Dictyochophyceae−sp9

2687 / Dictyochophyceae−sp4
4449 / Dictyochophyceae−sp8

9475 / Dictyochophyceae−sp17

13278 / Dictyochophyceae−sp18

22568 / Dictyochophyceae−sp20
22804 / Dictyochophyceae−sp21

13010m / Dictyochophyceae−sp19
5982 / Dictyochophyceae−sp12

2674 / Dictyochophyceae−sp5

10253 / Dictyochophyceae−sp15

3763m / Dictyochophyceae−sp13

ASV_17852
ASV_8772

ASV_13685
ASV_17867

ASV_7653

ASV_21835

AY254857 Florenciella parvula
U14385 Dictyocha speculum

AB081640 Pteridomonas danica
L37204 Pteridomonas danica

U14384 Apedinella radians
U14387 Pseudopedinella elastica

AB081517 Pedinella squamata
HQ710561 Pseudopedinella sp. HSY−2011

AB081641 Ciliophrys infusionum
L37205 Ciliophrys infusionum

U14388 Rhizochromulina cf. marina

AF123285 Chromulina nebulosa
M87329 Rhizosolenia setigera

U14389 Pelagomonas calceolata

0.02

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(F) Dictyochophyceae

Pedinellales

Dictyochales
Florenciellales

Ciliophryales/
Rhizocromulinales
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CHAPTER 2

75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
2785 / MAST−3H−sp1

5536 / MAST−3H−sp4

6827 / MAST−3H−sp5

9910 / MAST−3H−sp17

3631 / MAST−3H−sp2

4564m / MAST−3−sp4
6424 / MAST−3−sp1

3974 / MAST−3L−sp4
7875 / MAST−3L−sp6

4798 / MAST−3L−sp3
1671 / MAST−3L−sp1

2357 / MAST−3L−sp2

8408 / MAST−3L−sp5

11966 / MAST−3L−sp8

12404 / MAST−3L−sp9

12634 / MAST−12E−sp4
4347 / MAST−12E−sp2

892 / MAST−12E−sp1

11926 / MAST−12E−sp6
8715 / MAST−12E−sp3

16394m / MAST−12E−sp5

7637 / MAST−12D−sp1

15559 / MAST−12D−sp2

11236 / MAST−sp16

9997 / MAST−sp13

4211 / MAST−sp5

5680 / MAST−sp9
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EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25
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75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
2785 / MAST−3H−sp1

5536 / MAST−3H−sp4

6827 / MAST−3H−sp5

9910 / MAST−3H−sp17

3631 / MAST−3H−sp2

4564m / MAST−3−sp4
6424 / MAST−3−sp1

3974 / MAST−3L−sp4
7875 / MAST−3L−sp6

4798 / MAST−3L−sp3
1671 / MAST−3L−sp1

2357 / MAST−3L−sp2

8408 / MAST−3L−sp5

11966 / MAST−3L−sp8

12404 / MAST−3L−sp9

12634 / MAST−12E−sp4
4347 / MAST−12E−sp2

892 / MAST−12E−sp1

11926 / MAST−12E−sp6
8715 / MAST−12E−sp3

16394m / MAST−12E−sp5

7637 / MAST−12D−sp1

15559 / MAST−12D−sp2

11236 / MAST−sp16

9997 / MAST−sp13

4211 / MAST−sp5

5680 / MAST−sp9

3063 / MAST−sp4
8914 / MAST−25−sp8

312 / MAST−25−sp1
1205 / MAST−25−sp4

825 / MAST−25−sp3

514 / MAST−25−sp2
7464 / MAST−25−sp5

7490 / MAST−sp26

5971 / MAST−1D−sp13

4432 / MAST−1D−sp10

5486 / MAST−1D−sp12
1823 / MAST−1D−sp5

7742 / MAST−1D−sp14

4513 / MAST−1D−sp11

8399 / MAST−1D−sp15

9715 / MAST−1B−sp4

17581 / MAST−1B−sp7

12842 / MAST−1B−sp6

16342 / MAST−1A−sp11
8323 / MAST−1A−sp10

13096 / MAST−1A−sp6
12840 / MAST−1A−sp9

1045m / MAST−1C−sp7

4442m / MAST−1C−sp5

11918 / MAST−1C−sp6

13759 / MAST−sp21
12542 / MAST−sp17

18726 / MAST−sp18

6330m / MAST−2−sp4

3835m / MAST−2−sp7

18994 / MAST−7A−sp3

7920m / MAST−7C−sp5

6759 / MAST−7B−sp7

10143 / MAST−7B−sp10

5972 / MAST−7D−sp9

11914 / MAST−7D−sp11

12286 / MAST−11−sp10

10113 / MAST−11−sp8

11300 / MAST−4A−sp7
7610 / MAST−4A−sp5

2477 / MAST−4A−sp2

5484 / MAST−4A−sp4
8016 / MAST−4A−sp6

3644 / MAST−4B−sp3

3280 / MAST−4C−sp3

9556 / MAST−4−sp2
5607 / MAST−4−sp1

6257 / MAST−4E−sp3

16545 / MAST−9C−sp9

14558 / MAST−9C−sp8

18984 / MAST−9−sp3

22202 / MAST−9−sp4

18211 / MAST−9A−sp36
7987m / MAST−9A−sp16

13383 / MAST−9A−sp30
21999 / MAST−9A−sp40

11881 / MAST−9A−sp31

1771m / MAST−9A−sp7

7409 / MAST−9A−sp26

2396m / MAST−9A−sp24

8336 / MAST−9A−sp5

4736 / MAST−9A−sp9

4788m / MAST−9A−sp34
7871 / MAST−9A−sp23

17799 / MAST−9A−sp35

6793 / MAST−9A−sp12

7917m / MAST−9A−sp39

9792 / MAST−9A−sp22

18824 / MAST−9A−sp37

14807 / MAST−9A−sp32
8917m / MAST−9A−sp33

4999m / MAST−9A−sp29

13395 / MAST−9B−sp1

19564 / MAST−9B−sp2

12857 / MAST−8D−sp8
18185 / MAST−8D−sp11

12777 / MAST−8D−sp7

4284m / MAST−8D−sp4

22205 / MAST−8D−sp12

20609 / MAST−8D−sp9

19877 / MAST−8D−sp14

13829 / MAST−8D−sp6

6435 / MAST−8A−sp2

7389 / MAST−8C−sp5

4560m / MAST−8C−sp4
20727 / MAST−8−sp3

13930 / MAST−3I−sp22

14120 / MAST−3I−sp20

19241 / MAST−3I−sp30

13643 / MAST−3I−sp14
16463 / MAST−3I−sp26

21923 / MAST−3I−sp35

15609 / MAST−3I−sp27

6998m / MAST−3I−sp17

21731 / MAST−3I−sp29

21563 / MAST−3J−sp20

12856 / MAST−3J−sp11

23033 / MAST−3J−sp18

18101 / MAST−3J−sp7

19389 / MAST−3J−sp17

14908 / MAST−3K−sp25

7351 / MAST−3K−sp17

7285m / MAST−3K−sp15
22565 / MAST−3K−sp27

19538 / MAST−3K−sp26

23996 / MAST−3K−sp28

18597 / MAST−3−sp3
20947 / MAST−3−sp5

4681 / MAST−3A−sp18
5500 / MAST−3A−sp17
3065 / MAST−3A−sp7
4552 / MAST−3A−sp13

11343 / MAST−3A−sp24

6991 / MAST−3A−sp19
7602 / MAST−3A−sp23

4481 / MAST−3A−sp15

2714 / MAST−3A−sp10
6907 / MAST−3A−sp21
2134 / MAST−3A−sp5
2856 / MAST−3A−sp9

12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20

18060 / MAST−3A−sp26

16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18

20743 / MAST−3D−sp17

12837 / MAST−3D−sp15

7801 / MAST−3D−sp9

21976 / MAST−3D−sp14

680m / MAST−3E−sp16
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2291m / MAST−3F−sp10
999m / MAST−3F−sp5

1033m / MAST−3F−sp7
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8995 / MAST−3H−sp15
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22353 / MAST−3H−sp20
4342 / MAST−3H−sp3
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2018m / MAST−12B−sp1

13140 / MAST−12D−sp3

7858 / MAST−25−sp7

7072 / MAST−25−sp6

16905 / MAST−sp24
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ASV_24771

ASV_23373

ASV_15083
ASV_18745

ASV_14414

ASV_21793
ASV_24461

ASV_15631
ASV_17265

ASV_10483
ASV_18491

ASV_6425

ASV_22240
ASV_10449

ASV_17273

ASV_10830

ASV_21787
ASV_20795
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EU271965_Oomycetes_1308

AJ238663_Oomycetes_1686
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FJ153787_Oomycetes_1672

AB284576_Oomycetes_1678
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EF527137_Oomycetes_1655

AF372763_Oomycetes_1584
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AF163295_Hyphochytrids_1677
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AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25

(G) MAST (continued)
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CHAPTER 2

75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
2785 / MAST−3H−sp1

5536 / MAST−3H−sp4

6827 / MAST−3H−sp5

9910 / MAST−3H−sp17

3631 / MAST−3H−sp2

4564m / MAST−3−sp4
6424 / MAST−3−sp1

3974 / MAST−3L−sp4
7875 / MAST−3L−sp6

4798 / MAST−3L−sp3
1671 / MAST−3L−sp1

2357 / MAST−3L−sp2

8408 / MAST−3L−sp5

11966 / MAST−3L−sp8

12404 / MAST−3L−sp9

12634 / MAST−12E−sp4
4347 / MAST−12E−sp2

892 / MAST−12E−sp1

11926 / MAST−12E−sp6
8715 / MAST−12E−sp3

16394m / MAST−12E−sp5

7637 / MAST−12D−sp1

15559 / MAST−12D−sp2

11236 / MAST−sp16

9997 / MAST−sp13

4211 / MAST−sp5

5680 / MAST−sp9

3063 / MAST−sp4
8914 / MAST−25−sp8

312 / MAST−25−sp1
1205 / MAST−25−sp4

825 / MAST−25−sp3

514 / MAST−25−sp2
7464 / MAST−25−sp5

7490 / MAST−sp26

5971 / MAST−1D−sp13

4432 / MAST−1D−sp10

5486 / MAST−1D−sp12
1823 / MAST−1D−sp5

7742 / MAST−1D−sp14

4513 / MAST−1D−sp11

8399 / MAST−1D−sp15

9715 / MAST−1B−sp4

17581 / MAST−1B−sp7

12842 / MAST−1B−sp6

16342 / MAST−1A−sp11
8323 / MAST−1A−sp10

13096 / MAST−1A−sp6
12840 / MAST−1A−sp9

1045m / MAST−1C−sp7

4442m / MAST−1C−sp5

11918 / MAST−1C−sp6

13759 / MAST−sp21
12542 / MAST−sp17

18726 / MAST−sp18

6330m / MAST−2−sp4

3835m / MAST−2−sp7

18994 / MAST−7A−sp3

7920m / MAST−7C−sp5

6759 / MAST−7B−sp7

10143 / MAST−7B−sp10

5972 / MAST−7D−sp9

11914 / MAST−7D−sp11

12286 / MAST−11−sp10

10113 / MAST−11−sp8

11300 / MAST−4A−sp7
7610 / MAST−4A−sp5

2477 / MAST−4A−sp2

5484 / MAST−4A−sp4
8016 / MAST−4A−sp6

3644 / MAST−4B−sp3

3280 / MAST−4C−sp3

9556 / MAST−4−sp2
5607 / MAST−4−sp1

6257 / MAST−4E−sp3

16545 / MAST−9C−sp9

14558 / MAST−9C−sp8

18984 / MAST−9−sp3

22202 / MAST−9−sp4

18211 / MAST−9A−sp36
7987m / MAST−9A−sp16

13383 / MAST−9A−sp30
21999 / MAST−9A−sp40

11881 / MAST−9A−sp31

1771m / MAST−9A−sp7

7409 / MAST−9A−sp26

2396m / MAST−9A−sp24

8336 / MAST−9A−sp5

4736 / MAST−9A−sp9

4788m / MAST−9A−sp34
7871 / MAST−9A−sp23

17799 / MAST−9A−sp35

6793 / MAST−9A−sp12

7917m / MAST−9A−sp39

9792 / MAST−9A−sp22

18824 / MAST−9A−sp37

14807 / MAST−9A−sp32
8917m / MAST−9A−sp33

4999m / MAST−9A−sp29

13395 / MAST−9B−sp1

19564 / MAST−9B−sp2

12857 / MAST−8D−sp8
18185 / MAST−8D−sp11

12777 / MAST−8D−sp7

4284m / MAST−8D−sp4

22205 / MAST−8D−sp12

20609 / MAST−8D−sp9

19877 / MAST−8D−sp14

13829 / MAST−8D−sp6

6435 / MAST−8A−sp2

7389 / MAST−8C−sp5

4560m / MAST−8C−sp4
20727 / MAST−8−sp3

13930 / MAST−3I−sp22

14120 / MAST−3I−sp20

19241 / MAST−3I−sp30

13643 / MAST−3I−sp14
16463 / MAST−3I−sp26

21923 / MAST−3I−sp35

15609 / MAST−3I−sp27

6998m / MAST−3I−sp17

21731 / MAST−3I−sp29

21563 / MAST−3J−sp20

12856 / MAST−3J−sp11

23033 / MAST−3J−sp18

18101 / MAST−3J−sp7

19389 / MAST−3J−sp17

14908 / MAST−3K−sp25

7351 / MAST−3K−sp17

7285m / MAST−3K−sp15
22565 / MAST−3K−sp27

19538 / MAST−3K−sp26

23996 / MAST−3K−sp28

18597 / MAST−3−sp3
20947 / MAST−3−sp5

4681 / MAST−3A−sp18
5500 / MAST−3A−sp17
3065 / MAST−3A−sp7
4552 / MAST−3A−sp13

11343 / MAST−3A−sp24

6991 / MAST−3A−sp19
7602 / MAST−3A−sp23

4481 / MAST−3A−sp15

2714 / MAST−3A−sp10
6907 / MAST−3A−sp21
2134 / MAST−3A−sp5
2856 / MAST−3A−sp9

12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20

18060 / MAST−3A−sp26

16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18

20743 / MAST−3D−sp17

12837 / MAST−3D−sp15

7801 / MAST−3D−sp9

21976 / MAST−3D−sp14

680m / MAST−3E−sp16

2464m / MAST−3E−sp14

3315m / MAST−3E−sp11

2339m / MAST−3F−sp9
2960m / MAST−3F−sp12

2291m / MAST−3F−sp10
999m / MAST−3F−sp5

1033m / MAST−3F−sp7

11299 / MAST−3F−sp11

10982 / MAST−3G−sp4
5270 / MAST−3G−sp3

9588 / MAST−3H−sp13

8995 / MAST−3H−sp15

12386 / MAST−3H−sp11
9631 / MAST−3H−sp14

14139 / MAST−3H−sp6

4462m / MAST−3H−sp16

22353 / MAST−3H−sp20
4342 / MAST−3H−sp3

13997 / MAST−3L−sp7

20020 / MAST−12A−sp1

2018m / MAST−12B−sp1

13140 / MAST−12D−sp3

7858 / MAST−25−sp7

7072 / MAST−25−sp6

16905 / MAST−sp24

ASV_22419
ASV_22425

ASV_12697

ASV_20807

ASV_17048
ASV_18894

ASV_13727

ASV_16573
ASV_9234

ASV_11426
ASV_12970

ASV_14727

ASV_20279

ASV_18112

ASV_21804
ASV_3899m

ASV_19448

ASV_20252
ASV_15226

ASV_22462

ASV_17986

ASV_15742m
ASV_22896

ASV_21377

ASV_19585

ASV_12026m

ASV_12972

ASV_10684
ASV_22452

ASV_19593

ASV_16472

ASV_11238

ASV_18108

ASV_11383
ASV_21041

ASV_15223
ASV_20456

ASV_22028

ASV_23629

ASV_13052
ASV_20802

ASV_12054

ASV_14028

ASV_17479

ASV_13467
ASV_17599

ASV_19297

ASV_18638
ASV_22875

ASV_21430

ASV_8089
ASV_9344

ASV_23418

ASV_20825

ASV_18892
ASV_24814
ASV_20086

ASV_21200

ASV_24310

ASV_18903
ASV_23615

ASV_19300

ASV_23654
ASV_9503

ASV_13114
ASV_23621

ASV_19299

ASV_11429

ASV_14037
ASV_8645

ASV_24304

ASV_11816

ASV_23646

ASV_24901

ASV_22035

ASV_18893

ASV_13556
ASV_6739

ASV_13158

ASV_15561

ASV_20068

ASV_10422m

ASV_18867
ASV_21839

ASV_12127

ASV_24023
ASV_23628

ASV_17064
ASV_24168
ASV_24191

ASV_19148
ASV_1667m
ASV_24981

ASV_8121m

ASV_3311m

ASV_17974

ASV_22225
ASV_24317

ASV_22214
ASV_24967

ASV_23863

ASV_16568
ASV_22453

ASV_19745
ASV_23607

ASV_22891
ASV_19006
ASV_16088

ASV_18113

ASV_3923m
ASV_9830

ASV_11676
ASV_7346
ASV_8159

ASV_13348
ASV_11853
ASV_9082

ASV_8090

ASV_13847

ASV_11239
ASV_6609

ASV_14732
ASV_6846
ASV_12976
ASV_13506

ASV_15628

ASV_13304
ASV_14633

ASV_9834

ASV_23896

ASV_15466
ASV_18618

ASV_4811
ASV_11708
ASV_18752

ASV_17065
ASV_18353

ASV_11940
ASV_13004

ASV_20087
ASV_22882

ASV_24616
ASV_16381
ASV_23378

ASV_8930
ASV_5596

ASV_10000
ASV_5640

ASV_17727
ASV_14880

ASV_12216
ASV_9723

ASV_9361
ASV_9671

ASV_18500
ASV_21618

ASV_22031
ASV_15156

ASV_9211
ASV_23604

ASV_20464
ASV_24784

ASV_14876

ASV_13679
ASV_9005

ASV_19594
ASV_23406

ASV_17587

ASV_18247
ASV_22022

ASV_18137
ASV_15093

ASV_18501
ASV_19296

ASV_16672

ASV_15376
ASV_18367

ASV_14649

ASV_8478

ASV_22647
ASV_9805

ASV_24489

ASV_24042

ASV_21627

ASV_18350
ASV_14935

ASV_22454

ASV_7347
ASV_23627

ASV_15566
ASV_3269

ASV_15907
ASV_17271

ASV_12928
ASV_15373

ASV_21384

ASV_17158

ASV_22880

ASV_20670

ASV_16848

ASV_22063m
ASV_24057

ASV_6988m

ASV_24182
ASV_24899

ASV_21195

ASV_23889
ASV_24481

ASV_18238

ASV_16182
ASV_17709

ASV_22223

ASV_22922

ASV_22434
ASV_23118

ASV_16100

ASV_5938m
ASV_23919

ASV_16844
ASV_17377
ASV_21790

ASV_24466

ASV_19743
ASV_22258

ASV_14874
ASV_23113

ASV_13117

ASV_17715
ASV_20636

ASV_20799
ASV_23168

ASV_22007

ASV_16380
ASV_22235

ASV_15728
ASV_19295

ASV_19304
ASV_20267

ASV_22018
ASV_23605

ASV_23396
ASV_20462

ASV_20809
ASV_23409

ASV_15567

ASV_19459

ASV_14636
ASV_9694

ASV_13051

ASV_11864

ASV_14486

ASV_16005
ASV_18349

ASV_17264

ASV_22659

ASV_17053
ASV_9651

ASV_7697

ASV_19320
ASV_22657

ASV_15222
ASV_17058

ASV_17723
ASV_18862

ASV_17733
ASV_13783

ASV_19016
ASV_22421

ASV_16371

ASV_14413
ASV_16843

ASV_17366

ASV_14490
ASV_22420

ASV_17361

ASV_21206

ASV_13152
ASV_14035

ASV_23391
ASV_22671

ASV_14571

ASV_15820

ASV_13960
ASV_18614

ASV_18616

ASV_19301
ASV_9275

ASV_18624

ASV_22664
ASV_23421

ASV_15560

ASV_16374
ASV_17854

ASV_21420

ASV_12480
ASV_9545

ASV_21378

ASV_14351
ASV_24026

ASV_13106

ASV_17078
ASV_18236

ASV_14729
ASV_19586

ASV_24162

ASV_24615
ASV_9918

ASV_6167m

ASV_19611
ASV_9587

ASV_6138

ASV_11323
ASV_7558

ASV_24800

ASV_24976

ASV_13508
ASV_18111

ASV_16852
ASV_18125

ASV_19025

ASV_21834

ASV_17055
ASV_20644

ASV_22670

ASV_11327

ASV_20070
ASV_22442

ASV_14159
ASV_16102

ASV_21184

ASV_18873
ASV_24771

ASV_23373

ASV_15083
ASV_18745

ASV_14414

ASV_21793
ASV_24461

ASV_15631
ASV_17265

ASV_10483
ASV_18491

ASV_6425

ASV_22240
ASV_10449

ASV_17273

ASV_10830

ASV_21787
ASV_20795

ASV_15090
ASV_21392

ASV_17976
ASV_18493

ASV_13779
ASV_21423

ASV_17266
ASV_15372

ASV_17160

AJ561113_Pirsonids_1681
EF100255_Pirsonids_1374

AJ561115_Pirsonids_1679
DQ103772_Pirsonids_1580

FN598400_Pirsonids_1067

AB191421_Pirsonids_1676
AB275036_Pirsonids_1678

HM628673_Pirsonids_1574

EF024534_Oomycetes_1676
EF024815_Oomycetes_1686

EF023447_Oomycetes_1686

GU994174_Oomycetes_1669
GU994186_Oomycetes_1657

EF100343_Oomycetes_1378
AY742756_Oomycetes_1682

EF426540_Oomycetes_1687
FJ537328_Oomycetes_1690

GU994172_Oomycetes_1657
GU994182_Oomycetes_1671

GU994167_Oomycetes_1664
EF418925_Oomycetes_1687

AY821976_Oomycetes_1591
GU070891_Oomycetes_1666

AJ238654_Oomycetes_1680
AB284571_Oomycetes_1682

AY919711_Oomycetes_1683
GU067950_Oomycetes_1684

AB275038_Oomycetes_1682
AB622328_Oomycetes_1665

AB548399_Oomycetes_1678

AY919696_Oomycetes_1667
GU479947_Oomycetes_1453

AJ238657_Oomycetes_1670
AB284575_Oomycetes_1672

EF023544_Oomycetes_1680
EU271965_Oomycetes_1308

AJ238663_Oomycetes_1686
EF219018_Oomycetes_1703

AB178865_Oomycetes_1691

AY046779_Oomycetes_1180
AY381206_Oomycetes_1664

EF100276_Oomycetes_1251

AB363063_Oomycetes_1667
AY789783_Oomycetes_1125

AB284579_Oomycetes_1674
FJ153787_Oomycetes_1672

AB284576_Oomycetes_1678

AY046660_Oomycetes_1191
AY180031_Oomycetes_1691

AY046662_Oomycetes_1188
EF527137_Oomycetes_1655

AF372763_Oomycetes_1584
GU823063_Oomycetes_1187

GQ330583_Oomycetes_1466

AY032607_Oomycetes_1680
EF024907_Oomycetes_1689

AF163294_Hyphochytrids_1676
AF163295_Hyphochytrids_1677

EU162648_Hyphochytrids_1670
DQ073061_Hyphochytrids_1203

AB505557_Developayella_1670
U37107_Developayella_1668

JQ781953_MAST−1D_1650

GU823015_MAST−1D_1364

AB536_C08_MAST−1D_H

GU823631_MAST−1D_1078

JQ782001_MAST−1B_1642

DQ121426_MAST−1B_1640

JQ782002_MAST−1A_1667

AF363190_MAST−1A_1668

HM581781_MAST−1A_1667

AF372760_MAST−1C_1643

EF172981_MAST−1C_1649

GU823453_MAST−23_1372
GU823473_MAST−23_1371

EF526977_MAST−2_1660

GQ913083_MAST−7_1118

AA539_F19_MAST−7_H

JQ781903_MAST−7_1673
JQ781913_MAST−7_1663

JQ782048_MAST−7_1660

AY129061_MAST−7_1664

AY295610_MAST−7_1654

AY381191_MAST−7_1666

AB535_C07_MAST−7_H
AB536_J19_MAST−7_H

JQ781935_MAST−7_1658

AJ402355_MAST−7_1656

AY381196_MAST−11_1686

AB197_C07_MAST−11_H

JQ781985_MAST−11_1673
AB538_N19_MAST−11_H

JQ781974_MAST−4_1672

AB538_F16_MAST−4B_H

AB536_E04_MAST−4B_H

AB241_P09_MAST−4C_H
AB536_K15_MAST−4C_H

AB536_M21_MAST−4C_H

AB538_L19_MAST−4C_H
DQ337356_MAST−4_1670

AF363189_MAST−4_1671

AB536_N21_MAST−4E_H

EU561666_MAST−4_1671
GU823001_MAST−4_1175

AB275041_MAST−9_1640

AY046793_MAST−9_1166

AB535_K16_MAST−9_H
DQ504337_MAST−9_1656

JQ782006_MAST−9_1644

AY046623_MAST−9_1163

AB191426_MAST−9_1644

AB240_N04_MAST−9_H

FJ000083_MAST−9_1353

GU823653_MAST−9_1165

AY295587_MAST−10_1669

AB538_G17_MAST−10_H
EU500143_MAST−10_817

JQ781973_MAST−8_1680

AF363208_MAST−8_1374
AY116220_MAST−8_1374

AA539_D16_MAST−8_H

JQ222913_MAST−8_1578

JQ781970_MAST−8_1678

GU823321_MAST−8_1180

GU823153_MAST−8_1181

AA538_L13_MAST−8_H

GU823363_MAST−8_1179

AF363207_MAST−6_1680
FN263028_MAST−6_1681

AB052556_Thraustochytrids_1692
AB073306_Thraustochytrids_1615

AB542115_Thraustochytrids_1658
AB290577_Thraustochytrids_1665

AB022106_Thraustochytrids_1634
GU933119_Thraustochytrids_1248

AB073309_Thraustochytrids_1598

AY705753_Thraustochytrids_1682
AY705755_Thraustochytrids_1680

AY256317_Thraustochytrids_1183
GU824646_Thraustochytrids_1162

U21338_Thraustochytrids_1664
L34668_Thraustochytrids_1685

AB022114_Thraustochytrids_1628
AB022115_Thraustochytrids_1613

AB355410_Thraustochytrids_1666

AB073304_Thraustochytrids_1611
AB244715_Thraustochytrids_1664

AB073305_Thraustochytrids_1633

AB022110_Thraustochytrids_1684
GU933120_Thraustochytrids_1608

FJ821499_Thraustochytrids_1688
AB022112_Thraustochytrids_1671

AB290355_Thraustochytrids_1689
FJ010826_Thraustochytrids_1407

L34054_Thraustochytrids_1680

DQ525181_Thraustochytrids_1644
DQ834734_Thraustochytrids_1645

FJ560900_Thraustochytrids_1637
AY705748_Thraustochytrids_1642
AB183655_Thraustochytrids_1647

DQ367050_Thraustochytrids_1645

AB183664_Thraustochytrids_1646
DQ374149_Thraustochytrids_1644

AY758384_Thraustochytrids_1646

AF257314_Thraustochytrids_1571
AF474172_Thraustochytrids_1676

AB538_D07_THRA_H

AB505496_Thraustochytrids_1661
GU823135_Thraustochytrids_1375

GU823043_Thraustochytrids_1409

AY381210_Thraustochytrids_1672
FJ800611_Thraustochytrids_1326

DQ310278_Thraustochytrids_1681
EF100295_Thraustochytrids_1262

AB191425_Thraustochytrids_1673
AB505562_Thraustochytrids_1687

AY046756_Thraustochytrids_1185
AY046766_Thraustochytrids_1184

AY046781_Thraustochytrids_1191
AY256336_Thraustochytrids_1289

AY046604_Thraustochytrids_1184
DQ103805_Thraustochytrids_1656

DQ103777_Thraustochytrids_1650

AF348517_Thraustochytrids_1672
AF348519_Thraustochytrids_1687

AF348516_Thraustochytrids_1663
FJ810216_Thraustochytrids_1671
AF348520_Thraustochytrids_1695

EU851173_Thraustochytrids_1667
EU851167_Thraustochytrids_1651

AB095092_Thraustochytrids_1602
AB220158_Thraustochytrids_1619

EU431330_Thraustochytrids_1615
EF100254_Thraustochytrids_1333

AB246794_Thraustochytrids_1588
AB290457_Thraustochytrids_1591

AY821970_Thraustochytrids_1487

AY426935_Thraustochytrids_1553
DQ073056_Thraustochytrids_1517

EF100382_Thraustochytrids_1570
EF100392_Thraustochytrids_1571

EF100267_Thraustochytrids_1370
FJ153754_Thraustochytrids_1672

EF100337_Thraustochytrids_1371
AY916582_Thraustochytrids_1671

AY046667_Thraustochytrids_1171
AY916573_Thraustochytrids_1645

EF100270_Thraustochytrids_1371
FJ800626_Thraustochytrids_1325

FN598249_Thraustochytrids_1067

AB505563_Thraustochytrids_1674
AY256299_Thraustochytrids_1182

EF100252_Thraustochytrids_1371
FJ800638_Thraustochytrids_1322

AB022108_Thraustochytrids_1672
FJ800643_Thraustochytrids_1326

DQ367046_Thraustochytrids_1669
FJ821480_Thraustochytrids_1671

GQ354272_Thraustochytrids_1673
FJ800641_Thraustochytrids_1327

EF526957_Thraustochytrids_1372
FJ800636_Thraustochytrids_1326

FJ799794_Thraustochytrids_1680
FJ800652_Thraustochytrids_1331

AB022111_Thraustochytrids_1681

FJ153715_Thraustochytrids_1178
FJ800599_Thraustochytrids_1328

FJ800623_Thraustochytrids_1327
AB191423_Thraustochytrids_1674

FJ800595_Thraustochytrids_1325
FJ800597_Thraustochytrids_1322

AB252772_Thraustochytrids_1662

GU823017_Thraustochytrids_1372
GU823236_Thraustochytrids_1373

EF100352_Thraustochytrids_1377
FJ800609_Thraustochytrids_1333

EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25

(G) MAST (continued)
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75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
2785 / MAST−3H−sp1

5536 / MAST−3H−sp4

6827 / MAST−3H−sp5

9910 / MAST−3H−sp17

3631 / MAST−3H−sp2

4564m / MAST−3−sp4
6424 / MAST−3−sp1

3974 / MAST−3L−sp4
7875 / MAST−3L−sp6

4798 / MAST−3L−sp3
1671 / MAST−3L−sp1

2357 / MAST−3L−sp2

8408 / MAST−3L−sp5

11966 / MAST−3L−sp8

12404 / MAST−3L−sp9

12634 / MAST−12E−sp4
4347 / MAST−12E−sp2

892 / MAST−12E−sp1

11926 / MAST−12E−sp6
8715 / MAST−12E−sp3

16394m / MAST−12E−sp5

7637 / MAST−12D−sp1

15559 / MAST−12D−sp2

11236 / MAST−sp16

9997 / MAST−sp13

4211 / MAST−sp5

5680 / MAST−sp9

3063 / MAST−sp4
8914 / MAST−25−sp8

312 / MAST−25−sp1
1205 / MAST−25−sp4

825 / MAST−25−sp3

514 / MAST−25−sp2
7464 / MAST−25−sp5

7490 / MAST−sp26

5971 / MAST−1D−sp13

4432 / MAST−1D−sp10

5486 / MAST−1D−sp12
1823 / MAST−1D−sp5

7742 / MAST−1D−sp14

4513 / MAST−1D−sp11

8399 / MAST−1D−sp15

9715 / MAST−1B−sp4

17581 / MAST−1B−sp7

12842 / MAST−1B−sp6

16342 / MAST−1A−sp11
8323 / MAST−1A−sp10

13096 / MAST−1A−sp6
12840 / MAST−1A−sp9

1045m / MAST−1C−sp7

4442m / MAST−1C−sp5

11918 / MAST−1C−sp6

13759 / MAST−sp21
12542 / MAST−sp17

18726 / MAST−sp18

6330m / MAST−2−sp4

3835m / MAST−2−sp7

18994 / MAST−7A−sp3

7920m / MAST−7C−sp5

6759 / MAST−7B−sp7

10143 / MAST−7B−sp10

5972 / MAST−7D−sp9

11914 / MAST−7D−sp11

12286 / MAST−11−sp10

10113 / MAST−11−sp8

11300 / MAST−4A−sp7
7610 / MAST−4A−sp5

2477 / MAST−4A−sp2

5484 / MAST−4A−sp4
8016 / MAST−4A−sp6

3644 / MAST−4B−sp3

3280 / MAST−4C−sp3

9556 / MAST−4−sp2
5607 / MAST−4−sp1

6257 / MAST−4E−sp3

16545 / MAST−9C−sp9

14558 / MAST−9C−sp8

18984 / MAST−9−sp3

22202 / MAST−9−sp4

18211 / MAST−9A−sp36
7987m / MAST−9A−sp16

13383 / MAST−9A−sp30
21999 / MAST−9A−sp40

11881 / MAST−9A−sp31

1771m / MAST−9A−sp7

7409 / MAST−9A−sp26

2396m / MAST−9A−sp24

8336 / MAST−9A−sp5

4736 / MAST−9A−sp9

4788m / MAST−9A−sp34
7871 / MAST−9A−sp23

17799 / MAST−9A−sp35

6793 / MAST−9A−sp12

7917m / MAST−9A−sp39

9792 / MAST−9A−sp22

18824 / MAST−9A−sp37

14807 / MAST−9A−sp32
8917m / MAST−9A−sp33

4999m / MAST−9A−sp29

13395 / MAST−9B−sp1

19564 / MAST−9B−sp2

12857 / MAST−8D−sp8
18185 / MAST−8D−sp11

12777 / MAST−8D−sp7

4284m / MAST−8D−sp4

22205 / MAST−8D−sp12

20609 / MAST−8D−sp9

19877 / MAST−8D−sp14

13829 / MAST−8D−sp6

6435 / MAST−8A−sp2

7389 / MAST−8C−sp5

4560m / MAST−8C−sp4
20727 / MAST−8−sp3

13930 / MAST−3I−sp22

14120 / MAST−3I−sp20

19241 / MAST−3I−sp30

13643 / MAST−3I−sp14
16463 / MAST−3I−sp26

21923 / MAST−3I−sp35

15609 / MAST−3I−sp27

6998m / MAST−3I−sp17

21731 / MAST−3I−sp29

21563 / MAST−3J−sp20

12856 / MAST−3J−sp11

23033 / MAST−3J−sp18

18101 / MAST−3J−sp7

19389 / MAST−3J−sp17

14908 / MAST−3K−sp25

7351 / MAST−3K−sp17

7285m / MAST−3K−sp15
22565 / MAST−3K−sp27

19538 / MAST−3K−sp26

23996 / MAST−3K−sp28

18597 / MAST−3−sp3
20947 / MAST−3−sp5

4681 / MAST−3A−sp18
5500 / MAST−3A−sp17
3065 / MAST−3A−sp7
4552 / MAST−3A−sp13

11343 / MAST−3A−sp24

6991 / MAST−3A−sp19
7602 / MAST−3A−sp23

4481 / MAST−3A−sp15

2714 / MAST−3A−sp10
6907 / MAST−3A−sp21
2134 / MAST−3A−sp5
2856 / MAST−3A−sp9

12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20

18060 / MAST−3A−sp26

16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18

20743 / MAST−3D−sp17

12837 / MAST−3D−sp15

7801 / MAST−3D−sp9

21976 / MAST−3D−sp14

680m / MAST−3E−sp16

2464m / MAST−3E−sp14

3315m / MAST−3E−sp11

2339m / MAST−3F−sp9
2960m / MAST−3F−sp12

2291m / MAST−3F−sp10
999m / MAST−3F−sp5

1033m / MAST−3F−sp7

11299 / MAST−3F−sp11

10982 / MAST−3G−sp4
5270 / MAST−3G−sp3

9588 / MAST−3H−sp13

8995 / MAST−3H−sp15

12386 / MAST−3H−sp11
9631 / MAST−3H−sp14

14139 / MAST−3H−sp6

4462m / MAST−3H−sp16

22353 / MAST−3H−sp20
4342 / MAST−3H−sp3

13997 / MAST−3L−sp7

20020 / MAST−12A−sp1

2018m / MAST−12B−sp1

13140 / MAST−12D−sp3

7858 / MAST−25−sp7

7072 / MAST−25−sp6

16905 / MAST−sp24

ASV_22419
ASV_22425

ASV_12697

ASV_20807

ASV_17048
ASV_18894

ASV_13727

ASV_16573
ASV_9234

ASV_11426
ASV_12970

ASV_14727

ASV_20279

ASV_18112

ASV_21804
ASV_3899m

ASV_19448

ASV_20252
ASV_15226

ASV_22462

ASV_17986

ASV_15742m
ASV_22896

ASV_21377

ASV_19585

ASV_12026m

ASV_12972

ASV_10684
ASV_22452

ASV_19593

ASV_16472

ASV_11238

ASV_18108

ASV_11383
ASV_21041

ASV_15223
ASV_20456

ASV_22028

ASV_23629

ASV_13052
ASV_20802

ASV_12054

ASV_14028

ASV_17479

ASV_13467
ASV_17599

ASV_19297

ASV_18638
ASV_22875

ASV_21430

ASV_8089
ASV_9344

ASV_23418

ASV_20825

ASV_18892
ASV_24814
ASV_20086

ASV_21200

ASV_24310

ASV_18903
ASV_23615

ASV_19300

ASV_23654
ASV_9503

ASV_13114
ASV_23621

ASV_19299

ASV_11429

ASV_14037
ASV_8645

ASV_24304

ASV_11816

ASV_23646

ASV_24901

ASV_22035

ASV_18893

ASV_13556
ASV_6739

ASV_13158

ASV_15561

ASV_20068

ASV_10422m

ASV_18867
ASV_21839

ASV_12127

ASV_24023
ASV_23628

ASV_17064
ASV_24168
ASV_24191

ASV_19148
ASV_1667m
ASV_24981

ASV_8121m

ASV_3311m

ASV_17974

ASV_22225
ASV_24317

ASV_22214
ASV_24967

ASV_23863

ASV_16568
ASV_22453

ASV_19745
ASV_23607

ASV_22891
ASV_19006
ASV_16088

ASV_18113

ASV_3923m
ASV_9830

ASV_11676
ASV_7346
ASV_8159

ASV_13348
ASV_11853
ASV_9082

ASV_8090

ASV_13847

ASV_11239
ASV_6609

ASV_14732
ASV_6846
ASV_12976
ASV_13506

ASV_15628

ASV_13304
ASV_14633

ASV_9834

ASV_23896

ASV_15466
ASV_18618

ASV_4811
ASV_11708
ASV_18752

ASV_17065
ASV_18353

ASV_11940
ASV_13004

ASV_20087
ASV_22882

ASV_24616
ASV_16381
ASV_23378

ASV_8930
ASV_5596

ASV_10000
ASV_5640

ASV_17727
ASV_14880

ASV_12216
ASV_9723

ASV_9361
ASV_9671

ASV_18500
ASV_21618

ASV_22031
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75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
2785 / MAST−3H−sp1

5536 / MAST−3H−sp4

6827 / MAST−3H−sp5

9910 / MAST−3H−sp17

3631 / MAST−3H−sp2

4564m / MAST−3−sp4
6424 / MAST−3−sp1

3974 / MAST−3L−sp4
7875 / MAST−3L−sp6

4798 / MAST−3L−sp3
1671 / MAST−3L−sp1

2357 / MAST−3L−sp2

8408 / MAST−3L−sp5

11966 / MAST−3L−sp8

12404 / MAST−3L−sp9

12634 / MAST−12E−sp4
4347 / MAST−12E−sp2

892 / MAST−12E−sp1

11926 / MAST−12E−sp6
8715 / MAST−12E−sp3

16394m / MAST−12E−sp5

7637 / MAST−12D−sp1

15559 / MAST−12D−sp2

11236 / MAST−sp16

9997 / MAST−sp13

4211 / MAST−sp5

5680 / MAST−sp9

3063 / MAST−sp4
8914 / MAST−25−sp8

312 / MAST−25−sp1
1205 / MAST−25−sp4

825 / MAST−25−sp3

514 / MAST−25−sp2
7464 / MAST−25−sp5

7490 / MAST−sp26

5971 / MAST−1D−sp13

4432 / MAST−1D−sp10

5486 / MAST−1D−sp12
1823 / MAST−1D−sp5

7742 / MAST−1D−sp14

4513 / MAST−1D−sp11

8399 / MAST−1D−sp15

9715 / MAST−1B−sp4

17581 / MAST−1B−sp7

12842 / MAST−1B−sp6

16342 / MAST−1A−sp11
8323 / MAST−1A−sp10

13096 / MAST−1A−sp6
12840 / MAST−1A−sp9

1045m / MAST−1C−sp7

4442m / MAST−1C−sp5

11918 / MAST−1C−sp6

13759 / MAST−sp21
12542 / MAST−sp17

18726 / MAST−sp18

6330m / MAST−2−sp4

3835m / MAST−2−sp7

18994 / MAST−7A−sp3

7920m / MAST−7C−sp5

6759 / MAST−7B−sp7

10143 / MAST−7B−sp10

5972 / MAST−7D−sp9

11914 / MAST−7D−sp11

12286 / MAST−11−sp10

10113 / MAST−11−sp8

11300 / MAST−4A−sp7
7610 / MAST−4A−sp5

2477 / MAST−4A−sp2

5484 / MAST−4A−sp4
8016 / MAST−4A−sp6

3644 / MAST−4B−sp3

3280 / MAST−4C−sp3

9556 / MAST−4−sp2
5607 / MAST−4−sp1

6257 / MAST−4E−sp3

16545 / MAST−9C−sp9

14558 / MAST−9C−sp8

18984 / MAST−9−sp3

22202 / MAST−9−sp4

18211 / MAST−9A−sp36
7987m / MAST−9A−sp16

13383 / MAST−9A−sp30
21999 / MAST−9A−sp40

11881 / MAST−9A−sp31

1771m / MAST−9A−sp7

7409 / MAST−9A−sp26

2396m / MAST−9A−sp24

8336 / MAST−9A−sp5

4736 / MAST−9A−sp9

4788m / MAST−9A−sp34
7871 / MAST−9A−sp23

17799 / MAST−9A−sp35

6793 / MAST−9A−sp12

7917m / MAST−9A−sp39

9792 / MAST−9A−sp22

18824 / MAST−9A−sp37

14807 / MAST−9A−sp32
8917m / MAST−9A−sp33

4999m / MAST−9A−sp29

13395 / MAST−9B−sp1

19564 / MAST−9B−sp2

12857 / MAST−8D−sp8
18185 / MAST−8D−sp11

12777 / MAST−8D−sp7

4284m / MAST−8D−sp4

22205 / MAST−8D−sp12

20609 / MAST−8D−sp9

19877 / MAST−8D−sp14

13829 / MAST−8D−sp6

6435 / MAST−8A−sp2

7389 / MAST−8C−sp5

4560m / MAST−8C−sp4
20727 / MAST−8−sp3

13930 / MAST−3I−sp22

14120 / MAST−3I−sp20

19241 / MAST−3I−sp30

13643 / MAST−3I−sp14
16463 / MAST−3I−sp26

21923 / MAST−3I−sp35

15609 / MAST−3I−sp27

6998m / MAST−3I−sp17

21731 / MAST−3I−sp29

21563 / MAST−3J−sp20

12856 / MAST−3J−sp11

23033 / MAST−3J−sp18

18101 / MAST−3J−sp7

19389 / MAST−3J−sp17

14908 / MAST−3K−sp25

7351 / MAST−3K−sp17

7285m / MAST−3K−sp15
22565 / MAST−3K−sp27

19538 / MAST−3K−sp26

23996 / MAST−3K−sp28

18597 / MAST−3−sp3
20947 / MAST−3−sp5

4681 / MAST−3A−sp18
5500 / MAST−3A−sp17
3065 / MAST−3A−sp7
4552 / MAST−3A−sp13

11343 / MAST−3A−sp24

6991 / MAST−3A−sp19
7602 / MAST−3A−sp23

4481 / MAST−3A−sp15

2714 / MAST−3A−sp10
6907 / MAST−3A−sp21
2134 / MAST−3A−sp5
2856 / MAST−3A−sp9

12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20

18060 / MAST−3A−sp26

16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18

20743 / MAST−3D−sp17

12837 / MAST−3D−sp15

7801 / MAST−3D−sp9

21976 / MAST−3D−sp14

680m / MAST−3E−sp16

2464m / MAST−3E−sp14

3315m / MAST−3E−sp11

2339m / MAST−3F−sp9
2960m / MAST−3F−sp12

2291m / MAST−3F−sp10
999m / MAST−3F−sp5

1033m / MAST−3F−sp7

11299 / MAST−3F−sp11

10982 / MAST−3G−sp4
5270 / MAST−3G−sp3

9588 / MAST−3H−sp13

8995 / MAST−3H−sp15

12386 / MAST−3H−sp11
9631 / MAST−3H−sp14

14139 / MAST−3H−sp6

4462m / MAST−3H−sp16

22353 / MAST−3H−sp20
4342 / MAST−3H−sp3

13997 / MAST−3L−sp7

20020 / MAST−12A−sp1

2018m / MAST−12B−sp1

13140 / MAST−12D−sp3

7858 / MAST−25−sp7

7072 / MAST−25−sp6

16905 / MAST−sp24
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ASV_14727

ASV_20279
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ASV_15561
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ASV_24023
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ASV_22922
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ASV_23118
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ASV_17377
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ASV_19743
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ASV_14874
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ASV_20799
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ASV_22007
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ASV_9694

ASV_13051
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ASV_22659

ASV_17053
ASV_9651
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ASV_15560
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ASV_21420

ASV_12480
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ASV_21378

ASV_14351
ASV_24026

ASV_13106

ASV_17078
ASV_18236

ASV_14729
ASV_19586

ASV_24162

ASV_24615
ASV_9918

ASV_6167m

ASV_19611
ASV_9587

ASV_6138

ASV_11323
ASV_7558

ASV_24800

ASV_24976

ASV_13508
ASV_18111

ASV_16852
ASV_18125

ASV_19025

ASV_21834

ASV_17055
ASV_20644

ASV_22670

ASV_11327

ASV_20070
ASV_22442

ASV_14159
ASV_16102

ASV_21184

ASV_18873
ASV_24771

ASV_23373

ASV_15083
ASV_18745

ASV_14414

ASV_21793
ASV_24461

ASV_15631
ASV_17265

ASV_10483
ASV_18491

ASV_6425

ASV_22240
ASV_10449

ASV_17273

ASV_10830

ASV_21787
ASV_20795

ASV_15090
ASV_21392

ASV_17976
ASV_18493

ASV_13779
ASV_21423

ASV_17266
ASV_15372

ASV_17160

AJ561113_Pirsonids_1681
EF100255_Pirsonids_1374

AJ561115_Pirsonids_1679
DQ103772_Pirsonids_1580

FN598400_Pirsonids_1067

AB191421_Pirsonids_1676
AB275036_Pirsonids_1678

HM628673_Pirsonids_1574

EF024534_Oomycetes_1676
EF024815_Oomycetes_1686

EF023447_Oomycetes_1686

GU994174_Oomycetes_1669
GU994186_Oomycetes_1657

EF100343_Oomycetes_1378
AY742756_Oomycetes_1682

EF426540_Oomycetes_1687
FJ537328_Oomycetes_1690

GU994172_Oomycetes_1657
GU994182_Oomycetes_1671

GU994167_Oomycetes_1664
EF418925_Oomycetes_1687

AY821976_Oomycetes_1591
GU070891_Oomycetes_1666

AJ238654_Oomycetes_1680
AB284571_Oomycetes_1682

AY919711_Oomycetes_1683
GU067950_Oomycetes_1684

AB275038_Oomycetes_1682
AB622328_Oomycetes_1665

AB548399_Oomycetes_1678

AY919696_Oomycetes_1667
GU479947_Oomycetes_1453

AJ238657_Oomycetes_1670
AB284575_Oomycetes_1672

EF023544_Oomycetes_1680
EU271965_Oomycetes_1308

AJ238663_Oomycetes_1686
EF219018_Oomycetes_1703

AB178865_Oomycetes_1691

AY046779_Oomycetes_1180
AY381206_Oomycetes_1664

EF100276_Oomycetes_1251

AB363063_Oomycetes_1667
AY789783_Oomycetes_1125

AB284579_Oomycetes_1674
FJ153787_Oomycetes_1672

AB284576_Oomycetes_1678

AY046660_Oomycetes_1191
AY180031_Oomycetes_1691

AY046662_Oomycetes_1188
EF527137_Oomycetes_1655

AF372763_Oomycetes_1584
GU823063_Oomycetes_1187

GQ330583_Oomycetes_1466

AY032607_Oomycetes_1680
EF024907_Oomycetes_1689

AF163294_Hyphochytrids_1676
AF163295_Hyphochytrids_1677

EU162648_Hyphochytrids_1670
DQ073061_Hyphochytrids_1203

AB505557_Developayella_1670
U37107_Developayella_1668

JQ781953_MAST−1D_1650

GU823015_MAST−1D_1364

AB536_C08_MAST−1D_H

GU823631_MAST−1D_1078

JQ782001_MAST−1B_1642

DQ121426_MAST−1B_1640

JQ782002_MAST−1A_1667

AF363190_MAST−1A_1668

HM581781_MAST−1A_1667

AF372760_MAST−1C_1643

EF172981_MAST−1C_1649

GU823453_MAST−23_1372
GU823473_MAST−23_1371

EF526977_MAST−2_1660

GQ913083_MAST−7_1118

AA539_F19_MAST−7_H

JQ781903_MAST−7_1673
JQ781913_MAST−7_1663

JQ782048_MAST−7_1660

AY129061_MAST−7_1664

AY295610_MAST−7_1654

AY381191_MAST−7_1666

AB535_C07_MAST−7_H
AB536_J19_MAST−7_H

JQ781935_MAST−7_1658

AJ402355_MAST−7_1656

AY381196_MAST−11_1686

AB197_C07_MAST−11_H

JQ781985_MAST−11_1673
AB538_N19_MAST−11_H

JQ781974_MAST−4_1672

AB538_F16_MAST−4B_H

AB536_E04_MAST−4B_H

AB241_P09_MAST−4C_H
AB536_K15_MAST−4C_H

AB536_M21_MAST−4C_H

AB538_L19_MAST−4C_H
DQ337356_MAST−4_1670

AF363189_MAST−4_1671

AB536_N21_MAST−4E_H

EU561666_MAST−4_1671
GU823001_MAST−4_1175

AB275041_MAST−9_1640

AY046793_MAST−9_1166

AB535_K16_MAST−9_H
DQ504337_MAST−9_1656

JQ782006_MAST−9_1644

AY046623_MAST−9_1163

AB191426_MAST−9_1644

AB240_N04_MAST−9_H

FJ000083_MAST−9_1353

GU823653_MAST−9_1165

AY295587_MAST−10_1669

AB538_G17_MAST−10_H
EU500143_MAST−10_817

JQ781973_MAST−8_1680

AF363208_MAST−8_1374
AY116220_MAST−8_1374

AA539_D16_MAST−8_H

JQ222913_MAST−8_1578

JQ781970_MAST−8_1678

GU823321_MAST−8_1180

GU823153_MAST−8_1181

AA538_L13_MAST−8_H

GU823363_MAST−8_1179

AF363207_MAST−6_1680
FN263028_MAST−6_1681

AB052556_Thraustochytrids_1692
AB073306_Thraustochytrids_1615

AB542115_Thraustochytrids_1658
AB290577_Thraustochytrids_1665

AB022106_Thraustochytrids_1634
GU933119_Thraustochytrids_1248

AB073309_Thraustochytrids_1598

AY705753_Thraustochytrids_1682
AY705755_Thraustochytrids_1680

AY256317_Thraustochytrids_1183
GU824646_Thraustochytrids_1162

U21338_Thraustochytrids_1664
L34668_Thraustochytrids_1685

AB022114_Thraustochytrids_1628
AB022115_Thraustochytrids_1613

AB355410_Thraustochytrids_1666

AB073304_Thraustochytrids_1611
AB244715_Thraustochytrids_1664

AB073305_Thraustochytrids_1633

AB022110_Thraustochytrids_1684
GU933120_Thraustochytrids_1608

FJ821499_Thraustochytrids_1688
AB022112_Thraustochytrids_1671

AB290355_Thraustochytrids_1689
FJ010826_Thraustochytrids_1407

L34054_Thraustochytrids_1680

DQ525181_Thraustochytrids_1644
DQ834734_Thraustochytrids_1645

FJ560900_Thraustochytrids_1637
AY705748_Thraustochytrids_1642
AB183655_Thraustochytrids_1647

DQ367050_Thraustochytrids_1645

AB183664_Thraustochytrids_1646
DQ374149_Thraustochytrids_1644

AY758384_Thraustochytrids_1646

AF257314_Thraustochytrids_1571
AF474172_Thraustochytrids_1676

AB538_D07_THRA_H

AB505496_Thraustochytrids_1661
GU823135_Thraustochytrids_1375

GU823043_Thraustochytrids_1409

AY381210_Thraustochytrids_1672
FJ800611_Thraustochytrids_1326

DQ310278_Thraustochytrids_1681
EF100295_Thraustochytrids_1262

AB191425_Thraustochytrids_1673
AB505562_Thraustochytrids_1687

AY046756_Thraustochytrids_1185
AY046766_Thraustochytrids_1184

AY046781_Thraustochytrids_1191
AY256336_Thraustochytrids_1289

AY046604_Thraustochytrids_1184
DQ103805_Thraustochytrids_1656

DQ103777_Thraustochytrids_1650

AF348517_Thraustochytrids_1672
AF348519_Thraustochytrids_1687

AF348516_Thraustochytrids_1663
FJ810216_Thraustochytrids_1671
AF348520_Thraustochytrids_1695

EU851173_Thraustochytrids_1667
EU851167_Thraustochytrids_1651

AB095092_Thraustochytrids_1602
AB220158_Thraustochytrids_1619

EU431330_Thraustochytrids_1615
EF100254_Thraustochytrids_1333

AB246794_Thraustochytrids_1588
AB290457_Thraustochytrids_1591

AY821970_Thraustochytrids_1487

AY426935_Thraustochytrids_1553
DQ073056_Thraustochytrids_1517

EF100382_Thraustochytrids_1570
EF100392_Thraustochytrids_1571

EF100267_Thraustochytrids_1370
FJ153754_Thraustochytrids_1672

EF100337_Thraustochytrids_1371
AY916582_Thraustochytrids_1671

AY046667_Thraustochytrids_1171
AY916573_Thraustochytrids_1645

EF100270_Thraustochytrids_1371
FJ800626_Thraustochytrids_1325

FN598249_Thraustochytrids_1067

AB505563_Thraustochytrids_1674
AY256299_Thraustochytrids_1182

EF100252_Thraustochytrids_1371
FJ800638_Thraustochytrids_1322

AB022108_Thraustochytrids_1672
FJ800643_Thraustochytrids_1326

DQ367046_Thraustochytrids_1669
FJ821480_Thraustochytrids_1671

GQ354272_Thraustochytrids_1673
FJ800641_Thraustochytrids_1327

EF526957_Thraustochytrids_1372
FJ800636_Thraustochytrids_1326

FJ799794_Thraustochytrids_1680
FJ800652_Thraustochytrids_1331

AB022111_Thraustochytrids_1681

FJ153715_Thraustochytrids_1178
FJ800599_Thraustochytrids_1328

FJ800623_Thraustochytrids_1327
AB191423_Thraustochytrids_1674

FJ800595_Thraustochytrids_1325
FJ800597_Thraustochytrids_1322

AB252772_Thraustochytrids_1662

GU823017_Thraustochytrids_1372
GU823236_Thraustochytrids_1373

EF100352_Thraustochytrids_1377
FJ800609_Thraustochytrids_1333

EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25

MAST-3

(G) MAST (continued)
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75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3
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12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20

18060 / MAST−3A−sp26

16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18

20743 / MAST−3D−sp17

12837 / MAST−3D−sp15

7801 / MAST−3D−sp9

21976 / MAST−3D−sp14

680m / MAST−3E−sp16

2464m / MAST−3E−sp14

3315m / MAST−3E−sp11

2339m / MAST−3F−sp9
2960m / MAST−3F−sp12

2291m / MAST−3F−sp10
999m / MAST−3F−sp5

1033m / MAST−3F−sp7

11299 / MAST−3F−sp11

10982 / MAST−3G−sp4
5270 / MAST−3G−sp3

9588 / MAST−3H−sp13

8995 / MAST−3H−sp15

12386 / MAST−3H−sp11
9631 / MAST−3H−sp14

14139 / MAST−3H−sp6

4462m / MAST−3H−sp16

22353 / MAST−3H−sp20
4342 / MAST−3H−sp3

13997 / MAST−3L−sp7

20020 / MAST−12A−sp1

2018m / MAST−12B−sp1

13140 / MAST−12D−sp3

7858 / MAST−25−sp7

7072 / MAST−25−sp6

16905 / MAST−sp24

ASV_22419
ASV_22425

ASV_12697

ASV_20807

ASV_17048
ASV_18894

ASV_13727

ASV_16573
ASV_9234

ASV_11426
ASV_12970

ASV_14727

ASV_20279

ASV_18112

ASV_21804
ASV_3899m

ASV_19448

ASV_20252
ASV_15226

ASV_22462

ASV_17986

ASV_15742m
ASV_22896

ASV_21377

ASV_19585

ASV_12026m

ASV_12972

ASV_10684
ASV_22452

ASV_19593

ASV_16472

ASV_11238

ASV_18108

ASV_11383
ASV_21041

ASV_15223
ASV_20456

ASV_22028

ASV_23629

ASV_13052
ASV_20802

ASV_12054

ASV_14028

ASV_17479

ASV_13467
ASV_17599

ASV_19297

ASV_18638
ASV_22875

ASV_21430

ASV_8089
ASV_9344

ASV_23418

ASV_20825

ASV_18892
ASV_24814
ASV_20086

ASV_21200

ASV_24310

ASV_18903
ASV_23615

ASV_19300

ASV_23654
ASV_9503

ASV_13114
ASV_23621

ASV_19299

ASV_11429

ASV_14037
ASV_8645

ASV_24304

ASV_11816

ASV_23646

ASV_24901

ASV_22035

ASV_18893

ASV_13556
ASV_6739

ASV_13158

ASV_15561

ASV_20068

ASV_10422m

ASV_18867
ASV_21839

ASV_12127

ASV_24023
ASV_23628

ASV_17064
ASV_24168
ASV_24191

ASV_19148
ASV_1667m
ASV_24981

ASV_8121m

ASV_3311m

ASV_17974

ASV_22225
ASV_24317

ASV_22214
ASV_24967

ASV_23863

ASV_16568
ASV_22453

ASV_19745
ASV_23607

ASV_22891
ASV_19006
ASV_16088

ASV_18113

ASV_3923m
ASV_9830

ASV_11676
ASV_7346
ASV_8159

ASV_13348
ASV_11853
ASV_9082

ASV_8090

ASV_13847

ASV_11239
ASV_6609

ASV_14732
ASV_6846
ASV_12976
ASV_13506

ASV_15628

ASV_13304
ASV_14633

ASV_9834

ASV_23896

ASV_15466
ASV_18618

ASV_4811
ASV_11708
ASV_18752

ASV_17065
ASV_18353

ASV_11940
ASV_13004

ASV_20087
ASV_22882

ASV_24616
ASV_16381
ASV_23378

ASV_8930
ASV_5596

ASV_10000
ASV_5640

ASV_17727
ASV_14880

ASV_12216
ASV_9723

ASV_9361
ASV_9671

ASV_18500
ASV_21618

ASV_22031
ASV_15156

ASV_9211
ASV_23604

ASV_20464
ASV_24784

ASV_14876

ASV_13679
ASV_9005

ASV_19594
ASV_23406

ASV_17587

ASV_18247
ASV_22022

ASV_18137
ASV_15093

ASV_18501
ASV_19296

ASV_16672

ASV_15376
ASV_18367

ASV_14649

ASV_8478

ASV_22647
ASV_9805

ASV_24489

ASV_24042

ASV_21627

ASV_18350
ASV_14935

ASV_22454

ASV_7347
ASV_23627

ASV_15566
ASV_3269

ASV_15907
ASV_17271

ASV_12928
ASV_15373

ASV_21384

ASV_17158

ASV_22880

ASV_20670

ASV_16848

ASV_22063m
ASV_24057

ASV_6988m

ASV_24182
ASV_24899

ASV_21195

ASV_23889
ASV_24481

ASV_18238

ASV_16182
ASV_17709

ASV_22223

ASV_22922

ASV_22434
ASV_23118

ASV_16100

ASV_5938m
ASV_23919

ASV_16844
ASV_17377
ASV_21790

ASV_24466

ASV_19743
ASV_22258

ASV_14874
ASV_23113

ASV_13117

ASV_17715
ASV_20636

ASV_20799
ASV_23168

ASV_22007

ASV_16380
ASV_22235

ASV_15728
ASV_19295

ASV_19304
ASV_20267

ASV_22018
ASV_23605

ASV_23396
ASV_20462

ASV_20809
ASV_23409

ASV_15567

ASV_19459

ASV_14636
ASV_9694

ASV_13051

ASV_11864

ASV_14486

ASV_16005
ASV_18349

ASV_17264

ASV_22659

ASV_17053
ASV_9651

ASV_7697

ASV_19320
ASV_22657

ASV_15222
ASV_17058

ASV_17723
ASV_18862

ASV_17733
ASV_13783

ASV_19016
ASV_22421

ASV_16371

ASV_14413
ASV_16843

ASV_17366

ASV_14490
ASV_22420

ASV_17361

ASV_21206

ASV_13152
ASV_14035

ASV_23391
ASV_22671

ASV_14571

ASV_15820

ASV_13960
ASV_18614

ASV_18616

ASV_19301
ASV_9275

ASV_18624

ASV_22664
ASV_23421

ASV_15560

ASV_16374
ASV_17854

ASV_21420

ASV_12480
ASV_9545

ASV_21378

ASV_14351
ASV_24026

ASV_13106

ASV_17078
ASV_18236

ASV_14729
ASV_19586

ASV_24162

ASV_24615
ASV_9918

ASV_6167m

ASV_19611
ASV_9587

ASV_6138

ASV_11323
ASV_7558

ASV_24800

ASV_24976

ASV_13508
ASV_18111

ASV_16852
ASV_18125

ASV_19025

ASV_21834

ASV_17055
ASV_20644

ASV_22670

ASV_11327

ASV_20070
ASV_22442

ASV_14159
ASV_16102

ASV_21184

ASV_18873
ASV_24771

ASV_23373

ASV_15083
ASV_18745

ASV_14414

ASV_21793
ASV_24461

ASV_15631
ASV_17265

ASV_10483
ASV_18491

ASV_6425

ASV_22240
ASV_10449

ASV_17273

ASV_10830

ASV_21787
ASV_20795

ASV_15090
ASV_21392

ASV_17976
ASV_18493

ASV_13779
ASV_21423

ASV_17266
ASV_15372

ASV_17160

AJ561113_Pirsonids_1681
EF100255_Pirsonids_1374

AJ561115_Pirsonids_1679
DQ103772_Pirsonids_1580

FN598400_Pirsonids_1067

AB191421_Pirsonids_1676
AB275036_Pirsonids_1678

HM628673_Pirsonids_1574

EF024534_Oomycetes_1676
EF024815_Oomycetes_1686

EF023447_Oomycetes_1686

GU994174_Oomycetes_1669
GU994186_Oomycetes_1657

EF100343_Oomycetes_1378
AY742756_Oomycetes_1682

EF426540_Oomycetes_1687
FJ537328_Oomycetes_1690

GU994172_Oomycetes_1657
GU994182_Oomycetes_1671

GU994167_Oomycetes_1664
EF418925_Oomycetes_1687

AY821976_Oomycetes_1591
GU070891_Oomycetes_1666

AJ238654_Oomycetes_1680
AB284571_Oomycetes_1682

AY919711_Oomycetes_1683
GU067950_Oomycetes_1684

AB275038_Oomycetes_1682
AB622328_Oomycetes_1665

AB548399_Oomycetes_1678

AY919696_Oomycetes_1667
GU479947_Oomycetes_1453

AJ238657_Oomycetes_1670
AB284575_Oomycetes_1672

EF023544_Oomycetes_1680
EU271965_Oomycetes_1308

AJ238663_Oomycetes_1686
EF219018_Oomycetes_1703

AB178865_Oomycetes_1691

AY046779_Oomycetes_1180
AY381206_Oomycetes_1664

EF100276_Oomycetes_1251

AB363063_Oomycetes_1667
AY789783_Oomycetes_1125

AB284579_Oomycetes_1674
FJ153787_Oomycetes_1672

AB284576_Oomycetes_1678

AY046660_Oomycetes_1191
AY180031_Oomycetes_1691

AY046662_Oomycetes_1188
EF527137_Oomycetes_1655

AF372763_Oomycetes_1584
GU823063_Oomycetes_1187

GQ330583_Oomycetes_1466

AY032607_Oomycetes_1680
EF024907_Oomycetes_1689

AF163294_Hyphochytrids_1676
AF163295_Hyphochytrids_1677

EU162648_Hyphochytrids_1670
DQ073061_Hyphochytrids_1203

AB505557_Developayella_1670
U37107_Developayella_1668

JQ781953_MAST−1D_1650

GU823015_MAST−1D_1364

AB536_C08_MAST−1D_H

GU823631_MAST−1D_1078

JQ782001_MAST−1B_1642

DQ121426_MAST−1B_1640

JQ782002_MAST−1A_1667

AF363190_MAST−1A_1668

HM581781_MAST−1A_1667

AF372760_MAST−1C_1643

EF172981_MAST−1C_1649

GU823453_MAST−23_1372
GU823473_MAST−23_1371

EF526977_MAST−2_1660

GQ913083_MAST−7_1118

AA539_F19_MAST−7_H

JQ781903_MAST−7_1673
JQ781913_MAST−7_1663

JQ782048_MAST−7_1660

AY129061_MAST−7_1664

AY295610_MAST−7_1654

AY381191_MAST−7_1666

AB535_C07_MAST−7_H
AB536_J19_MAST−7_H

JQ781935_MAST−7_1658

AJ402355_MAST−7_1656

AY381196_MAST−11_1686

AB197_C07_MAST−11_H

JQ781985_MAST−11_1673
AB538_N19_MAST−11_H

JQ781974_MAST−4_1672

AB538_F16_MAST−4B_H

AB536_E04_MAST−4B_H

AB241_P09_MAST−4C_H
AB536_K15_MAST−4C_H

AB536_M21_MAST−4C_H

AB538_L19_MAST−4C_H
DQ337356_MAST−4_1670

AF363189_MAST−4_1671

AB536_N21_MAST−4E_H

EU561666_MAST−4_1671
GU823001_MAST−4_1175

AB275041_MAST−9_1640

AY046793_MAST−9_1166

AB535_K16_MAST−9_H
DQ504337_MAST−9_1656

JQ782006_MAST−9_1644

AY046623_MAST−9_1163

AB191426_MAST−9_1644

AB240_N04_MAST−9_H

FJ000083_MAST−9_1353

GU823653_MAST−9_1165

AY295587_MAST−10_1669

AB538_G17_MAST−10_H
EU500143_MAST−10_817

JQ781973_MAST−8_1680

AF363208_MAST−8_1374
AY116220_MAST−8_1374

AA539_D16_MAST−8_H

JQ222913_MAST−8_1578

JQ781970_MAST−8_1678

GU823321_MAST−8_1180

GU823153_MAST−8_1181

AA538_L13_MAST−8_H

GU823363_MAST−8_1179

AF363207_MAST−6_1680
FN263028_MAST−6_1681

AB052556_Thraustochytrids_1692
AB073306_Thraustochytrids_1615

AB542115_Thraustochytrids_1658
AB290577_Thraustochytrids_1665

AB022106_Thraustochytrids_1634
GU933119_Thraustochytrids_1248

AB073309_Thraustochytrids_1598

AY705753_Thraustochytrids_1682
AY705755_Thraustochytrids_1680

AY256317_Thraustochytrids_1183
GU824646_Thraustochytrids_1162

U21338_Thraustochytrids_1664
L34668_Thraustochytrids_1685

AB022114_Thraustochytrids_1628
AB022115_Thraustochytrids_1613

AB355410_Thraustochytrids_1666

AB073304_Thraustochytrids_1611
AB244715_Thraustochytrids_1664

AB073305_Thraustochytrids_1633

AB022110_Thraustochytrids_1684
GU933120_Thraustochytrids_1608

FJ821499_Thraustochytrids_1688
AB022112_Thraustochytrids_1671

AB290355_Thraustochytrids_1689
FJ010826_Thraustochytrids_1407

L34054_Thraustochytrids_1680

DQ525181_Thraustochytrids_1644
DQ834734_Thraustochytrids_1645

FJ560900_Thraustochytrids_1637
AY705748_Thraustochytrids_1642
AB183655_Thraustochytrids_1647

DQ367050_Thraustochytrids_1645

AB183664_Thraustochytrids_1646
DQ374149_Thraustochytrids_1644

AY758384_Thraustochytrids_1646

AF257314_Thraustochytrids_1571
AF474172_Thraustochytrids_1676

AB538_D07_THRA_H

AB505496_Thraustochytrids_1661
GU823135_Thraustochytrids_1375

GU823043_Thraustochytrids_1409

AY381210_Thraustochytrids_1672
FJ800611_Thraustochytrids_1326

DQ310278_Thraustochytrids_1681
EF100295_Thraustochytrids_1262

AB191425_Thraustochytrids_1673
AB505562_Thraustochytrids_1687

AY046756_Thraustochytrids_1185
AY046766_Thraustochytrids_1184

AY046781_Thraustochytrids_1191
AY256336_Thraustochytrids_1289

AY046604_Thraustochytrids_1184
DQ103805_Thraustochytrids_1656

DQ103777_Thraustochytrids_1650

AF348517_Thraustochytrids_1672
AF348519_Thraustochytrids_1687

AF348516_Thraustochytrids_1663
FJ810216_Thraustochytrids_1671
AF348520_Thraustochytrids_1695

EU851173_Thraustochytrids_1667
EU851167_Thraustochytrids_1651

AB095092_Thraustochytrids_1602
AB220158_Thraustochytrids_1619

EU431330_Thraustochytrids_1615
EF100254_Thraustochytrids_1333

AB246794_Thraustochytrids_1588
AB290457_Thraustochytrids_1591

AY821970_Thraustochytrids_1487

AY426935_Thraustochytrids_1553
DQ073056_Thraustochytrids_1517

EF100382_Thraustochytrids_1570
EF100392_Thraustochytrids_1571

EF100267_Thraustochytrids_1370
FJ153754_Thraustochytrids_1672

EF100337_Thraustochytrids_1371
AY916582_Thraustochytrids_1671

AY046667_Thraustochytrids_1171
AY916573_Thraustochytrids_1645

EF100270_Thraustochytrids_1371
FJ800626_Thraustochytrids_1325

FN598249_Thraustochytrids_1067

AB505563_Thraustochytrids_1674
AY256299_Thraustochytrids_1182

EF100252_Thraustochytrids_1371
FJ800638_Thraustochytrids_1322

AB022108_Thraustochytrids_1672
FJ800643_Thraustochytrids_1326

DQ367046_Thraustochytrids_1669
FJ821480_Thraustochytrids_1671

GQ354272_Thraustochytrids_1673
FJ800641_Thraustochytrids_1327

EF526957_Thraustochytrids_1372
FJ800636_Thraustochytrids_1326

FJ799794_Thraustochytrids_1680
FJ800652_Thraustochytrids_1331

AB022111_Thraustochytrids_1681

FJ153715_Thraustochytrids_1178
FJ800599_Thraustochytrids_1328

FJ800623_Thraustochytrids_1327
AB191423_Thraustochytrids_1674

FJ800595_Thraustochytrids_1325
FJ800597_Thraustochytrids_1322

AB252772_Thraustochytrids_1662

GU823017_Thraustochytrids_1372
GU823236_Thraustochytrids_1373

EF100352_Thraustochytrids_1377
FJ800609_Thraustochytrids_1333

EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%
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Peronosporomycetes
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MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida
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MAST-16
MAST-24
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MAST-25

(G) MAST (continued)
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CHAPTER 2

75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18
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GU933119_Thraustochytrids_1248

AB073309_Thraustochytrids_1598

AY705753_Thraustochytrids_1682
AY705755_Thraustochytrids_1680

AY256317_Thraustochytrids_1183
GU824646_Thraustochytrids_1162

U21338_Thraustochytrids_1664
L34668_Thraustochytrids_1685

AB022114_Thraustochytrids_1628
AB022115_Thraustochytrids_1613

AB355410_Thraustochytrids_1666

AB073304_Thraustochytrids_1611
AB244715_Thraustochytrids_1664

AB073305_Thraustochytrids_1633

AB022110_Thraustochytrids_1684
GU933120_Thraustochytrids_1608

FJ821499_Thraustochytrids_1688
AB022112_Thraustochytrids_1671

AB290355_Thraustochytrids_1689
FJ010826_Thraustochytrids_1407

L34054_Thraustochytrids_1680

DQ525181_Thraustochytrids_1644
DQ834734_Thraustochytrids_1645

FJ560900_Thraustochytrids_1637
AY705748_Thraustochytrids_1642
AB183655_Thraustochytrids_1647

DQ367050_Thraustochytrids_1645

AB183664_Thraustochytrids_1646
DQ374149_Thraustochytrids_1644

AY758384_Thraustochytrids_1646

AF257314_Thraustochytrids_1571
AF474172_Thraustochytrids_1676

AB538_D07_THRA_H

AB505496_Thraustochytrids_1661
GU823135_Thraustochytrids_1375

GU823043_Thraustochytrids_1409

AY381210_Thraustochytrids_1672
FJ800611_Thraustochytrids_1326

DQ310278_Thraustochytrids_1681
EF100295_Thraustochytrids_1262

AB191425_Thraustochytrids_1673
AB505562_Thraustochytrids_1687

AY046756_Thraustochytrids_1185
AY046766_Thraustochytrids_1184

AY046781_Thraustochytrids_1191
AY256336_Thraustochytrids_1289

AY046604_Thraustochytrids_1184
DQ103805_Thraustochytrids_1656

DQ103777_Thraustochytrids_1650

AF348517_Thraustochytrids_1672
AF348519_Thraustochytrids_1687

AF348516_Thraustochytrids_1663
FJ810216_Thraustochytrids_1671
AF348520_Thraustochytrids_1695

EU851173_Thraustochytrids_1667
EU851167_Thraustochytrids_1651

AB095092_Thraustochytrids_1602
AB220158_Thraustochytrids_1619

EU431330_Thraustochytrids_1615
EF100254_Thraustochytrids_1333

AB246794_Thraustochytrids_1588
AB290457_Thraustochytrids_1591

AY821970_Thraustochytrids_1487

AY426935_Thraustochytrids_1553
DQ073056_Thraustochytrids_1517

EF100382_Thraustochytrids_1570
EF100392_Thraustochytrids_1571

EF100267_Thraustochytrids_1370
FJ153754_Thraustochytrids_1672

EF100337_Thraustochytrids_1371
AY916582_Thraustochytrids_1671

AY046667_Thraustochytrids_1171
AY916573_Thraustochytrids_1645

EF100270_Thraustochytrids_1371
FJ800626_Thraustochytrids_1325

FN598249_Thraustochytrids_1067

AB505563_Thraustochytrids_1674
AY256299_Thraustochytrids_1182

EF100252_Thraustochytrids_1371
FJ800638_Thraustochytrids_1322

AB022108_Thraustochytrids_1672
FJ800643_Thraustochytrids_1326

DQ367046_Thraustochytrids_1669
FJ821480_Thraustochytrids_1671

GQ354272_Thraustochytrids_1673
FJ800641_Thraustochytrids_1327

EF526957_Thraustochytrids_1372
FJ800636_Thraustochytrids_1326

FJ799794_Thraustochytrids_1680
FJ800652_Thraustochytrids_1331

AB022111_Thraustochytrids_1681

FJ153715_Thraustochytrids_1178
FJ800599_Thraustochytrids_1328

FJ800623_Thraustochytrids_1327
AB191423_Thraustochytrids_1674

FJ800595_Thraustochytrids_1325
FJ800597_Thraustochytrids_1322

AB252772_Thraustochytrids_1662

GU823017_Thraustochytrids_1372
GU823236_Thraustochytrids_1373

EF100352_Thraustochytrids_1377
FJ800609_Thraustochytrids_1333

EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25

(G) MAST (continued)
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75 / MAST−1D−sp1

332 / MAST−1D−sp3

1051 / MAST−1D−sp6
2726 / MAST−1D−sp8

4625 / MAST−1D−sp9
1038 / MAST−1D−sp4

9334 / MAST−1D−sp16
1780 / MAST−1D−sp7

726 / MAST−1D−sp2

5571 / MAST−1B−sp3

388m / MAST−1B−sp1

1748m / MAST−1B−sp2

11424 / MAST−1B−sp5

3400 / MAST−1−sp2
9713 / MAST−1−sp1

866m / MAST−1A−sp5

1962 / MAST−1A−sp2
1115 / MAST−1A−sp1

1080m / MAST−1A−sp3

9024 / MAST−1A−sp7
9359 / MAST−1A−sp4

4907 / MAST−1A−sp8
5281 / MAST−1C−sp4

814m / MAST−1C−sp2

76 / MAST−1C−sp1
2593 / MAST−1C−sp3

11046 / MAST−sp19
9203 / MAST−sp11

4828 / MAST−sp7
8392 / MAST−sp14

2868 / MAST−sp2
3236 / MAST−sp1

14344 / MAST−sp28
5867 / MAST−sp22

8639 / MAST−sp20
8959 / MAST−sp25

6771 / MAST−sp10

14973 / MAST−sp27

1734m / MAST−2−sp1
2315m / MAST−2−sp3

4160m / MAST−2−sp5

3627 / MAST−2−sp2
2007m / MAST−2−sp6

2627m / MAST−7A−sp1

1349m / MAST−7A−sp2

1711 / MAST−7C−sp2
2530 / MAST−7C−sp4

9930 / MAST−7C−sp6
636m / MAST−7C−sp3
894 / MAST−7C−sp1

4819 / MAST−7B−sp5
8322 / MAST−7B−sp9

137m / MAST−7B−sp2

320 / MAST−7B−sp1

735m / MAST−7B−sp3
1245 / MAST−7B−sp4

5501 / MAST−7B−sp6

8041 / MAST−7B−sp8

3766 / MAST−7−sp1

672m / MAST−7E−sp1
3402 / MAST−7E−sp2

11414 / MAST−7E−sp4
7106 / MAST−7E−sp3

1504 / MAST−7D−sp2

2227 / MAST−7D−sp5
5582 / MAST−7D−sp8

3411 / MAST−7D−sp7
3180 / MAST−7D−sp6

1632 / MAST−7D−sp3

929 / MAST−7D−sp1
1872 / MAST−7D−sp4

6944 / MAST−7D−sp10

1095 / MAST−11−sp2

1265 / MAST−11−sp6

4896 / MAST−11−sp7

1150m / MAST−11−sp5
1765 / MAST−11−sp3

1381 / MAST−11−sp4
14083 / MAST−11−sp9

7185 / MAST−sp3

9002 / MAST−sp6

4857 / MAST−sp23

11813 / MAST−sp12

2265 / MAST−4A−sp3

31m / MAST−4A−sp1

3871 / MAST−4F−sp1

2350 / MAST−4B−sp2

98m / MAST−4B−sp1

1570 / MAST−4C−sp2

110 / MAST−4C−sp1

11312 / MAST−4−sp3
219m / MAST−4E−sp2

156m / MAST−4E−sp1
9273 / MAST−4E−sp4

976 / MAST−4D−sp1
1358m / MAST−4D−sp2

2259 / MAST−9C−sp5

12746 / MAST−9C−sp13
1526 / MAST−9C−sp1

4478 / MAST−9C−sp18

8767 / MAST−9C−sp6
9644 / MAST−9C−sp10

1356 / MAST−9C−sp3

2190 / MAST−9C−sp2

2156 / MAST−9C−sp4
4276 / MAST−9C−sp17

15153 / MAST−9C−sp16

15219 / MAST−9C−sp12

15725 / MAST−9C−sp11

10387 / MAST−9C−sp14

11265 / MAST−9C−sp7

22414 / MAST−9C−sp15

15709 / MAST−9D−sp4
927 / MAST−9D−sp1

2100 / MAST−9D−sp2
4559 / MAST−9D−sp3

6053 / MAST−9−sp2
7137 / MAST−9−sp1

12885 / MAST−9−sp5

4102 / MAST−9A−sp17

2078 / MAST−9A−sp8

7546m / MAST−9A−sp28

1696 / MAST−9A−sp2
5799 / MAST−9A−sp14

1687 / MAST−9A−sp6

3990 / MAST−9A−sp15

429m / MAST−9A−sp3
1783m / MAST−9A−sp11
939m / MAST−9A−sp10

523 / MAST−9A−sp1

12010 / MAST−9A−sp27

3346 / MAST−9A−sp13

1300 / MAST−9A−sp4

4688 / MAST−9A−sp19

1238m / MAST−9A−sp20
4859m / MAST−9A−sp25

3392 / MAST−9A−sp21
16194 / MAST−9A−sp38

5514 / MAST−9A−sp18

439m / MAST−10−sp1

3274m / MAST−8D−sp1

8403 / MAST−8D−sp3

14871 / MAST−8−sp1

12300 / MAST−8D−sp5

9784m / MAST−8D−sp13

5020 / MAST−8D−sp2
12810m / MAST−8D−sp10

3531 / MAST−8A−sp1

1200 / MAST−8B−sp2
9190 / MAST−8B−sp5

378m / MAST−8B−sp1

728m / MAST−8B−sp3
570m / MAST−8B−sp4

6548 / MAST−8C−sp3

1805m / MAST−8C−sp2
909 / MAST−8C−sp1

10777 / MAST−8E−sp11
8291 / MAST−8E−sp4

6069 / MAST−8E−sp2

6149 / MAST−8E−sp3

2055 / MAST−8E−sp1
9103 / MAST−8E−sp5

3290m / MAST−8E−sp10

11313 / MAST−8E−sp8
6073m / MAST−8E−sp6

5279m / MAST−8E−sp9

19000 / MAST−8−sp2

15557 / MAST−8E−sp7

8409 / MAST−sp15

9499 / MAST−sp8

600 / MAST−3I−sp1

6613 / MAST−3I−sp6

2975m / MAST−3I−sp7
3537 / MAST−3I−sp10

9356 / MAST−3I−sp25

4279 / MAST−3I−sp23

4753 / MAST−3I−sp19

543 / MAST−3I−sp3
9333 / MAST−3I−sp12

4491m / MAST−3I−sp16
2906m / MAST−3I−sp13

12895 / MAST−3I−sp36
10571 / MAST−3I−sp33

1412 / MAST−3I−sp11

17477 / MAST−3I−sp24

11841 / MAST−3I−sp18

6829m / MAST−3I−sp15

16157 / MAST−3I−sp21

2889m / MAST−3I−sp5
3380m / MAST−3I−sp8
7008 / MAST−3I−sp9

11329 / MAST−3I−sp32

2712 / MAST−3I−sp4
1442 / MAST−3I−sp2
3468m / MAST−3I−sp28

17459 / MAST−3I−sp34

3306m / MAST−3J−sp5

8470 / MAST−3J−sp8

2890 / MAST−3J−sp3
7132 / MAST−3J−sp6

5730 / MAST−3J−sp4
12953 / MAST−3J−sp12

3626 / MAST−3J−sp1

11448 / MAST−3J−sp10
12046 / MAST−3J−sp13

3278 / MAST−3J−sp2

8591m / MAST−3J−sp15

6706m / MAST−3J−sp16

19117 / MAST−3J−sp19
8717 / MAST−3J−sp9

16368 / MAST−3J−sp14

9044 / MAST−3I−sp31

11347 / MAST−3K−sp22
3978 / MAST−3K−sp6

4837 / MAST−3K−sp19

1344 / MAST−3K−sp1

4454m / MAST−3K−sp20

5676 / MAST−3K−sp8
6579 / MAST−3K−sp14

13493 / MAST−3K−sp21
2319 / MAST−3K−sp5

7279 / MAST−3K−sp12
673m / MAST−3K−sp3
6321 / MAST−3K−sp13

8228 / MAST−3K−sp10

12547 / MAST−3K−sp23

3383m / MAST−3K−sp16

2680 / MAST−3K−sp2
2739 / MAST−3K−sp4
5095 / MAST−3K−sp11

15063 / MAST−3K−sp24

5503 / MAST−3K−sp9
5746 / MAST−3K−sp7

4443 / MAST−3K−sp18

11633 / MAST−3−sp2

182 / MAST−3A−sp2

5353 / MAST−3A−sp16

273 / MAST−3A−sp1

3693 / MAST−3A−sp8
850 / MAST−3A−sp4

255 / MAST−3A−sp3

14475 / MAST−3A−sp25

3539 / MAST−3B−sp1

81m / MAST−3C−sp1

5333 / MAST−3D−sp5

205m / MAST−3C−sp2

1279 / MAST−3C−sp3
4216 / MAST−3C−sp4

16932 / MAST−3D−sp12

8088 / MAST−3D−sp7

19874 / MAST−3D−sp19

9601 / MAST−3D−sp10

9061 / MAST−3D−sp6

5681 / MAST−3D−sp4
12994 / MAST−3D−sp13

3170 / MAST−3D−sp3
233m / MAST−3D−sp2

14082 / MAST−3D−sp16

7124m / MAST−3D−sp11

7280 / MAST−3D−sp8

842 / MAST−3D−sp1

193m / MAST−3E−sp3

2649m / MAST−3E−sp9
3024 / MAST−3E−sp8

6669 / MAST−3E−sp12

120m / MAST−3E−sp2

584m / MAST−3E−sp7
3623m / MAST−3E−sp15

418 / MAST−3E−sp1
1112m / MAST−3E−sp4

2251 / MAST−3E−sp5

3858m / MAST−3E−sp13
4744 / MAST−3E−sp10

3247 / MAST−3E−sp6
15546 / MAST−3E−sp17

464 / MAST−3F−sp3
989 / MAST−3F−sp4

284 / MAST−3F−sp1

661m / MAST−3F−sp8
968m / MAST−3F−sp6

325 / MAST−3F−sp2

9001 / MAST−3G−sp2

347 / MAST−3G−sp1

6765 / MAST−3H−sp9

5704 / MAST−3H−sp8

6719 / MAST−3H−sp12
12339 / MAST−3H−sp18

5324 / MAST−3H−sp7
6469 / MAST−3H−sp10

10489 / MAST−3H−sp19
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6827 / MAST−3H−sp5
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12404 / MAST−3L−sp9
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16394m / MAST−12E−sp5
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15559 / MAST−12D−sp2
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11918 / MAST−1C−sp6
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18211 / MAST−9A−sp36
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20727 / MAST−8−sp3
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15609 / MAST−3I−sp27
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12543 / MAST−3A−sp22

3797 / MAST−3A−sp11

4083 / MAST−3A−sp6
6588 / MAST−3A−sp14

3734 / MAST−3A−sp12
8743 / MAST−3A−sp20
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16324 / MAST−3B−sp3
691m / MAST−3B−sp2

8764 / MAST−3C−sp7

4231 / MAST−3C−sp8
8658 / MAST−3C−sp9

4588 / MAST−3C−sp6

3671 / MAST−3C−sp5

21717 / MAST−3D−sp18
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12837 / MAST−3D−sp15
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DQ073056_Thraustochytrids_1517

EF100382_Thraustochytrids_1570
EF100392_Thraustochytrids_1571

EF100267_Thraustochytrids_1370
FJ153754_Thraustochytrids_1672

EF100337_Thraustochytrids_1371
AY916582_Thraustochytrids_1671

AY046667_Thraustochytrids_1171
AY916573_Thraustochytrids_1645

EF100270_Thraustochytrids_1371
FJ800626_Thraustochytrids_1325

FN598249_Thraustochytrids_1067

AB505563_Thraustochytrids_1674
AY256299_Thraustochytrids_1182

EF100252_Thraustochytrids_1371
FJ800638_Thraustochytrids_1322

AB022108_Thraustochytrids_1672
FJ800643_Thraustochytrids_1326

DQ367046_Thraustochytrids_1669
FJ821480_Thraustochytrids_1671

GQ354272_Thraustochytrids_1673
FJ800641_Thraustochytrids_1327

EF526957_Thraustochytrids_1372
FJ800636_Thraustochytrids_1326

FJ799794_Thraustochytrids_1680
FJ800652_Thraustochytrids_1331

AB022111_Thraustochytrids_1681

FJ153715_Thraustochytrids_1178
FJ800599_Thraustochytrids_1328

FJ800623_Thraustochytrids_1327
AB191423_Thraustochytrids_1674

FJ800595_Thraustochytrids_1325
FJ800597_Thraustochytrids_1322

AB252772_Thraustochytrids_1662

GU823017_Thraustochytrids_1372
GU823236_Thraustochytrids_1373

EF100352_Thraustochytrids_1377
FJ800609_Thraustochytrids_1333

EF172979_Thraustochytrids_1676
GU219191_Thraustochytrids_1134

AY381171_Thraustochytrids_1674
GQ863784_Thraustochytrids_1612

GU822961_Thraustochytrids_1370
GU823667_Thraustochytrids_1179

GU824035_Thraustochytrids_1370
AA539_M05_THRA_H

GU823102_Thraustochytrids_1063
GU823179_Thraustochytrids_1075

GU823191_Thraustochytrids_1075
GU823593_Thraustochytrids_1147

GU823036_Thraustochytrids_1075
AY665006_Thraustochytrids_1669

AA538_G14_THRA_H
GU823444_Thraustochytrids_1181

GU823540_MAST−20_1176
GU823286_MAST−3_1176

HM163290_MAST−3_1645

JQ782082_MAST−3_1646

JQ781996_MAST−3_1642

GU823419_MAST−3_1365

GU823423_MAST−3_1365

JQ782086_MAST−3_1649

GU823693_MAST−3_1179

AY295631_MAST−3_1651

JQ781999_MAST−3_1641

EU561843_MAST−3_1637

AY665064_MAST−3_1652

AY116221_MAST−3_1652

AF363187_MAST−3_1646
GU823850_MAST−3_1159

EU561853_MAST−3_1651

DQ781335_MAST−3_1072

HM369691_MAST−3_1177

DQ781336_MAST−3_1075

EF526878_MAST−3_1654

AB535_L17_MAST−3_H
AY381200_MAST−3_1657

GU823020_MAST−3_1178

JQ782000_MAST−3_1661

GU823508_MAST−3_1178

EF172961_MAST−3_1672

AB536_K08_MAST−3_H

AA539_G11_MAST−3_H

AY129068_MAST−3_1666

JQ782053_MAST−3_1671
EF172976_MAST−3_1668

AA539_J03_MAST−3_H

GU823354_MAST−3_1375

AY295683_MAST−3_1674

JN832731_MAST−3_1671

GU823083_MAST−3_1182

GU823366_MAST−3_1182

EU561933_MAST−3_1677

JQ781951_MAST−3_1671

JQ781950_MAST−3_1673

JQ782099_MAST−3_1673

JQ782032_MAST−3_1676
JQ782025_MAST−3_1676

JF791074_MAST−3_1681

JQ782024_MAST−3_1684

JQ781934_MAST−3_1669

GU823010_MAST−3_1377

AY381157_MAST−3_1668

AY295415_MAST−3_1666

AB208_M21_MAST−3_H

EU371189_MAST−3_1652

AF372755_MAST−12_1687
JQ781884_MAST−12_1686

FR874492_MAST−12_1690
AB538_N06_MAST−12_H

HM369704_MAST−12_1182

EF526909_MAST−12_1259
AB252769_MAST−12_1659

FR874462_MAST−12_1677

AB275040_MAST−12_1659
AB275092_MAST−12_1675

AB534334_MAST−12_1573
GQ330588_MAST−12_1452
EF023211_MAST−12_1671
EF219382_MAST−12_1670

EF219381_MAST−12_1668
EU162644_MAST−12_1672

DSGM39_MAST−12_1670

AF167414_MAST−12_1531

AB538_N11_MAST−12_H
GU823306_MAST−12_1177

AB091250_Blastocystis_1645
EF468654_Blastocystis_1643

AF538348_Blastocystis_1640
GU992415_Blastocystis_1632

AY956324_Blastocystis_1633
EU445491_Blastocystis_1630

EF209020_Blastocystis_1635

AB107973_Blastocystis_1657
EU082109_Blastocystis_1657

AB091246_Blastocystis_1670
AY135412_Blastocystis_1661

AY135409_Blastocystis_1669
AY135410_Blastocystis_1672

AF408425_Blastocystis_1598

AB091251_Blastocystis_1641
AB107970_Blastocystis_1641

AB070992_Blastocystis_1632
AB091234_Blastocystis_1631

AB032606_Placididea_1646
AY520454_Placididea_1642

GU170207_Placididea_1670

AY919726_Bicosoecids_1613
AY919783_Bicosoecids_1612

AY919748_Bicosoecids_1610

AB622310_Bicosoecids_1610
AY919683_Bicosoecids_1618

AY919737_Bicosoecids_1616
AY919822_Bicosoecids_1613

AY919782_Bicosoecids_1612
AY919697_Bicosoecids_1604

AB622329_Bicosoecids_1620
AY919718_Bicosoecids_1621

AB622297_Bicosoecids_1622

AY821964_Bicosoecids_1587
FJ971856_Bicosoecids_1633

AY919785_Bicosoecids_1618
AY520453_Bicosoecids_1635

EU162646_Bicosoecids_1643
GQ330587_Bicosoecids_1444

FJ971853_Bicosoecids_1649
AB622309_Bicosoecids_1638

AY642710_Bicosoecids_1256

AY821966_Bicosoecids_1592
GU290071_Bicosoecids_1641

AF072883_Bicosoecids_1639

AF174368_Bicosoecids_1644
EU162645_Bicosoecids_1637

AY520452_Bicosoecids_1635
AY919797_Bicosoecids_1621

AY919758_Bicosoecids_1633

AY821965_Bicosoecids_1627
EF100240_Bicosoecids_1352

AY827850_Bicosoecids_1585
DQ102392_Bicosoecids_1584

GU170211_Bicosoecids_1595
L27633_Bicosoecids_1586

AF174366_Bicosoecids_1575
AY916583_Bicosoecids_1591

AY520457_Bicosoecids_1559
EU106844_Bicosoecids_1558

AF174367_Bicosoecids_1556
AY827847_Bicosoecids_1559

AY129062_Bicosoecids_1608
FJ000279_Bicosoecids_1321

AB535_E02_BICO_H

DQ269469_Bicosoecids_1616
DQ269470_Bicosoecids_1622

GU170209_Bicosoecids_1589
GU170210_Bicosoecids_1627

DQ103786_Bicosoecids_1543
DQ103795_Bicosoecids_1613

GU825260_Bicosoecids_1366
AY520445_Bicosoecids_1671

EF023971_Bicosoecids_1678
GU290106_Bicosoecids_1674

GU290093_Bicosoecids_1672
GU170214_Bicosoecids_1634

AY789790_Bicosoecids_1101
GU823193_Bicosoecids_1157

AB196_E03_BICO_H

DQ781330_Bicosoecids_1063
GU825698_Bicosoecids_1177

EF527176_Bicosoecids_1573

DQ310274_Bicosoecids_1562
EF432536_Bicosoecids_1668

GU824563_Bicosoecids_1175
GU824606_Bicosoecids_1175

GU825425_Bicosoecids_1102
GU290098_Bicosoecids_1692

AY256323_Bicosoecids_1180
GU823003_Bicosoecids_1195

GU823256_Bicosoecids_1169

GU824659_MAST−24_1079
HM749939_MAST−24_1536

AB505495_MAST−24

GU823479_MAST−16_1079
GU823586_MAST−16_1091

GU823104_MAST−16_1207

HM749940_MAST−22
HM749941_MAST−22

EF526979_MAST−22
AY256330_MAST−22_1287

HM749937_MAST−22
HM749938_MAST−22

AB505560_MAST−22

GU825694_MAST−22_1364

EU500081_MAST−25_804

AB536_P07_MAST−25_H

0.1

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(G) MAST

Pirsonia

Peronosporomycetes

Hyphochytriales

Developayella

Ochrophyta

MAST-1

MAST-23

MAST-2

MAST-7

MAST-11

MAST-4

MAST-9

MAST-10

MAST-8

Labyrinthulomycetes

MAST-20

MAST-3

MAST-6

MAST-12

Blastocystis

Placidida

Bicosoecida

MAST-16
MAST-24

MAST-22

MAST-25

(G) MAST (continued)
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1736 / Picozoa−sp16
1759 / Picozoa−sp15

555 / Picozoa−sp3
3283 / Picozoa−sp25

2179 / Picozoa−sp12
4191 / Picozoa−sp22

2285 / Picozoa−sp13
615 / Picozoa−sp4

5025 / Picozoa−sp23

5212 / Picomonas judraskeda (98.4%)
1367 / Picomonas judraskeda (98.7%)
737m / Picomonas judraskeda (98.4%)
7152 / Picomonas judraskeda (98.4%)

397 / Picomonas judraskeda (99.0%)

129m / Picomonas judraskeda (97.6%)
2871 / Picomonas judraskeda (97.1%)
1341 / Picomonas judraskeda (97.1%)

299 / Picomonas judraskeda (98.2%)

778 / Picomonas judraskeda (99.0%)

3470 / Picomonas judraskeda (99.0%)

611 / Picomonas judraskeda (99.2%)

411m / Picomonas judraskeda (98.1%)

5113 / Picomonas judraskeda (97.9%)

15370 / Picomonas judraskeda (97.6%)

138 / Picomonas judraskeda (97.4%)

9497 / Picozoa−sp35
5847 / Picomonas judraskeda (97.1%)

674m / Picozoa−sp11

383 / Picozoa−sp2

51m / Picozoa−sp1

3614 / Picozoa−sp21

1904 / Picozoa−sp14

552 / Picozoa−sp6

1062 / Picozoa−sp10

521 / Picozoa−sp5

671 / Picozoa−sp7

911 / Picozoa−sp9

18608 / Picozoa−sp33

5922 / Picozoa−sp18

574m / Picozoa−sp8

7634 / Picozoa−sp28

5700 / Picozoa−sp24

7870 / Picomonas judraskeda (97.1%)

10278 / Picomonas judraskeda (97.9%)
8195 / Picomonas judraskeda (97.6%)

8711 / Picomonas judraskeda (98.7%)

15548 / Picomonas judraskeda (98.2%)

11561 / Picomonas judraskeda (97.1%)

5901 / Picozoa−sp27

4568 / Picozoa−sp17

21749 / Picozoa−sp34

5893 / Picozoa−sp26
11669 / Picozoa−sp32

1925m / Picozoa−sp31

17139 / Picozoa−sp29

711m / Picozoa−sp20

16231 / Picozoa−sp36

10121 / Picozoa−sp19

9113 / Picozoa−sp30

ASV_24492

ASV_17074

ASV_16762

ASV_17849
ASV_20824

ASV_18621

ASV_24600

ASV_21639m

DQ222876 RA000907.33
KJ173872 MA136−15m−C02
KJ173837 DH113−5m−C08

EU368004 FS01AA94 01Aug05 5m

KJ173838 DH113−5m−D02

JX988758 Picomonas judraskeda
DQ222878 RA001219.38

KJ173876 MA136−15m−C23

KJ173873 MA136−15m−C15

KJ173874 MA136−15m−C17

KJ173853 DH148−3000m−C02
KJ173861 DH148−3000m−C13

DQ060525 NW617.02
EU368039 EN351CTD040 20mN8

JX194510 1301A09sw−017
KJ173856 DH148−3000m−C06

KJ173847 DH117−1000m−C10

KJ173849 DH117−1000m−C13

KJ173848 DH117−1000m−C12
KJ173865 MA115−997m−C18
KJ173866 MA115−997m−C19

KJ173868 MA115−997m−C22
KJ173869 MA131−25m−C18

GU823377 AB5F13RM3D01

KJ173867 MA115−997m−C21

KJ173845 DH117−1000m−C02

KJ173836 DH113−5m−C05
EU368037 EN351CTD039 30mN9

KJ173841 DH113−5m−D25
KJ173839 DH113−5m−D03
KJ173859 DH148−3000m−C11
KJ173870 MA131−25m−D12
KJ173835 DH18−25m−D05
KJ173860 DH148−3000m−C12
KJ173871 MA131−25m−D16
EU368038 EN351CTD040 4mN11

KJ173858 DH148−3000m−C09

KJ173864 DH148−3000m−D17
KJ173863 DH148−3000m−D16
KJ173862 DH148−3000m−D14
KJ173854 DH148−3000m−C04

KJ173846 DH117−1000m−C07
DQ222879 RA000907.18

KJ173875 MA136−15m−C22

DQ060526 NOR46.24

DQ222875 OR000415.159

KJ173844 DH116−100m−C11
DQ222880 RA010613.144

KJ173840 DH113−5m−D24
KJ173842 DH116−100m−C02

EU368021 FS04GA46

AY426835 BL000921.8

KJ173851 DH117−1000m−D04
KJ173857 DH148−3000m−C07

KJ173843 DH116−100m−C03
KJ173850 DH117−1000m−D03

JX840937 ARK−21
KJ173852 DH117−1000m−D06

KJ173855 DH148−3000m−C05
DQ060527 NOR50.52

JQ956302 MAL106 6 H9

KU900222 Cryptomonas pyrenoidifera
KF907411 Cryptomonas tetrapyrenoidosa

HQ710589 Cryptomonas sp. HSY−2011
AB772660 Hatena arenicola

0.02

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(H) Picozoa

‘BP1’

‘BP3’

‘BP2’

Deep-branching
Picozoa-2

Deep-branching
Picozoa-1
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500m / Telonema−sp3

598m / Telonema−sp10

234 / Telonema−sp1

287m / Telonema−sp6

2811 / Telonema−sp11

3440 / Telonema−sp21

5405 / Telonema−sp23
207m / Telonema antarcticum (97.1%)

8319 / Telonema−sp26

4090 / Telonema−sp22

2274 / Telonema−sp12

221m / Telonema−sp4

1126m / Telonema−sp27

629 / Telonema−sp2

12878 / Telonema−sp37
1484m / Telonema−sp15

7201 / Telonema−sp30

9291 / Telonema−sp29

4348 / Telonema−sp16
1403 / Telonema−sp7

3066 / Telonema−sp18
679m / Telonema−sp5

11432 / Telonema−sp43

1425 / Telonema−sp13

12392 / Telonema−sp41

812m / Telonema−sp20

14215 / Telonema−sp39
4307 / Telonema−sp24

5499m / Telonema−sp36

874m / Telonema−sp9

4028 / Telonema−sp17

3545 / Telonema−sp19

7937m / Telonema−sp42

7068 / Telonema−sp28
5407 / Telonema subtilis (97.4%)

1370 / Telonema−sp8
1669m / Telonema subtilis (97.1%)

5210 / Telonema subtilis (97.4%)

6261 / Telonema subtilis (97.1%)

14786 / Telonema−sp33
626m / Telonema subtilis (97.3%)

20409 / Telonema subtilis (97.6%)

10756 / Telonema−sp32
12114 / Telonema−sp35

2281m / Telonema−sp25

7582 / Telonema−sp38

10757 / Telonema−sp34
1875m / Telonema−sp31

23776 / Telonema−sp45
2963 / Telonema−sp14

20949 / Telonema subtilis (97.6%)

20761 / Telonema−sp44
18953 / Telonema subtilis (97.9%)

15046 / Telonema subtilis (97.1%)

3849 / Telonema subtilis (97.6%)
21750 / Telonema subtilis (97.6%)

19716 / Telonema subtilis (97.9%)
22412 / Telonema−sp40

19997 / Telonema subtilis (97.1%)
5381m / Telonema subtilis (97.3%)

24136 / Telonema subtilis (97.9%)

ASV_20454

ASV_9178m

ASV_12178m

ASV_15314m
ASV_20283

ASV_5690m

ASV_14349

ASV_24024

ASV_8328m

ASV_17486

ASV_5230m

ASV_23871

ASV_23657

ASV_12355

ASV_16953

DQ119997 NW614.39

DQ119996 NW614.31
AY295513 RA000907.47

DQ119993 NOR26.38
DQ647533 PD6.20

DQ119998 NW414.01
DQ119999 NW414.42

AY295501 RA000907.3

AJ965240 He000427 29
AY295498 RA000907.26

AJ564773 Telonema antarcticum

AY665037 SCM38C20

AY295644 RA010516.38

AM418563 IND31.100
DQ119995 NOR46.11

AY295470 RA000609.49
DQ120000 NW414.45

AY295476 RA000609.57

DQ120001 NW617.20

AY665041 SCM27C12
AY665042 SCM27C3

AY665043 SCM27C46

AY665040 SCM27C23

DQ119994 NOR26.35

AY665027 SCM16C39

AY426930 BL010625.25

AM418562 33.54

DQ103827 M218G12
DQ103867 M318B12

AY295583 RA010412.17

AJ564771 Telonema subtilis RCC404.5
AY295531 RA001219.10

AY295352 Telonema subtilis RCC358

AY295375 RA000412.136

KU900222 Cryptomonas pyrenoidifera
KF907411 Cryptomonas tetrapyrenoidosa

HQ710589 Cryptomonas sp. HSY−2011
AB772660 Hatena arenicola

0.02

Extract Both DNA RNA Bootstrap support 60−80% 80−90% >90%

(I) Telonemia

Group 2

Group 1

Figure S2. Phylogenetic trees with complete reference 18S rDNA sequences (see Material and Meth-
ods) and short ASVs from this study for main HF groups: (A) Bicosoecida. (B) Centrohelida. (C) Cerco-
zoa. (D) Choanoflagellata. (E) Chrysophyceae. (F) Dictyochophyceae. (G) MASTs within all Strameno-
piles. (H) Picozoa. (I) Telonemia. Trees were built with RAxML-ng in an all-in-one analysis (maximum 
likelihood tree search + non-parametric bootstrap) with 100 randomized parsimony starting trees, dis-
crete GAMMA model of rate heterogeneity with 4 categories and 200 bootstrap replicates. Designated 
clades in each tree come from the original studies from which references were retrieved.
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Bathypelagic

Mesopelagic

DCM

Surface

0 25 50 75 100
Relative read abundance (%)

Heterotrophic flagellates

Alveolata

OtherRhizaria

Archaeplastida

OtherStramenopiles

OtherOpisthokonta

Other

Figure S3. Contribution of broad groups to the overall picoeukaryotic diversity. Some groups do not 
have HFs (Alveolates, Archaeplastida), while the rest display their signal after excluding the HF groups 
shown in Table S2 (i.e., OtherRhizaria include all rhizarian reads except those from Cercozoa).
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In both

RNA only

DNA only

0 200 400 600
Number of ASVs

A

RNA dataset

DNA dataset

0 25 50 75 100
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B

Figure S6. Report of the ASVs found in DNA and RNA data sets. (A) Number of ASVs found in a unique 
data set or shared. (B) Percentage of reads within each data set that derive from shared or unique ASVs.

Figure S7. Scatter plots of (A) accumulated and (B) by-sample relative abundances of the 52 domi-
nant ASVs in the 12 surface assemblages included in both DNA and RNA data sets. Only one of the 52 
ASVs was missing from the RNA data set.
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2.9. Supplementary tables

TOTAL Surface DCM Mesopelagic Bathypelagic

V4 DNA 

1 (all samples)
3 (surface samples)
4 (surface samples)
5 (surface samples)

Malaspina 0.2-3 µm DNA
V4-18S 

amplicons
188 127 12 23 26

Logares et 
al., 2020

Giner et al., 
2020

V4 RNA 2 Malaspina 0.2-3 µm RNA
V4-18S 

amplicons
91 13 14 32 32

Giner et al., 
2020

V9 DNA 2 Malaspina 0.2-3 µm DNA
V9-18S 

amplicons
34 6 6 11 11

Obiol et al., 
2020

mTags 2 Malaspina 0.2-3 µm DNA Metagenomes 65 9 10 26 20
Obiol et al., 

2020

TARA V9 2 Tara 0.8-5 µm DNA
V9-18S 

amplicons
70 31 39 - -

de Vargas et 
al., 2015
Callahan, 

2017

Prokaryotes 5 Malaspina 0.2-3 µm DNA 16S amplicons 113 113 - - -
Logares et 

al., 2020

Dataset References
Samples

Sequencing
Nucleic 

acid 
template

Size 
fraction

CruiseUsed in figures

Table S1. List of molecular sequencing data sets used in this study and their associated information (sam-
pling cruise, size fraction and nucleic acids analyzed, sequencing approach and sampled depth zone). 
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Table S2. Taxonomic groups including HF taxa considered in this study. Dinoflagellates were not included, 
as their known minimal size is about 5 µm.

Group Supergroup

Mantamonas CRuMS

Rigifilida CRuMS

Goniomonas Cryptista

Katablepharidae Cryptista

Palpitomonas Cryptista

Diplonemea Excavata

Kinetoplastida Excavata

Centrohelida Haptista

Choanoflagellata Opisthokonta

Filasterea Opisthokonta

Ancyromonadida Other Eukaryota

Apusomonadida Other Eukaryota

Breviatea Other Eukaryota

Malawimonadidae Other Eukaryota

Picozoa Other Eukaryota

Telonemia Other Eukaryota

Cercozoa Rhizaria

Bicosoecida Stramenopiles

Cantina Stramenopiles

Chrysophyceae Stramenopiles

Developayella Stramenopiles

Dictyochophyceae Stramenopiles

MAST-1 Stramenopiles

MAST-2 Stramenopiles

MAST-3 Stramenopiles

MAST-4 Stramenopiles

MAST-6 Stramenopiles

MAST-7 Stramenopiles

MAST-8 Stramenopiles

MAST-9 Stramenopiles

MAST-10 Stramenopiles

MAST-11 Stramenopiles

MAST-12 Stramenopiles

MAST-16 Stramenopiles

MAST-20 Stramenopiles

MAST-22 Stramenopiles

MAST-23 Stramenopiles

MAST-24 Stramenopiles

MAST-25 Stramenopiles

InSedMAST Stramenopiles

MOCH-3 Stramenopiles

MOCH-4 Stramenopiles

Opalinata Stramenopiles

Picophagea Stramenopiles

Placidida Stramenopiles
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Shared DNA RNA Total

Ancyromonadida Other Eukaryota 1 1 5 7

Apusomonadida Other Eukaryota 5 4 3 12

Bicosoecida Stramenopiles 24 32 25 81

Cantina Stramenopiles 0 0 2 2

Centrohelida Haptista 16 38 8 62

Cercozoa Rhizaria 47 35 35 117

Choanoflagellata Opisthokonta 64 20 83 167

Chrysophyceae Stramenopiles 70 38 57 165

Dictyochophyceae Stramenopiles 13 8 6 27

Katablepharidae Cryptista 4 6 0 10

MAST-1 Stramenopiles 26 17 15 58

MAST-2 Stramenopiles 5 2 3 10

MAST-3 Stramenopiles 135 73 214 422

MAST-4 Stramenopiles 13 10 1 24

MAST-7 Stramenopiles 29 6 10 45

MAST-8 Stramenopiles 28 12 18 58

MAST-9 Stramenopiles 43 26 30 99

MAST-10 Stramenopiles 1 0 1 2

MAST-11 Stramenopiles 7 2 0 9

MAST-12 Stramenopiles 8 3 7 18

MAST-25 Stramenopiles 6 2 4 12

InSedMAST Stramenopiles 24 4 55 83

MOCH-4 Stramenopiles 2 0 7 9

Picozoa Other Eukaryota 40 19 8 67

Telonemia Other Eukaryota 42 19 15 76

TOTAL 653 377 612 1642

Group Supergroup
Number of ASVs

Table S3. The heterotrophic flagellates catalogue. Number of HF ASVs detected in the the V4 DNA and V4 
RNA data sets separated by taxonomic group and by extract (shared, only in DNA, and only in RNA).
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Table S4. Results of PERMANOVA analyses for surface, vertical profiles and aphotic samples (mesope-
lagic + bathypelagic layers) using Bray-Curtis dissimilarity matrices and several environmental parameters.

R2 p-value R2 p-value R2 p-value

Water mass - - - - 0.336 0.001

Depth zone - - 0.225 0.001 0.019 0.306

Temperature 0.159 0.001 0.021 0.017 0.029 0.106

Ocean subdivision 0.132 0.001 0.189 0.001 0.152 0.001

Conductivity 0.027 0.001 0.010 0.351 0.012 0.576

Oxygen (mL/L) 0.013 0.012 0.006 0.741 0.008 0.83

Fluorescence 0.012 0.011 0.008 0.582 0.052 0.01

Salinity 0.016 0.002 0.019 0.031 0.021 0.282

Surface Aphotic samplesVertical profiles
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Surf DCM Meso Bathy Surf DCM Meso Bathy Surf DCM Meso Bathy

Chrysophyceae 8 2 2 2 17 7 6 3 43 29 15 9

Bicosoecida 4 3 3 1 5 4 4 2 14 5 8 5

MAST-3 11 - - - 21 7 - - 63 34 4 -

Picozoa 11 4 1 - 20 8 3 - 33 21 7 3

MAST-1 3 4 - - 10 9 1 - 21 13 5 -

MAST-4 5 4 - - 6 7 1 - 15 8 2 -

Centrohelida 2 - - - 3 2 - - 10 3 4 -

Telonemia 1 3 - - 9 9 1 - 23 15 3 -

Choanoflagellata 1 - - - 5 2 - - 31 12 4 1

MAST-7 1 3 - - 9 7 - - 18 13 2 -

MAST-25 1 2 - - 4 3 - - 4 5 1 -

MAST-9 1 - - - 6 3 - - 27 8 6 -

Katablepharidae 2 - - - 3 1 - - 4 3 - -

Dictyochophyceae 1 - - - 1 1 - - 7 2 - -

Ancyromonadida - 1 - - 1 1 1 - 1 1 1 1

MAST-11 - 2 - - 3 2 - - 6 3 - -

MAST-10 - 1 - - 1 1 - - 1 1 1 -

MOCH-4 - 2 - - 1 2 1 - 1 2 2 -

Cercozoa - - - - 2 - 4 - 10 3 11 2

MAST-8 - - - - 5 2 - - 11 9 4 -

InSedMAST - - - - - 1 - - 2 3 5 -

Apusomonadida - - - - - - - - 3 - - -

MAST-2 - - - - - - - - 2 - - -

MAST-12 - - - - - - - - - 1 3 -

TOTAL 52 31 6 3 132 79 22 5 350 194 88 21

60% of the reads 80% of the reads 95% of the reads
Group

Table S5. Number of dominant HF ASVs in the water column of the global ocean. Dominance is estimated 
by noting the numbers of ASVs needed to explain 60%, 80%, and 95% of the reads in the four depth zones. 
Groups are ordered by decreasing overall read contribution in the whole data set.
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Table S6. List of all HF ASVs found in this study together with taxonomic information and nucleotide se-
quences. For those found in DNA samples (A), mean relative abundance and SD, and prevalence are shown 
for each depth zone, as well as for the overall DNA and RNA data sets. ASVs are ordered by decreasing 
mean relative abundance. ASVs only found in RNA samples (B) are listed with their nucleotide sequence 
and taxonomic information. Available at: https://aslopubs.onlinelibrary.wiley.com/action/downloadSupple-
ment?doi=10.1002%2Flno.11956&file=lno11956-sup-0002-Tables.xlsx

Table S7. Comparison of the dominant 52 ASVs from Malaspina surfaces against TARA Oceans data 
set, noting the rank abundance position in both data sets. To do the comparison, an unambiguous link be-
tween V4 and V9 sequences (based on a long GenBank sequence nearly identical in both regions) was 
searched. In 7 cases, this unambiguous V4-V9 link could not be done (not comparable search). Available at: 
https://aslopubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Flno.11956&file=l-
no11956-sup-0002-Tables.xlsx

https://aslopubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Flno.11956&file=lno11956-sup-0002-Tables.xlsx
https://aslopubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Flno.11956&file=lno11956-sup-0002-Tables.xlsx
https://aslopubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Flno.11956&file=lno11956-sup-0002-Tables.xlsx
https://aslopubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Flno.11956&file=lno11956-sup-0002-Tables.xlsx
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Abstract

Marine heterotrophic flagellates (HF) are dominant bacterial grazers in the ocean, where they 
represent the trophic link between bacteria and higher trophic levels and participate in the re-
cycling of inorganic nutrients for regenerated primary production. Studying their activity and 
function in the ecosystem is challenging since most of the abundant HFs in the ocean are still 
uncultured. In the present work, we investigated gene expression of HF natural communities 
in four unamended seawater incubations where bacterivory, an understudied process with 
global implications in biogeochemical cycles, was promoted. Most abundant species grow-
ing in the incubations belonged to the taxonomic groups MAST-4, MAST-7, Chrysophyceae 
and Telonemia. Gene expression dynamics were similar between experiments and could be 
divided into three states based on microbial counts, each state displaying distinct expression 
patterns. The analysis of samples where HF growth was highest revealed some highly-ex-
pressed genes that could be related to bacterivory. Using available genomic and transcrip-
tomic references, we identified 25 species growing in our experiments, and we used them 
to compare the expression levels of these specific genes. Our results indicate that cysteine 
peptidases, together with glycoside hydrolases 3 and 20, are more expressed in heterotro-
phic than in phototrophic species, and thus could be used to infer the process of bacterivory 
in natural assemblages.
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3.1. Introduction

Understanding the activity and functions of microbial communities in the ocean is funda-
mental to predict how marine ecosystems will change in the context of global warming (Cav-
icchioli et al., 2019). Marine microbes, both prokaryotes and microbial eukaryotes (protists), 
form the base of marine food webs and alterations in their composition and activities could 
directly impact biogeochemical cycles at a global scale (Hutchins & Fu, 2017). Currently, in-
creases in surface seawater temperature are amplifying the stratification of the water col-
umn, thus hampering mixing and the delivery of nutrients from the deep ocean to upper lay-
ers (Li et al., 2009). These changes are predicted to promote smaller microorganisms in the 
ocean (Daufresne et al., 2009; Li et al., 2009), and uncouple bacterial production from graz-
ing mortality (Sarmento et al., 2010). As a consequence, bacterial biomass could increase, 
keeping inorganic nutrients unavailable for regenerated primary production and producing 
an imbalance between carbon recycling and carbon export to the deep ocean. Even though 
bacterivory is central in marine food webs, both the players and the genes they use are still 
largely uncharacterized.

The use of multi-omics techniques has completely changed the field of microbial ecology, 
providing new approaches to study microbial diversity and functions. Given the complexity 
of eukaryotic genomes and the fact that the presence of an eukaryotic gene can inform little 
about its in situ function, metatranscriptomics has been the preferred approach to study 
the activity of microbial eukaryotes (Caron et al., 2016; Keeling & del Campo, 2017). These 
studies can benefit substantially from the generation of reference genomes of dominant 
marine species, and new genomes from uncultured protists have been recently obtained by 
metagenomics (Alexander et al., 2022; Delmont et al., 2022; Duncan et al., 2022) and sin-
gle-cell genomics (Gawryluk et al., 2016; Labarre et al., 2021; Latorre et al., 2021; Schön et al., 
2021). Recent studies using metatranscriptomics on protist communities have broadened 
our knowledge on different topics (Cohen et al., 2022) such as trophic strategies (Lambert 
et al., 2022), diel and seasonal cycles (Kolody et al., 2019; Louyakis et al., 2018), nutrient re-
sponses (Alexander et al., 2015; Muratore et al., 2022) or functional biogeography (Carradec 
et al., 2018). The application of these tools to study bacterivory in the ocean is becoming very 
promising.

Heterotrophic flagellates (HF) are main bacterial grazers in the ocean (Fenchel, 1986) and 
at the same time the most understudied component of the marine microbiome (del Campo 
et al., 2014). These very small unpigmented protists (2-5 µm), found in the photic ocean at 
concentrations up to 103 cells mL-1 (Jürgens & Massana, 2008), play a crucial role in the mi-
crobial loop by channeling carbon to higher trophic levels, remineralizing inorganic nutrients, 
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and keeping bacterial abundances in balance (Pernthaler, 2005; Sherr & Sherr, 2002). HFs pre-
date on bacteria through the process of phagocytosis, the uptake of the prey through mem-
brane invagination and its digestion in an acidic environment (Botelho & Grinstein, 2011). 
Phagocytosis is an ancient evolutionarily-conserved process (Boulais et al., 2010) with deep 
implications in the origin and evolution of eukaryotes (Mills, 2020). It has been deeply investi-
gated in metazoan immunity cells, given its role as a defense mechanism in human immunity 
(Flannagan et al., 2009), but only few studies have investigated the genes for nutrition-based 
phagocytosis (Bozzaro et al., 2008; Burns et al., 2015; Dayel & King, 2014; Labarre et al., 2021; 
Okada et al., 2005).

Therefore, it is yet unclear which functional genes involved in phagocytosis are being ex-
pressed by marine HF species during bacterivory, mainly due to the lack of model organ-
isms and the high phylogenetic diversity of HF assemblages. Some recent studies have ex-
plored this question by differential gene expression in cultured strains (Massana et al., 2021; 
Prokopchuk et al., 2022). However, as many of the dominant HF species in the ocean are not 
available in culture (Obiol et al., 2021), we are still missing a large fraction of the molecular 
processes involved in bacterivory in natural HF communities. Unamended incubations have 
proven to be a good approach to promote a pulse of bacterivory from natural HF assemblag-
es (Massana et al., 2006), which facilitates a subsequent study of the gene expression of 
their uncultured species. We recently used this approach to follow the functional dynamics of 
a few uncultured MAST species by combining metatanscriptomics and single cell amplified 
genomes (Labarre et al., 2020). Thus, the combination of unamended incubations and meta-
transcriptomics could allow identifying highly expressed genes by bacterivorous co-existing 
species.

In the present work, we performed four unamended dark incubations of surface seawater 
collected in the Blanes Bay Microbial Observatory (BBMO) at different seasons of the year to 
explore the functional dynamics of the HF community < 3µm during bacterivorous growth. 
Our data reveals marked changes in gene expression between the different states of the 
incubation, together with genes highly expressed during bacterivory that could be related to 
phagocytosis. Altogether, our study advances our understanding on the biological processes 
shaping HF communities and throws light on the characterization of bacterivory.

3.2. Materials and methods

3.2.1. Sampling at the BBMO and experimental setup

Surface seawater for unamended incubations (see Fig. S1 for a schematic overview) was 
collected and pre-filtered through a 200 µm nylon mesh at the Blanes Bay Microbial Obser-
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vatory (BBMO), a well-studied coastal sampling station located in the NW Mediterranean Sea 
(Gasol et al., 2016). In situ temperature was measured using a CTD probe. Carboys contain-
ing the seawater were covered with opaque plastic bags to avoid light penetration and trans-
ported to the laboratory in less than 2 hours. There, 50 L of seawater were gravity-filtered 
through 3 µm pore-size polycarbonate filters into a polycarbonate carboy (Nalgene) and incu-
bated in the dark for 5-10 days at in situ seawater temperature. The carboy was gently rolled 
on the floor 10 times every 24 hours to promote water mixing. We sampled 2 L of seawater 
for RNA sequencing once a day and filtered them through 0.6 µm pore-size (47/142 mm ø) 
polycarbonate filters using a peristaltic pump (~10 minutes filtration time). Samples were 
stored at -80ºC after filtration. We also sampled 5 ml of seawater every 12-24 hours and fixed 
them with glutaraldehyde (1% final concentration) for microbial counts. We stained the fixed 
samples with 4’,6-diamidino-2-phenylindole (DAPI) and filtered through 0.2 µm pore-size (25 
mm ø) polycarbonate filters. We counted cell abundances by epifluorescence microscopy of 
bacteria and heterotrophic flagellates (under UV light), phototrophic flagellates (UV and blue 
lights) and Synechococcus (blue and green lights).

3.2.2. RNA extraction, sequencing and read analyses 

We performed RNA extraction and library preparation for Illumina sequencing as detailed in 
Labarre et al. (2020). Briefly, we cut and vortexed the filters in tubes containing Power Soil 
beads (Mobio) and extracted RNA using RNeasy Mini Kit (Qiagen) followed by a DNAse treat-
ment with Turbo DNA-free kit (Ambion). We selected a total of 21 samples for sequencing 
according to their RNA extraction yields. Polyadenylated transcripts were reverse transcribed 
to cDNA and enriched by 15 polymerase chain reaction (PCR) cycles at CNAG (https://cnag.
cat/). RNASeq libraries were prepared with KAPA Stranded mRNA-Seq Illumina (Roche-KAPA 
Biosystems). Sequencing was carried out using Illumina platforms HiSeq2500 for “Jul17” 
experiment, HiSeq4000 for “Mar18” and “Nov18” experiments and NovaSeq6000 for “Sep20” 
experiment. Paired-end reads (2 x 100 bp) were obtained with a final sequencing depth of 15 
Gbp, except for “Sep20” experiment, with 25 Gbp.

We trimmed metatranscriptomic Illumina reads for adapters and filtered them for phred 
scores of ≥ 20 and length ≥ 75 bp with Trimmomatic v0.38 (Bolger et al., 2014) (Fig. S2). In 
order to characterize the taxonomic dynamics of the incubations, we followed the pipeline 
described in Obiol et al. (2020) to extract and classify 18S rRNA fragments from the obtained 
reads, using version 5 of eukaryotesV4 database (https://github.com/aleixop/eukaryotesV4)

3.2.3. Assembly, annotation and quantification of transcripts

We first identified and removed ribosomal RNA fragments from quality-filtered reads using 
SortMeRNA v3.0.3 (Kopylova et al., 2012) with default parameters. We then co-assembled the 

https://github.com/aleixop/eukaryotesV4
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remaining reads using rnaSPAdes v3.14.1 (Bushmanova et al., 2019) with default parameters 
and obtained a single assembled metatranscriptome per experiment (Fig. S2). For each one, 
we removed sequences shorter than 200 bp with vsearch v2.17.0 (Rognes et al., 2016) and 
kept the longest isoform of each gene. We taxonomically classified the transcripts using 
kaiju v1.8.2 (Menzel et al., 2016) in MEM mode with the nr+euk database and parameters -x 
-m 11 as in Bucchini et al. (2021) and removed transcripts associated to prokaryotic taxa. 
We translated the transcripts to proteins using GeneMarkS-T v5.1 (Tang et al., 2015) with 
minimum length of 200 bp and default parameters and removed transcripts that could not be 
translated to a protein. We quantified the expression of the preliminary obtained transcripts 
per experiment in each sample using salmon v1.8.0 (Patro et al., 2017) in mapping-based 
mode. We considered a gene as expressed if it had ≥2 transcripts per million (TPM) in at 
least one sample (Mika et al., 2021) and removed the transcripts below this threshold. With 
these final metatranscriptomes we did a second quantification with salmon and obtained the 
expression profiles for each sample. We functionally annotated the predicted proteins using 
eggNOG-mapper v2.1.2 (Cantalapiedra et al., 2021; Huerta-Cepas et al., 2019). We performed 
most functional analyses using KEGG ortholog (KO) annotations (Kanehisa et al., 2021) and 
its higher-order associated classifications (BRITE and Pathway). To do so, we generated an 
expression profile KO table by pooling the TPM values from transcripts associated to each 
individual KO.

3.2.4. Detection in the experiments of species with known genomic data

We built a reference protein database of 1038 eukaryotic genomes and transcriptomes by 
combining EukProt database version 3 (Richter et al., 2022) and 50 single amplified genomes 
prepared from BBMO samples (López-Escardó et al. in prep). In order to detect the presence 
of these species in our experiments, we aligned the metatranscriptomes to this protein 
database using DIAMOND blastp v2.0.14 (Buchfink et al., 2021) in sensitive mode. We kept 
the top scoring hits for each transcript after selecting alignments with >90% identity and a 
minimum of 50 aminoacids. We removed transcripts having more than one top hit (same 
e-value) with different reference genomes (1.6% of the cases). With this, we identified 51 
species that had a reasonable similarity in the experiments (at least 100 transcripts found 
per experiment). Then, we verified if the signal detected derived from the same exact species 
(or a closely related one) by mapping the retrieved transcripts to the coding sequences (CDS) 
of the reference species at the nucleotide level using blastn v2.7.1 (Altschul et al., 1990). We 
considered a species present in the experiments when the transcripts and the reference CDS 
had a median identity >99%. We selected 25 species, annotated their reference genomes/
transcriptomes using eggNOG-mapper and quantified their gene expression by mapping the 
unassembled metatranscriptomic reads to their CDS sequences using salmon. We normalized 
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the obtained read counts using the effective length of each mapped CDS sequence (i.e., we 
divided mapped read counts by the effective length reported by salmon) and converted them 
to integer counts ranging from 0 to 106 using a pseudo-count as in Salazar et. al (2019). Then, 
we corrected the obtained expression profiles using edgeR’s (Robinson et al., 2009) TMM 
transformation and converted them to pseudocounts per million.

3.2.5. Statistical analyses

We performed all general analyses using R v4.1.1 (R Core Team, 2021) and packages ti-
dyverse v1.3.1 (Wickham et al., 2019) and vegan v2.5.7. We divided the samples of each 
experiment into “lag”, “growth” and “decline” states according to their placement in the growth 
curve assessed by microscopy. We validated this classification using plotPCA function in 
package DESeq2 v1.32.0 (Love et al., 2014) using transcript counts obtained by salmon fol-
lowed by a variance stabilizing transformation (Fig. S3). From the list of 359 highly expressed 
genes at the growth state in the experiments (Table S1), we identified 104 housekeeping 
genes, later used later for normalizing gene expresion functions, by choosing ribosomal pro-
teins and other genes generally used in the literature (Alexander et al., 2012; Li et al., 2022).

3.3. Results

3.3.1. Growth and taxonomic dynamics

We conducted a total of four unamended incubation experiments between July 2017 and 
September 2020 following similar experimental procedures (Table 1; Fig. S1). For each ex-
periment, we gravity-filtered 50 L of surface seawater by 3 µm pore-size, incubated the result-
ing community (bacteria plus picoeukaryotes) in the dark for 5-10 days at in situ seawater 
temperature, and followed the growth dynamics by epifluorescence microscopy (Fig. 1A). In 
all cases, there was an initial peak of bacteria followed by a peak of heterotrophic flagellates 
(HF) and a continuous decrease of photosynthetic populations. Initial bacterial abundances 
were around 7-9 x 105 cells ml-1 and peaked to ~2 x 106 cells ml-1 at 4-5 days in the first tree 
experiments, while in “Sep20” the bacterial peak was earlier and lower. The initial peak of 
bacteria was followed by a peak of HF, which increased from 5-10 x 102 cells ml-1 to 7-13 x 
103 cells ml-1. In the absence of light, the phototrophic flagellates (PF) presented a steady de-
crease from the initial counts of 1-3 x 103 cells ml-1, with the exception of “Mar18” experiment, 
where initial cell abundances were one order magnitude higher due to a bloom of very small 
cells (1-2 µm). Synechococcus cell abundances steadily decreased from initial abundances 
about 2 x 104 cells ml-1 in the first three experiments and twice these initial values (and more 
marked decreases) in “Sep20”. Following the HF dynamics in Fig. 1A we classified the incu-
bation into three states (“lag”, “growth” and “decline”). 
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We obtained metatranscriptomic reads from extracted RNA collected at different time points 
of the incubations (white dots in Fig. 1A). Prior to assembly, we extracted reads containing 
the V4 region of the 18S rRNA gene to perform a taxonomic profiling of the eukaryotic com-
munities (Fig. 1B). Taxonomic groups with chloroplast-harboring species – Prymnesiophy-
ceae, Dictyochophyceae, MOCH-2, Pelagophyceae, Chlorophyta and Dinoflagellata – showed 
a clear decreasing trend along the experiments (bottom panels in Fig. 1B). These accounted 
for 43-70% of relative read abundance at the beginning of the incubations and were nearly 
absent towards the end. Dictyochophyceae in “Nov18” was the only exception to this trend, 
as its relative abundance increased from 1% at around day 4 to 22% at the final time. Het-
erotrophic protists (upper panels in Fig. 1B) initially represented 17-42% of the relative read 
abundance and explained most of the read signal during the “growth” state (83-91% total 
relative read abundance). The most abundant groups considering the 4 experiments were 
MAST-1 and MAST-7. Chrysophyceae and Telonemia were also very abundant in “Mar18” and 
“Nov18” experiments (the latter also in “Sep20”). In terms of the overall development of main 
taxonomic groups, experiments grouped by pairs: “Jul17” and “Sep20” were closer, as well as 
“Mar18” and “Nov18”.

3.3.2. General functional dynamics

We generated four de novo metatranscriptomes by coassembling reads and curating the 
transcripts sets (see Fig. S2 for a schematic overview of the process) and build expression 
profile (TPM) tables by mapping these reads back to each metatranscriptome. After removing 
prokaryotic and low-expression transcripts the final data sets contained 2-4 x 105 transcripts 
with a N50 ranging from 799 to 1438 bp (Table 1). Using KEGG database, we could functionally 
annotate approximately a third of the transcripts (Table 1), which represented around half of 
total TPM in each experiment (Fig. S4). We kept these functionally annotated transcripts for 
further analyses. A simple PCA plot with the normalized counts for these transcripts roughly 
validated the three states used here (Fig. S3).

Table 1. Overview of the experiments. General information of the experiments and statistics of the 
obtained metatranscriptomes.

Experiment
Sampling 

date
Temperature 

(ºC)
Num. 

samples
Num. transcripts 

(103)
Size 

(Mbp)
N50 
(bp)

KEGG annotated 
(%)

Jul17 4/7/17 24 6 225 162 1438 32.9

Mar18 6/3/18 14 5 294 187 1112 31.4

Nov18 5/11/18 19 6 350 228 1216 30.6

Sep20 15/9/20 24 4 410 201 799 22.4
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Figure 1. Cell counts and taxonomic dynamics during the incubations. (A) Cell counts of bacteria, 
Synecococcus, heterotrophic flagellates (HF) and phototrophic flagellates (PF) conducted by epifluores-
cence microscopy with DAPI staining. The background of the plots is colored by the different incubation 
states of the HF community. White dots in HF curves represent time points from which we obtained 
metatranscriptomic data. (B) Relative read abundance of the main taxonomic eukaryotic groups during 
the incubations as seen by 18S-V4 mTags. Groups are divided into 2 plots by their overall dynamics: 
increasing (upper panels) or decreasing (bottom panels) their relative read abundance.
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The most expressed KEGG orthologs (KOs) considering all experiments (Fig. 2A) were asso-
ciated to proteins involved in cytoskeleton structure, such as actin, tubulin and centrin. These 
showed relatively similar levels of expression along incubation states except for centrins, 
which displayed a higher expression during “decline” state. Ribosomal proteins and elonga-
tion factors, involved in protein synthesis, were also highly expressed, with rather constant 
expression levels along time. Other highly-expressed KOs were calmodulin and ubiquitin, pro-
teins related to signal transduction, which followed the same pattern; and cathepsins L and 
X, cysteine peptidases that were highly expressed in the “growth” state. Among the highly 
expressed KOs there were also 2 photosynthesis-related proteins (chlorophyll a/b binding 
proteins) that exhibited high TPM numbers in “lag” state and a dramatic decrease at the 
“growth” and “decline” states. The experiments exhibited similar overall dynamics when com-
paring their gene level KOs TPMs in a non-metric multidimensional scaling using Bray-Curtis 
dissimilarities (Fig. 2B). Thus, samples seemed to be organized by time of the incubation 
rather than by experiment. In terms of states of the incubation, “lag” was clearly differentiated 
from the rest, while “growth” and “decline” states displayed a clear overlap. 

We then looked at the higher-level annotation of each KO represented by KEGG BRITE cate-
gories to report the expression dynamics of the main functions and proteins along the states 
and the experiments (Fig. 2C). The structuring between states seen in Fig. 2B working at the 
gene level was also apparent when using these broader categories (Fig. 2C), as “growth” and 
“decline” samples clustered together and “lag” samples formed a separate cluster. The de-
crease along incubation time in the expression of photosynthesis-related proteins was very 
apparent (Fig. 2C), with maximum TPM values in “lag” samples and virtually no expression 
in “decline” samples. Apart from this clear pattern, the dynamics of the remaining categories 
were less marked and could be roughly divided into 3 different trends: (1) functions with genes 
exhibiting high expression through all incubation states, (2) those showing higher expression 
in both “growth” and “decline” states and (3) those more expressed in the “growth” state. 
The first group included constitutive processes of the cell, such as spliceosome, translation 
factors or chaperones. Also, membrane trafficking processes and transporters had a compa-
rable expression across incubation states. In the second category, ribosome was the most 
expressed category, followed by ubiquitin, GTP-binding and transcription- and replication-re-
lated proteins. The third group contained functions and proteins with highest expression in 
the “growth” state, such as peptidases, GPI-anchored proteins and glycosyltransferases. 

3.3.3. Most expressed genes during “growth” state

Based on the dynamics of bacteria and HF in all incubations, it could be deduced that the 
“growth” state was the period when the bacterivory process had the highest relative impor-
tance. So, we focused on the most expressed genes (KOs) during that state. We obtained 
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Figure 2. General functional dynamics of the 4 experiments. (A) Expression values per sample of 
the 25 most expressed KOs (KEGG orthologs) in the incubations represented by boxplots colored by 
incubation state. (B) Non-metric multidimensional scaling (NMDS) plot using Bray-Curtis dissimilarities 
between the expression of KOs in the different samples. Samples are grouped by the incubation state 
they belong to. (C) Heatmap displaying the expression of main categories as represented by KEGG 
BRITE classifications. Values shown are computed by scaling TPM values to a 0-1 scale per category 
and experiment (i.e., TPM values belonging to a category and experiment are divided by their maximum 
value). Boxplots display the actual TPM values per sample of each category.   

C
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a list of 359 highly-expressed KOs (those with at least >500 TPM on average in one of the 
experiments), which we then grouped into a custom system of 24 categories partially based 
on KEGG BRITE and Pathway hierarchies, assigning each KO to a single category (Table S1) 
to avoid having duplicated signal. These general functions presented comparable gene ex-
pression levels when putting together all “growth” samples from the four incubations (Fig. 
3A). Some of the most expressed categories were related to processes generally considered 
as constitutive or housekeeping, as already seen in general dynamics (Fig. 2): ribosomal and 
cytoskeleton proteins, protein processing, translation, replication or transcription. However, 
other categories related to metabolism also emerged, such as peptidases, CAZy enzymes or 
other hydrolases, as well as translocases (mainly including proton pumps), and membrane 
trafficking proteins (Fig. 3A).

Following the data revealed in Fig. 3A and past evidence as their role in bacterivory through 
phagocytosis (see Discussion for further details), we analyzed in detail the KOs of three of the 
previous functional categories, namely peptidases, translocases (proton pumps) and CAZy 
enzymes (Fig. 3B). We first assessed the overlap in the functional annotation of transcripts 
so as to avoid having different KOs with the same transcript associated. This was particularly 
critical within peptidases, in which the 20 KOs were grouped in 6 broader categories (Fig. 
S5), and also occurred once with CAZy enzymes. We then computed the average FC (Fold 
Change) of the 104 housekeeping genes (HK; Table S1) between “lag” and “growth” states 
per experiment after removing outliers (as calculated in boxplots) and used this value as 
baseline to compare the expression FC of the rest of the genes (calculated again by divid-
ing their averaged expression values in “lag” and “growth” states). All peptidase genes had 
a higher expression in the “growth” state than HK genes in at least 3 of the 4 experiments 
(Fig. 3B), suggesting a putative upregulation during growth by bacterivory, with an average 
FC >3 (i.e., their expression increased more than 3-fold on average from “lag” to “growth” 
states). Among these, cysteine peptidases (including 7 cathepsin types, see Fig. S5) were 
by far the most expressed in log phase (Fig. 3B). For translocases, genes related to V-type 
ATPase displayed different patterns, with two subunits (a and 16kDa proteolipid) being more 
expressed than HK genes in 3 experiments and subunit B in only one. We also detected this 
latter trend with inorganic pyrophosphatase, which was one of the most expressed genes 
related to proton pumps in the incubations (Fig. 3B). For CAZy enzymes, two glycoside hy-
drolases (GH; chitinase and hexosaminidase) and two glycosyltransferases (GT; dolichyl−di-
phosphooligosaccharide protein glycosyltransferase and reversibly glycosylated polypeptide 
UDP−arabinopyranose mutase) were more expressed than HK genes in all the experiments. 
Carboxylesterase 2 and GH7 genes showed the opposite trend, with a lower FC than HK in 
all cases. GT66, AA13 and CE10 were the most expressed genes in this category (Fig. 3B).



137

CHAPTER 3

ROS homeostasis

Mitochondrial proteins

Nucleotide metabolism

Metabolism of cofactors and vitamins

Ion channels

Photosynthesis proteins

Lipid metabolism

Energy metabolism

Replication and repair

Extracellular sensing and signalling

Carbohydrate metabolism

Transporters

Other hydrolases

CAZy enzymes

Amino acid metabolism

Signal transduction

Translocases

Chromosome and associated proteins

Transcription and RNA processing

Membrane trafficking

Translation

Peptidases

Protein processing

Cytoskeleton proteins

Ribosome

103 104 105

TPM

A

carboxypeptidase Z
aspartyl peptidases*

legumain
serine peptidases*

tripeptidyl−peptidase I
cysteine peptidases*

Peptidases
B

0
10

00
0

20
00

0
30

00
0

V−type H+−transporting ATPase
subunit B

inorganic pyrophosphatase

V−type H+−transporting ATPase
subunit a

V−type H+−transporting ATPase 16kDa
proteolipid subunit

Translocases

0
10

00
20

00
30

00
40

00

GH7*

carboxylesterase 2 (CE10)

1,4−alpha−glucan branching enzyme
(GH13)

xylan 1,4−beta−xylosidase (GH3)

hydroxyproline O−
arabinosyltransferase (GT95)

lytic starch monooxygenase (AA13)

hexosaminidase (GH20)

chitinase (GH18)

reversibly glycosylated polypeptide
UDP−arabinopyranose mutase (GT75)

dolichyl−diphosphooligosaccharide
protein glycosyltransferase (GT66)

Ju
l17

Mar1
8

Nov
18

Sep
20

CAZy enzymes

0
10

00
20

00

TPM
FC 0.0 2.5 5.0 7.5 10.0

FC > FC(HK) Yes No

Figure 3. Most expressed functions and genes in growth state. (A) Expression values (TPM) of the 359 
most expressed genes in “growth” samples pooled into custom categories (see Table S1 for further de-
tails). We created these categories partially based on KEGG BRITE and Pathway classifications to avoid 
having KOs associated to more than one category (as happens with KEGG BRITE). (B) Fold change (FC) 
between “lag” and “growth” incubation states of genes (KOs) annotated as peptidases, translocases 
(proton pumps) and CAZy enzymes from the 359 highly-expressed genes in “growth” state and their 
expression values. Dots representing fold change are colored differently according to their comparison 
to the average FC of housekeeping genes. In some cases (marked with an asterisk), KOs displaying 
overlap in functional annotations (i.e., different KOs associated to the same transcript) needed to be 
grouped into broader sets (see Fig. S5 for further details). ‘Cysteine peptidases’ includes cathepsins B, 
F, H, K, L, O, X, as well as KDEL-tailed endopeptidase and xylem cysteine peptidase; ‘aspartyl peptidases’ 
includes cathepsins D and E, phytepsin and saccharopepsin; ‘serine peptidases’ includes cathepsin A, 
serine carboxypeptidase-like clades I and II and vitellogenic carboxypeptidase-like protein. For CAZy 
enzymes, ‘GH7’ groups cellulose 1,4-beta-cellobiosidase and cellulase.
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3.3.4. Gene expression at the species level

After looking at the expression dynamics at the community level, we investigated which spe-
cies with genomic/transcriptomic data available were present in the incubations, which would 
allow a detailed analysis of their gene expression in our metatranscriptomes. By mapping the 
transcripts to an exhaustive custom protein database of eukaryotic species (see Methods 
for details), we obtained a preliminary list of 51 candidate taxa (Fig. S6). The comparison 
between the species coding sequences and their associated transcripts revealed cases of 
virtually identical sequences (green bars in Fig. S6) but also cases of transcripts having medi-
an identity ranging from 90 to 95% (red bars in Fig. S6) that could not be considered to derive 
from that species but from a highly related one. After filtering these cases, we obtained a final 
list of 25 species present in our incubations (Table 2). In terms of taxonomic diversity, the list 
contained 12 Stramenopiles (several MASTs, Ochrophyta and Bicosoecida), 6 Archaeplastida 
(Chlorophyta and Picozoa), 5 Haptista (Prymnesiophyceae), 1 cercozoan and 1 choanofla-
gellate (Table 2). The re-quantification of the metatranscriptomic reads against the complete 
species proteome provided a picture of the dynamics of the 25 species in the different incu-
bations (Fig. 4, see Fig. S7 for the full display with all the species). In general, heterotrophic 
species tended to increase their expression towards the middle and end of the incubation, 
while phototrophic species were highly expressed at the beginning and decreased along in-
cubation time. In the case of species labelled as mixotrophic, a mix of the above-mentioned 
trends was seen, as well as some species displaying a rather steady expression (Fig. S7).

Taking advantage of the different trophic modes represented by the 25 species (12 hetero-
trophs, 8 mixotrophs and 5 phototrophs), we analyzed whether the expression of the genes 
identified as putatively relevant for bacterivory varied between nutritional strategies. Thus, if 
these genes participated actively in bacterivory, we would expect them to be more expressed 
in phagotrophs than in phototrophs. Within peptidases, cysteine peptidases were the ones 
with the highest relative expression values, with approximately an order of magnitude higher 
than the rest (Fig. 5). Relative gene expression also differed depending on trophic mode, with 
heterotrophic species always displaying slightly higher values (around 2% of gene expres-
sion) than mixotrophic species and markedly higher than phototrophic ones (<0.5%). Despite 
exhibiting lower expression levels, the remaining peptidase genes followed similar trends 
among trophic modes. In translocases, inorganic pyrophosphatase had the highest levels of 
relative expression and was similarly expressed in both heterotrophs and mixotrophs and a 
bit lower in phototrophs, a pattern slightly visible in the V-ATPase subunits (Fig. 5). CAZy en-
zymes showed different trends. GH13 seemed to be more expressed in phototrophs, CE10 in 
mixotrophs and GT66, GH20, AA13, GT95 and GH3 in heterotrophs. As revealed by functional 
annotation results, genes encoding enzymes CE10 and GH7 were not present in genomes/
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transcriptomes from the selected phototrophic species, and AA13 had a single sequence 
annotated in Pycnococcus provasolii. Therefore, these did not display any relative expression 
value for phototrophs (Fig. 5).

Table 2. Species with genomic data well represented in the metatranscriptomes. The 25 species with 
strong signal in the experiments are displayed with general taxonomy, genome completeness (BUSCO), 
and quantification information in the incubations. 

Species Supergroup Group Source
Trophic 
mode

BUSCO 
(%)

Experiments 
present

Max reads 
recovered per 

sample (%)

Bathycoccus prasinos Archaeplastida Mamiellophyceae genome Phototroph 75.3 2 2.74

Micromonas-sp1 Archaeplastida Mamiellophyceae single-cell genome Phototroph 27.1 2 0.69

Ostreococcus lucimarinus Archaeplastida Mamiellophyceae genome Phototroph 78.1 1 0.62

Picozoa sp. COSAG01 Archaeplastida Picozoa single-cell genome Heterotroph 21.6 1 0.02

Picozoa sp. COSAG02 Archaeplastida Picozoa single-cell genome Heterotroph 32.1 1 0.03

Pycnococcus provasolii Archaeplastida Pycnococcaceae transcriptome Phototroph 55.3 1 0.01

Chrysochromulina rotalis Haptista Prymnesiophyceae transcriptome Mixotroph 53.7 1 0.11

Dicrateria rotunda Haptista Prymnesiophyceae transcriptome Mixotroph 36.1 1 0.28

Emiliania huxleyi Haptista Prymnesiophyceae genome Mixotroph 56.1 3 0.10

Isochrysidales sp. CCMP1244 Haptista Prymnesiophyceae transcriptome Mixotroph 57.2 3 0.07

Phaeocystis cordata Haptista Prymnesiophyceae transcriptome Mixotroph 53.4 3 1.00

Acanthoecidae sp. 10tr Opisthokonta Choanoflagellata transcriptome Heterotroph 78.8 3 0.51

Mataza sp. D1 Rhizaria Cercozoa transcriptome Heterotroph 77.7 2 0.10

Cafeteria burkhardae Stramenopiles Bicosoecida genome Heterotroph 67.1 1 0.10

Triparma eleuthera Stramenopiles Bolidophyceae transcriptome Mixotroph 53 3 0.19

Triparma laevis Stramenopiles Bolidophyceae transcriptome Mixotroph 40.8 2 0.23

ChrysophyceaeNA-sp1 Stramenopiles Chrysophyceae single-cell genome Heterotroph 21.2 1 0.13

Leptocylindrus hargravesii Stramenopiles Diatomeae transcriptome Phototroph 65.1 1 0.05

Rhizochromulina  sp. CCMP1243 Stramenopiles Dictyochophyceae transcriptome Mixotroph 67.9 2 1.90

MAST-1C-sp1 Stramenopiles MAST-1 single-cell genome Heterotroph 3.9 2 0.08

MAST-1D-sp2 Stramenopiles MAST-1 single-cell genome Heterotroph 11.4 1 0.02

MAST-3C-sp2 Stramenopiles MAST-3 single-cell genome Heterotroph 31.4 1 0.04

MAST-4A-sp1 Stramenopiles MAST-4 single-cell genome Heterotroph 73.8 4 0.28

MAST-4E-sp1 Stramenopiles MAST-4 single-cell genome Heterotroph 57.3 2 1.56

MAST-8B-sp1 Stramenopiles MAST-8 single-cell genome Heterotroph 18.4 2 0.05
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Figure 4. Expression dynamics of some species with genomic data found in the metatranscriptomes. 
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3.4. Discussion

Marine heterotrophic flagellates (HF) remain largely undersampled, and very few ecologically 
relevant species are available in culture (del Campo et al., 2014). As a consequence, key pro-
cesses in global biogeochemical cycles, such as bacterivory, still need to be well character-
ized. In this study, we performed 4 unamended incubations of coastal seawater in the dark 
to promote the growth of natural HF assemblages and assess their gene expression during 
bacterivory.

Figure 5. Expression of selected genes in species with different trophic modes. Points represent the 
relative expression of the gene in a single species and sample. Values were computed by dividing the 
expression of the selected gene by the total expression for each species and sample. Values are sepa-
rated by the trophic mode of the species they come from (Table 2).
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3.4.1. Circumventing the lack of cultured representative HF species

The use of unamended incubations allowed a more than 10-fold increase in cell densities of 
natural HF assemblages. With this, we could obtain good quality metatranscriptomic sam-
ples from ecologically relevant microorganisms. Even after performing a polyA selection to-
wards eukaryotic messenger RNA, the metatranscriptomes contained a remarkable signal 
of ribosomal RNA (around 3% of reads on average matched the V4 region of the 18S rDNA) 
due to its huge abundance in the cell (Cui et al., 2010). We took advantage of this to assess 
the general taxonomic dynamics in the incubations, an approach supported by a previous 
study where we reported that the relative abundance of this rRNA signal was well correlated 
with the FISH counts of the target cells (Labarre et al., 2020). The most represented taxa 
belonged to MAST clades, Chrysophyceae and Telonemia, groups that have been identified 
to be highly abundant and widespread in the surface ocean (Obiol et al., 2021). Despite the 
general dominance of these taxonomic groups, differences emerged between the individual 
species growing in the experiments, thus highlighting the seasonality of protist communities 
in BBMO (Giner et al., 2019) and the large diversity of natural assemblages. 

Although most of the groups present in the incubations are known to be poorly represented 
in public databases, we tried to map the unassembled metatranscriptomic reads to an ex-
haustive database of microbial eukaryotes to see if we could taxonomically bin them, as per-
formed in other studies (Alexander et al., 2015; Metegnier et al., 2020). As expected, however, 
less than 15% of reads on average mapped to the reference data set with an identity >90% 
(Fig. S8). Thus, we only kept this approach to answer specific questions on some bacterivo-
ry-related genes (see last section) and opted to perform a de novo assembly for each of the 
experiments to analyze the expression patterns of the whole community. With this method, 
we could functionally annotate half of our transcripts using different databases, while the 
other half remained completely unknown. This issue was also reported in a global eukaryotic 
metatranscriptomic survey (Carradec et al., 2018), and agrees with the estimation that cur-
rently 40-60% of microbial predicted genes cannot be assigned to a known function (Vanni 
et al., 2022).

3.4.2. Functional insights into HF gene expression

The general functional dynamics in the 4 experiments showed seemingly similar patterns of 
gene expression. This is relevant, as the incubations were conducted during different times 
of the year, and due to species succession following seasonality trends (Giner et al., 2019; 
Lambert et al., 2018) initial assemblages were certainly different. Therefore, the similar gene 
expression patterns could reflect some kind of functional redundancy, as different sets of 
co-existing taxa could be performing the same function in the ecosystem (Louca et al., 2018). 
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For a better characterization of the species dynamics in each incubation, a more thorough 
analysis with amplicon sequencing could have been done, but this was outside the scope of 
this paper.

The most visible pattern in functional dynamics was the expression decrease of photosyn-
thesis-related genes to virtually zero, in agreement with the decrease of phototrophic flag-
ellates detected by microscopy and the fact that incubations were performed in the dark. 
Despite representing an obvious outcome of the experimental setup, this transition from pho-
totrophy to heterotrophy in all the incubations highlights the reliability of our data to analyze 
the expression of bacterivory-related genes. Many of the highly-expressed transcripts were 
related to constitutive processes of eukaryotic cells, such as tubulin, actin, ubiquitin or ribo-
somal proteins. Given their house-keeping role, these had high expression values regardless 
of the state of the incubations.

The experimental setup presented in this study was different from a conventional RNA-seq 
experiment with separated control and treatment samples. Rather, in our samples many spe-
cies were growing with putatively different dynamics, thus forming a complex system to ana-
lyze. Following the evidence given by microscopic counts, we tried to reduce this complexity 
by grouping samples into 3 states (“lag”, “growth” and “decline”) according to the HFs growth 
curve. This separation was also supported by metatranscriptomic data, so we could treat 
samples separately: “lag” samples were representative of the initial state of the community, 
still dominated by photosynthesis and with a basal bacterivory activity, while “growth” sam-
ples was the state with highest bacterivory. The case of “decline” samples was less clear, as 
the HF counts decreased but we also identified a few species growing at that phase. This 
likely explains why the expression patterns of “decline” samples behave similarly to “growth” 
samples.

3.4.3. Highly expressed genes during bacterivory

Following the separation on states, we focused on the “growth” samples to analyze which 
genes had highest expression values during bacterivory. Some of the most expressed cate-
gories belonged to constitutive processes, with genes involved in several cellular functions 
(like actin or tubulin), and we did not analyze them any further. Instead, we focused on an-
other set of highly-expressed genes that belonged to peptidases, translocases and CAZy 
enzymes, as these could be promising targets in the study of bacterivory.

The majority of the highly-expressed peptidase genes belonged to cathepsins. According 
to the overlap displayed in functional annotations, these clustered into separate groups by 
their catalytic mechanism (cysteine, serine and aspartyl peptidases). An exhaustive analysis 
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should be performed to identify the phylogenetic relationships within these groups, as most 
of them were described in humans or model organisms (Berti & Storer, 1995; Ritonja et al., 
1988) and little is known for uncultured protists species. Cathepsins are mainly found in the 
lysosome, where they act as digestive enzymes degrading proteins in acidic conditions (Turk 
et al., 2012). Their high gene expression during bacterivory was consistent with the fact that 
more than 60% of bacterial dry weight is composed by proteins (Simon & Azam, 1989). Some 
peptidases have been previously found in phagosomes, such as cathepsin L in metazoan 
macrophages (Szulc-Dąbrowska et al., 2020) or cathepsin D in the amoeba Dictyostelium 
discoideum (Gotthardt et al., 2002). A recent paper working with the bicosoecid flagellate 
Cafeteria burkhardae detected an abundant cysteine peptidase gene being differentially ex-
pressed during bacterivory (Massana et al., 2021), and other studies have reported their pres-
ence in mixotrophic algae (McKie-Krisberg et al., 2018), mixotrophic dinoflagellates (Cohen 
et al., 2021) and MAST groups (Labarre et al., 2020). Most of the highly-expressed peptidase 
genes identified here also displayed a higher fold change than house-keeping genes when 
comparing “lag” and “growth” states, a result that could support their role in bacterivory-relat-
ed cellular processes in HFs.

Within translocases, V-type ATPases and inorganic pyrophosphatase genes were among 
those highly-expressed in “growth” samples. V-type ATPase proton pumps are involved in 
the acidification of the lysosome, among other organelles (Nelson et al., 2000), and it has 
been hypothesized that pyrophosphatase could play a similar role in protists not belonging to 
Opisthokonta and Amoebozoa supergroups (Baltscheffsky et al., 1999; Labarre et al., 2021), 
where this protein is absent. The gene for this proton pump was more expressed than the 
V-type ATPase in the above-mentioned C. burkhardae study, thus supporting this view (Mas-
sana et al., 2021). Despite being highly expressed, we did not find a clear pattern of higher 
expression of the pyrophosphatase proton pump between “growth” and “lag” states, whereas 
V-ATPases-related genes showed contrasting trends depending on the targeted subunit. This 
could be explained by the complexity of the dynamics in the incubations and the fact that 
these proton pumps may have active roles in other cellular processes.

Carbohydrate-active (CAZy) enzymes are related to carbohydrate metabolism (Lombard et 
al., 2014), including glycoside hydrolases (GH) and glycosyltransferases (GT). Glycosyltrans-
ferases create glycosidic bonds (Bourne & Henrissat, 2001), although the reactions they cat-
alyze can be reversible (Zhang et al., 2006). GT66 gene, involved in the N-glycosylation of pro-
teins (Henrissat et al., 2008) – a highly-conserved metabolic process obligatory for viability in 
eukaryotes (Kukuruzinska & Lennon, 1998) –, as well as GT75 gene, which can be associated 
to cell wall metabolism (Popper et al., 2011), were overexpressed in the “growth” state of the 
incubations compared to HK genes. Regarding GT66, this could represent an increase in 



145

CHAPTER 3

N-glycans, the functions of which are well-studied in humans but mostly unknown for protists 
(Hykollari et al., 2017), while the high expression of GT75 could be due to either a biosynthetic 
(coming from a remaining photosynthetic signal) or degradative activity in “growth” samples. 
In the case of glycoside hydrolases, they are responsible for carbohydrate hydrolysis (Bourne 
& Henrissat, 2001), and they could be involved in bacterivory as digestive enzymes. It was 
recently reported that GHs account on average for 3% of predicted genes in four MAST-4 
species (Latorre et al., 2021), which are among the most abundant HFs in the ocean (Obiol 
et al., 2021). A gene encoding a chitinase belonging to GH18 was the most expressed GH 
in “growth” samples. Chitin is mostly found in metazoans, fungi and diatoms (Cheng et al., 
2021), and the presence of chitinase in picosized HFs indicates that these enzymes may 
have other physiological functions that are still unknown (Taira et al., 2018). Another high-
ly-expressed GH gene in our incubations was hexosaminidase (GH20). Hexosaminidases are 
abundant components found in phagosomes of the parasite Entamoeba histolytica (Okada 
et al., 2005) and several GH20 genes were found in the genomes of MAST-4 and -3 species 
(Seeleuthner et al., 2018). This, together with their high expression reported here, suggests 
that GH20 enzymes are also present in phagosomes of HF.

3.4.4. Expression of bacterivory genes at the species level

From the subset of more than 1000 species having genomic/transcriptomic data, we found 
25 of them in the incubations, as we detected them in the metatranscriptomes. Ten of them 
had a partial genome obtained through single-cell genomics (SCG), highlighting both the 
number of uncultured taxa growing in the incubations and the power of SCG to access the 
genomes of environmental taxa. As expected, all the species identified had a picoplanktonic 
size (≤ 3 µm), with the exception of the diatom Leptocylindrus hargravesii, which belongs 
to the microplankton (20-200 µm). Technically this species should not be detected in our 
data sets, as we performed the incubations with seawater prefiltered by 3µm, and a possible 
explanation could be that we are targeting gametes produced for sexual reproduction (Nan-
jappa et al., 2017) that are passing through filters. When assessing the presence of given spe-
cies in our metatranscriptomes, we noted several cases of transcripts with a median identity 
at the nucleotide level of 90-98% to a species in the database, indicating the presence of a 
close relative, but not the reference species  (Fig. S6). If we take as an example MAST-4A and 
MAST-4B species available in EukProt, which are very close phylogenetically (2 bp difference 
at the V4 rDNA amplicon), and compare their coding sequences, the median identity we ob-
tain is around 85% (Fig. S9). So, it could be inferred that 25 of the reference species, together 
with additional closely related ones, were growing in the incubations.

With the expression data retrieved from the 25 species, which represented different trophic 
modes, we could test whether the highly expressed genes in “growth” samples were more 
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expressed in bacterivorous species compared to phototrophic ones, and thus could be re-
lated to the process of bacterivory. Given that phototrophs may have been in suboptimal 
conditions under dark conditions, one could argue that this analysis could be biased towards 
heterotrophic modes. However, if this happened, we would have detected strong differences 
in relative expression for phototrophic species between initial samples, where PF abundance 
was highest and the absence of light was just starting, and the rest of the incubations (i.e., 
we would have detected 2 separated clusters of points in Fig. 5, forming a taller violin plot).

Our analysis revealed that the set of peptidase genes were generally more expressed in spe-
cies with a heterotrophic mode of nutrition, with cysteine peptidases representing up to 3% of 
the total gene expression of some species. This suggests that, although these could partici-
pate in other cellular processes, they have a key role in bacterivory as digestive enzymes. Pro-
ton pumps (translocases) did not display these marked differences between trophic modes, 
suggesting that they actively participate in other cellular processes apart from bacterivory. 
For CAZy enzymes, GH20 and GH3 were the genes displaying the most marked differences of 
relative expression between heterotrophic species and mixotrophic/phototrophic ones. Thus, 
these could be key players in bacterivory, with a role in the digestion of ingested bacteria in 
the phagolysosome. Although the transcripts associated to the 25 identified species only 
represent 2.5% of the total signal in the 4 metatranscriptomes (data not shown), this analysis 
represents a proof-of-concept of what can be achieved with more reference genomes from 
species that refuse culturing.

Altogether, our study gives new insights in HF functional dynamics and more specifically the 
expression of genes related to bacterivory. Our results indicate that cysteine peptidases and 
glycoside hydrolases 3 and 20 may be key players in this process. A further analysis of these 
genes and their expression in more targeted studies could reveal the intricate mechanisms 
of this understudied but crucial process in marine ecosystems.
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3.6. Data availability statement

Raw data for “Jul17” experiment were already published at the NCBI BioSample database 
with accession number SAMN11783926 (Labarre et al., 2020). For the rest of the experi-
ments, raw data will be deposited at NCBI after acceptance for publication. Assemblies, 
quantification and functional annotation tables will be uploaded at figshare and all code used 
for data processing and analyses will be available at GitHub.
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3.8. Supplementary figures
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Figure S2. Overview of the bioinformatic processing of the metatranscriptomic reads.

Figure S3. PCA plots used for validation of the different incubation states. Each point represents a 
sample, and the value next to it represents the time of incubation expressed as days.

Raw 
reads

Quality-
filtered 
readstrimmomatic

quality filter Initial 
metaT

SortMeRNA

remove rRNA

Final 
metaT

1. keep >200bp transcripts (vsearch)
2. keep longest isoform for each transcript
3. keep translated transcripts with GeneMarkS-T
4. remove prokaryotic transcripts classified with kaiju
5. remove transcripts with <2 TPM (salmon)

Expression 
profiles

Functional 
annotation 

tables

salmon
quantification

eggNOG-mapper
annotation

mRNA 
reads

rnaSPAdes

coassembly

Taxonomy 
profiles

18S-V4 mTags extraction (blast)
and classification (USEARCH + python)

0

0.6 1.6

2.6

2.8

3.8

PC
2:

 1
7%

 v
ar

ia
nc

e

PC1: 64% variance

Jul17

0

1.8

3.8

5.8

6.8

PC
2:

 1
8%

 v
ar

ia
nc

e

PC1: 68% variance

Mar18

0

1.7

3.7

4.7

5.7

6.7

PC
2:

 2
2%

 v
ar

ia
nc

e

PC1: 60% variance

Nov18

0

1.9

3.7

4.7

PC
2:

 2
9%

 v
ar

ia
nc

e

PC1: 63% variance

Sep20

State a a alag growth decline



156

RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

46.7%

46.4%

44.7%

32.8%

32.9%

31.4%

30.6%

22.4%

44.4%

43.9%

42.4%

31.3% 39.3%

50.5%

53.1%

52.2%

eggNOG KEGG PFAM NCBI

Sep20

Nov18

Mar18

Jul17

% of transcripts

A

Sep20

Nov18

Mar18

Jul17

0 25 50 75 100
% of total TPM

Total TPM of classified and unclassified (KEGG) transcripts
B

Figure S4. (A) Percentage of transcripts annotated with different databases. (B) Percentage of total 
TPM explained by the transcripts annotated with KEGG. 



157

CHAPTER 3

Figure S5. Overlap in functional KEGG annotations in three groups of peptidases (cysteine, aspartyl 
and serine peptidases) using the whole metatranscriptomic data set. Values represent the percentage 
of overlap for each KO pair computed as shared transcripts (i.e. transcripts annotated with both KOs) 
divided by the total transcripts of the KO displayed in the y-axis. Abbreviations: c (cysteine); s (serine); 
cp (carboxypeptidase).
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Figure S6. Nucleotide identity of transcripts associated to 51 represented species in the metatran-
scriptomes. We selected species having a median identity higher than 99% (green bars), while we dis-
carded the rest (red bars).
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Figure S7. Expression dynamics of the 25 species with genomic data found in the metatranscrip-
tomes. Abundance values represent pseudocounts per million, obtained after correcting the abundance 
profiles by gene lengths and sequencing depth (see Material and Methods for details). Note that some 
species appear in several experiments.
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3.9. Supplementary tables

Table S1. List of the 359 most expressed KEGG Orthologs (KO) in “growth” samples and general gene 
expression statistics associated.

Jul17 Mar18 Nov18 Sep20

ko:K00933 creatine kinase Amino acid metabolism 1308 1422 1660 678 652 No

ko:K00799 glutathione S-transferase Amino acid metabolism 591 552 693 392 641 No

ko:K19199 histone-lysine N-methyltransferase SETD3 Amino acid metabolism 375 193 248 600 227 No

ko:K01802 peptidylprolyl isomerase Amino acid metabolism 2571 2549 3268 1859 1833 No

ko:K08286 protein-serine/threonine kinase Amino acid metabolism 247 69 101 573 275 No

ko:K00789 S-adenosylmethionine synthetase Amino acid metabolism 2427 2005 1168 556 1244 Yes

ko:K01008 selenide, water dikinase Amino acid metabolism 357 371 343 780 214 No

ko:K00474 trimethyllysine dioxygenase Amino acid metabolism 59 161 850 46 95 No

ko:K00453 tryptophan 2,3-dioxygenase Amino acid metabolism 229 684 1764 433 352 No

ko:K01674 carbonic anhydrase Carbohydrate metabolism 78 47 12 514 62 No

ko:K01623 fructose-bisphosphate aldolase, class I Carbohydrate metabolism 329 520 265 190 507 No

ko:K01624 fructose-bisphosphate aldolase, class II Carbohydrate metabolism 526 1284 300 293 607 No

ko:K10046 GDP-D-mannose 3', 5'-epimerase Carbohydrate metabolism 502 216 216 1047 247 No

ko:K00134 glyceraldehyde 3-phosphate dehydrogenase Carbohydrate metabolism 2098 1987 621 675 1344 Yes

ko:K00015 glyoxylate reductase Carbohydrate metabolism 65 139 839 43 74 No

ko:K00844 hexokinase Carbohydrate metabolism 394 231 509 339 161 No

ko:K01000
phospho-N-acetylmuramoyl-pentapeptide-

transferase
Carbohydrate metabolism 65 806 374 41 141 No

ko:K01807 ribose 5-phosphate isomerase A Carbohydrate metabolism 308 898 2237 1406 307 No

ko:K00615 transketolase Carbohydrate metabolism 1010 820 270 303 616 No

ko:K00700 1,4-alpha-glucan branching enzyme CAZy enzymes 516 94 109 94 103 No

ko:K03927 carboxylesterase 2 CAZy enzymes 1509 1433 701 251 777 No

ko:K19357 cellulase CAZy enzymes 39 57 36 537 162 No

ko:K01225 cellulose 1,4-beta-cellobiosidase CAZy enzymes 135 108 177 638 441 No

ko:K01183 chitinase CAZy enzymes 501 738 223 405 199 No

ko:K07151
dolichyl-diphosphooligosaccharide---protein 

glycosyltransferase
CAZy enzymes 1646 1430 2725 1905 780 No

ko:K12373 hexosaminidase CAZy enzymes 438 229 218 513 366 No

ko:K20782 hydroxyproline O-arabinosyltransferase CAZy enzymes 683 2189 101 173 109 No

ko:K00516 lytic starch monooxygenase CAZy enzymes 1548 485 398 2184 1092 No

ko:K13379
reversibly glycosylated polypeptide / UDP-

arabinopyranose mutase
CAZy enzymes 590 999 1063 1023 192 No

ko:K15920 xylan 1,4-beta-xylosidase CAZy enzymes 710 143 107 554 357 No

ko:K16465 centrin-1 Chromosome and associated proteins 4153 14016 3608 1448 1788 Yes

ko:K10840 centrin-2 Chromosome and associated proteins 1214 6372 1103 173 355 Yes

ko:K16466 centrin-3 Chromosome and associated proteins 585 1435 504 379 433 Yes

ko:K11273 chromosome transmission fidelity protein 1 Chromosome and associated proteins 440 1765 1960 364 324 No

ko:K11275 histone H1/5 Chromosome and associated proteins 624 414 891 1349 209 No

ko:K11251 histone H2A Chromosome and associated proteins 1289 886 1044 503 561 No

ko:K11252 histone H2B Chromosome and associated proteins 511 387 816 304 293 No

ko:K11253 histone H3 Chromosome and associated proteins 1702 782 1079 1092 635 No

ko:K11254 histone H4 Chromosome and associated proteins 586 388 746 277 342 Yes

ko:K11493 regulator of chromosome condensation Chromosome and associated proteins 160 1156 167 228 198 No

ko:K06674 structural maintenance of chromosome 2 Chromosome and associated proteins 682 1143 967 386 473 No

ko:K11649
SWI/SNF related-matrix-associated actin-

dependent regulator of chromatin subfamily C
Chromosome and associated proteins 442 353 2389 1238 174 No

ko:K05692 actin beta/gamma 1 Cytoskeleton proteins 16051 11016 19032 13560 2503 Yes

ko:K10355 actin, other eukaryote Cytoskeleton proteins 5345 6475 13184 5554 1425 Yes

ko:K10408 dynein heavy chain, axonemal Cytoskeleton proteins 2073 2530 2160 2996 6302 Yes

ko:K10418 dynein light chain LC8-type Cytoskeleton proteins 936 873 1636 585 712 No

ko:K04437 filamin Cytoskeleton proteins 93 27 79 682 116 No

ko:K10394 kinesin family member 3A Cytoskeleton proteins 477 1796 2020 395 407 No

ko:K07611 lamin B Cytoskeleton proteins 150 903 1426 1141 158 No

ko:K06990 MEMO1 family protein Cytoskeleton proteins 482 430 748 796 190 No

ko:K10388 plectin Cytoskeleton proteins 56 865 1821 87 112 No

ko:K17338 receptor expression-enhancing protein 1/2/3/4 Cytoskeleton proteins 336 400 329 808 181 No

ko:K07374 tubulin alpha Cytoskeleton proteins 26927 30408 39614 30915 4475 Yes

ko:K07375 tubulin beta Cytoskeleton proteins 23822 30159 45703 24251 3962 Yes

ko:K08738 cytochrome c Energy metabolism 849 1027 1384 6393 536 Yes

ko:K18561 FAD-dependent fumarate reductase Energy metabolism 581 337 142 141 505 No

ko:K00026 malate dehydrogenase Energy metabolism 699 533 325 530 559 No

ko:K03955
NADH dehydrogenase (ubiquinone) 1 alpha/beta 

subcomplex 1
Energy metabolism 223 338 907 146 297 No

ko:K00236
succinate dehydrogenase (ubiquinone) 

cytochrome b560 subunit
Energy metabolism 56 122 271 522 141 No

ko:K00413
ubiquinol-cytochrome c reductase cytochrome c1 

subunit
Energy metabolism 281 357 350 630 286 No

ko:K10071 C-type lectin domain family 2 member B Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K10072 C-type lectin domain family 2 member D Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K06479 CD48 antigen Extracellular sensing and signalling 59 139 838 38 70 No

ko:K04000 complement component 9 Extracellular sensing and signalling 10 576 5 14 13 No

ko:K10104 ficolin Extracellular sensing and signalling 832 22 20 114 23 No

ko:K06468 low affinity immunoglobulin epsilon Fc receptor Extracellular sensing and signalling 1386 4 0 0 8 No

ko:K04324 Mas-related G-protein coupled receptor MRG Extracellular sensing and signalling 304 872 574 215 192 No

ko:K17284 perilipin-2 Extracellular sensing and signalling 150 900 1423 1141 156 No

ko:K06572 plexin C Extracellular sensing and signalling 23 1 8 624 39 No

ko:K16669 protocadherin Fat 4 Extracellular sensing and signalling 306 368 196 636 307 No

ko:K17086 transmembrane 9 superfamily member 2/4 Extracellular sensing and signalling 379 641 460 656 584 No

ko:K04832 acid-sensing ion channel 5 Ion channels 230 685 1766 442 357 No

ko:K04805 nicotinic acetylcholine receptor alpha-3 Ion channels 474 421 746 771 170 No

ko:K15040 voltage-dependent anion channel protein 2 Ion channels 287 235 554 195 181 No

ko:K08242 24-methylenesterol C-methyltransferase Lipid metabolism 268 106 62 581 73 No

ko:K11262 acetyl-CoA carboxylase / biotin carboxylase 1 Lipid metabolism 529 317 315 582 753 No

ko:K21737
acyl-lipid Delta6-acetylenase / acyl-lipid (9-3)-

desaturase
Lipid metabolism 239 156 326 604 259 No

ko:K15013 long-chain-fatty-acid--CoA ligase ACSBG Lipid metabolism 352 329 260 619 382 No

ko:K05288 phosphatidylinositol glycan, class O Lipid metabolism 377 519 1235 1226 262 No

ko:K07937 ADP-ribosylation factor 1 Membrane trafficking 1244 1117 2027 693 974 No

ko:K07939 ADP-ribosylation factor 4 Membrane trafficking 539 37 24 29 66 No

ko:K17593 ankyrin repeat domain-containing protein 42 Membrane trafficking 490 456 759 775 190 No

ko:K21442 ankyrin repeat domain-containing protein 54 Membrane trafficking 822 1426 1857 760 287 No

ko:K07977 Arf/Sar family, other Membrane trafficking 1483 883 2054 659 810 No

ko:K21997 autophagy-related protein 19/34 Membrane trafficking 67 67 819 24 89 No

ko:K19933 calcium-dependent secretion activator Membrane trafficking 226 379 378 507 140 No

ko:K05765 cofilin Membrane trafficking 855 486 1024 217 328 No

ko:K17697 dedicator of cytokinesis protein 4 Membrane trafficking 412 339 2384 1228 150 No

ko:K17065 dynamin 1-like protein Membrane trafficking 331 590 939 333 256 No

ko:K20365
endoplasmic reticulum-Golgi intermediate 

compartment protein 1
Membrane trafficking 365 654 1864 325 412 No

ko:K10949 ER lumen protein retaining receptor Membrane trafficking 1056 441 311 471 488 No

ko:K08341 GABA(A) receptor-associated protein Membrane trafficking 469 669 373 236 491 No

ko:K18061 myotubularin-related protein 5/13 Membrane trafficking 560 1286 1908 192 193 No

ko:K18739 protein bicaudal D Membrane trafficking 605 1105 1079 1021 200 No

ko:K20068
RalBP1-associated Eps domain-containing 

protein
Membrane trafficking 326 326 237 1019 139 No

ko:K08267 rapamycin-insensitive companion of mTOR Membrane trafficking 62 152 846 89 94 No

ko:K08053 Ras GTPase-activating protein 2 Membrane trafficking 540 1284 1888 139 177 No

ko:K04392 Ras-related C3 botulinum toxin substrate 1 Membrane trafficking 651 349 643 421 345 No

ko:K07861 Ras-related C3 botulinum toxin substrate 3 Membrane trafficking 507 26 84 31 108 No

ko:K07874 Ras-related protein Rab-1A Membrane trafficking 663 610 752 261 629 No

ko:K07901 Ras-related protein Rab-8A Membrane trafficking 241 296 388 704 318 No

ko:K20168 TBC1 domain family member 15 Membrane trafficking 106 162 626 103 163 No

ko:K20301 trafficking protein particle complex subunit 2 Membrane trafficking 66 220 753 74 103 No

ko:K20184 vacuolar protein sorting-associated protein 41 Membrane trafficking 915 633 2121 572 277 No

ko:K21248 vacuole membrane protein 1 Membrane trafficking 275 513 504 116 159 No

ko:K20241 WD repeat-containing protein 44 Membrane trafficking 159 121 420 774 133 No

ko:K01662 1-deoxy-D-xylulose-5-phosphate synthase Metabolism of cofactors and vitamins 916 572 199 236 446 No

ko:K03644 lipoyl synthase Metabolism of cofactors and vitamins 230 1176 2184 378 343 No

ko:K03403 magnesium chelatase subunit H Metabolism of cofactors and vitamins 150 511 78 106 346 No

ko:K18914 adrenodoxin-NADP+ reductase Mitochondrial proteins 298 665 779 384 193 No

ko:K01412
mitochondrial-processing peptidase subunit 

alpha
Mitochondrial proteins 554 1237 1006 667 405 No

ko:K17785 mitofilin Mitochondrial proteins 185 90 111 502 127 No

ko:K13998 dihydrofolate reductase / thymidylate synthase Nucleotide metabolism 312 527 1811 219 292 No

ko:K00940 nucleoside-diphosphate kinase Nucleotide metabolism 491 444 499 627 417 No

ko:K00390 phosphoadenosine phosphosulfate reductase Nucleotide metabolism 589 157 49 25 148 No

ko:K22390 acid phosphatase type 7 Other hydrolases 352 459 464 528 580 No

ko:K01054 acylglycerol lipase Other hydrolases 425 349 2408 1239 202 No

ko:K01509 adenosinetriphosphatase Other hydrolases 242 102 133 502 221 No

ko:K01251 adenosylhomocysteinase Other hydrolases 2258 2872 1708 379 1243 No

ko:K07407 alpha-galactosidase Other hydrolases 813 280 238 1372 608 No

ko:K01135 arylsulfatase B Other hydrolases 345 64 30 679 233 No

ko:K12375 arylsulfatase I/J Other hydrolases 441 70 43 810 277 No

ko:K01192 beta-mannosidase Other hydrolases 662 887 326 716 674 No

ko:K01137 N-acetylglucosamine-6-sulfatase Other hydrolases 448 101 97 1167 324 No

ko:K19882 O-palmitoleoyl-L-serine hydrolase Other hydrolases 409 112 98 876 363 No

ko:K01074 palmitoyl-protein thioesterase Other hydrolases 554 271 127 1365 236 No

ko:K13022 carboxypeptidase Z Peptidases 158 900 1423 1141 158 No

ko:K13289 cathepsin A (carboxypeptidase C) Peptidases 554 978 1244 1143 671 No

ko:K01363 cathepsin B Peptidases 5117 5008 3065 10417 1983 No

ko:K01379 cathepsin D Peptidases 2326 1479 620 1779 927 No

ko:K01382 cathepsin E Peptidases 878 680 402 543 469 No

ko:K01373 cathepsin F Peptidases 424 894 2121 888 708 No

ko:K01366 cathepsin H Peptidases 4808 4277 2886 6276 1525 No

ko:K01371 cathepsin K Peptidases 1592 901 852 11633 603 No

ko:K01365 cathepsin L Peptidases 8231 7741 11669 21683 3422 No

ko:K01374 cathepsin O Peptidases 230 685 1766 442 357 No

ko:K08568 cathepsin X Peptidases 5857 5218 3771 7061 2026 No

ko:K16292 KDEL-tailed cysteine endopeptidase Peptidases 59 286 1922 52 158 No

ko:K01369 legumain Peptidases 209 362 242 1473 223 No

ko:K08245 phytepsin Peptidases 981 164 28 482 105 No

ko:K01381 saccharopepsin Peptidases 893 976 428 633 403 No

ko:K16296 serine carboxypeptidase-like clade I Peptidases 551 678 983 1018 601 No

ko:K16297 serine carboxypeptidase-like clade II Peptidases 268 406 654 632 284 No

ko:K01279 tripeptidyl-peptidase I Peptidases 1719 1606 797 4960 1026 No

ko:K09645 vitellogenic carboxypeptidase-like protein Peptidases 431 547 601 452 434 No

ko:K16290 xylem cysteine proteinase Peptidases 1765 589 501 12417 523 No

ko:K02641 ferredoxin--NADP+ reductase Photosynthesis proteins 641 1055 184 284 513 No

ko:K08907
light-harvesting complex I chlorophyll a/b binding 

protein 1
Photosynthesis proteins 968 622 152 184 764 No

ko:K08908
light-harvesting complex I chlorophyll a/b binding 

protein 2
Photosynthesis proteins 196 559 135 33 272 No

ko:K08912
light-harvesting complex II chlorophyll a/b binding 

protein 1
Photosynthesis proteins 173 806 53 55 314 No

ko:K08913
light-harvesting complex II chlorophyll a/b binding 

protein 2
Photosynthesis proteins 173 806 46 55 302 No

ko:K01602 ribulose-bisphosphate carboxylase small chain Photosynthesis proteins 458 879 39 98 125 No

ko:K04532 amyloid beta precursor protein binding protein 1 Protein processing 741 682 747 1020 269 No

ko:K08057 calreticulin Protein processing 2632 924 995 4606 778 No

ko:K10098 calreticulin 3 Protein processing 633 355 565 4010 339 No

ko:K12581 CCR4-NOT transcription complex subunit 7/8 Protein processing 447 163 186 903 207 No

ko:K03798 cell division protease FtsH Protein processing 276 523 120 196 434 No

ko:K04077 chaperonin GroEL Protein processing 344 547 444 180 389 No

ko:K17495 CUB and sushi domain-containing protein Protein processing 524 330 238 478 390 No

ko:K17822 DCN1-like protein 1/2 Protein processing 502 462 831 786 238 No

ko:K09503 DnaJ homolog subfamily A member 2 Protein processing 968 935 1230 1045 587 No

ko:K22377 E3 ubiquitin-protein ligase listerin Protein processing 629 837 1954 1400 175 Yes

ko:K15708 E3 ubiquitin-protein ligase RNF180 Protein processing 584 597 1002 271 186 Yes

ko:K09577 FK506-binding protein 14 Protein processing 122 312 178 619 126 No

ko:K03773 FKBP-type peptidyl-prolyl cis-trans isomerase 
FklB

Protein processing 312 267 521 356 270 No

ko:K03283 heat shock 70kDa protein 1/2/6/8 Protein processing 5440 5951 3447 2554 2810 No

ko:K09490 heat shock 70kDa protein 5 Protein processing 3633 5335 1437 3483 1592 No

ko:K09487 heat shock protein 90kDa beta Protein processing 1434 1311 1170 670 765 Yes

ko:K04043 molecular chaperone DnaK Protein processing 230 347 464 586 261 Yes

ko:K04079 molecular chaperone HtpG Protein processing 4380 4325 3272 1474 2206 Yes

ko:K03626
nascent polypeptide-associated complex subunit 

alpha
Protein processing 291 948 554 213 335 No

ko:K01527
nascent polypeptide-associated complex subunit 

beta
Protein processing 550 960 1594 214 319 No

ko:K17987 next to BRCA1 gene 1 protein Protein processing 561 246 924 97 272 No

ko:K03768
peptidyl-prolyl cis-trans isomerase B (cyclophilin 

B)
Protein processing 537 435 175 124 215 Yes

ko:K09565 peptidyl-prolyl isomerase F (cyclophilin D) Protein processing 1025 690 615 736 419 No

ko:K13050 proprotein convertase subtilisin/kexin type 9 Protein processing 2 30 760 11 11 No

ko:K09580 protein disulfide-isomerase A1 Protein processing 1416 1054 1367 2933 695 No

ko:K09584 protein disulfide-isomerase A6 Protein processing 3580 2977 2255 2373 1096 No

ko:K10956 protein transport protein SEC61 subunit alpha Protein processing 438 1032 530 619 408 No

ko:K03094 S-phase kinase-associated protein 1 Protein processing 606 379 343 206 394 No

ko:K10523 speckle-type POZ protein Protein processing 334 543 1629 256 317 No

ko:K09499 T-complex protein 1 subunit eta Protein processing 717 165 152 98 265 No

ko:K09500 T-complex protein 1 subunit theta Protein processing 503 134 325 135 317 No

ko:K03671 thioredoxin 1 Protein processing 679 599 658 505 679 No

ko:K13984 thioredoxin domain-containing protein 5 Protein processing 2100 2634 1731 2156 857 No

ko:K13525 transitional endoplasmic reticulum ATPase Protein processing 798 565 428 331 789 No

ko:K04551 ubiquitin B Protein processing 3450 1761 4943 1164 467 Yes

ko:K08770 ubiquitin C Protein processing 20950 9756 16680 14436 2543 Yes

ko:K06689 ubiquitin-conjugating enzyme E2 D Protein processing 667 478 1550 325 468 No

ko:K12158 ubiquitin-like protein Nedd8 Protein processing 9572 871 545 3080 214 No

ko:K06630 14-3-3 protein epsilon Replication and repair 984 941 1544 538 898 No

ko:K10886 DNA-repair protein XRCC4 Replication and repair 632 1154 1971 356 316 No

ko:K15076 elongin-A Replication and repair 137 434 1461 81 156 No

ko:K04802 proliferating cell nuclear antigen Replication and repair 403 553 355 739 338 No

ko:K10755 replication factor C subunit 2/4 Replication and repair 658 958 1579 601 275 No

ko:K11131 H/ACA ribonucleoprotein complex subunit 4 Ribosome 218 957 1931 157 248 No

ko:K20221 importin-4 Ribosome 292 538 985 266 150 No

ko:K02865 large subunit ribosomal protein L10Ae Ribosome 1057 1937 1437 1374 508 Yes

ko:K02866 large subunit ribosomal protein L10e Ribosome 2076 2303 3232 1382 731 Yes

ko:K02868 large subunit ribosomal protein L11e Ribosome 715 1504 2269 425 556 Yes

ko:K02870 large subunit ribosomal protein L12e Ribosome 1117 1305 1722 527 523 Yes

ko:K02872 large subunit ribosomal protein L13Ae Ribosome 1254 2137 1984 523 537 Yes

ko:K02873 large subunit ribosomal protein L13e Ribosome 1820 1990 2391 1014 562 Yes

ko:K02875 large subunit ribosomal protein L14e Ribosome 751 1018 1649 898 428 Yes

ko:K02877 large subunit ribosomal protein L15e Ribosome 1371 2046 2624 1083 588 Yes

ko:K02880 large subunit ribosomal protein L17e Ribosome 984 925 2255 293 475 Yes

ko:K02882 large subunit ribosomal protein L18Ae Ribosome 622 1556 1121 1165 437 Yes

ko:K02883 large subunit ribosomal protein L18e Ribosome 1145 1922 2252 1211 622 Yes

ko:K02885 large subunit ribosomal protein L19e Ribosome 1533 1893 2243 888 604 Yes

ko:K02889 large subunit ribosomal protein L21e Ribosome 906 1954 2553 749 547 Yes

ko:K02891 large subunit ribosomal protein L22e Ribosome 1333 1148 1766 728 423 Yes

ko:K02893 large subunit ribosomal protein L23Ae Ribosome 1020 1442 497 247 367 Yes

ko:K02894 large subunit ribosomal protein L23e Ribosome 655 1685 2078 1220 558 Yes

ko:K02896 large subunit ribosomal protein L24e Ribosome 1022 1012 586 547 514 Yes

ko:K02898 large subunit ribosomal protein L26e Ribosome 1281 1251 959 1918 537 Yes

ko:K02900 large subunit ribosomal protein L27Ae Ribosome 1234 2494 2616 943 630 Yes

ko:K02901 large subunit ribosomal protein L27e Ribosome 1165 1565 1624 1309 490 Yes

ko:K02903 large subunit ribosomal protein L28e Ribosome 571 1536 1712 623 304 Yes

ko:K02905 large subunit ribosomal protein L29e Ribosome 516 436 247 1134 239 Yes

ko:K02908 large subunit ribosomal protein L30e Ribosome 1252 1590 3067 434 511 Yes

ko:K02910 large subunit ribosomal protein L31e Ribosome 861 1073 695 680 506 Yes

ko:K02912 large subunit ribosomal protein L32e Ribosome 1251 1174 1057 1365 516 Yes

ko:K02915 large subunit ribosomal protein L34e Ribosome 1474 1622 2617 573 533 Yes

ko:K02917 large subunit ribosomal protein L35Ae Ribosome 1149 1377 1086 798 455 Yes

ko:K02918 large subunit ribosomal protein L35e Ribosome 1323 1836 2446 730 474 Yes

ko:K02920 large subunit ribosomal protein L36e Ribosome 1204 944 1471 439 479 Yes

ko:K02921 large subunit ribosomal protein L37Ae Ribosome 777 987 867 1094 453 Yes

ko:K02922 large subunit ribosomal protein L37e Ribosome 829 1331 1181 626 418 Yes

ko:K02923 large subunit ribosomal protein L38e Ribosome 804 1219 1233 340 342 Yes

ko:K02925 large subunit ribosomal protein L3e Ribosome 1202 2074 1077 444 666 Yes

ko:K02927 large subunit ribosomal protein L40e Ribosome 2661 2603 4325 1881 730 Yes

ko:K02929 large subunit ribosomal protein L44e Ribosome 1228 1464 1768 1160 476 Yes

ko:K02930 large subunit ribosomal protein L4e Ribosome 1176 1707 1152 398 586 Yes

ko:K02932 large subunit ribosomal protein L5e Ribosome 1306 2159 2508 378 625 Yes

ko:K02934 large subunit ribosomal protein L6e Ribosome 1033 1442 2339 864 476 Yes

ko:K02936 large subunit ribosomal protein L7Ae Ribosome 991 2028 2901 1590 643 Yes

ko:K02937 large subunit ribosomal protein L7e Ribosome 1245 1664 721 1462 556 Yes

ko:K02938 large subunit ribosomal protein L8e Ribosome 1727 3294 4262 1361 759 Yes

ko:K02940 large subunit ribosomal protein L9e Ribosome 1270 1758 1366 1389 589 Yes

ko:K02941 large subunit ribosomal protein LP0 Ribosome 963 1483 2104 435 537 Yes

ko:K02942 large subunit ribosomal protein LP1 Ribosome 881 1336 1536 552 596 Yes

ko:K02943 large subunit ribosomal protein LP2 Ribosome 705 1728 2219 1041 655 Yes

ko:K14558 periodic tryptophan protein 2 Ribosome 58 59 60 556 79 No

ko:K14855 ribosome assembly protein 4 Ribosome 95 56 74 654 78 No

ko:K14842 ribosome biogenesis protein NSA2 Ribosome 462 1376 252 69 212 Yes

ko:K02946 small subunit ribosomal protein S10 Ribosome 134 1117 144 91 140 Yes

ko:K02947 small subunit ribosomal protein S10e Ribosome 679 1731 2105 194 407 Yes

ko:K02949 small subunit ribosomal protein S11e Ribosome 1739 2219 2012 749 510 Yes

ko:K02951 small subunit ribosomal protein S12e Ribosome 1075 1180 1617 1193 479 Yes

ko:K02953 small subunit ribosomal protein S13e Ribosome 1832 1754 1107 1128 510 Yes

ko:K02955 small subunit ribosomal protein S14e Ribosome 964 1510 1490 720 618 Yes

ko:K02957 small subunit ribosomal protein S15Ae Ribosome 910 1588 1013 764 476 Yes

ko:K02958 small subunit ribosomal protein S15e Ribosome 1044 1756 2466 348 571 Yes

ko:K02960 small subunit ribosomal protein S16e Ribosome 614 1122 1422 1231 479 Yes

ko:K02962 small subunit ribosomal protein S17e Ribosome 1056 1458 1202 452 489 Yes

ko:K02964 small subunit ribosomal protein S18e Ribosome 998 2304 1580 1925 578 Yes

ko:K02966 small subunit ribosomal protein S19e Ribosome 777 1477 2002 1161 446 Yes

ko:K02969 small subunit ribosomal protein S20e Ribosome 807 2014 1405 631 453 Yes

ko:K02971 small subunit ribosomal protein S21e Ribosome 704 892 1272 290 450 Yes

ko:K02973 small subunit ribosomal protein S23e Ribosome 1346 1892 1693 1647 636 Yes

ko:K02974 small subunit ribosomal protein S24e Ribosome 1470 1647 2345 1049 576 Yes

ko:K02975 small subunit ribosomal protein S25e Ribosome 984 1542 2169 404 540 Yes

ko:K02976 small subunit ribosomal protein S26e Ribosome 1925 1512 1348 1189 526 Yes

ko:K02977 small subunit ribosomal protein S27Ae Ribosome 12182 5158 4875 9245 1172 Yes

ko:K02978 small subunit ribosomal protein S27e Ribosome 1011 1725 2098 348 444 Yes

ko:K02979 small subunit ribosomal protein S28e Ribosome 741 1022 776 626 440 Yes

ko:K02980 small subunit ribosomal protein S29e Ribosome 213 611 323 201 184 Yes

ko:K02981 small subunit ribosomal protein S2e Ribosome 918 1962 2685 331 701 Yes

ko:K02983 small subunit ribosomal protein S30e Ribosome 794 917 1312 464 349 Yes

ko:K02984 small subunit ribosomal protein S3Ae Ribosome 1110 3248 2892 1836 703 Yes

ko:K02985 small subunit ribosomal protein S3e Ribosome 947 1249 1588 974 530 Yes

ko:K02987 small subunit ribosomal protein S4e Ribosome 2253 1844 2463 2543 761 Yes

ko:K02989 small subunit ribosomal protein S5e Ribosome 1041 2169 1460 966 620 Yes

ko:K02991 small subunit ribosomal protein S6e Ribosome 1040 1927 2017 1550 594 Yes

ko:K02993 small subunit ribosomal protein S7e Ribosome 1469 1757 2528 432 501 Yes

ko:K02995 small subunit ribosomal protein S8e Ribosome 1444 2037 1403 642 653 Yes

ko:K02996 small subunit ribosomal protein S9 Ribosome 197 430 915 1144 177 Yes

ko:K02997 small subunit ribosomal protein S9e Ribosome 993 2044 2342 904 595 Yes

ko:K02998 small subunit ribosomal protein SAe Ribosome 1046 1955 2064 803 586 Yes

ko:K14566 U3 small nucleolar RNA-associated protein 24 Ribosome 341 422 730 900 304 No

ko:K00428 cytochrome c peroxidase ROS homeostasis 275 322 587 903 384 No

ko:K17609 nucleoredoxin ROS homeostasis 451 590 622 281 729 No

ko:K07305 peptide-methionine (R)-S-oxide reductase ROS homeostasis 179 594 69 92 182 No

ko:K08272 calcium binding protein 39 Signal transduction 488 358 2404 1283 190 No

ko:K13412 calcium-dependent protein kinase Signal transduction 502 441 493 477 855 No

ko:K04515
calcium/calmodulin-dependent protein kinase 

(CaM kinase) II
Signal transduction 292 56 266 596 266 No

ko:K08794 calcium/calmodulin-dependent protein kinase I Signal transduction 236 216 532 323 523 No

ko:K02183 calmodulin Signal transduction 5375 4845 6544 3846 2794 Yes

ko:K04739 cAMP-dependent protein kinase regulator Signal transduction 560 194 450 141 516 No

ko:K07376 cGMP-dependent protein kinase 1 Signal transduction 405 656 796 627 809 No

ko:K08819 cyclin-dependent kinase 12/13 Signal transduction 573 587 441 1266 269 Yes

ko:K00927 phosphoglycerate kinase Signal transduction 643 978 293 196 649 No

ko:K04345 protein kinase A Signal transduction 857 906 2396 1228 826 No

ko:K18449 prune homolog 2 Signal transduction 337 327 251 1016 147 No

ko:K14498 serine/threonine-protein kinase SRK2 Signal transduction 150 902 1423 1145 170 No

ko:K14807 ATP-dependent RNA helicase DDX51/DBP6 Transcription and RNA processing 321 892 585 241 226 No

ko:K14780 ATP-dependent RNA helicase DHX37/DHR1 Transcription and RNA processing 459 225 521 334 168 No

ko:K17679
ATP-dependent RNA helicase MSS116, 

mitochondrial
Transcription and RNA processing 46 71 595 34 72 No

ko:K17675 ATP-dependent RNA helicase SUPV3L1/SUV3 Transcription and RNA processing 502 717 1294 679 198 No

ko:K12812 ATP-dependent RNA helicase UAP56/SUB2 Transcription and RNA processing 430 567 710 198 485 No

ko:K20099 ATP-dependent RNA helicase YTHDC2 Transcription and RNA processing 316 878 577 216 203 No

ko:K03010 DNA-directed RNA polymerase II subunit RPB2 Transcription and RNA processing 452 508 622 310 319 No

ko:K11592 endoribonuclease Dicer Transcription and RNA processing 796 682 2026 200 204 No

ko:K14753
guanine nucleotide-binding protein subunit beta-2-

like 1 protein
Transcription and RNA processing 1211 2681 2210 1683 661 No

ko:K09228 KRAB domain-containing zinc finger protein Transcription and RNA processing 324 1126 2775 446 328 No

ko:K05925 mRNA m6A methyltransferase Transcription and RNA processing 63 63 768 18 71 No

ko:K09329 paired mesoderm homeobox protein Transcription and RNA processing 474 421 746 771 168 No

ko:K13199
plasminogen activator inhibitor 1 RNA-binding 

protein
Transcription and RNA processing 1790 725 641 411 218 No

ko:K13126 polyadenylate-binding protein Transcription and RNA processing 543 955 557 319 521 No

ko:K15542 polyadenylation factor subunit 2 Transcription and RNA processing 422 646 2047 991 266 No

ko:K12867 pre-mRNA-splicing factor SYF1 Transcription and RNA processing 261 499 514 570 225 No

ko:K18749 protein LSM14 Transcription and RNA processing 212 1436 1875 768 312 No

ko:K15219
RNA polymerase I-specific transcription initiation 

factor RRN7
Transcription and RNA processing 992 356 125 72 105 Yes

ko:K06269
serine/threonine-protein phosphatase PP1 

catalytic subunit
Transcription and RNA processing 716 665 551 455 599 No

ko:K09422 transcription factor MYB, plant Transcription and RNA processing 206 1464 1969 355 293 No

ko:K03124 transcription initiation factor TFIIB Transcription and RNA processing 399 710 1130 1465 249 No

ko:K03132 transcription initiation factor TFIID subunit 7 Transcription and RNA processing 491 424 754 790 178 No

ko:K01872 alanyl-tRNA synthetase Translation 286 227 537 215 286 No

ko:K06927 diphthine-ammonia ligase Translation 349 555 724 6212 217 No

ko:K03231 elongation factor 1-alpha Translation 6392 10694 17186 5220 2143 Yes

ko:K03232 elongation factor 1-beta Translation 302 539 559 212 221 No

ko:K03233 elongation factor 1-gamma Translation 235 201 533 156 162 No

ko:K03234 elongation factor 2 Translation 1340 2019 1397 746 1004 No

ko:K03235 elongation factor 3 Translation 1417 1633 1142 543 1400 No

ko:K07936 GTP-binding nuclear protein Ran Translation 343 434 502 181 323 No

ko:K01875 seryl-tRNA synthetase Translation 282 448 567 230 283 No

ko:K01868 threonyl-tRNA synthetase Translation 1136 1374 953 483 692 No

ko:K03236 translation initiation factor 1A Translation 246 124 1265 112 200 No

ko:K03257 translation initiation factor 4A Translation 730 1050 1010 377 598 No

ko:K03263 translation initiation factor 5A Translation 853 1425 1316 562 562 No

ko:K01866 tyrosyl-tRNA synthetase Translation 267 465 548 307 311 No

ko:K01873 valyl-tRNA synthetase Translation 385 595 1013 351 399 No

ko:K05850 Ca2+ transporting ATPase, plasma membrane Translocases 222 322 285 890 350 No

ko:K01537 Ca2+-transporting ATPase Translocases 413 385 331 1031 636 No

ko:K02132 F-type H+-transporting ATPase subunit alpha Translocases 650 760 917 214 361 No

ko:K02133 F-type H+-transporting ATPase subunit beta Translocases 1288 1163 3020 709 420 No

ko:K02134 F-type H+-transporting ATPase subunit delta Translocases 128 361 578 457 178 No

ko:K02114 F-type H+-transporting ATPase subunit epsilon Translocases 548 190 67 475 132 No

ko:K02136 F-type H+-transporting ATPase subunit gamma Translocases 146 300 547 134 190 No

ko:K02112 F-type H+/Na+-transporting ATPase subunit beta Translocases 581 294 105 472 160 No

ko:K00323 H+-translocating NAD(P) transhydrogenase Translocases 249 456 530 176 394 No

ko:K01535 H+-transporting ATPase Translocases 390 529 331 586 385 No

ko:K01541 H+/K+-exchanging ATPase Translocases 781 283 136 1747 197 No

ko:K01542 H+/K+-exchanging ATPase alpha polypeptide Translocases 780 283 136 1743 192 No

ko:K01507 inorganic pyrophosphatase Translocases 1287 2445 3098 1136 1592 No

ko:K01544 non-gastric H+/K+-exchanging ATPase Translocases 780 292 136 1747 200 No

ko:K01530 phospholipid-translocating ATPase Translocases 285 119 277 599 392 No

ko:K14802 phospholipid-transporting ATPase Translocases 346 191 278 609 430 No

ko:K01539
sodium/potassium-transporting ATPase subunit 

alpha
Translocases 880 568 462 1911 330 No

ko:K02155
V-type H+-transporting ATPase 16kDa proteolipid 

subunit
Translocases 1496 1549 2617 1394 747 No

ko:K02154 V-type H+-transporting ATPase subunit a Translocases 417 303 631 515 429 No

ko:K02147 V-type H+-transporting ATPase subunit B Translocases 662 220 321 66 312 No

ko:K03320 ammonium transporter, Amt family Transporters 657 307 77 160 467 No

ko:K13749
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 1

Transporters 241 341 124 702 251 No

ko:K13750
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 2

Transporters 245 345 139 702 271 No

ko:K05863
solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31
Transporters 1828 4924 2097 1141 798 No

ko:K15102
solute carrier family 25 (mitochondrial phosphate 

transporter), member 3
Transporters 516 701 603 276 393 No

ko:K15276
solute carrier family 35 (adenosine 3'-phospho 5'-

phosphosulfate transporter), member B2
Transporters 1078 1575 2370 1019 407 No

ko:K15377
solute carrier family 44 (choline transporter-like 

protein), member 2/4/5
Transporters 247 502 538 497 393 No

House
keeping
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transcripts
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ko:K00933 creatine kinase Amino acid metabolism 1308 1422 1660 678 652 No

ko:K00799 glutathione S-transferase Amino acid metabolism 591 552 693 392 641 No

ko:K19199 histone-lysine N-methyltransferase SETD3 Amino acid metabolism 375 193 248 600 227 No

ko:K01802 peptidylprolyl isomerase Amino acid metabolism 2571 2549 3268 1859 1833 No

ko:K08286 protein-serine/threonine kinase Amino acid metabolism 247 69 101 573 275 No

ko:K00789 S-adenosylmethionine synthetase Amino acid metabolism 2427 2005 1168 556 1244 Yes

ko:K01008 selenide, water dikinase Amino acid metabolism 357 371 343 780 214 No

ko:K00474 trimethyllysine dioxygenase Amino acid metabolism 59 161 850 46 95 No

ko:K00453 tryptophan 2,3-dioxygenase Amino acid metabolism 229 684 1764 433 352 No

ko:K01674 carbonic anhydrase Carbohydrate metabolism 78 47 12 514 62 No

ko:K01623 fructose-bisphosphate aldolase, class I Carbohydrate metabolism 329 520 265 190 507 No

ko:K01624 fructose-bisphosphate aldolase, class II Carbohydrate metabolism 526 1284 300 293 607 No

ko:K10046 GDP-D-mannose 3', 5'-epimerase Carbohydrate metabolism 502 216 216 1047 247 No

ko:K00134 glyceraldehyde 3-phosphate dehydrogenase Carbohydrate metabolism 2098 1987 621 675 1344 Yes

ko:K00015 glyoxylate reductase Carbohydrate metabolism 65 139 839 43 74 No

ko:K00844 hexokinase Carbohydrate metabolism 394 231 509 339 161 No

ko:K01000
phospho-N-acetylmuramoyl-pentapeptide-

transferase
Carbohydrate metabolism 65 806 374 41 141 No

ko:K01807 ribose 5-phosphate isomerase A Carbohydrate metabolism 308 898 2237 1406 307 No

ko:K00615 transketolase Carbohydrate metabolism 1010 820 270 303 616 No

ko:K00700 1,4-alpha-glucan branching enzyme CAZy enzymes 516 94 109 94 103 No

ko:K03927 carboxylesterase 2 CAZy enzymes 1509 1433 701 251 777 No

ko:K19357 cellulase CAZy enzymes 39 57 36 537 162 No

ko:K01225 cellulose 1,4-beta-cellobiosidase CAZy enzymes 135 108 177 638 441 No

ko:K01183 chitinase CAZy enzymes 501 738 223 405 199 No

ko:K07151
dolichyl-diphosphooligosaccharide---protein 

glycosyltransferase
CAZy enzymes 1646 1430 2725 1905 780 No

ko:K12373 hexosaminidase CAZy enzymes 438 229 218 513 366 No

ko:K20782 hydroxyproline O-arabinosyltransferase CAZy enzymes 683 2189 101 173 109 No

ko:K00516 lytic starch monooxygenase CAZy enzymes 1548 485 398 2184 1092 No

ko:K13379
reversibly glycosylated polypeptide / UDP-

arabinopyranose mutase
CAZy enzymes 590 999 1063 1023 192 No

ko:K15920 xylan 1,4-beta-xylosidase CAZy enzymes 710 143 107 554 357 No

ko:K16465 centrin-1 Chromosome and associated proteins 4153 14016 3608 1448 1788 Yes

ko:K10840 centrin-2 Chromosome and associated proteins 1214 6372 1103 173 355 Yes

ko:K16466 centrin-3 Chromosome and associated proteins 585 1435 504 379 433 Yes

ko:K11273 chromosome transmission fidelity protein 1 Chromosome and associated proteins 440 1765 1960 364 324 No

ko:K11275 histone H1/5 Chromosome and associated proteins 624 414 891 1349 209 No

ko:K11251 histone H2A Chromosome and associated proteins 1289 886 1044 503 561 No

ko:K11252 histone H2B Chromosome and associated proteins 511 387 816 304 293 No

ko:K11253 histone H3 Chromosome and associated proteins 1702 782 1079 1092 635 No

ko:K11254 histone H4 Chromosome and associated proteins 586 388 746 277 342 Yes

ko:K11493 regulator of chromosome condensation Chromosome and associated proteins 160 1156 167 228 198 No

ko:K06674 structural maintenance of chromosome 2 Chromosome and associated proteins 682 1143 967 386 473 No

ko:K11649
SWI/SNF related-matrix-associated actin-

dependent regulator of chromatin subfamily C
Chromosome and associated proteins 442 353 2389 1238 174 No

ko:K05692 actin beta/gamma 1 Cytoskeleton proteins 16051 11016 19032 13560 2503 Yes

ko:K10355 actin, other eukaryote Cytoskeleton proteins 5345 6475 13184 5554 1425 Yes

ko:K10408 dynein heavy chain, axonemal Cytoskeleton proteins 2073 2530 2160 2996 6302 Yes

ko:K10418 dynein light chain LC8-type Cytoskeleton proteins 936 873 1636 585 712 No

ko:K04437 filamin Cytoskeleton proteins 93 27 79 682 116 No

ko:K10394 kinesin family member 3A Cytoskeleton proteins 477 1796 2020 395 407 No

ko:K07611 lamin B Cytoskeleton proteins 150 903 1426 1141 158 No

ko:K06990 MEMO1 family protein Cytoskeleton proteins 482 430 748 796 190 No

ko:K10388 plectin Cytoskeleton proteins 56 865 1821 87 112 No

ko:K17338 receptor expression-enhancing protein 1/2/3/4 Cytoskeleton proteins 336 400 329 808 181 No

ko:K07374 tubulin alpha Cytoskeleton proteins 26927 30408 39614 30915 4475 Yes

ko:K07375 tubulin beta Cytoskeleton proteins 23822 30159 45703 24251 3962 Yes

ko:K08738 cytochrome c Energy metabolism 849 1027 1384 6393 536 Yes

ko:K18561 FAD-dependent fumarate reductase Energy metabolism 581 337 142 141 505 No

ko:K00026 malate dehydrogenase Energy metabolism 699 533 325 530 559 No

ko:K03955
NADH dehydrogenase (ubiquinone) 1 alpha/beta 

subcomplex 1
Energy metabolism 223 338 907 146 297 No

ko:K00236
succinate dehydrogenase (ubiquinone) 

cytochrome b560 subunit
Energy metabolism 56 122 271 522 141 No

ko:K00413
ubiquinol-cytochrome c reductase cytochrome c1 

subunit
Energy metabolism 281 357 350 630 286 No

ko:K10071 C-type lectin domain family 2 member B Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K10072 C-type lectin domain family 2 member D Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K06479 CD48 antigen Extracellular sensing and signalling 59 139 838 38 70 No

ko:K04000 complement component 9 Extracellular sensing and signalling 10 576 5 14 13 No

ko:K10104 ficolin Extracellular sensing and signalling 832 22 20 114 23 No

ko:K06468 low affinity immunoglobulin epsilon Fc receptor Extracellular sensing and signalling 1386 4 0 0 8 No

ko:K04324 Mas-related G-protein coupled receptor MRG Extracellular sensing and signalling 304 872 574 215 192 No

ko:K17284 perilipin-2 Extracellular sensing and signalling 150 900 1423 1141 156 No

ko:K06572 plexin C Extracellular sensing and signalling 23 1 8 624 39 No

ko:K16669 protocadherin Fat 4 Extracellular sensing and signalling 306 368 196 636 307 No

ko:K17086 transmembrane 9 superfamily member 2/4 Extracellular sensing and signalling 379 641 460 656 584 No

ko:K04832 acid-sensing ion channel 5 Ion channels 230 685 1766 442 357 No

ko:K04805 nicotinic acetylcholine receptor alpha-3 Ion channels 474 421 746 771 170 No

ko:K15040 voltage-dependent anion channel protein 2 Ion channels 287 235 554 195 181 No

ko:K08242 24-methylenesterol C-methyltransferase Lipid metabolism 268 106 62 581 73 No

ko:K11262 acetyl-CoA carboxylase / biotin carboxylase 1 Lipid metabolism 529 317 315 582 753 No

ko:K21737
acyl-lipid Delta6-acetylenase / acyl-lipid (9-3)-

desaturase
Lipid metabolism 239 156 326 604 259 No

ko:K15013 long-chain-fatty-acid--CoA ligase ACSBG Lipid metabolism 352 329 260 619 382 No

ko:K05288 phosphatidylinositol glycan, class O Lipid metabolism 377 519 1235 1226 262 No

ko:K07937 ADP-ribosylation factor 1 Membrane trafficking 1244 1117 2027 693 974 No

ko:K07939 ADP-ribosylation factor 4 Membrane trafficking 539 37 24 29 66 No

ko:K17593 ankyrin repeat domain-containing protein 42 Membrane trafficking 490 456 759 775 190 No

ko:K21442 ankyrin repeat domain-containing protein 54 Membrane trafficking 822 1426 1857 760 287 No

ko:K07977 Arf/Sar family, other Membrane trafficking 1483 883 2054 659 810 No

ko:K21997 autophagy-related protein 19/34 Membrane trafficking 67 67 819 24 89 No

ko:K19933 calcium-dependent secretion activator Membrane trafficking 226 379 378 507 140 No

ko:K05765 cofilin Membrane trafficking 855 486 1024 217 328 No

ko:K17697 dedicator of cytokinesis protein 4 Membrane trafficking 412 339 2384 1228 150 No

ko:K17065 dynamin 1-like protein Membrane trafficking 331 590 939 333 256 No

ko:K20365
endoplasmic reticulum-Golgi intermediate 

compartment protein 1
Membrane trafficking 365 654 1864 325 412 No

ko:K10949 ER lumen protein retaining receptor Membrane trafficking 1056 441 311 471 488 No

ko:K08341 GABA(A) receptor-associated protein Membrane trafficking 469 669 373 236 491 No

ko:K18061 myotubularin-related protein 5/13 Membrane trafficking 560 1286 1908 192 193 No

ko:K18739 protein bicaudal D Membrane trafficking 605 1105 1079 1021 200 No

ko:K20068
RalBP1-associated Eps domain-containing 

protein
Membrane trafficking 326 326 237 1019 139 No

ko:K08267 rapamycin-insensitive companion of mTOR Membrane trafficking 62 152 846 89 94 No

ko:K08053 Ras GTPase-activating protein 2 Membrane trafficking 540 1284 1888 139 177 No

ko:K04392 Ras-related C3 botulinum toxin substrate 1 Membrane trafficking 651 349 643 421 345 No

ko:K07861 Ras-related C3 botulinum toxin substrate 3 Membrane trafficking 507 26 84 31 108 No

ko:K07874 Ras-related protein Rab-1A Membrane trafficking 663 610 752 261 629 No

ko:K07901 Ras-related protein Rab-8A Membrane trafficking 241 296 388 704 318 No

ko:K20168 TBC1 domain family member 15 Membrane trafficking 106 162 626 103 163 No

ko:K20301 trafficking protein particle complex subunit 2 Membrane trafficking 66 220 753 74 103 No

ko:K20184 vacuolar protein sorting-associated protein 41 Membrane trafficking 915 633 2121 572 277 No

ko:K21248 vacuole membrane protein 1 Membrane trafficking 275 513 504 116 159 No

ko:K20241 WD repeat-containing protein 44 Membrane trafficking 159 121 420 774 133 No

ko:K01662 1-deoxy-D-xylulose-5-phosphate synthase Metabolism of cofactors and vitamins 916 572 199 236 446 No

ko:K03644 lipoyl synthase Metabolism of cofactors and vitamins 230 1176 2184 378 343 No

ko:K03403 magnesium chelatase subunit H Metabolism of cofactors and vitamins 150 511 78 106 346 No

ko:K18914 adrenodoxin-NADP+ reductase Mitochondrial proteins 298 665 779 384 193 No

ko:K01412
mitochondrial-processing peptidase subunit 

alpha
Mitochondrial proteins 554 1237 1006 667 405 No

ko:K17785 mitofilin Mitochondrial proteins 185 90 111 502 127 No

ko:K13998 dihydrofolate reductase / thymidylate synthase Nucleotide metabolism 312 527 1811 219 292 No

ko:K00940 nucleoside-diphosphate kinase Nucleotide metabolism 491 444 499 627 417 No

ko:K00390 phosphoadenosine phosphosulfate reductase Nucleotide metabolism 589 157 49 25 148 No

ko:K22390 acid phosphatase type 7 Other hydrolases 352 459 464 528 580 No

ko:K01054 acylglycerol lipase Other hydrolases 425 349 2408 1239 202 No

ko:K01509 adenosinetriphosphatase Other hydrolases 242 102 133 502 221 No

ko:K01251 adenosylhomocysteinase Other hydrolases 2258 2872 1708 379 1243 No

ko:K07407 alpha-galactosidase Other hydrolases 813 280 238 1372 608 No

ko:K01135 arylsulfatase B Other hydrolases 345 64 30 679 233 No

ko:K12375 arylsulfatase I/J Other hydrolases 441 70 43 810 277 No

ko:K01192 beta-mannosidase Other hydrolases 662 887 326 716 674 No

ko:K01137 N-acetylglucosamine-6-sulfatase Other hydrolases 448 101 97 1167 324 No

ko:K19882 O-palmitoleoyl-L-serine hydrolase Other hydrolases 409 112 98 876 363 No

ko:K01074 palmitoyl-protein thioesterase Other hydrolases 554 271 127 1365 236 No

ko:K13022 carboxypeptidase Z Peptidases 158 900 1423 1141 158 No

ko:K13289 cathepsin A (carboxypeptidase C) Peptidases 554 978 1244 1143 671 No

ko:K01363 cathepsin B Peptidases 5117 5008 3065 10417 1983 No

ko:K01379 cathepsin D Peptidases 2326 1479 620 1779 927 No

ko:K01382 cathepsin E Peptidases 878 680 402 543 469 No

ko:K01373 cathepsin F Peptidases 424 894 2121 888 708 No

ko:K01366 cathepsin H Peptidases 4808 4277 2886 6276 1525 No

ko:K01371 cathepsin K Peptidases 1592 901 852 11633 603 No

ko:K01365 cathepsin L Peptidases 8231 7741 11669 21683 3422 No

ko:K01374 cathepsin O Peptidases 230 685 1766 442 357 No

ko:K08568 cathepsin X Peptidases 5857 5218 3771 7061 2026 No

ko:K16292 KDEL-tailed cysteine endopeptidase Peptidases 59 286 1922 52 158 No

ko:K01369 legumain Peptidases 209 362 242 1473 223 No

ko:K08245 phytepsin Peptidases 981 164 28 482 105 No

ko:K01381 saccharopepsin Peptidases 893 976 428 633 403 No

ko:K16296 serine carboxypeptidase-like clade I Peptidases 551 678 983 1018 601 No

ko:K16297 serine carboxypeptidase-like clade II Peptidases 268 406 654 632 284 No

ko:K01279 tripeptidyl-peptidase I Peptidases 1719 1606 797 4960 1026 No

ko:K09645 vitellogenic carboxypeptidase-like protein Peptidases 431 547 601 452 434 No

ko:K16290 xylem cysteine proteinase Peptidases 1765 589 501 12417 523 No

ko:K02641 ferredoxin--NADP+ reductase Photosynthesis proteins 641 1055 184 284 513 No

ko:K08907
light-harvesting complex I chlorophyll a/b binding 

protein 1
Photosynthesis proteins 968 622 152 184 764 No

ko:K08908
light-harvesting complex I chlorophyll a/b binding 

protein 2
Photosynthesis proteins 196 559 135 33 272 No

ko:K08912
light-harvesting complex II chlorophyll a/b binding 

protein 1
Photosynthesis proteins 173 806 53 55 314 No

ko:K08913
light-harvesting complex II chlorophyll a/b binding 

protein 2
Photosynthesis proteins 173 806 46 55 302 No

ko:K01602 ribulose-bisphosphate carboxylase small chain Photosynthesis proteins 458 879 39 98 125 No

ko:K04532 amyloid beta precursor protein binding protein 1 Protein processing 741 682 747 1020 269 No

ko:K08057 calreticulin Protein processing 2632 924 995 4606 778 No

ko:K10098 calreticulin 3 Protein processing 633 355 565 4010 339 No

ko:K12581 CCR4-NOT transcription complex subunit 7/8 Protein processing 447 163 186 903 207 No

ko:K03798 cell division protease FtsH Protein processing 276 523 120 196 434 No

ko:K04077 chaperonin GroEL Protein processing 344 547 444 180 389 No

ko:K17495 CUB and sushi domain-containing protein Protein processing 524 330 238 478 390 No

ko:K17822 DCN1-like protein 1/2 Protein processing 502 462 831 786 238 No

ko:K09503 DnaJ homolog subfamily A member 2 Protein processing 968 935 1230 1045 587 No

ko:K22377 E3 ubiquitin-protein ligase listerin Protein processing 629 837 1954 1400 175 Yes

ko:K15708 E3 ubiquitin-protein ligase RNF180 Protein processing 584 597 1002 271 186 Yes

ko:K09577 FK506-binding protein 14 Protein processing 122 312 178 619 126 No

ko:K03773 FKBP-type peptidyl-prolyl cis-trans isomerase 
FklB

Protein processing 312 267 521 356 270 No

ko:K03283 heat shock 70kDa protein 1/2/6/8 Protein processing 5440 5951 3447 2554 2810 No

ko:K09490 heat shock 70kDa protein 5 Protein processing 3633 5335 1437 3483 1592 No

ko:K09487 heat shock protein 90kDa beta Protein processing 1434 1311 1170 670 765 Yes

ko:K04043 molecular chaperone DnaK Protein processing 230 347 464 586 261 Yes

ko:K04079 molecular chaperone HtpG Protein processing 4380 4325 3272 1474 2206 Yes

ko:K03626
nascent polypeptide-associated complex subunit 

alpha
Protein processing 291 948 554 213 335 No

ko:K01527
nascent polypeptide-associated complex subunit 

beta
Protein processing 550 960 1594 214 319 No

ko:K17987 next to BRCA1 gene 1 protein Protein processing 561 246 924 97 272 No

ko:K03768
peptidyl-prolyl cis-trans isomerase B (cyclophilin 

B)
Protein processing 537 435 175 124 215 Yes

ko:K09565 peptidyl-prolyl isomerase F (cyclophilin D) Protein processing 1025 690 615 736 419 No

ko:K13050 proprotein convertase subtilisin/kexin type 9 Protein processing 2 30 760 11 11 No

ko:K09580 protein disulfide-isomerase A1 Protein processing 1416 1054 1367 2933 695 No

ko:K09584 protein disulfide-isomerase A6 Protein processing 3580 2977 2255 2373 1096 No

ko:K10956 protein transport protein SEC61 subunit alpha Protein processing 438 1032 530 619 408 No

ko:K03094 S-phase kinase-associated protein 1 Protein processing 606 379 343 206 394 No

ko:K10523 speckle-type POZ protein Protein processing 334 543 1629 256 317 No

ko:K09499 T-complex protein 1 subunit eta Protein processing 717 165 152 98 265 No

ko:K09500 T-complex protein 1 subunit theta Protein processing 503 134 325 135 317 No

ko:K03671 thioredoxin 1 Protein processing 679 599 658 505 679 No

ko:K13984 thioredoxin domain-containing protein 5 Protein processing 2100 2634 1731 2156 857 No

ko:K13525 transitional endoplasmic reticulum ATPase Protein processing 798 565 428 331 789 No

ko:K04551 ubiquitin B Protein processing 3450 1761 4943 1164 467 Yes

ko:K08770 ubiquitin C Protein processing 20950 9756 16680 14436 2543 Yes

ko:K06689 ubiquitin-conjugating enzyme E2 D Protein processing 667 478 1550 325 468 No

ko:K12158 ubiquitin-like protein Nedd8 Protein processing 9572 871 545 3080 214 No

ko:K06630 14-3-3 protein epsilon Replication and repair 984 941 1544 538 898 No

ko:K10886 DNA-repair protein XRCC4 Replication and repair 632 1154 1971 356 316 No

ko:K15076 elongin-A Replication and repair 137 434 1461 81 156 No

ko:K04802 proliferating cell nuclear antigen Replication and repair 403 553 355 739 338 No

ko:K10755 replication factor C subunit 2/4 Replication and repair 658 958 1579 601 275 No

ko:K11131 H/ACA ribonucleoprotein complex subunit 4 Ribosome 218 957 1931 157 248 No

ko:K20221 importin-4 Ribosome 292 538 985 266 150 No

ko:K02865 large subunit ribosomal protein L10Ae Ribosome 1057 1937 1437 1374 508 Yes

ko:K02866 large subunit ribosomal protein L10e Ribosome 2076 2303 3232 1382 731 Yes

ko:K02868 large subunit ribosomal protein L11e Ribosome 715 1504 2269 425 556 Yes

ko:K02870 large subunit ribosomal protein L12e Ribosome 1117 1305 1722 527 523 Yes

ko:K02872 large subunit ribosomal protein L13Ae Ribosome 1254 2137 1984 523 537 Yes

ko:K02873 large subunit ribosomal protein L13e Ribosome 1820 1990 2391 1014 562 Yes

ko:K02875 large subunit ribosomal protein L14e Ribosome 751 1018 1649 898 428 Yes

ko:K02877 large subunit ribosomal protein L15e Ribosome 1371 2046 2624 1083 588 Yes

ko:K02880 large subunit ribosomal protein L17e Ribosome 984 925 2255 293 475 Yes

ko:K02882 large subunit ribosomal protein L18Ae Ribosome 622 1556 1121 1165 437 Yes

ko:K02883 large subunit ribosomal protein L18e Ribosome 1145 1922 2252 1211 622 Yes

ko:K02885 large subunit ribosomal protein L19e Ribosome 1533 1893 2243 888 604 Yes

ko:K02889 large subunit ribosomal protein L21e Ribosome 906 1954 2553 749 547 Yes

ko:K02891 large subunit ribosomal protein L22e Ribosome 1333 1148 1766 728 423 Yes

ko:K02893 large subunit ribosomal protein L23Ae Ribosome 1020 1442 497 247 367 Yes

ko:K02894 large subunit ribosomal protein L23e Ribosome 655 1685 2078 1220 558 Yes

ko:K02896 large subunit ribosomal protein L24e Ribosome 1022 1012 586 547 514 Yes

ko:K02898 large subunit ribosomal protein L26e Ribosome 1281 1251 959 1918 537 Yes

ko:K02900 large subunit ribosomal protein L27Ae Ribosome 1234 2494 2616 943 630 Yes

ko:K02901 large subunit ribosomal protein L27e Ribosome 1165 1565 1624 1309 490 Yes

ko:K02903 large subunit ribosomal protein L28e Ribosome 571 1536 1712 623 304 Yes

ko:K02905 large subunit ribosomal protein L29e Ribosome 516 436 247 1134 239 Yes

ko:K02908 large subunit ribosomal protein L30e Ribosome 1252 1590 3067 434 511 Yes

ko:K02910 large subunit ribosomal protein L31e Ribosome 861 1073 695 680 506 Yes

ko:K02912 large subunit ribosomal protein L32e Ribosome 1251 1174 1057 1365 516 Yes

ko:K02915 large subunit ribosomal protein L34e Ribosome 1474 1622 2617 573 533 Yes

ko:K02917 large subunit ribosomal protein L35Ae Ribosome 1149 1377 1086 798 455 Yes

ko:K02918 large subunit ribosomal protein L35e Ribosome 1323 1836 2446 730 474 Yes

ko:K02920 large subunit ribosomal protein L36e Ribosome 1204 944 1471 439 479 Yes

ko:K02921 large subunit ribosomal protein L37Ae Ribosome 777 987 867 1094 453 Yes

ko:K02922 large subunit ribosomal protein L37e Ribosome 829 1331 1181 626 418 Yes

ko:K02923 large subunit ribosomal protein L38e Ribosome 804 1219 1233 340 342 Yes

ko:K02925 large subunit ribosomal protein L3e Ribosome 1202 2074 1077 444 666 Yes

ko:K02927 large subunit ribosomal protein L40e Ribosome 2661 2603 4325 1881 730 Yes

ko:K02929 large subunit ribosomal protein L44e Ribosome 1228 1464 1768 1160 476 Yes

ko:K02930 large subunit ribosomal protein L4e Ribosome 1176 1707 1152 398 586 Yes

ko:K02932 large subunit ribosomal protein L5e Ribosome 1306 2159 2508 378 625 Yes

ko:K02934 large subunit ribosomal protein L6e Ribosome 1033 1442 2339 864 476 Yes

ko:K02936 large subunit ribosomal protein L7Ae Ribosome 991 2028 2901 1590 643 Yes

ko:K02937 large subunit ribosomal protein L7e Ribosome 1245 1664 721 1462 556 Yes

ko:K02938 large subunit ribosomal protein L8e Ribosome 1727 3294 4262 1361 759 Yes

ko:K02940 large subunit ribosomal protein L9e Ribosome 1270 1758 1366 1389 589 Yes

ko:K02941 large subunit ribosomal protein LP0 Ribosome 963 1483 2104 435 537 Yes

ko:K02942 large subunit ribosomal protein LP1 Ribosome 881 1336 1536 552 596 Yes

ko:K02943 large subunit ribosomal protein LP2 Ribosome 705 1728 2219 1041 655 Yes

ko:K14558 periodic tryptophan protein 2 Ribosome 58 59 60 556 79 No

ko:K14855 ribosome assembly protein 4 Ribosome 95 56 74 654 78 No

ko:K14842 ribosome biogenesis protein NSA2 Ribosome 462 1376 252 69 212 Yes

ko:K02946 small subunit ribosomal protein S10 Ribosome 134 1117 144 91 140 Yes

ko:K02947 small subunit ribosomal protein S10e Ribosome 679 1731 2105 194 407 Yes

ko:K02949 small subunit ribosomal protein S11e Ribosome 1739 2219 2012 749 510 Yes

ko:K02951 small subunit ribosomal protein S12e Ribosome 1075 1180 1617 1193 479 Yes

ko:K02953 small subunit ribosomal protein S13e Ribosome 1832 1754 1107 1128 510 Yes

ko:K02955 small subunit ribosomal protein S14e Ribosome 964 1510 1490 720 618 Yes

ko:K02957 small subunit ribosomal protein S15Ae Ribosome 910 1588 1013 764 476 Yes

ko:K02958 small subunit ribosomal protein S15e Ribosome 1044 1756 2466 348 571 Yes

ko:K02960 small subunit ribosomal protein S16e Ribosome 614 1122 1422 1231 479 Yes

ko:K02962 small subunit ribosomal protein S17e Ribosome 1056 1458 1202 452 489 Yes

ko:K02964 small subunit ribosomal protein S18e Ribosome 998 2304 1580 1925 578 Yes

ko:K02966 small subunit ribosomal protein S19e Ribosome 777 1477 2002 1161 446 Yes

ko:K02969 small subunit ribosomal protein S20e Ribosome 807 2014 1405 631 453 Yes

ko:K02971 small subunit ribosomal protein S21e Ribosome 704 892 1272 290 450 Yes

ko:K02973 small subunit ribosomal protein S23e Ribosome 1346 1892 1693 1647 636 Yes

ko:K02974 small subunit ribosomal protein S24e Ribosome 1470 1647 2345 1049 576 Yes

ko:K02975 small subunit ribosomal protein S25e Ribosome 984 1542 2169 404 540 Yes

ko:K02976 small subunit ribosomal protein S26e Ribosome 1925 1512 1348 1189 526 Yes

ko:K02977 small subunit ribosomal protein S27Ae Ribosome 12182 5158 4875 9245 1172 Yes

ko:K02978 small subunit ribosomal protein S27e Ribosome 1011 1725 2098 348 444 Yes

ko:K02979 small subunit ribosomal protein S28e Ribosome 741 1022 776 626 440 Yes

ko:K02980 small subunit ribosomal protein S29e Ribosome 213 611 323 201 184 Yes

ko:K02981 small subunit ribosomal protein S2e Ribosome 918 1962 2685 331 701 Yes

ko:K02983 small subunit ribosomal protein S30e Ribosome 794 917 1312 464 349 Yes

ko:K02984 small subunit ribosomal protein S3Ae Ribosome 1110 3248 2892 1836 703 Yes

ko:K02985 small subunit ribosomal protein S3e Ribosome 947 1249 1588 974 530 Yes

ko:K02987 small subunit ribosomal protein S4e Ribosome 2253 1844 2463 2543 761 Yes

ko:K02989 small subunit ribosomal protein S5e Ribosome 1041 2169 1460 966 620 Yes

ko:K02991 small subunit ribosomal protein S6e Ribosome 1040 1927 2017 1550 594 Yes

ko:K02993 small subunit ribosomal protein S7e Ribosome 1469 1757 2528 432 501 Yes

ko:K02995 small subunit ribosomal protein S8e Ribosome 1444 2037 1403 642 653 Yes

ko:K02996 small subunit ribosomal protein S9 Ribosome 197 430 915 1144 177 Yes

ko:K02997 small subunit ribosomal protein S9e Ribosome 993 2044 2342 904 595 Yes

ko:K02998 small subunit ribosomal protein SAe Ribosome 1046 1955 2064 803 586 Yes

ko:K14566 U3 small nucleolar RNA-associated protein 24 Ribosome 341 422 730 900 304 No

ko:K00428 cytochrome c peroxidase ROS homeostasis 275 322 587 903 384 No

ko:K17609 nucleoredoxin ROS homeostasis 451 590 622 281 729 No

ko:K07305 peptide-methionine (R)-S-oxide reductase ROS homeostasis 179 594 69 92 182 No

ko:K08272 calcium binding protein 39 Signal transduction 488 358 2404 1283 190 No

ko:K13412 calcium-dependent protein kinase Signal transduction 502 441 493 477 855 No

ko:K04515
calcium/calmodulin-dependent protein kinase 

(CaM kinase) II
Signal transduction 292 56 266 596 266 No

ko:K08794 calcium/calmodulin-dependent protein kinase I Signal transduction 236 216 532 323 523 No

ko:K02183 calmodulin Signal transduction 5375 4845 6544 3846 2794 Yes

ko:K04739 cAMP-dependent protein kinase regulator Signal transduction 560 194 450 141 516 No

ko:K07376 cGMP-dependent protein kinase 1 Signal transduction 405 656 796 627 809 No

ko:K08819 cyclin-dependent kinase 12/13 Signal transduction 573 587 441 1266 269 Yes

ko:K00927 phosphoglycerate kinase Signal transduction 643 978 293 196 649 No

ko:K04345 protein kinase A Signal transduction 857 906 2396 1228 826 No

ko:K18449 prune homolog 2 Signal transduction 337 327 251 1016 147 No

ko:K14498 serine/threonine-protein kinase SRK2 Signal transduction 150 902 1423 1145 170 No

ko:K14807 ATP-dependent RNA helicase DDX51/DBP6 Transcription and RNA processing 321 892 585 241 226 No

ko:K14780 ATP-dependent RNA helicase DHX37/DHR1 Transcription and RNA processing 459 225 521 334 168 No

ko:K17679
ATP-dependent RNA helicase MSS116, 

mitochondrial
Transcription and RNA processing 46 71 595 34 72 No

ko:K17675 ATP-dependent RNA helicase SUPV3L1/SUV3 Transcription and RNA processing 502 717 1294 679 198 No

ko:K12812 ATP-dependent RNA helicase UAP56/SUB2 Transcription and RNA processing 430 567 710 198 485 No

ko:K20099 ATP-dependent RNA helicase YTHDC2 Transcription and RNA processing 316 878 577 216 203 No

ko:K03010 DNA-directed RNA polymerase II subunit RPB2 Transcription and RNA processing 452 508 622 310 319 No

ko:K11592 endoribonuclease Dicer Transcription and RNA processing 796 682 2026 200 204 No

ko:K14753
guanine nucleotide-binding protein subunit beta-2-

like 1 protein
Transcription and RNA processing 1211 2681 2210 1683 661 No

ko:K09228 KRAB domain-containing zinc finger protein Transcription and RNA processing 324 1126 2775 446 328 No

ko:K05925 mRNA m6A methyltransferase Transcription and RNA processing 63 63 768 18 71 No

ko:K09329 paired mesoderm homeobox protein Transcription and RNA processing 474 421 746 771 168 No

ko:K13199
plasminogen activator inhibitor 1 RNA-binding 

protein
Transcription and RNA processing 1790 725 641 411 218 No

ko:K13126 polyadenylate-binding protein Transcription and RNA processing 543 955 557 319 521 No

ko:K15542 polyadenylation factor subunit 2 Transcription and RNA processing 422 646 2047 991 266 No

ko:K12867 pre-mRNA-splicing factor SYF1 Transcription and RNA processing 261 499 514 570 225 No

ko:K18749 protein LSM14 Transcription and RNA processing 212 1436 1875 768 312 No

ko:K15219
RNA polymerase I-specific transcription initiation 

factor RRN7
Transcription and RNA processing 992 356 125 72 105 Yes

ko:K06269
serine/threonine-protein phosphatase PP1 

catalytic subunit
Transcription and RNA processing 716 665 551 455 599 No

ko:K09422 transcription factor MYB, plant Transcription and RNA processing 206 1464 1969 355 293 No

ko:K03124 transcription initiation factor TFIIB Transcription and RNA processing 399 710 1130 1465 249 No

ko:K03132 transcription initiation factor TFIID subunit 7 Transcription and RNA processing 491 424 754 790 178 No

ko:K01872 alanyl-tRNA synthetase Translation 286 227 537 215 286 No

ko:K06927 diphthine-ammonia ligase Translation 349 555 724 6212 217 No

ko:K03231 elongation factor 1-alpha Translation 6392 10694 17186 5220 2143 Yes

ko:K03232 elongation factor 1-beta Translation 302 539 559 212 221 No

ko:K03233 elongation factor 1-gamma Translation 235 201 533 156 162 No

ko:K03234 elongation factor 2 Translation 1340 2019 1397 746 1004 No

ko:K03235 elongation factor 3 Translation 1417 1633 1142 543 1400 No

ko:K07936 GTP-binding nuclear protein Ran Translation 343 434 502 181 323 No

ko:K01875 seryl-tRNA synthetase Translation 282 448 567 230 283 No

ko:K01868 threonyl-tRNA synthetase Translation 1136 1374 953 483 692 No

ko:K03236 translation initiation factor 1A Translation 246 124 1265 112 200 No

ko:K03257 translation initiation factor 4A Translation 730 1050 1010 377 598 No

ko:K03263 translation initiation factor 5A Translation 853 1425 1316 562 562 No

ko:K01866 tyrosyl-tRNA synthetase Translation 267 465 548 307 311 No

ko:K01873 valyl-tRNA synthetase Translation 385 595 1013 351 399 No

ko:K05850 Ca2+ transporting ATPase, plasma membrane Translocases 222 322 285 890 350 No

ko:K01537 Ca2+-transporting ATPase Translocases 413 385 331 1031 636 No

ko:K02132 F-type H+-transporting ATPase subunit alpha Translocases 650 760 917 214 361 No

ko:K02133 F-type H+-transporting ATPase subunit beta Translocases 1288 1163 3020 709 420 No

ko:K02134 F-type H+-transporting ATPase subunit delta Translocases 128 361 578 457 178 No

ko:K02114 F-type H+-transporting ATPase subunit epsilon Translocases 548 190 67 475 132 No

ko:K02136 F-type H+-transporting ATPase subunit gamma Translocases 146 300 547 134 190 No

ko:K02112 F-type H+/Na+-transporting ATPase subunit beta Translocases 581 294 105 472 160 No

ko:K00323 H+-translocating NAD(P) transhydrogenase Translocases 249 456 530 176 394 No

ko:K01535 H+-transporting ATPase Translocases 390 529 331 586 385 No

ko:K01541 H+/K+-exchanging ATPase Translocases 781 283 136 1747 197 No

ko:K01542 H+/K+-exchanging ATPase alpha polypeptide Translocases 780 283 136 1743 192 No

ko:K01507 inorganic pyrophosphatase Translocases 1287 2445 3098 1136 1592 No

ko:K01544 non-gastric H+/K+-exchanging ATPase Translocases 780 292 136 1747 200 No

ko:K01530 phospholipid-translocating ATPase Translocases 285 119 277 599 392 No

ko:K14802 phospholipid-transporting ATPase Translocases 346 191 278 609 430 No

ko:K01539
sodium/potassium-transporting ATPase subunit 

alpha
Translocases 880 568 462 1911 330 No

ko:K02155
V-type H+-transporting ATPase 16kDa proteolipid 

subunit
Translocases 1496 1549 2617 1394 747 No

ko:K02154 V-type H+-transporting ATPase subunit a Translocases 417 303 631 515 429 No

ko:K02147 V-type H+-transporting ATPase subunit B Translocases 662 220 321 66 312 No

ko:K03320 ammonium transporter, Amt family Transporters 657 307 77 160 467 No

ko:K13749
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 1

Transporters 241 341 124 702 251 No

ko:K13750
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 2

Transporters 245 345 139 702 271 No

ko:K05863
solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31
Transporters 1828 4924 2097 1141 798 No

ko:K15102
solute carrier family 25 (mitochondrial phosphate 

transporter), member 3
Transporters 516 701 603 276 393 No

ko:K15276
solute carrier family 35 (adenosine 3'-phospho 5'-

phosphosulfate transporter), member B2
Transporters 1078 1575 2370 1019 407 No

ko:K15377
solute carrier family 44 (choline transporter-like 

protein), member 2/4/5
Transporters 247 502 538 497 393 No

House
keeping
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Mean TPM
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transcripts
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ko:K00933 creatine kinase Amino acid metabolism 1308 1422 1660 678 652 No

ko:K00799 glutathione S-transferase Amino acid metabolism 591 552 693 392 641 No

ko:K19199 histone-lysine N-methyltransferase SETD3 Amino acid metabolism 375 193 248 600 227 No

ko:K01802 peptidylprolyl isomerase Amino acid metabolism 2571 2549 3268 1859 1833 No

ko:K08286 protein-serine/threonine kinase Amino acid metabolism 247 69 101 573 275 No

ko:K00789 S-adenosylmethionine synthetase Amino acid metabolism 2427 2005 1168 556 1244 Yes

ko:K01008 selenide, water dikinase Amino acid metabolism 357 371 343 780 214 No

ko:K00474 trimethyllysine dioxygenase Amino acid metabolism 59 161 850 46 95 No

ko:K00453 tryptophan 2,3-dioxygenase Amino acid metabolism 229 684 1764 433 352 No

ko:K01674 carbonic anhydrase Carbohydrate metabolism 78 47 12 514 62 No

ko:K01623 fructose-bisphosphate aldolase, class I Carbohydrate metabolism 329 520 265 190 507 No

ko:K01624 fructose-bisphosphate aldolase, class II Carbohydrate metabolism 526 1284 300 293 607 No

ko:K10046 GDP-D-mannose 3', 5'-epimerase Carbohydrate metabolism 502 216 216 1047 247 No

ko:K00134 glyceraldehyde 3-phosphate dehydrogenase Carbohydrate metabolism 2098 1987 621 675 1344 Yes

ko:K00015 glyoxylate reductase Carbohydrate metabolism 65 139 839 43 74 No

ko:K00844 hexokinase Carbohydrate metabolism 394 231 509 339 161 No

ko:K01000
phospho-N-acetylmuramoyl-pentapeptide-

transferase
Carbohydrate metabolism 65 806 374 41 141 No

ko:K01807 ribose 5-phosphate isomerase A Carbohydrate metabolism 308 898 2237 1406 307 No

ko:K00615 transketolase Carbohydrate metabolism 1010 820 270 303 616 No

ko:K00700 1,4-alpha-glucan branching enzyme CAZy enzymes 516 94 109 94 103 No

ko:K03927 carboxylesterase 2 CAZy enzymes 1509 1433 701 251 777 No

ko:K19357 cellulase CAZy enzymes 39 57 36 537 162 No

ko:K01225 cellulose 1,4-beta-cellobiosidase CAZy enzymes 135 108 177 638 441 No

ko:K01183 chitinase CAZy enzymes 501 738 223 405 199 No

ko:K07151
dolichyl-diphosphooligosaccharide---protein 

glycosyltransferase
CAZy enzymes 1646 1430 2725 1905 780 No

ko:K12373 hexosaminidase CAZy enzymes 438 229 218 513 366 No

ko:K20782 hydroxyproline O-arabinosyltransferase CAZy enzymes 683 2189 101 173 109 No

ko:K00516 lytic starch monooxygenase CAZy enzymes 1548 485 398 2184 1092 No

ko:K13379
reversibly glycosylated polypeptide / UDP-

arabinopyranose mutase
CAZy enzymes 590 999 1063 1023 192 No

ko:K15920 xylan 1,4-beta-xylosidase CAZy enzymes 710 143 107 554 357 No

ko:K16465 centrin-1 Chromosome and associated proteins 4153 14016 3608 1448 1788 Yes

ko:K10840 centrin-2 Chromosome and associated proteins 1214 6372 1103 173 355 Yes

ko:K16466 centrin-3 Chromosome and associated proteins 585 1435 504 379 433 Yes

ko:K11273 chromosome transmission fidelity protein 1 Chromosome and associated proteins 440 1765 1960 364 324 No

ko:K11275 histone H1/5 Chromosome and associated proteins 624 414 891 1349 209 No

ko:K11251 histone H2A Chromosome and associated proteins 1289 886 1044 503 561 No

ko:K11252 histone H2B Chromosome and associated proteins 511 387 816 304 293 No

ko:K11253 histone H3 Chromosome and associated proteins 1702 782 1079 1092 635 No

ko:K11254 histone H4 Chromosome and associated proteins 586 388 746 277 342 Yes

ko:K11493 regulator of chromosome condensation Chromosome and associated proteins 160 1156 167 228 198 No

ko:K06674 structural maintenance of chromosome 2 Chromosome and associated proteins 682 1143 967 386 473 No

ko:K11649
SWI/SNF related-matrix-associated actin-

dependent regulator of chromatin subfamily C
Chromosome and associated proteins 442 353 2389 1238 174 No

ko:K05692 actin beta/gamma 1 Cytoskeleton proteins 16051 11016 19032 13560 2503 Yes

ko:K10355 actin, other eukaryote Cytoskeleton proteins 5345 6475 13184 5554 1425 Yes

ko:K10408 dynein heavy chain, axonemal Cytoskeleton proteins 2073 2530 2160 2996 6302 Yes

ko:K10418 dynein light chain LC8-type Cytoskeleton proteins 936 873 1636 585 712 No

ko:K04437 filamin Cytoskeleton proteins 93 27 79 682 116 No

ko:K10394 kinesin family member 3A Cytoskeleton proteins 477 1796 2020 395 407 No

ko:K07611 lamin B Cytoskeleton proteins 150 903 1426 1141 158 No

ko:K06990 MEMO1 family protein Cytoskeleton proteins 482 430 748 796 190 No

ko:K10388 plectin Cytoskeleton proteins 56 865 1821 87 112 No

ko:K17338 receptor expression-enhancing protein 1/2/3/4 Cytoskeleton proteins 336 400 329 808 181 No

ko:K07374 tubulin alpha Cytoskeleton proteins 26927 30408 39614 30915 4475 Yes

ko:K07375 tubulin beta Cytoskeleton proteins 23822 30159 45703 24251 3962 Yes

ko:K08738 cytochrome c Energy metabolism 849 1027 1384 6393 536 Yes

ko:K18561 FAD-dependent fumarate reductase Energy metabolism 581 337 142 141 505 No

ko:K00026 malate dehydrogenase Energy metabolism 699 533 325 530 559 No

ko:K03955
NADH dehydrogenase (ubiquinone) 1 alpha/beta 

subcomplex 1
Energy metabolism 223 338 907 146 297 No

ko:K00236
succinate dehydrogenase (ubiquinone) 

cytochrome b560 subunit
Energy metabolism 56 122 271 522 141 No

ko:K00413
ubiquinol-cytochrome c reductase cytochrome c1 

subunit
Energy metabolism 281 357 350 630 286 No

ko:K10071 C-type lectin domain family 2 member B Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K10072 C-type lectin domain family 2 member D Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K06479 CD48 antigen Extracellular sensing and signalling 59 139 838 38 70 No

ko:K04000 complement component 9 Extracellular sensing and signalling 10 576 5 14 13 No

ko:K10104 ficolin Extracellular sensing and signalling 832 22 20 114 23 No

ko:K06468 low affinity immunoglobulin epsilon Fc receptor Extracellular sensing and signalling 1386 4 0 0 8 No

ko:K04324 Mas-related G-protein coupled receptor MRG Extracellular sensing and signalling 304 872 574 215 192 No

ko:K17284 perilipin-2 Extracellular sensing and signalling 150 900 1423 1141 156 No

ko:K06572 plexin C Extracellular sensing and signalling 23 1 8 624 39 No

ko:K16669 protocadherin Fat 4 Extracellular sensing and signalling 306 368 196 636 307 No

ko:K17086 transmembrane 9 superfamily member 2/4 Extracellular sensing and signalling 379 641 460 656 584 No

ko:K04832 acid-sensing ion channel 5 Ion channels 230 685 1766 442 357 No

ko:K04805 nicotinic acetylcholine receptor alpha-3 Ion channels 474 421 746 771 170 No

ko:K15040 voltage-dependent anion channel protein 2 Ion channels 287 235 554 195 181 No

ko:K08242 24-methylenesterol C-methyltransferase Lipid metabolism 268 106 62 581 73 No

ko:K11262 acetyl-CoA carboxylase / biotin carboxylase 1 Lipid metabolism 529 317 315 582 753 No

ko:K21737
acyl-lipid Delta6-acetylenase / acyl-lipid (9-3)-

desaturase
Lipid metabolism 239 156 326 604 259 No

ko:K15013 long-chain-fatty-acid--CoA ligase ACSBG Lipid metabolism 352 329 260 619 382 No

ko:K05288 phosphatidylinositol glycan, class O Lipid metabolism 377 519 1235 1226 262 No

ko:K07937 ADP-ribosylation factor 1 Membrane trafficking 1244 1117 2027 693 974 No

ko:K07939 ADP-ribosylation factor 4 Membrane trafficking 539 37 24 29 66 No

ko:K17593 ankyrin repeat domain-containing protein 42 Membrane trafficking 490 456 759 775 190 No

ko:K21442 ankyrin repeat domain-containing protein 54 Membrane trafficking 822 1426 1857 760 287 No

ko:K07977 Arf/Sar family, other Membrane trafficking 1483 883 2054 659 810 No

ko:K21997 autophagy-related protein 19/34 Membrane trafficking 67 67 819 24 89 No

ko:K19933 calcium-dependent secretion activator Membrane trafficking 226 379 378 507 140 No

ko:K05765 cofilin Membrane trafficking 855 486 1024 217 328 No

ko:K17697 dedicator of cytokinesis protein 4 Membrane trafficking 412 339 2384 1228 150 No

ko:K17065 dynamin 1-like protein Membrane trafficking 331 590 939 333 256 No

ko:K20365
endoplasmic reticulum-Golgi intermediate 

compartment protein 1
Membrane trafficking 365 654 1864 325 412 No

ko:K10949 ER lumen protein retaining receptor Membrane trafficking 1056 441 311 471 488 No

ko:K08341 GABA(A) receptor-associated protein Membrane trafficking 469 669 373 236 491 No

ko:K18061 myotubularin-related protein 5/13 Membrane trafficking 560 1286 1908 192 193 No

ko:K18739 protein bicaudal D Membrane trafficking 605 1105 1079 1021 200 No

ko:K20068
RalBP1-associated Eps domain-containing 

protein
Membrane trafficking 326 326 237 1019 139 No

ko:K08267 rapamycin-insensitive companion of mTOR Membrane trafficking 62 152 846 89 94 No

ko:K08053 Ras GTPase-activating protein 2 Membrane trafficking 540 1284 1888 139 177 No

ko:K04392 Ras-related C3 botulinum toxin substrate 1 Membrane trafficking 651 349 643 421 345 No

ko:K07861 Ras-related C3 botulinum toxin substrate 3 Membrane trafficking 507 26 84 31 108 No

ko:K07874 Ras-related protein Rab-1A Membrane trafficking 663 610 752 261 629 No

ko:K07901 Ras-related protein Rab-8A Membrane trafficking 241 296 388 704 318 No

ko:K20168 TBC1 domain family member 15 Membrane trafficking 106 162 626 103 163 No

ko:K20301 trafficking protein particle complex subunit 2 Membrane trafficking 66 220 753 74 103 No

ko:K20184 vacuolar protein sorting-associated protein 41 Membrane trafficking 915 633 2121 572 277 No

ko:K21248 vacuole membrane protein 1 Membrane trafficking 275 513 504 116 159 No

ko:K20241 WD repeat-containing protein 44 Membrane trafficking 159 121 420 774 133 No

ko:K01662 1-deoxy-D-xylulose-5-phosphate synthase Metabolism of cofactors and vitamins 916 572 199 236 446 No

ko:K03644 lipoyl synthase Metabolism of cofactors and vitamins 230 1176 2184 378 343 No

ko:K03403 magnesium chelatase subunit H Metabolism of cofactors and vitamins 150 511 78 106 346 No

ko:K18914 adrenodoxin-NADP+ reductase Mitochondrial proteins 298 665 779 384 193 No

ko:K01412
mitochondrial-processing peptidase subunit 

alpha
Mitochondrial proteins 554 1237 1006 667 405 No

ko:K17785 mitofilin Mitochondrial proteins 185 90 111 502 127 No

ko:K13998 dihydrofolate reductase / thymidylate synthase Nucleotide metabolism 312 527 1811 219 292 No

ko:K00940 nucleoside-diphosphate kinase Nucleotide metabolism 491 444 499 627 417 No

ko:K00390 phosphoadenosine phosphosulfate reductase Nucleotide metabolism 589 157 49 25 148 No

ko:K22390 acid phosphatase type 7 Other hydrolases 352 459 464 528 580 No

ko:K01054 acylglycerol lipase Other hydrolases 425 349 2408 1239 202 No

ko:K01509 adenosinetriphosphatase Other hydrolases 242 102 133 502 221 No

ko:K01251 adenosylhomocysteinase Other hydrolases 2258 2872 1708 379 1243 No

ko:K07407 alpha-galactosidase Other hydrolases 813 280 238 1372 608 No

ko:K01135 arylsulfatase B Other hydrolases 345 64 30 679 233 No

ko:K12375 arylsulfatase I/J Other hydrolases 441 70 43 810 277 No

ko:K01192 beta-mannosidase Other hydrolases 662 887 326 716 674 No

ko:K01137 N-acetylglucosamine-6-sulfatase Other hydrolases 448 101 97 1167 324 No

ko:K19882 O-palmitoleoyl-L-serine hydrolase Other hydrolases 409 112 98 876 363 No

ko:K01074 palmitoyl-protein thioesterase Other hydrolases 554 271 127 1365 236 No

ko:K13022 carboxypeptidase Z Peptidases 158 900 1423 1141 158 No

ko:K13289 cathepsin A (carboxypeptidase C) Peptidases 554 978 1244 1143 671 No

ko:K01363 cathepsin B Peptidases 5117 5008 3065 10417 1983 No

ko:K01379 cathepsin D Peptidases 2326 1479 620 1779 927 No

ko:K01382 cathepsin E Peptidases 878 680 402 543 469 No

ko:K01373 cathepsin F Peptidases 424 894 2121 888 708 No

ko:K01366 cathepsin H Peptidases 4808 4277 2886 6276 1525 No

ko:K01371 cathepsin K Peptidases 1592 901 852 11633 603 No

ko:K01365 cathepsin L Peptidases 8231 7741 11669 21683 3422 No

ko:K01374 cathepsin O Peptidases 230 685 1766 442 357 No

ko:K08568 cathepsin X Peptidases 5857 5218 3771 7061 2026 No

ko:K16292 KDEL-tailed cysteine endopeptidase Peptidases 59 286 1922 52 158 No

ko:K01369 legumain Peptidases 209 362 242 1473 223 No

ko:K08245 phytepsin Peptidases 981 164 28 482 105 No

ko:K01381 saccharopepsin Peptidases 893 976 428 633 403 No

ko:K16296 serine carboxypeptidase-like clade I Peptidases 551 678 983 1018 601 No

ko:K16297 serine carboxypeptidase-like clade II Peptidases 268 406 654 632 284 No

ko:K01279 tripeptidyl-peptidase I Peptidases 1719 1606 797 4960 1026 No

ko:K09645 vitellogenic carboxypeptidase-like protein Peptidases 431 547 601 452 434 No

ko:K16290 xylem cysteine proteinase Peptidases 1765 589 501 12417 523 No

ko:K02641 ferredoxin--NADP+ reductase Photosynthesis proteins 641 1055 184 284 513 No

ko:K08907
light-harvesting complex I chlorophyll a/b binding 

protein 1
Photosynthesis proteins 968 622 152 184 764 No

ko:K08908
light-harvesting complex I chlorophyll a/b binding 

protein 2
Photosynthesis proteins 196 559 135 33 272 No

ko:K08912
light-harvesting complex II chlorophyll a/b binding 

protein 1
Photosynthesis proteins 173 806 53 55 314 No

ko:K08913 light-harvesting complex II chlorophyll a/b binding 
protein 2

Photosynthesis proteins 173 806 46 55 302 No

ko:K01602 ribulose-bisphosphate carboxylase small chain Photosynthesis proteins 458 879 39 98 125 No

ko:K04532 amyloid beta precursor protein binding protein 1 Protein processing 741 682 747 1020 269 No

ko:K08057 calreticulin Protein processing 2632 924 995 4606 778 No

ko:K10098 calreticulin 3 Protein processing 633 355 565 4010 339 No

ko:K12581 CCR4-NOT transcription complex subunit 7/8 Protein processing 447 163 186 903 207 No

ko:K03798 cell division protease FtsH Protein processing 276 523 120 196 434 No

ko:K04077 chaperonin GroEL Protein processing 344 547 444 180 389 No

ko:K17495 CUB and sushi domain-containing protein Protein processing 524 330 238 478 390 No

ko:K17822 DCN1-like protein 1/2 Protein processing 502 462 831 786 238 No

ko:K09503 DnaJ homolog subfamily A member 2 Protein processing 968 935 1230 1045 587 No

ko:K22377 E3 ubiquitin-protein ligase listerin Protein processing 629 837 1954 1400 175 Yes

ko:K15708 E3 ubiquitin-protein ligase RNF180 Protein processing 584 597 1002 271 186 Yes

ko:K09577 FK506-binding protein 14 Protein processing 122 312 178 619 126 No

ko:K03773 FKBP-type peptidyl-prolyl cis-trans isomerase 
FklB

Protein processing 312 267 521 356 270 No

ko:K03283 heat shock 70kDa protein 1/2/6/8 Protein processing 5440 5951 3447 2554 2810 No

ko:K09490 heat shock 70kDa protein 5 Protein processing 3633 5335 1437 3483 1592 No

ko:K09487 heat shock protein 90kDa beta Protein processing 1434 1311 1170 670 765 Yes

ko:K04043 molecular chaperone DnaK Protein processing 230 347 464 586 261 Yes

ko:K04079 molecular chaperone HtpG Protein processing 4380 4325 3272 1474 2206 Yes

ko:K03626
nascent polypeptide-associated complex subunit 

alpha
Protein processing 291 948 554 213 335 No

ko:K01527
nascent polypeptide-associated complex subunit 

beta
Protein processing 550 960 1594 214 319 No

ko:K17987 next to BRCA1 gene 1 protein Protein processing 561 246 924 97 272 No

ko:K03768
peptidyl-prolyl cis-trans isomerase B (cyclophilin 

B)
Protein processing 537 435 175 124 215 Yes

ko:K09565 peptidyl-prolyl isomerase F (cyclophilin D) Protein processing 1025 690 615 736 419 No

ko:K13050 proprotein convertase subtilisin/kexin type 9 Protein processing 2 30 760 11 11 No

ko:K09580 protein disulfide-isomerase A1 Protein processing 1416 1054 1367 2933 695 No

ko:K09584 protein disulfide-isomerase A6 Protein processing 3580 2977 2255 2373 1096 No

ko:K10956 protein transport protein SEC61 subunit alpha Protein processing 438 1032 530 619 408 No

ko:K03094 S-phase kinase-associated protein 1 Protein processing 606 379 343 206 394 No

ko:K10523 speckle-type POZ protein Protein processing 334 543 1629 256 317 No

ko:K09499 T-complex protein 1 subunit eta Protein processing 717 165 152 98 265 No

ko:K09500 T-complex protein 1 subunit theta Protein processing 503 134 325 135 317 No

ko:K03671 thioredoxin 1 Protein processing 679 599 658 505 679 No

ko:K13984 thioredoxin domain-containing protein 5 Protein processing 2100 2634 1731 2156 857 No

ko:K13525 transitional endoplasmic reticulum ATPase Protein processing 798 565 428 331 789 No

ko:K04551 ubiquitin B Protein processing 3450 1761 4943 1164 467 Yes

ko:K08770 ubiquitin C Protein processing 20950 9756 16680 14436 2543 Yes

ko:K06689 ubiquitin-conjugating enzyme E2 D Protein processing 667 478 1550 325 468 No

ko:K12158 ubiquitin-like protein Nedd8 Protein processing 9572 871 545 3080 214 No

ko:K06630 14-3-3 protein epsilon Replication and repair 984 941 1544 538 898 No

ko:K10886 DNA-repair protein XRCC4 Replication and repair 632 1154 1971 356 316 No

ko:K15076 elongin-A Replication and repair 137 434 1461 81 156 No

ko:K04802 proliferating cell nuclear antigen Replication and repair 403 553 355 739 338 No

ko:K10755 replication factor C subunit 2/4 Replication and repair 658 958 1579 601 275 No

ko:K11131 H/ACA ribonucleoprotein complex subunit 4 Ribosome 218 957 1931 157 248 No

ko:K20221 importin-4 Ribosome 292 538 985 266 150 No

ko:K02865 large subunit ribosomal protein L10Ae Ribosome 1057 1937 1437 1374 508 Yes

ko:K02866 large subunit ribosomal protein L10e Ribosome 2076 2303 3232 1382 731 Yes

ko:K02868 large subunit ribosomal protein L11e Ribosome 715 1504 2269 425 556 Yes

ko:K02870 large subunit ribosomal protein L12e Ribosome 1117 1305 1722 527 523 Yes

ko:K02872 large subunit ribosomal protein L13Ae Ribosome 1254 2137 1984 523 537 Yes

ko:K02873 large subunit ribosomal protein L13e Ribosome 1820 1990 2391 1014 562 Yes

ko:K02875 large subunit ribosomal protein L14e Ribosome 751 1018 1649 898 428 Yes

ko:K02877 large subunit ribosomal protein L15e Ribosome 1371 2046 2624 1083 588 Yes

ko:K02880 large subunit ribosomal protein L17e Ribosome 984 925 2255 293 475 Yes

ko:K02882 large subunit ribosomal protein L18Ae Ribosome 622 1556 1121 1165 437 Yes

ko:K02883 large subunit ribosomal protein L18e Ribosome 1145 1922 2252 1211 622 Yes

ko:K02885 large subunit ribosomal protein L19e Ribosome 1533 1893 2243 888 604 Yes

ko:K02889 large subunit ribosomal protein L21e Ribosome 906 1954 2553 749 547 Yes

ko:K02891 large subunit ribosomal protein L22e Ribosome 1333 1148 1766 728 423 Yes

ko:K02893 large subunit ribosomal protein L23Ae Ribosome 1020 1442 497 247 367 Yes

ko:K02894 large subunit ribosomal protein L23e Ribosome 655 1685 2078 1220 558 Yes

ko:K02896 large subunit ribosomal protein L24e Ribosome 1022 1012 586 547 514 Yes

ko:K02898 large subunit ribosomal protein L26e Ribosome 1281 1251 959 1918 537 Yes

ko:K02900 large subunit ribosomal protein L27Ae Ribosome 1234 2494 2616 943 630 Yes

ko:K02901 large subunit ribosomal protein L27e Ribosome 1165 1565 1624 1309 490 Yes

ko:K02903 large subunit ribosomal protein L28e Ribosome 571 1536 1712 623 304 Yes

ko:K02905 large subunit ribosomal protein L29e Ribosome 516 436 247 1134 239 Yes

ko:K02908 large subunit ribosomal protein L30e Ribosome 1252 1590 3067 434 511 Yes

ko:K02910 large subunit ribosomal protein L31e Ribosome 861 1073 695 680 506 Yes

ko:K02912 large subunit ribosomal protein L32e Ribosome 1251 1174 1057 1365 516 Yes

ko:K02915 large subunit ribosomal protein L34e Ribosome 1474 1622 2617 573 533 Yes

ko:K02917 large subunit ribosomal protein L35Ae Ribosome 1149 1377 1086 798 455 Yes

ko:K02918 large subunit ribosomal protein L35e Ribosome 1323 1836 2446 730 474 Yes

ko:K02920 large subunit ribosomal protein L36e Ribosome 1204 944 1471 439 479 Yes

ko:K02921 large subunit ribosomal protein L37Ae Ribosome 777 987 867 1094 453 Yes

ko:K02922 large subunit ribosomal protein L37e Ribosome 829 1331 1181 626 418 Yes

ko:K02923 large subunit ribosomal protein L38e Ribosome 804 1219 1233 340 342 Yes

ko:K02925 large subunit ribosomal protein L3e Ribosome 1202 2074 1077 444 666 Yes

ko:K02927 large subunit ribosomal protein L40e Ribosome 2661 2603 4325 1881 730 Yes

ko:K02929 large subunit ribosomal protein L44e Ribosome 1228 1464 1768 1160 476 Yes

ko:K02930 large subunit ribosomal protein L4e Ribosome 1176 1707 1152 398 586 Yes

ko:K02932 large subunit ribosomal protein L5e Ribosome 1306 2159 2508 378 625 Yes

ko:K02934 large subunit ribosomal protein L6e Ribosome 1033 1442 2339 864 476 Yes

ko:K02936 large subunit ribosomal protein L7Ae Ribosome 991 2028 2901 1590 643 Yes

ko:K02937 large subunit ribosomal protein L7e Ribosome 1245 1664 721 1462 556 Yes

ko:K02938 large subunit ribosomal protein L8e Ribosome 1727 3294 4262 1361 759 Yes

ko:K02940 large subunit ribosomal protein L9e Ribosome 1270 1758 1366 1389 589 Yes

ko:K02941 large subunit ribosomal protein LP0 Ribosome 963 1483 2104 435 537 Yes

ko:K02942 large subunit ribosomal protein LP1 Ribosome 881 1336 1536 552 596 Yes

ko:K02943 large subunit ribosomal protein LP2 Ribosome 705 1728 2219 1041 655 Yes

ko:K14558 periodic tryptophan protein 2 Ribosome 58 59 60 556 79 No

ko:K14855 ribosome assembly protein 4 Ribosome 95 56 74 654 78 No

ko:K14842 ribosome biogenesis protein NSA2 Ribosome 462 1376 252 69 212 Yes

ko:K02946 small subunit ribosomal protein S10 Ribosome 134 1117 144 91 140 Yes

ko:K02947 small subunit ribosomal protein S10e Ribosome 679 1731 2105 194 407 Yes

ko:K02949 small subunit ribosomal protein S11e Ribosome 1739 2219 2012 749 510 Yes

ko:K02951 small subunit ribosomal protein S12e Ribosome 1075 1180 1617 1193 479 Yes

ko:K02953 small subunit ribosomal protein S13e Ribosome 1832 1754 1107 1128 510 Yes

ko:K02955 small subunit ribosomal protein S14e Ribosome 964 1510 1490 720 618 Yes

ko:K02957 small subunit ribosomal protein S15Ae Ribosome 910 1588 1013 764 476 Yes

ko:K02958 small subunit ribosomal protein S15e Ribosome 1044 1756 2466 348 571 Yes

ko:K02960 small subunit ribosomal protein S16e Ribosome 614 1122 1422 1231 479 Yes

ko:K02962 small subunit ribosomal protein S17e Ribosome 1056 1458 1202 452 489 Yes

ko:K02964 small subunit ribosomal protein S18e Ribosome 998 2304 1580 1925 578 Yes

ko:K02966 small subunit ribosomal protein S19e Ribosome 777 1477 2002 1161 446 Yes

ko:K02969 small subunit ribosomal protein S20e Ribosome 807 2014 1405 631 453 Yes

ko:K02971 small subunit ribosomal protein S21e Ribosome 704 892 1272 290 450 Yes

ko:K02973 small subunit ribosomal protein S23e Ribosome 1346 1892 1693 1647 636 Yes

ko:K02974 small subunit ribosomal protein S24e Ribosome 1470 1647 2345 1049 576 Yes

ko:K02975 small subunit ribosomal protein S25e Ribosome 984 1542 2169 404 540 Yes

ko:K02976 small subunit ribosomal protein S26e Ribosome 1925 1512 1348 1189 526 Yes

ko:K02977 small subunit ribosomal protein S27Ae Ribosome 12182 5158 4875 9245 1172 Yes

ko:K02978 small subunit ribosomal protein S27e Ribosome 1011 1725 2098 348 444 Yes

ko:K02979 small subunit ribosomal protein S28e Ribosome 741 1022 776 626 440 Yes

ko:K02980 small subunit ribosomal protein S29e Ribosome 213 611 323 201 184 Yes

ko:K02981 small subunit ribosomal protein S2e Ribosome 918 1962 2685 331 701 Yes

ko:K02983 small subunit ribosomal protein S30e Ribosome 794 917 1312 464 349 Yes

ko:K02984 small subunit ribosomal protein S3Ae Ribosome 1110 3248 2892 1836 703 Yes

ko:K02985 small subunit ribosomal protein S3e Ribosome 947 1249 1588 974 530 Yes

ko:K02987 small subunit ribosomal protein S4e Ribosome 2253 1844 2463 2543 761 Yes

ko:K02989 small subunit ribosomal protein S5e Ribosome 1041 2169 1460 966 620 Yes

ko:K02991 small subunit ribosomal protein S6e Ribosome 1040 1927 2017 1550 594 Yes

ko:K02993 small subunit ribosomal protein S7e Ribosome 1469 1757 2528 432 501 Yes

ko:K02995 small subunit ribosomal protein S8e Ribosome 1444 2037 1403 642 653 Yes

ko:K02996 small subunit ribosomal protein S9 Ribosome 197 430 915 1144 177 Yes

ko:K02997 small subunit ribosomal protein S9e Ribosome 993 2044 2342 904 595 Yes

ko:K02998 small subunit ribosomal protein SAe Ribosome 1046 1955 2064 803 586 Yes

ko:K14566 U3 small nucleolar RNA-associated protein 24 Ribosome 341 422 730 900 304 No

ko:K00428 cytochrome c peroxidase ROS homeostasis 275 322 587 903 384 No

ko:K17609 nucleoredoxin ROS homeostasis 451 590 622 281 729 No

ko:K07305 peptide-methionine (R)-S-oxide reductase ROS homeostasis 179 594 69 92 182 No

ko:K08272 calcium binding protein 39 Signal transduction 488 358 2404 1283 190 No

ko:K13412 calcium-dependent protein kinase Signal transduction 502 441 493 477 855 No

ko:K04515
calcium/calmodulin-dependent protein kinase 

(CaM kinase) II
Signal transduction 292 56 266 596 266 No

ko:K08794 calcium/calmodulin-dependent protein kinase I Signal transduction 236 216 532 323 523 No

ko:K02183 calmodulin Signal transduction 5375 4845 6544 3846 2794 Yes

ko:K04739 cAMP-dependent protein kinase regulator Signal transduction 560 194 450 141 516 No

ko:K07376 cGMP-dependent protein kinase 1 Signal transduction 405 656 796 627 809 No

ko:K08819 cyclin-dependent kinase 12/13 Signal transduction 573 587 441 1266 269 Yes

ko:K00927 phosphoglycerate kinase Signal transduction 643 978 293 196 649 No

ko:K04345 protein kinase A Signal transduction 857 906 2396 1228 826 No

ko:K18449 prune homolog 2 Signal transduction 337 327 251 1016 147 No

ko:K14498 serine/threonine-protein kinase SRK2 Signal transduction 150 902 1423 1145 170 No

ko:K14807 ATP-dependent RNA helicase DDX51/DBP6 Transcription and RNA processing 321 892 585 241 226 No

ko:K14780 ATP-dependent RNA helicase DHX37/DHR1 Transcription and RNA processing 459 225 521 334 168 No

ko:K17679
ATP-dependent RNA helicase MSS116, 

mitochondrial
Transcription and RNA processing 46 71 595 34 72 No

ko:K17675 ATP-dependent RNA helicase SUPV3L1/SUV3 Transcription and RNA processing 502 717 1294 679 198 No

ko:K12812 ATP-dependent RNA helicase UAP56/SUB2 Transcription and RNA processing 430 567 710 198 485 No

ko:K20099 ATP-dependent RNA helicase YTHDC2 Transcription and RNA processing 316 878 577 216 203 No

ko:K03010 DNA-directed RNA polymerase II subunit RPB2 Transcription and RNA processing 452 508 622 310 319 No

ko:K11592 endoribonuclease Dicer Transcription and RNA processing 796 682 2026 200 204 No

ko:K14753
guanine nucleotide-binding protein subunit beta-2-

like 1 protein
Transcription and RNA processing 1211 2681 2210 1683 661 No

ko:K09228 KRAB domain-containing zinc finger protein Transcription and RNA processing 324 1126 2775 446 328 No

ko:K05925 mRNA m6A methyltransferase Transcription and RNA processing 63 63 768 18 71 No

ko:K09329 paired mesoderm homeobox protein Transcription and RNA processing 474 421 746 771 168 No

ko:K13199
plasminogen activator inhibitor 1 RNA-binding 

protein
Transcription and RNA processing 1790 725 641 411 218 No

ko:K13126 polyadenylate-binding protein Transcription and RNA processing 543 955 557 319 521 No

ko:K15542 polyadenylation factor subunit 2 Transcription and RNA processing 422 646 2047 991 266 No

ko:K12867 pre-mRNA-splicing factor SYF1 Transcription and RNA processing 261 499 514 570 225 No

ko:K18749 protein LSM14 Transcription and RNA processing 212 1436 1875 768 312 No

ko:K15219
RNA polymerase I-specific transcription initiation 

factor RRN7
Transcription and RNA processing 992 356 125 72 105 Yes

ko:K06269
serine/threonine-protein phosphatase PP1 

catalytic subunit
Transcription and RNA processing 716 665 551 455 599 No

ko:K09422 transcription factor MYB, plant Transcription and RNA processing 206 1464 1969 355 293 No

ko:K03124 transcription initiation factor TFIIB Transcription and RNA processing 399 710 1130 1465 249 No

ko:K03132 transcription initiation factor TFIID subunit 7 Transcription and RNA processing 491 424 754 790 178 No

ko:K01872 alanyl-tRNA synthetase Translation 286 227 537 215 286 No

ko:K06927 diphthine-ammonia ligase Translation 349 555 724 6212 217 No

ko:K03231 elongation factor 1-alpha Translation 6392 10694 17186 5220 2143 Yes

ko:K03232 elongation factor 1-beta Translation 302 539 559 212 221 No

ko:K03233 elongation factor 1-gamma Translation 235 201 533 156 162 No

ko:K03234 elongation factor 2 Translation 1340 2019 1397 746 1004 No

ko:K03235 elongation factor 3 Translation 1417 1633 1142 543 1400 No

ko:K07936 GTP-binding nuclear protein Ran Translation 343 434 502 181 323 No

ko:K01875 seryl-tRNA synthetase Translation 282 448 567 230 283 No

ko:K01868 threonyl-tRNA synthetase Translation 1136 1374 953 483 692 No

ko:K03236 translation initiation factor 1A Translation 246 124 1265 112 200 No

ko:K03257 translation initiation factor 4A Translation 730 1050 1010 377 598 No

ko:K03263 translation initiation factor 5A Translation 853 1425 1316 562 562 No

ko:K01866 tyrosyl-tRNA synthetase Translation 267 465 548 307 311 No

ko:K01873 valyl-tRNA synthetase Translation 385 595 1013 351 399 No

ko:K05850 Ca2+ transporting ATPase, plasma membrane Translocases 222 322 285 890 350 No

ko:K01537 Ca2+-transporting ATPase Translocases 413 385 331 1031 636 No

ko:K02132 F-type H+-transporting ATPase subunit alpha Translocases 650 760 917 214 361 No

ko:K02133 F-type H+-transporting ATPase subunit beta Translocases 1288 1163 3020 709 420 No

ko:K02134 F-type H+-transporting ATPase subunit delta Translocases 128 361 578 457 178 No

ko:K02114 F-type H+-transporting ATPase subunit epsilon Translocases 548 190 67 475 132 No

ko:K02136 F-type H+-transporting ATPase subunit gamma Translocases 146 300 547 134 190 No

ko:K02112 F-type H+/Na+-transporting ATPase subunit beta Translocases 581 294 105 472 160 No

ko:K00323 H+-translocating NAD(P) transhydrogenase Translocases 249 456 530 176 394 No

ko:K01535 H+-transporting ATPase Translocases 390 529 331 586 385 No

ko:K01541 H+/K+-exchanging ATPase Translocases 781 283 136 1747 197 No

ko:K01542 H+/K+-exchanging ATPase alpha polypeptide Translocases 780 283 136 1743 192 No

ko:K01507 inorganic pyrophosphatase Translocases 1287 2445 3098 1136 1592 No

ko:K01544 non-gastric H+/K+-exchanging ATPase Translocases 780 292 136 1747 200 No

ko:K01530 phospholipid-translocating ATPase Translocases 285 119 277 599 392 No

ko:K14802 phospholipid-transporting ATPase Translocases 346 191 278 609 430 No

ko:K01539
sodium/potassium-transporting ATPase subunit 

alpha
Translocases 880 568 462 1911 330 No

ko:K02155
V-type H+-transporting ATPase 16kDa proteolipid 

subunit
Translocases 1496 1549 2617 1394 747 No

ko:K02154 V-type H+-transporting ATPase subunit a Translocases 417 303 631 515 429 No

ko:K02147 V-type H+-transporting ATPase subunit B Translocases 662 220 321 66 312 No

ko:K03320 ammonium transporter, Amt family Transporters 657 307 77 160 467 No

ko:K13749
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 1

Transporters 241 341 124 702 251 No

ko:K13750
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 2

Transporters 245 345 139 702 271 No

ko:K05863
solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31
Transporters 1828 4924 2097 1141 798 No

ko:K15102
solute carrier family 25 (mitochondrial phosphate 

transporter), member 3
Transporters 516 701 603 276 393 No

ko:K15276
solute carrier family 35 (adenosine 3'-phospho 5'-

phosphosulfate transporter), member B2
Transporters 1078 1575 2370 1019 407 No

ko:K15377
solute carrier family 44 (choline transporter-like 

protein), member 2/4/5
Transporters 247 502 538 497 393 No

House
keeping
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transcripts



168

RETURN OF THE MARINE HETEROTROPHIC FLAGELLATES

Jul17 Mar18 Nov18 Sep20

ko:K00933 creatine kinase Amino acid metabolism 1308 1422 1660 678 652 No

ko:K00799 glutathione S-transferase Amino acid metabolism 591 552 693 392 641 No

ko:K19199 histone-lysine N-methyltransferase SETD3 Amino acid metabolism 375 193 248 600 227 No

ko:K01802 peptidylprolyl isomerase Amino acid metabolism 2571 2549 3268 1859 1833 No

ko:K08286 protein-serine/threonine kinase Amino acid metabolism 247 69 101 573 275 No

ko:K00789 S-adenosylmethionine synthetase Amino acid metabolism 2427 2005 1168 556 1244 Yes

ko:K01008 selenide, water dikinase Amino acid metabolism 357 371 343 780 214 No

ko:K00474 trimethyllysine dioxygenase Amino acid metabolism 59 161 850 46 95 No

ko:K00453 tryptophan 2,3-dioxygenase Amino acid metabolism 229 684 1764 433 352 No

ko:K01674 carbonic anhydrase Carbohydrate metabolism 78 47 12 514 62 No

ko:K01623 fructose-bisphosphate aldolase, class I Carbohydrate metabolism 329 520 265 190 507 No

ko:K01624 fructose-bisphosphate aldolase, class II Carbohydrate metabolism 526 1284 300 293 607 No

ko:K10046 GDP-D-mannose 3', 5'-epimerase Carbohydrate metabolism 502 216 216 1047 247 No

ko:K00134 glyceraldehyde 3-phosphate dehydrogenase Carbohydrate metabolism 2098 1987 621 675 1344 Yes

ko:K00015 glyoxylate reductase Carbohydrate metabolism 65 139 839 43 74 No

ko:K00844 hexokinase Carbohydrate metabolism 394 231 509 339 161 No

ko:K01000
phospho-N-acetylmuramoyl-pentapeptide-

transferase
Carbohydrate metabolism 65 806 374 41 141 No

ko:K01807 ribose 5-phosphate isomerase A Carbohydrate metabolism 308 898 2237 1406 307 No

ko:K00615 transketolase Carbohydrate metabolism 1010 820 270 303 616 No

ko:K00700 1,4-alpha-glucan branching enzyme CAZy enzymes 516 94 109 94 103 No

ko:K03927 carboxylesterase 2 CAZy enzymes 1509 1433 701 251 777 No

ko:K19357 cellulase CAZy enzymes 39 57 36 537 162 No

ko:K01225 cellulose 1,4-beta-cellobiosidase CAZy enzymes 135 108 177 638 441 No

ko:K01183 chitinase CAZy enzymes 501 738 223 405 199 No

ko:K07151
dolichyl-diphosphooligosaccharide---protein 

glycosyltransferase
CAZy enzymes 1646 1430 2725 1905 780 No

ko:K12373 hexosaminidase CAZy enzymes 438 229 218 513 366 No

ko:K20782 hydroxyproline O-arabinosyltransferase CAZy enzymes 683 2189 101 173 109 No

ko:K00516 lytic starch monooxygenase CAZy enzymes 1548 485 398 2184 1092 No

ko:K13379
reversibly glycosylated polypeptide / UDP-

arabinopyranose mutase
CAZy enzymes 590 999 1063 1023 192 No

ko:K15920 xylan 1,4-beta-xylosidase CAZy enzymes 710 143 107 554 357 No

ko:K16465 centrin-1 Chromosome and associated proteins 4153 14016 3608 1448 1788 Yes

ko:K10840 centrin-2 Chromosome and associated proteins 1214 6372 1103 173 355 Yes

ko:K16466 centrin-3 Chromosome and associated proteins 585 1435 504 379 433 Yes

ko:K11273 chromosome transmission fidelity protein 1 Chromosome and associated proteins 440 1765 1960 364 324 No

ko:K11275 histone H1/5 Chromosome and associated proteins 624 414 891 1349 209 No

ko:K11251 histone H2A Chromosome and associated proteins 1289 886 1044 503 561 No

ko:K11252 histone H2B Chromosome and associated proteins 511 387 816 304 293 No

ko:K11253 histone H3 Chromosome and associated proteins 1702 782 1079 1092 635 No

ko:K11254 histone H4 Chromosome and associated proteins 586 388 746 277 342 Yes

ko:K11493 regulator of chromosome condensation Chromosome and associated proteins 160 1156 167 228 198 No

ko:K06674 structural maintenance of chromosome 2 Chromosome and associated proteins 682 1143 967 386 473 No

ko:K11649
SWI/SNF related-matrix-associated actin-

dependent regulator of chromatin subfamily C
Chromosome and associated proteins 442 353 2389 1238 174 No

ko:K05692 actin beta/gamma 1 Cytoskeleton proteins 16051 11016 19032 13560 2503 Yes

ko:K10355 actin, other eukaryote Cytoskeleton proteins 5345 6475 13184 5554 1425 Yes

ko:K10408 dynein heavy chain, axonemal Cytoskeleton proteins 2073 2530 2160 2996 6302 Yes

ko:K10418 dynein light chain LC8-type Cytoskeleton proteins 936 873 1636 585 712 No

ko:K04437 filamin Cytoskeleton proteins 93 27 79 682 116 No

ko:K10394 kinesin family member 3A Cytoskeleton proteins 477 1796 2020 395 407 No

ko:K07611 lamin B Cytoskeleton proteins 150 903 1426 1141 158 No

ko:K06990 MEMO1 family protein Cytoskeleton proteins 482 430 748 796 190 No

ko:K10388 plectin Cytoskeleton proteins 56 865 1821 87 112 No

ko:K17338 receptor expression-enhancing protein 1/2/3/4 Cytoskeleton proteins 336 400 329 808 181 No

ko:K07374 tubulin alpha Cytoskeleton proteins 26927 30408 39614 30915 4475 Yes

ko:K07375 tubulin beta Cytoskeleton proteins 23822 30159 45703 24251 3962 Yes

ko:K08738 cytochrome c Energy metabolism 849 1027 1384 6393 536 Yes

ko:K18561 FAD-dependent fumarate reductase Energy metabolism 581 337 142 141 505 No

ko:K00026 malate dehydrogenase Energy metabolism 699 533 325 530 559 No

ko:K03955
NADH dehydrogenase (ubiquinone) 1 alpha/beta 

subcomplex 1
Energy metabolism 223 338 907 146 297 No

ko:K00236
succinate dehydrogenase (ubiquinone) 

cytochrome b560 subunit
Energy metabolism 56 122 271 522 141 No

ko:K00413
ubiquinol-cytochrome c reductase cytochrome c1 

subunit
Energy metabolism 281 357 350 630 286 No

ko:K10071 C-type lectin domain family 2 member B Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K10072 C-type lectin domain family 2 member D Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K06479 CD48 antigen Extracellular sensing and signalling 59 139 838 38 70 No

ko:K04000 complement component 9 Extracellular sensing and signalling 10 576 5 14 13 No

ko:K10104 ficolin Extracellular sensing and signalling 832 22 20 114 23 No

ko:K06468 low affinity immunoglobulin epsilon Fc receptor Extracellular sensing and signalling 1386 4 0 0 8 No

ko:K04324 Mas-related G-protein coupled receptor MRG Extracellular sensing and signalling 304 872 574 215 192 No

ko:K17284 perilipin-2 Extracellular sensing and signalling 150 900 1423 1141 156 No

ko:K06572 plexin C Extracellular sensing and signalling 23 1 8 624 39 No

ko:K16669 protocadherin Fat 4 Extracellular sensing and signalling 306 368 196 636 307 No

ko:K17086 transmembrane 9 superfamily member 2/4 Extracellular sensing and signalling 379 641 460 656 584 No

ko:K04832 acid-sensing ion channel 5 Ion channels 230 685 1766 442 357 No

ko:K04805 nicotinic acetylcholine receptor alpha-3 Ion channels 474 421 746 771 170 No

ko:K15040 voltage-dependent anion channel protein 2 Ion channels 287 235 554 195 181 No

ko:K08242 24-methylenesterol C-methyltransferase Lipid metabolism 268 106 62 581 73 No

ko:K11262 acetyl-CoA carboxylase / biotin carboxylase 1 Lipid metabolism 529 317 315 582 753 No

ko:K21737
acyl-lipid Delta6-acetylenase / acyl-lipid (9-3)-

desaturase
Lipid metabolism 239 156 326 604 259 No

ko:K15013 long-chain-fatty-acid--CoA ligase ACSBG Lipid metabolism 352 329 260 619 382 No

ko:K05288 phosphatidylinositol glycan, class O Lipid metabolism 377 519 1235 1226 262 No

ko:K07937 ADP-ribosylation factor 1 Membrane trafficking 1244 1117 2027 693 974 No

ko:K07939 ADP-ribosylation factor 4 Membrane trafficking 539 37 24 29 66 No

ko:K17593 ankyrin repeat domain-containing protein 42 Membrane trafficking 490 456 759 775 190 No

ko:K21442 ankyrin repeat domain-containing protein 54 Membrane trafficking 822 1426 1857 760 287 No

ko:K07977 Arf/Sar family, other Membrane trafficking 1483 883 2054 659 810 No

ko:K21997 autophagy-related protein 19/34 Membrane trafficking 67 67 819 24 89 No

ko:K19933 calcium-dependent secretion activator Membrane trafficking 226 379 378 507 140 No

ko:K05765 cofilin Membrane trafficking 855 486 1024 217 328 No

ko:K17697 dedicator of cytokinesis protein 4 Membrane trafficking 412 339 2384 1228 150 No

ko:K17065 dynamin 1-like protein Membrane trafficking 331 590 939 333 256 No

ko:K20365
endoplasmic reticulum-Golgi intermediate 

compartment protein 1
Membrane trafficking 365 654 1864 325 412 No

ko:K10949 ER lumen protein retaining receptor Membrane trafficking 1056 441 311 471 488 No

ko:K08341 GABA(A) receptor-associated protein Membrane trafficking 469 669 373 236 491 No

ko:K18061 myotubularin-related protein 5/13 Membrane trafficking 560 1286 1908 192 193 No

ko:K18739 protein bicaudal D Membrane trafficking 605 1105 1079 1021 200 No

ko:K20068
RalBP1-associated Eps domain-containing 

protein
Membrane trafficking 326 326 237 1019 139 No

ko:K08267 rapamycin-insensitive companion of mTOR Membrane trafficking 62 152 846 89 94 No

ko:K08053 Ras GTPase-activating protein 2 Membrane trafficking 540 1284 1888 139 177 No

ko:K04392 Ras-related C3 botulinum toxin substrate 1 Membrane trafficking 651 349 643 421 345 No

ko:K07861 Ras-related C3 botulinum toxin substrate 3 Membrane trafficking 507 26 84 31 108 No

ko:K07874 Ras-related protein Rab-1A Membrane trafficking 663 610 752 261 629 No

ko:K07901 Ras-related protein Rab-8A Membrane trafficking 241 296 388 704 318 No

ko:K20168 TBC1 domain family member 15 Membrane trafficking 106 162 626 103 163 No

ko:K20301 trafficking protein particle complex subunit 2 Membrane trafficking 66 220 753 74 103 No

ko:K20184 vacuolar protein sorting-associated protein 41 Membrane trafficking 915 633 2121 572 277 No

ko:K21248 vacuole membrane protein 1 Membrane trafficking 275 513 504 116 159 No

ko:K20241 WD repeat-containing protein 44 Membrane trafficking 159 121 420 774 133 No

ko:K01662 1-deoxy-D-xylulose-5-phosphate synthase Metabolism of cofactors and vitamins 916 572 199 236 446 No

ko:K03644 lipoyl synthase Metabolism of cofactors and vitamins 230 1176 2184 378 343 No

ko:K03403 magnesium chelatase subunit H Metabolism of cofactors and vitamins 150 511 78 106 346 No

ko:K18914 adrenodoxin-NADP+ reductase Mitochondrial proteins 298 665 779 384 193 No

ko:K01412
mitochondrial-processing peptidase subunit 

alpha
Mitochondrial proteins 554 1237 1006 667 405 No

ko:K17785 mitofilin Mitochondrial proteins 185 90 111 502 127 No

ko:K13998 dihydrofolate reductase / thymidylate synthase Nucleotide metabolism 312 527 1811 219 292 No

ko:K00940 nucleoside-diphosphate kinase Nucleotide metabolism 491 444 499 627 417 No

ko:K00390 phosphoadenosine phosphosulfate reductase Nucleotide metabolism 589 157 49 25 148 No

ko:K22390 acid phosphatase type 7 Other hydrolases 352 459 464 528 580 No

ko:K01054 acylglycerol lipase Other hydrolases 425 349 2408 1239 202 No

ko:K01509 adenosinetriphosphatase Other hydrolases 242 102 133 502 221 No

ko:K01251 adenosylhomocysteinase Other hydrolases 2258 2872 1708 379 1243 No

ko:K07407 alpha-galactosidase Other hydrolases 813 280 238 1372 608 No

ko:K01135 arylsulfatase B Other hydrolases 345 64 30 679 233 No

ko:K12375 arylsulfatase I/J Other hydrolases 441 70 43 810 277 No

ko:K01192 beta-mannosidase Other hydrolases 662 887 326 716 674 No

ko:K01137 N-acetylglucosamine-6-sulfatase Other hydrolases 448 101 97 1167 324 No

ko:K19882 O-palmitoleoyl-L-serine hydrolase Other hydrolases 409 112 98 876 363 No

ko:K01074 palmitoyl-protein thioesterase Other hydrolases 554 271 127 1365 236 No

ko:K13022 carboxypeptidase Z Peptidases 158 900 1423 1141 158 No

ko:K13289 cathepsin A (carboxypeptidase C) Peptidases 554 978 1244 1143 671 No

ko:K01363 cathepsin B Peptidases 5117 5008 3065 10417 1983 No

ko:K01379 cathepsin D Peptidases 2326 1479 620 1779 927 No

ko:K01382 cathepsin E Peptidases 878 680 402 543 469 No

ko:K01373 cathepsin F Peptidases 424 894 2121 888 708 No

ko:K01366 cathepsin H Peptidases 4808 4277 2886 6276 1525 No

ko:K01371 cathepsin K Peptidases 1592 901 852 11633 603 No

ko:K01365 cathepsin L Peptidases 8231 7741 11669 21683 3422 No

ko:K01374 cathepsin O Peptidases 230 685 1766 442 357 No

ko:K08568 cathepsin X Peptidases 5857 5218 3771 7061 2026 No

ko:K16292 KDEL-tailed cysteine endopeptidase Peptidases 59 286 1922 52 158 No

ko:K01369 legumain Peptidases 209 362 242 1473 223 No

ko:K08245 phytepsin Peptidases 981 164 28 482 105 No

ko:K01381 saccharopepsin Peptidases 893 976 428 633 403 No

ko:K16296 serine carboxypeptidase-like clade I Peptidases 551 678 983 1018 601 No

ko:K16297 serine carboxypeptidase-like clade II Peptidases 268 406 654 632 284 No

ko:K01279 tripeptidyl-peptidase I Peptidases 1719 1606 797 4960 1026 No

ko:K09645 vitellogenic carboxypeptidase-like protein Peptidases 431 547 601 452 434 No

ko:K16290 xylem cysteine proteinase Peptidases 1765 589 501 12417 523 No

ko:K02641 ferredoxin--NADP+ reductase Photosynthesis proteins 641 1055 184 284 513 No

ko:K08907
light-harvesting complex I chlorophyll a/b binding 

protein 1
Photosynthesis proteins 968 622 152 184 764 No

ko:K08908
light-harvesting complex I chlorophyll a/b binding 

protein 2
Photosynthesis proteins 196 559 135 33 272 No

ko:K08912
light-harvesting complex II chlorophyll a/b binding 

protein 1
Photosynthesis proteins 173 806 53 55 314 No

ko:K08913
light-harvesting complex II chlorophyll a/b binding 

protein 2
Photosynthesis proteins 173 806 46 55 302 No

ko:K01602 ribulose-bisphosphate carboxylase small chain Photosynthesis proteins 458 879 39 98 125 No

ko:K04532 amyloid beta precursor protein binding protein 1 Protein processing 741 682 747 1020 269 No

ko:K08057 calreticulin Protein processing 2632 924 995 4606 778 No

ko:K10098 calreticulin 3 Protein processing 633 355 565 4010 339 No

ko:K12581 CCR4-NOT transcription complex subunit 7/8 Protein processing 447 163 186 903 207 No

ko:K03798 cell division protease FtsH Protein processing 276 523 120 196 434 No

ko:K04077 chaperonin GroEL Protein processing 344 547 444 180 389 No

ko:K17495 CUB and sushi domain-containing protein Protein processing 524 330 238 478 390 No

ko:K17822 DCN1-like protein 1/2 Protein processing 502 462 831 786 238 No

ko:K09503 DnaJ homolog subfamily A member 2 Protein processing 968 935 1230 1045 587 No

ko:K22377 E3 ubiquitin-protein ligase listerin Protein processing 629 837 1954 1400 175 Yes

ko:K15708 E3 ubiquitin-protein ligase RNF180 Protein processing 584 597 1002 271 186 Yes

ko:K09577 FK506-binding protein 14 Protein processing 122 312 178 619 126 No

ko:K03773 FKBP-type peptidyl-prolyl cis-trans isomerase 
FklB

Protein processing 312 267 521 356 270 No

ko:K03283 heat shock 70kDa protein 1/2/6/8 Protein processing 5440 5951 3447 2554 2810 No

ko:K09490 heat shock 70kDa protein 5 Protein processing 3633 5335 1437 3483 1592 No

ko:K09487 heat shock protein 90kDa beta Protein processing 1434 1311 1170 670 765 Yes

ko:K04043 molecular chaperone DnaK Protein processing 230 347 464 586 261 Yes

ko:K04079 molecular chaperone HtpG Protein processing 4380 4325 3272 1474 2206 Yes

ko:K03626
nascent polypeptide-associated complex subunit 

alpha
Protein processing 291 948 554 213 335 No

ko:K01527
nascent polypeptide-associated complex subunit 

beta
Protein processing 550 960 1594 214 319 No

ko:K17987 next to BRCA1 gene 1 protein Protein processing 561 246 924 97 272 No

ko:K03768
peptidyl-prolyl cis-trans isomerase B (cyclophilin 

B)
Protein processing 537 435 175 124 215 Yes

ko:K09565 peptidyl-prolyl isomerase F (cyclophilin D) Protein processing 1025 690 615 736 419 No

ko:K13050 proprotein convertase subtilisin/kexin type 9 Protein processing 2 30 760 11 11 No

ko:K09580 protein disulfide-isomerase A1 Protein processing 1416 1054 1367 2933 695 No

ko:K09584 protein disulfide-isomerase A6 Protein processing 3580 2977 2255 2373 1096 No

ko:K10956 protein transport protein SEC61 subunit alpha Protein processing 438 1032 530 619 408 No

ko:K03094 S-phase kinase-associated protein 1 Protein processing 606 379 343 206 394 No

ko:K10523 speckle-type POZ protein Protein processing 334 543 1629 256 317 No

ko:K09499 T-complex protein 1 subunit eta Protein processing 717 165 152 98 265 No

ko:K09500 T-complex protein 1 subunit theta Protein processing 503 134 325 135 317 No

ko:K03671 thioredoxin 1 Protein processing 679 599 658 505 679 No

ko:K13984 thioredoxin domain-containing protein 5 Protein processing 2100 2634 1731 2156 857 No

ko:K13525 transitional endoplasmic reticulum ATPase Protein processing 798 565 428 331 789 No

ko:K04551 ubiquitin B Protein processing 3450 1761 4943 1164 467 Yes

ko:K08770 ubiquitin C Protein processing 20950 9756 16680 14436 2543 Yes

ko:K06689 ubiquitin-conjugating enzyme E2 D Protein processing 667 478 1550 325 468 No

ko:K12158 ubiquitin-like protein Nedd8 Protein processing 9572 871 545 3080 214 No

ko:K06630 14-3-3 protein epsilon Replication and repair 984 941 1544 538 898 No

ko:K10886 DNA-repair protein XRCC4 Replication and repair 632 1154 1971 356 316 No

ko:K15076 elongin-A Replication and repair 137 434 1461 81 156 No

ko:K04802 proliferating cell nuclear antigen Replication and repair 403 553 355 739 338 No

ko:K10755 replication factor C subunit 2/4 Replication and repair 658 958 1579 601 275 No

ko:K11131 H/ACA ribonucleoprotein complex subunit 4 Ribosome 218 957 1931 157 248 No

ko:K20221 importin-4 Ribosome 292 538 985 266 150 No

ko:K02865 large subunit ribosomal protein L10Ae Ribosome 1057 1937 1437 1374 508 Yes

ko:K02866 large subunit ribosomal protein L10e Ribosome 2076 2303 3232 1382 731 Yes

ko:K02868 large subunit ribosomal protein L11e Ribosome 715 1504 2269 425 556 Yes

ko:K02870 large subunit ribosomal protein L12e Ribosome 1117 1305 1722 527 523 Yes

ko:K02872 large subunit ribosomal protein L13Ae Ribosome 1254 2137 1984 523 537 Yes

ko:K02873 large subunit ribosomal protein L13e Ribosome 1820 1990 2391 1014 562 Yes

ko:K02875 large subunit ribosomal protein L14e Ribosome 751 1018 1649 898 428 Yes

ko:K02877 large subunit ribosomal protein L15e Ribosome 1371 2046 2624 1083 588 Yes

ko:K02880 large subunit ribosomal protein L17e Ribosome 984 925 2255 293 475 Yes

ko:K02882 large subunit ribosomal protein L18Ae Ribosome 622 1556 1121 1165 437 Yes

ko:K02883 large subunit ribosomal protein L18e Ribosome 1145 1922 2252 1211 622 Yes

ko:K02885 large subunit ribosomal protein L19e Ribosome 1533 1893 2243 888 604 Yes

ko:K02889 large subunit ribosomal protein L21e Ribosome 906 1954 2553 749 547 Yes

ko:K02891 large subunit ribosomal protein L22e Ribosome 1333 1148 1766 728 423 Yes

ko:K02893 large subunit ribosomal protein L23Ae Ribosome 1020 1442 497 247 367 Yes

ko:K02894 large subunit ribosomal protein L23e Ribosome 655 1685 2078 1220 558 Yes

ko:K02896 large subunit ribosomal protein L24e Ribosome 1022 1012 586 547 514 Yes

ko:K02898 large subunit ribosomal protein L26e Ribosome 1281 1251 959 1918 537 Yes

ko:K02900 large subunit ribosomal protein L27Ae Ribosome 1234 2494 2616 943 630 Yes

ko:K02901 large subunit ribosomal protein L27e Ribosome 1165 1565 1624 1309 490 Yes

ko:K02903 large subunit ribosomal protein L28e Ribosome 571 1536 1712 623 304 Yes

ko:K02905 large subunit ribosomal protein L29e Ribosome 516 436 247 1134 239 Yes

ko:K02908 large subunit ribosomal protein L30e Ribosome 1252 1590 3067 434 511 Yes

ko:K02910 large subunit ribosomal protein L31e Ribosome 861 1073 695 680 506 Yes

ko:K02912 large subunit ribosomal protein L32e Ribosome 1251 1174 1057 1365 516 Yes

ko:K02915 large subunit ribosomal protein L34e Ribosome 1474 1622 2617 573 533 Yes

ko:K02917 large subunit ribosomal protein L35Ae Ribosome 1149 1377 1086 798 455 Yes

ko:K02918 large subunit ribosomal protein L35e Ribosome 1323 1836 2446 730 474 Yes

ko:K02920 large subunit ribosomal protein L36e Ribosome 1204 944 1471 439 479 Yes

ko:K02921 large subunit ribosomal protein L37Ae Ribosome 777 987 867 1094 453 Yes

ko:K02922 large subunit ribosomal protein L37e Ribosome 829 1331 1181 626 418 Yes

ko:K02923 large subunit ribosomal protein L38e Ribosome 804 1219 1233 340 342 Yes

ko:K02925 large subunit ribosomal protein L3e Ribosome 1202 2074 1077 444 666 Yes

ko:K02927 large subunit ribosomal protein L40e Ribosome 2661 2603 4325 1881 730 Yes

ko:K02929 large subunit ribosomal protein L44e Ribosome 1228 1464 1768 1160 476 Yes

ko:K02930 large subunit ribosomal protein L4e Ribosome 1176 1707 1152 398 586 Yes

ko:K02932 large subunit ribosomal protein L5e Ribosome 1306 2159 2508 378 625 Yes

ko:K02934 large subunit ribosomal protein L6e Ribosome 1033 1442 2339 864 476 Yes

ko:K02936 large subunit ribosomal protein L7Ae Ribosome 991 2028 2901 1590 643 Yes

ko:K02937 large subunit ribosomal protein L7e Ribosome 1245 1664 721 1462 556 Yes

ko:K02938 large subunit ribosomal protein L8e Ribosome 1727 3294 4262 1361 759 Yes

ko:K02940 large subunit ribosomal protein L9e Ribosome 1270 1758 1366 1389 589 Yes

ko:K02941 large subunit ribosomal protein LP0 Ribosome 963 1483 2104 435 537 Yes

ko:K02942 large subunit ribosomal protein LP1 Ribosome 881 1336 1536 552 596 Yes

ko:K02943 large subunit ribosomal protein LP2 Ribosome 705 1728 2219 1041 655 Yes

ko:K14558 periodic tryptophan protein 2 Ribosome 58 59 60 556 79 No

ko:K14855 ribosome assembly protein 4 Ribosome 95 56 74 654 78 No

ko:K14842 ribosome biogenesis protein NSA2 Ribosome 462 1376 252 69 212 Yes

ko:K02946 small subunit ribosomal protein S10 Ribosome 134 1117 144 91 140 Yes

ko:K02947 small subunit ribosomal protein S10e Ribosome 679 1731 2105 194 407 Yes

ko:K02949 small subunit ribosomal protein S11e Ribosome 1739 2219 2012 749 510 Yes

ko:K02951 small subunit ribosomal protein S12e Ribosome 1075 1180 1617 1193 479 Yes

ko:K02953 small subunit ribosomal protein S13e Ribosome 1832 1754 1107 1128 510 Yes

ko:K02955 small subunit ribosomal protein S14e Ribosome 964 1510 1490 720 618 Yes

ko:K02957 small subunit ribosomal protein S15Ae Ribosome 910 1588 1013 764 476 Yes

ko:K02958 small subunit ribosomal protein S15e Ribosome 1044 1756 2466 348 571 Yes

ko:K02960 small subunit ribosomal protein S16e Ribosome 614 1122 1422 1231 479 Yes

ko:K02962 small subunit ribosomal protein S17e Ribosome 1056 1458 1202 452 489 Yes

ko:K02964 small subunit ribosomal protein S18e Ribosome 998 2304 1580 1925 578 Yes

ko:K02966 small subunit ribosomal protein S19e Ribosome 777 1477 2002 1161 446 Yes

ko:K02969 small subunit ribosomal protein S20e Ribosome 807 2014 1405 631 453 Yes

ko:K02971 small subunit ribosomal protein S21e Ribosome 704 892 1272 290 450 Yes

ko:K02973 small subunit ribosomal protein S23e Ribosome 1346 1892 1693 1647 636 Yes

ko:K02974 small subunit ribosomal protein S24e Ribosome 1470 1647 2345 1049 576 Yes

ko:K02975 small subunit ribosomal protein S25e Ribosome 984 1542 2169 404 540 Yes

ko:K02976 small subunit ribosomal protein S26e Ribosome 1925 1512 1348 1189 526 Yes

ko:K02977 small subunit ribosomal protein S27Ae Ribosome 12182 5158 4875 9245 1172 Yes

ko:K02978 small subunit ribosomal protein S27e Ribosome 1011 1725 2098 348 444 Yes

ko:K02979 small subunit ribosomal protein S28e Ribosome 741 1022 776 626 440 Yes

ko:K02980 small subunit ribosomal protein S29e Ribosome 213 611 323 201 184 Yes

ko:K02981 small subunit ribosomal protein S2e Ribosome 918 1962 2685 331 701 Yes

ko:K02983 small subunit ribosomal protein S30e Ribosome 794 917 1312 464 349 Yes

ko:K02984 small subunit ribosomal protein S3Ae Ribosome 1110 3248 2892 1836 703 Yes

ko:K02985 small subunit ribosomal protein S3e Ribosome 947 1249 1588 974 530 Yes

ko:K02987 small subunit ribosomal protein S4e Ribosome 2253 1844 2463 2543 761 Yes

ko:K02989 small subunit ribosomal protein S5e Ribosome 1041 2169 1460 966 620 Yes

ko:K02991 small subunit ribosomal protein S6e Ribosome 1040 1927 2017 1550 594 Yes

ko:K02993 small subunit ribosomal protein S7e Ribosome 1469 1757 2528 432 501 Yes

ko:K02995 small subunit ribosomal protein S8e Ribosome 1444 2037 1403 642 653 Yes

ko:K02996 small subunit ribosomal protein S9 Ribosome 197 430 915 1144 177 Yes

ko:K02997 small subunit ribosomal protein S9e Ribosome 993 2044 2342 904 595 Yes

ko:K02998 small subunit ribosomal protein SAe Ribosome 1046 1955 2064 803 586 Yes

ko:K14566 U3 small nucleolar RNA-associated protein 24 Ribosome 341 422 730 900 304 No

ko:K00428 cytochrome c peroxidase ROS homeostasis 275 322 587 903 384 No

ko:K17609 nucleoredoxin ROS homeostasis 451 590 622 281 729 No

ko:K07305 peptide-methionine (R)-S-oxide reductase ROS homeostasis 179 594 69 92 182 No

ko:K08272 calcium binding protein 39 Signal transduction 488 358 2404 1283 190 No

ko:K13412 calcium-dependent protein kinase Signal transduction 502 441 493 477 855 No

ko:K04515
calcium/calmodulin-dependent protein kinase 

(CaM kinase) II
Signal transduction 292 56 266 596 266 No

ko:K08794 calcium/calmodulin-dependent protein kinase I Signal transduction 236 216 532 323 523 No

ko:K02183 calmodulin Signal transduction 5375 4845 6544 3846 2794 Yes

ko:K04739 cAMP-dependent protein kinase regulator Signal transduction 560 194 450 141 516 No

ko:K07376 cGMP-dependent protein kinase 1 Signal transduction 405 656 796 627 809 No

ko:K08819 cyclin-dependent kinase 12/13 Signal transduction 573 587 441 1266 269 Yes

ko:K00927 phosphoglycerate kinase Signal transduction 643 978 293 196 649 No

ko:K04345 protein kinase A Signal transduction 857 906 2396 1228 826 No

ko:K18449 prune homolog 2 Signal transduction 337 327 251 1016 147 No

ko:K14498 serine/threonine-protein kinase SRK2 Signal transduction 150 902 1423 1145 170 No

ko:K14807 ATP-dependent RNA helicase DDX51/DBP6 Transcription and RNA processing 321 892 585 241 226 No

ko:K14780 ATP-dependent RNA helicase DHX37/DHR1 Transcription and RNA processing 459 225 521 334 168 No

ko:K17679
ATP-dependent RNA helicase MSS116, 

mitochondrial
Transcription and RNA processing 46 71 595 34 72 No

ko:K17675 ATP-dependent RNA helicase SUPV3L1/SUV3 Transcription and RNA processing 502 717 1294 679 198 No

ko:K12812 ATP-dependent RNA helicase UAP56/SUB2 Transcription and RNA processing 430 567 710 198 485 No

ko:K20099 ATP-dependent RNA helicase YTHDC2 Transcription and RNA processing 316 878 577 216 203 No

ko:K03010 DNA-directed RNA polymerase II subunit RPB2 Transcription and RNA processing 452 508 622 310 319 No

ko:K11592 endoribonuclease Dicer Transcription and RNA processing 796 682 2026 200 204 No

ko:K14753
guanine nucleotide-binding protein subunit beta-2-

like 1 protein
Transcription and RNA processing 1211 2681 2210 1683 661 No

ko:K09228 KRAB domain-containing zinc finger protein Transcription and RNA processing 324 1126 2775 446 328 No

ko:K05925 mRNA m6A methyltransferase Transcription and RNA processing 63 63 768 18 71 No

ko:K09329 paired mesoderm homeobox protein Transcription and RNA processing 474 421 746 771 168 No

ko:K13199
plasminogen activator inhibitor 1 RNA-binding 

protein
Transcription and RNA processing 1790 725 641 411 218 No

ko:K13126 polyadenylate-binding protein Transcription and RNA processing 543 955 557 319 521 No

ko:K15542 polyadenylation factor subunit 2 Transcription and RNA processing 422 646 2047 991 266 No

ko:K12867 pre-mRNA-splicing factor SYF1 Transcription and RNA processing 261 499 514 570 225 No

ko:K18749 protein LSM14 Transcription and RNA processing 212 1436 1875 768 312 No

ko:K15219
RNA polymerase I-specific transcription initiation 

factor RRN7
Transcription and RNA processing 992 356 125 72 105 Yes

ko:K06269
serine/threonine-protein phosphatase PP1 

catalytic subunit
Transcription and RNA processing 716 665 551 455 599 No

ko:K09422 transcription factor MYB, plant Transcription and RNA processing 206 1464 1969 355 293 No

ko:K03124 transcription initiation factor TFIIB Transcription and RNA processing 399 710 1130 1465 249 No

ko:K03132 transcription initiation factor TFIID subunit 7 Transcription and RNA processing 491 424 754 790 178 No

ko:K01872 alanyl-tRNA synthetase Translation 286 227 537 215 286 No

ko:K06927 diphthine-ammonia ligase Translation 349 555 724 6212 217 No

ko:K03231 elongation factor 1-alpha Translation 6392 10694 17186 5220 2143 Yes

ko:K03232 elongation factor 1-beta Translation 302 539 559 212 221 No

ko:K03233 elongation factor 1-gamma Translation 235 201 533 156 162 No

ko:K03234 elongation factor 2 Translation 1340 2019 1397 746 1004 No

ko:K03235 elongation factor 3 Translation 1417 1633 1142 543 1400 No

ko:K07936 GTP-binding nuclear protein Ran Translation 343 434 502 181 323 No

ko:K01875 seryl-tRNA synthetase Translation 282 448 567 230 283 No

ko:K01868 threonyl-tRNA synthetase Translation 1136 1374 953 483 692 No

ko:K03236 translation initiation factor 1A Translation 246 124 1265 112 200 No

ko:K03257 translation initiation factor 4A Translation 730 1050 1010 377 598 No

ko:K03263 translation initiation factor 5A Translation 853 1425 1316 562 562 No

ko:K01866 tyrosyl-tRNA synthetase Translation 267 465 548 307 311 No

ko:K01873 valyl-tRNA synthetase Translation 385 595 1013 351 399 No

ko:K05850 Ca2+ transporting ATPase, plasma membrane Translocases 222 322 285 890 350 No

ko:K01537 Ca2+-transporting ATPase Translocases 413 385 331 1031 636 No

ko:K02132 F-type H+-transporting ATPase subunit alpha Translocases 650 760 917 214 361 No

ko:K02133 F-type H+-transporting ATPase subunit beta Translocases 1288 1163 3020 709 420 No

ko:K02134 F-type H+-transporting ATPase subunit delta Translocases 128 361 578 457 178 No

ko:K02114 F-type H+-transporting ATPase subunit epsilon Translocases 548 190 67 475 132 No

ko:K02136 F-type H+-transporting ATPase subunit gamma Translocases 146 300 547 134 190 No

ko:K02112 F-type H+/Na+-transporting ATPase subunit beta Translocases 581 294 105 472 160 No

ko:K00323 H+-translocating NAD(P) transhydrogenase Translocases 249 456 530 176 394 No

ko:K01535 H+-transporting ATPase Translocases 390 529 331 586 385 No

ko:K01541 H+/K+-exchanging ATPase Translocases 781 283 136 1747 197 No

ko:K01542 H+/K+-exchanging ATPase alpha polypeptide Translocases 780 283 136 1743 192 No

ko:K01507 inorganic pyrophosphatase Translocases 1287 2445 3098 1136 1592 No

ko:K01544 non-gastric H+/K+-exchanging ATPase Translocases 780 292 136 1747 200 No

ko:K01530 phospholipid-translocating ATPase Translocases 285 119 277 599 392 No

ko:K14802 phospholipid-transporting ATPase Translocases 346 191 278 609 430 No

ko:K01539
sodium/potassium-transporting ATPase subunit 

alpha
Translocases 880 568 462 1911 330 No

ko:K02155
V-type H+-transporting ATPase 16kDa proteolipid 

subunit
Translocases 1496 1549 2617 1394 747 No

ko:K02154 V-type H+-transporting ATPase subunit a Translocases 417 303 631 515 429 No

ko:K02147 V-type H+-transporting ATPase subunit B Translocases 662 220 321 66 312 No

ko:K03320 ammonium transporter, Amt family Transporters 657 307 77 160 467 No

ko:K13749
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 1

Transporters 241 341 124 702 251 No

ko:K13750
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 2

Transporters 245 345 139 702 271 No

ko:K05863
solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31
Transporters 1828 4924 2097 1141 798 No

ko:K15102
solute carrier family 25 (mitochondrial phosphate 

transporter), member 3
Transporters 516 701 603 276 393 No

ko:K15276
solute carrier family 35 (adenosine 3'-phospho 5'-

phosphosulfate transporter), member B2
Transporters 1078 1575 2370 1019 407 No

ko:K15377
solute carrier family 44 (choline transporter-like 

protein), member 2/4/5
Transporters 247 502 538 497 393 No

House
keeping

KEGG ko KO description Main category

Mean TPM
Number of 
transcripts



169

CHAPTER 3

Jul17 Mar18 Nov18 Sep20

ko:K00933 creatine kinase Amino acid metabolism 1308 1422 1660 678 652 No

ko:K00799 glutathione S-transferase Amino acid metabolism 591 552 693 392 641 No

ko:K19199 histone-lysine N-methyltransferase SETD3 Amino acid metabolism 375 193 248 600 227 No

ko:K01802 peptidylprolyl isomerase Amino acid metabolism 2571 2549 3268 1859 1833 No

ko:K08286 protein-serine/threonine kinase Amino acid metabolism 247 69 101 573 275 No

ko:K00789 S-adenosylmethionine synthetase Amino acid metabolism 2427 2005 1168 556 1244 Yes

ko:K01008 selenide, water dikinase Amino acid metabolism 357 371 343 780 214 No

ko:K00474 trimethyllysine dioxygenase Amino acid metabolism 59 161 850 46 95 No

ko:K00453 tryptophan 2,3-dioxygenase Amino acid metabolism 229 684 1764 433 352 No

ko:K01674 carbonic anhydrase Carbohydrate metabolism 78 47 12 514 62 No

ko:K01623 fructose-bisphosphate aldolase, class I Carbohydrate metabolism 329 520 265 190 507 No

ko:K01624 fructose-bisphosphate aldolase, class II Carbohydrate metabolism 526 1284 300 293 607 No

ko:K10046 GDP-D-mannose 3', 5'-epimerase Carbohydrate metabolism 502 216 216 1047 247 No

ko:K00134 glyceraldehyde 3-phosphate dehydrogenase Carbohydrate metabolism 2098 1987 621 675 1344 Yes

ko:K00015 glyoxylate reductase Carbohydrate metabolism 65 139 839 43 74 No

ko:K00844 hexokinase Carbohydrate metabolism 394 231 509 339 161 No

ko:K01000
phospho-N-acetylmuramoyl-pentapeptide-

transferase
Carbohydrate metabolism 65 806 374 41 141 No

ko:K01807 ribose 5-phosphate isomerase A Carbohydrate metabolism 308 898 2237 1406 307 No

ko:K00615 transketolase Carbohydrate metabolism 1010 820 270 303 616 No

ko:K00700 1,4-alpha-glucan branching enzyme CAZy enzymes 516 94 109 94 103 No

ko:K03927 carboxylesterase 2 CAZy enzymes 1509 1433 701 251 777 No

ko:K19357 cellulase CAZy enzymes 39 57 36 537 162 No

ko:K01225 cellulose 1,4-beta-cellobiosidase CAZy enzymes 135 108 177 638 441 No

ko:K01183 chitinase CAZy enzymes 501 738 223 405 199 No

ko:K07151
dolichyl-diphosphooligosaccharide---protein 

glycosyltransferase
CAZy enzymes 1646 1430 2725 1905 780 No

ko:K12373 hexosaminidase CAZy enzymes 438 229 218 513 366 No

ko:K20782 hydroxyproline O-arabinosyltransferase CAZy enzymes 683 2189 101 173 109 No

ko:K00516 lytic starch monooxygenase CAZy enzymes 1548 485 398 2184 1092 No

ko:K13379
reversibly glycosylated polypeptide / UDP-

arabinopyranose mutase
CAZy enzymes 590 999 1063 1023 192 No

ko:K15920 xylan 1,4-beta-xylosidase CAZy enzymes 710 143 107 554 357 No

ko:K16465 centrin-1 Chromosome and associated proteins 4153 14016 3608 1448 1788 Yes

ko:K10840 centrin-2 Chromosome and associated proteins 1214 6372 1103 173 355 Yes

ko:K16466 centrin-3 Chromosome and associated proteins 585 1435 504 379 433 Yes

ko:K11273 chromosome transmission fidelity protein 1 Chromosome and associated proteins 440 1765 1960 364 324 No

ko:K11275 histone H1/5 Chromosome and associated proteins 624 414 891 1349 209 No

ko:K11251 histone H2A Chromosome and associated proteins 1289 886 1044 503 561 No

ko:K11252 histone H2B Chromosome and associated proteins 511 387 816 304 293 No

ko:K11253 histone H3 Chromosome and associated proteins 1702 782 1079 1092 635 No

ko:K11254 histone H4 Chromosome and associated proteins 586 388 746 277 342 Yes

ko:K11493 regulator of chromosome condensation Chromosome and associated proteins 160 1156 167 228 198 No

ko:K06674 structural maintenance of chromosome 2 Chromosome and associated proteins 682 1143 967 386 473 No

ko:K11649
SWI/SNF related-matrix-associated actin-

dependent regulator of chromatin subfamily C
Chromosome and associated proteins 442 353 2389 1238 174 No

ko:K05692 actin beta/gamma 1 Cytoskeleton proteins 16051 11016 19032 13560 2503 Yes

ko:K10355 actin, other eukaryote Cytoskeleton proteins 5345 6475 13184 5554 1425 Yes

ko:K10408 dynein heavy chain, axonemal Cytoskeleton proteins 2073 2530 2160 2996 6302 Yes

ko:K10418 dynein light chain LC8-type Cytoskeleton proteins 936 873 1636 585 712 No

ko:K04437 filamin Cytoskeleton proteins 93 27 79 682 116 No

ko:K10394 kinesin family member 3A Cytoskeleton proteins 477 1796 2020 395 407 No

ko:K07611 lamin B Cytoskeleton proteins 150 903 1426 1141 158 No

ko:K06990 MEMO1 family protein Cytoskeleton proteins 482 430 748 796 190 No

ko:K10388 plectin Cytoskeleton proteins 56 865 1821 87 112 No

ko:K17338 receptor expression-enhancing protein 1/2/3/4 Cytoskeleton proteins 336 400 329 808 181 No

ko:K07374 tubulin alpha Cytoskeleton proteins 26927 30408 39614 30915 4475 Yes

ko:K07375 tubulin beta Cytoskeleton proteins 23822 30159 45703 24251 3962 Yes

ko:K08738 cytochrome c Energy metabolism 849 1027 1384 6393 536 Yes

ko:K18561 FAD-dependent fumarate reductase Energy metabolism 581 337 142 141 505 No

ko:K00026 malate dehydrogenase Energy metabolism 699 533 325 530 559 No

ko:K03955
NADH dehydrogenase (ubiquinone) 1 alpha/beta 

subcomplex 1
Energy metabolism 223 338 907 146 297 No

ko:K00236
succinate dehydrogenase (ubiquinone) 

cytochrome b560 subunit
Energy metabolism 56 122 271 522 141 No

ko:K00413
ubiquinol-cytochrome c reductase cytochrome c1 

subunit
Energy metabolism 281 357 350 630 286 No

ko:K10071 C-type lectin domain family 2 member B Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K10072 C-type lectin domain family 2 member D Extracellular sensing and signalling 1383 0 0 1 3 No

ko:K06479 CD48 antigen Extracellular sensing and signalling 59 139 838 38 70 No

ko:K04000 complement component 9 Extracellular sensing and signalling 10 576 5 14 13 No

ko:K10104 ficolin Extracellular sensing and signalling 832 22 20 114 23 No

ko:K06468 low affinity immunoglobulin epsilon Fc receptor Extracellular sensing and signalling 1386 4 0 0 8 No

ko:K04324 Mas-related G-protein coupled receptor MRG Extracellular sensing and signalling 304 872 574 215 192 No

ko:K17284 perilipin-2 Extracellular sensing and signalling 150 900 1423 1141 156 No

ko:K06572 plexin C Extracellular sensing and signalling 23 1 8 624 39 No

ko:K16669 protocadherin Fat 4 Extracellular sensing and signalling 306 368 196 636 307 No

ko:K17086 transmembrane 9 superfamily member 2/4 Extracellular sensing and signalling 379 641 460 656 584 No

ko:K04832 acid-sensing ion channel 5 Ion channels 230 685 1766 442 357 No

ko:K04805 nicotinic acetylcholine receptor alpha-3 Ion channels 474 421 746 771 170 No

ko:K15040 voltage-dependent anion channel protein 2 Ion channels 287 235 554 195 181 No

ko:K08242 24-methylenesterol C-methyltransferase Lipid metabolism 268 106 62 581 73 No

ko:K11262 acetyl-CoA carboxylase / biotin carboxylase 1 Lipid metabolism 529 317 315 582 753 No

ko:K21737
acyl-lipid Delta6-acetylenase / acyl-lipid (9-3)-

desaturase
Lipid metabolism 239 156 326 604 259 No

ko:K15013 long-chain-fatty-acid--CoA ligase ACSBG Lipid metabolism 352 329 260 619 382 No

ko:K05288 phosphatidylinositol glycan, class O Lipid metabolism 377 519 1235 1226 262 No

ko:K07937 ADP-ribosylation factor 1 Membrane trafficking 1244 1117 2027 693 974 No

ko:K07939 ADP-ribosylation factor 4 Membrane trafficking 539 37 24 29 66 No

ko:K17593 ankyrin repeat domain-containing protein 42 Membrane trafficking 490 456 759 775 190 No

ko:K21442 ankyrin repeat domain-containing protein 54 Membrane trafficking 822 1426 1857 760 287 No

ko:K07977 Arf/Sar family, other Membrane trafficking 1483 883 2054 659 810 No

ko:K21997 autophagy-related protein 19/34 Membrane trafficking 67 67 819 24 89 No

ko:K19933 calcium-dependent secretion activator Membrane trafficking 226 379 378 507 140 No

ko:K05765 cofilin Membrane trafficking 855 486 1024 217 328 No

ko:K17697 dedicator of cytokinesis protein 4 Membrane trafficking 412 339 2384 1228 150 No

ko:K17065 dynamin 1-like protein Membrane trafficking 331 590 939 333 256 No

ko:K20365
endoplasmic reticulum-Golgi intermediate 

compartment protein 1
Membrane trafficking 365 654 1864 325 412 No

ko:K10949 ER lumen protein retaining receptor Membrane trafficking 1056 441 311 471 488 No

ko:K08341 GABA(A) receptor-associated protein Membrane trafficking 469 669 373 236 491 No

ko:K18061 myotubularin-related protein 5/13 Membrane trafficking 560 1286 1908 192 193 No

ko:K18739 protein bicaudal D Membrane trafficking 605 1105 1079 1021 200 No

ko:K20068
RalBP1-associated Eps domain-containing 

protein
Membrane trafficking 326 326 237 1019 139 No

ko:K08267 rapamycin-insensitive companion of mTOR Membrane trafficking 62 152 846 89 94 No

ko:K08053 Ras GTPase-activating protein 2 Membrane trafficking 540 1284 1888 139 177 No

ko:K04392 Ras-related C3 botulinum toxin substrate 1 Membrane trafficking 651 349 643 421 345 No

ko:K07861 Ras-related C3 botulinum toxin substrate 3 Membrane trafficking 507 26 84 31 108 No

ko:K07874 Ras-related protein Rab-1A Membrane trafficking 663 610 752 261 629 No

ko:K07901 Ras-related protein Rab-8A Membrane trafficking 241 296 388 704 318 No

ko:K20168 TBC1 domain family member 15 Membrane trafficking 106 162 626 103 163 No

ko:K20301 trafficking protein particle complex subunit 2 Membrane trafficking 66 220 753 74 103 No

ko:K20184 vacuolar protein sorting-associated protein 41 Membrane trafficking 915 633 2121 572 277 No

ko:K21248 vacuole membrane protein 1 Membrane trafficking 275 513 504 116 159 No

ko:K20241 WD repeat-containing protein 44 Membrane trafficking 159 121 420 774 133 No

ko:K01662 1-deoxy-D-xylulose-5-phosphate synthase Metabolism of cofactors and vitamins 916 572 199 236 446 No

ko:K03644 lipoyl synthase Metabolism of cofactors and vitamins 230 1176 2184 378 343 No

ko:K03403 magnesium chelatase subunit H Metabolism of cofactors and vitamins 150 511 78 106 346 No

ko:K18914 adrenodoxin-NADP+ reductase Mitochondrial proteins 298 665 779 384 193 No

ko:K01412
mitochondrial-processing peptidase subunit 

alpha
Mitochondrial proteins 554 1237 1006 667 405 No

ko:K17785 mitofilin Mitochondrial proteins 185 90 111 502 127 No

ko:K13998 dihydrofolate reductase / thymidylate synthase Nucleotide metabolism 312 527 1811 219 292 No

ko:K00940 nucleoside-diphosphate kinase Nucleotide metabolism 491 444 499 627 417 No

ko:K00390 phosphoadenosine phosphosulfate reductase Nucleotide metabolism 589 157 49 25 148 No

ko:K22390 acid phosphatase type 7 Other hydrolases 352 459 464 528 580 No

ko:K01054 acylglycerol lipase Other hydrolases 425 349 2408 1239 202 No

ko:K01509 adenosinetriphosphatase Other hydrolases 242 102 133 502 221 No

ko:K01251 adenosylhomocysteinase Other hydrolases 2258 2872 1708 379 1243 No

ko:K07407 alpha-galactosidase Other hydrolases 813 280 238 1372 608 No

ko:K01135 arylsulfatase B Other hydrolases 345 64 30 679 233 No

ko:K12375 arylsulfatase I/J Other hydrolases 441 70 43 810 277 No

ko:K01192 beta-mannosidase Other hydrolases 662 887 326 716 674 No

ko:K01137 N-acetylglucosamine-6-sulfatase Other hydrolases 448 101 97 1167 324 No

ko:K19882 O-palmitoleoyl-L-serine hydrolase Other hydrolases 409 112 98 876 363 No

ko:K01074 palmitoyl-protein thioesterase Other hydrolases 554 271 127 1365 236 No

ko:K13022 carboxypeptidase Z Peptidases 158 900 1423 1141 158 No

ko:K13289 cathepsin A (carboxypeptidase C) Peptidases 554 978 1244 1143 671 No

ko:K01363 cathepsin B Peptidases 5117 5008 3065 10417 1983 No

ko:K01379 cathepsin D Peptidases 2326 1479 620 1779 927 No

ko:K01382 cathepsin E Peptidases 878 680 402 543 469 No

ko:K01373 cathepsin F Peptidases 424 894 2121 888 708 No

ko:K01366 cathepsin H Peptidases 4808 4277 2886 6276 1525 No

ko:K01371 cathepsin K Peptidases 1592 901 852 11633 603 No

ko:K01365 cathepsin L Peptidases 8231 7741 11669 21683 3422 No

ko:K01374 cathepsin O Peptidases 230 685 1766 442 357 No

ko:K08568 cathepsin X Peptidases 5857 5218 3771 7061 2026 No

ko:K16292 KDEL-tailed cysteine endopeptidase Peptidases 59 286 1922 52 158 No

ko:K01369 legumain Peptidases 209 362 242 1473 223 No

ko:K08245 phytepsin Peptidases 981 164 28 482 105 No

ko:K01381 saccharopepsin Peptidases 893 976 428 633 403 No

ko:K16296 serine carboxypeptidase-like clade I Peptidases 551 678 983 1018 601 No

ko:K16297 serine carboxypeptidase-like clade II Peptidases 268 406 654 632 284 No

ko:K01279 tripeptidyl-peptidase I Peptidases 1719 1606 797 4960 1026 No

ko:K09645 vitellogenic carboxypeptidase-like protein Peptidases 431 547 601 452 434 No

ko:K16290 xylem cysteine proteinase Peptidases 1765 589 501 12417 523 No

ko:K02641 ferredoxin--NADP+ reductase Photosynthesis proteins 641 1055 184 284 513 No

ko:K08907
light-harvesting complex I chlorophyll a/b binding 

protein 1
Photosynthesis proteins 968 622 152 184 764 No

ko:K08908
light-harvesting complex I chlorophyll a/b binding 

protein 2
Photosynthesis proteins 196 559 135 33 272 No

ko:K08912
light-harvesting complex II chlorophyll a/b binding 

protein 1
Photosynthesis proteins 173 806 53 55 314 No

ko:K08913
light-harvesting complex II chlorophyll a/b binding 

protein 2
Photosynthesis proteins 173 806 46 55 302 No

ko:K01602 ribulose-bisphosphate carboxylase small chain Photosynthesis proteins 458 879 39 98 125 No

ko:K04532 amyloid beta precursor protein binding protein 1 Protein processing 741 682 747 1020 269 No

ko:K08057 calreticulin Protein processing 2632 924 995 4606 778 No

ko:K10098 calreticulin 3 Protein processing 633 355 565 4010 339 No

ko:K12581 CCR4-NOT transcription complex subunit 7/8 Protein processing 447 163 186 903 207 No

ko:K03798 cell division protease FtsH Protein processing 276 523 120 196 434 No

ko:K04077 chaperonin GroEL Protein processing 344 547 444 180 389 No

ko:K17495 CUB and sushi domain-containing protein Protein processing 524 330 238 478 390 No

ko:K17822 DCN1-like protein 1/2 Protein processing 502 462 831 786 238 No

ko:K09503 DnaJ homolog subfamily A member 2 Protein processing 968 935 1230 1045 587 No

ko:K22377 E3 ubiquitin-protein ligase listerin Protein processing 629 837 1954 1400 175 Yes

ko:K15708 E3 ubiquitin-protein ligase RNF180 Protein processing 584 597 1002 271 186 Yes

ko:K09577 FK506-binding protein 14 Protein processing 122 312 178 619 126 No

ko:K03773 FKBP-type peptidyl-prolyl cis-trans isomerase 
FklB

Protein processing 312 267 521 356 270 No

ko:K03283 heat shock 70kDa protein 1/2/6/8 Protein processing 5440 5951 3447 2554 2810 No

ko:K09490 heat shock 70kDa protein 5 Protein processing 3633 5335 1437 3483 1592 No

ko:K09487 heat shock protein 90kDa beta Protein processing 1434 1311 1170 670 765 Yes

ko:K04043 molecular chaperone DnaK Protein processing 230 347 464 586 261 Yes

ko:K04079 molecular chaperone HtpG Protein processing 4380 4325 3272 1474 2206 Yes

ko:K03626
nascent polypeptide-associated complex subunit 

alpha
Protein processing 291 948 554 213 335 No

ko:K01527
nascent polypeptide-associated complex subunit 

beta
Protein processing 550 960 1594 214 319 No

ko:K17987 next to BRCA1 gene 1 protein Protein processing 561 246 924 97 272 No

ko:K03768
peptidyl-prolyl cis-trans isomerase B (cyclophilin 

B)
Protein processing 537 435 175 124 215 Yes

ko:K09565 peptidyl-prolyl isomerase F (cyclophilin D) Protein processing 1025 690 615 736 419 No

ko:K13050 proprotein convertase subtilisin/kexin type 9 Protein processing 2 30 760 11 11 No

ko:K09580 protein disulfide-isomerase A1 Protein processing 1416 1054 1367 2933 695 No

ko:K09584 protein disulfide-isomerase A6 Protein processing 3580 2977 2255 2373 1096 No

ko:K10956 protein transport protein SEC61 subunit alpha Protein processing 438 1032 530 619 408 No

ko:K03094 S-phase kinase-associated protein 1 Protein processing 606 379 343 206 394 No

ko:K10523 speckle-type POZ protein Protein processing 334 543 1629 256 317 No

ko:K09499 T-complex protein 1 subunit eta Protein processing 717 165 152 98 265 No

ko:K09500 T-complex protein 1 subunit theta Protein processing 503 134 325 135 317 No

ko:K03671 thioredoxin 1 Protein processing 679 599 658 505 679 No

ko:K13984 thioredoxin domain-containing protein 5 Protein processing 2100 2634 1731 2156 857 No

ko:K13525 transitional endoplasmic reticulum ATPase Protein processing 798 565 428 331 789 No

ko:K04551 ubiquitin B Protein processing 3450 1761 4943 1164 467 Yes

ko:K08770 ubiquitin C Protein processing 20950 9756 16680 14436 2543 Yes

ko:K06689 ubiquitin-conjugating enzyme E2 D Protein processing 667 478 1550 325 468 No

ko:K12158 ubiquitin-like protein Nedd8 Protein processing 9572 871 545 3080 214 No

ko:K06630 14-3-3 protein epsilon Replication and repair 984 941 1544 538 898 No

ko:K10886 DNA-repair protein XRCC4 Replication and repair 632 1154 1971 356 316 No

ko:K15076 elongin-A Replication and repair 137 434 1461 81 156 No

ko:K04802 proliferating cell nuclear antigen Replication and repair 403 553 355 739 338 No

ko:K10755 replication factor C subunit 2/4 Replication and repair 658 958 1579 601 275 No

ko:K11131 H/ACA ribonucleoprotein complex subunit 4 Ribosome 218 957 1931 157 248 No

ko:K20221 importin-4 Ribosome 292 538 985 266 150 No

ko:K02865 large subunit ribosomal protein L10Ae Ribosome 1057 1937 1437 1374 508 Yes

ko:K02866 large subunit ribosomal protein L10e Ribosome 2076 2303 3232 1382 731 Yes

ko:K02868 large subunit ribosomal protein L11e Ribosome 715 1504 2269 425 556 Yes

ko:K02870 large subunit ribosomal protein L12e Ribosome 1117 1305 1722 527 523 Yes

ko:K02872 large subunit ribosomal protein L13Ae Ribosome 1254 2137 1984 523 537 Yes

ko:K02873 large subunit ribosomal protein L13e Ribosome 1820 1990 2391 1014 562 Yes

ko:K02875 large subunit ribosomal protein L14e Ribosome 751 1018 1649 898 428 Yes

ko:K02877 large subunit ribosomal protein L15e Ribosome 1371 2046 2624 1083 588 Yes

ko:K02880 large subunit ribosomal protein L17e Ribosome 984 925 2255 293 475 Yes

ko:K02882 large subunit ribosomal protein L18Ae Ribosome 622 1556 1121 1165 437 Yes

ko:K02883 large subunit ribosomal protein L18e Ribosome 1145 1922 2252 1211 622 Yes

ko:K02885 large subunit ribosomal protein L19e Ribosome 1533 1893 2243 888 604 Yes

ko:K02889 large subunit ribosomal protein L21e Ribosome 906 1954 2553 749 547 Yes

ko:K02891 large subunit ribosomal protein L22e Ribosome 1333 1148 1766 728 423 Yes

ko:K02893 large subunit ribosomal protein L23Ae Ribosome 1020 1442 497 247 367 Yes

ko:K02894 large subunit ribosomal protein L23e Ribosome 655 1685 2078 1220 558 Yes

ko:K02896 large subunit ribosomal protein L24e Ribosome 1022 1012 586 547 514 Yes

ko:K02898 large subunit ribosomal protein L26e Ribosome 1281 1251 959 1918 537 Yes

ko:K02900 large subunit ribosomal protein L27Ae Ribosome 1234 2494 2616 943 630 Yes

ko:K02901 large subunit ribosomal protein L27e Ribosome 1165 1565 1624 1309 490 Yes

ko:K02903 large subunit ribosomal protein L28e Ribosome 571 1536 1712 623 304 Yes

ko:K02905 large subunit ribosomal protein L29e Ribosome 516 436 247 1134 239 Yes

ko:K02908 large subunit ribosomal protein L30e Ribosome 1252 1590 3067 434 511 Yes

ko:K02910 large subunit ribosomal protein L31e Ribosome 861 1073 695 680 506 Yes

ko:K02912 large subunit ribosomal protein L32e Ribosome 1251 1174 1057 1365 516 Yes

ko:K02915 large subunit ribosomal protein L34e Ribosome 1474 1622 2617 573 533 Yes

ko:K02917 large subunit ribosomal protein L35Ae Ribosome 1149 1377 1086 798 455 Yes

ko:K02918 large subunit ribosomal protein L35e Ribosome 1323 1836 2446 730 474 Yes

ko:K02920 large subunit ribosomal protein L36e Ribosome 1204 944 1471 439 479 Yes

ko:K02921 large subunit ribosomal protein L37Ae Ribosome 777 987 867 1094 453 Yes

ko:K02922 large subunit ribosomal protein L37e Ribosome 829 1331 1181 626 418 Yes

ko:K02923 large subunit ribosomal protein L38e Ribosome 804 1219 1233 340 342 Yes

ko:K02925 large subunit ribosomal protein L3e Ribosome 1202 2074 1077 444 666 Yes

ko:K02927 large subunit ribosomal protein L40e Ribosome 2661 2603 4325 1881 730 Yes

ko:K02929 large subunit ribosomal protein L44e Ribosome 1228 1464 1768 1160 476 Yes

ko:K02930 large subunit ribosomal protein L4e Ribosome 1176 1707 1152 398 586 Yes

ko:K02932 large subunit ribosomal protein L5e Ribosome 1306 2159 2508 378 625 Yes

ko:K02934 large subunit ribosomal protein L6e Ribosome 1033 1442 2339 864 476 Yes

ko:K02936 large subunit ribosomal protein L7Ae Ribosome 991 2028 2901 1590 643 Yes

ko:K02937 large subunit ribosomal protein L7e Ribosome 1245 1664 721 1462 556 Yes

ko:K02938 large subunit ribosomal protein L8e Ribosome 1727 3294 4262 1361 759 Yes

ko:K02940 large subunit ribosomal protein L9e Ribosome 1270 1758 1366 1389 589 Yes

ko:K02941 large subunit ribosomal protein LP0 Ribosome 963 1483 2104 435 537 Yes

ko:K02942 large subunit ribosomal protein LP1 Ribosome 881 1336 1536 552 596 Yes

ko:K02943 large subunit ribosomal protein LP2 Ribosome 705 1728 2219 1041 655 Yes

ko:K14558 periodic tryptophan protein 2 Ribosome 58 59 60 556 79 No

ko:K14855 ribosome assembly protein 4 Ribosome 95 56 74 654 78 No

ko:K14842 ribosome biogenesis protein NSA2 Ribosome 462 1376 252 69 212 Yes

ko:K02946 small subunit ribosomal protein S10 Ribosome 134 1117 144 91 140 Yes

ko:K02947 small subunit ribosomal protein S10e Ribosome 679 1731 2105 194 407 Yes

ko:K02949 small subunit ribosomal protein S11e Ribosome 1739 2219 2012 749 510 Yes

ko:K02951 small subunit ribosomal protein S12e Ribosome 1075 1180 1617 1193 479 Yes

ko:K02953 small subunit ribosomal protein S13e Ribosome 1832 1754 1107 1128 510 Yes

ko:K02955 small subunit ribosomal protein S14e Ribosome 964 1510 1490 720 618 Yes

ko:K02957 small subunit ribosomal protein S15Ae Ribosome 910 1588 1013 764 476 Yes

ko:K02958 small subunit ribosomal protein S15e Ribosome 1044 1756 2466 348 571 Yes

ko:K02960 small subunit ribosomal protein S16e Ribosome 614 1122 1422 1231 479 Yes

ko:K02962 small subunit ribosomal protein S17e Ribosome 1056 1458 1202 452 489 Yes

ko:K02964 small subunit ribosomal protein S18e Ribosome 998 2304 1580 1925 578 Yes

ko:K02966 small subunit ribosomal protein S19e Ribosome 777 1477 2002 1161 446 Yes

ko:K02969 small subunit ribosomal protein S20e Ribosome 807 2014 1405 631 453 Yes

ko:K02971 small subunit ribosomal protein S21e Ribosome 704 892 1272 290 450 Yes

ko:K02973 small subunit ribosomal protein S23e Ribosome 1346 1892 1693 1647 636 Yes

ko:K02974 small subunit ribosomal protein S24e Ribosome 1470 1647 2345 1049 576 Yes

ko:K02975 small subunit ribosomal protein S25e Ribosome 984 1542 2169 404 540 Yes

ko:K02976 small subunit ribosomal protein S26e Ribosome 1925 1512 1348 1189 526 Yes

ko:K02977 small subunit ribosomal protein S27Ae Ribosome 12182 5158 4875 9245 1172 Yes

ko:K02978 small subunit ribosomal protein S27e Ribosome 1011 1725 2098 348 444 Yes

ko:K02979 small subunit ribosomal protein S28e Ribosome 741 1022 776 626 440 Yes

ko:K02980 small subunit ribosomal protein S29e Ribosome 213 611 323 201 184 Yes

ko:K02981 small subunit ribosomal protein S2e Ribosome 918 1962 2685 331 701 Yes

ko:K02983 small subunit ribosomal protein S30e Ribosome 794 917 1312 464 349 Yes

ko:K02984 small subunit ribosomal protein S3Ae Ribosome 1110 3248 2892 1836 703 Yes

ko:K02985 small subunit ribosomal protein S3e Ribosome 947 1249 1588 974 530 Yes

ko:K02987 small subunit ribosomal protein S4e Ribosome 2253 1844 2463 2543 761 Yes

ko:K02989 small subunit ribosomal protein S5e Ribosome 1041 2169 1460 966 620 Yes

ko:K02991 small subunit ribosomal protein S6e Ribosome 1040 1927 2017 1550 594 Yes

ko:K02993 small subunit ribosomal protein S7e Ribosome 1469 1757 2528 432 501 Yes

ko:K02995 small subunit ribosomal protein S8e Ribosome 1444 2037 1403 642 653 Yes

ko:K02996 small subunit ribosomal protein S9 Ribosome 197 430 915 1144 177 Yes

ko:K02997 small subunit ribosomal protein S9e Ribosome 993 2044 2342 904 595 Yes

ko:K02998 small subunit ribosomal protein SAe Ribosome 1046 1955 2064 803 586 Yes

ko:K14566 U3 small nucleolar RNA-associated protein 24 Ribosome 341 422 730 900 304 No

ko:K00428 cytochrome c peroxidase ROS homeostasis 275 322 587 903 384 No

ko:K17609 nucleoredoxin ROS homeostasis 451 590 622 281 729 No

ko:K07305 peptide-methionine (R)-S-oxide reductase ROS homeostasis 179 594 69 92 182 No

ko:K08272 calcium binding protein 39 Signal transduction 488 358 2404 1283 190 No

ko:K13412 calcium-dependent protein kinase Signal transduction 502 441 493 477 855 No

ko:K04515
calcium/calmodulin-dependent protein kinase 

(CaM kinase) II
Signal transduction 292 56 266 596 266 No

ko:K08794 calcium/calmodulin-dependent protein kinase I Signal transduction 236 216 532 323 523 No

ko:K02183 calmodulin Signal transduction 5375 4845 6544 3846 2794 Yes

ko:K04739 cAMP-dependent protein kinase regulator Signal transduction 560 194 450 141 516 No

ko:K07376 cGMP-dependent protein kinase 1 Signal transduction 405 656 796 627 809 No

ko:K08819 cyclin-dependent kinase 12/13 Signal transduction 573 587 441 1266 269 Yes

ko:K00927 phosphoglycerate kinase Signal transduction 643 978 293 196 649 No

ko:K04345 protein kinase A Signal transduction 857 906 2396 1228 826 No

ko:K18449 prune homolog 2 Signal transduction 337 327 251 1016 147 No

ko:K14498 serine/threonine-protein kinase SRK2 Signal transduction 150 902 1423 1145 170 No

ko:K14807 ATP-dependent RNA helicase DDX51/DBP6 Transcription and RNA processing 321 892 585 241 226 No

ko:K14780 ATP-dependent RNA helicase DHX37/DHR1 Transcription and RNA processing 459 225 521 334 168 No

ko:K17679
ATP-dependent RNA helicase MSS116, 

mitochondrial
Transcription and RNA processing 46 71 595 34 72 No

ko:K17675 ATP-dependent RNA helicase SUPV3L1/SUV3 Transcription and RNA processing 502 717 1294 679 198 No

ko:K12812 ATP-dependent RNA helicase UAP56/SUB2 Transcription and RNA processing 430 567 710 198 485 No

ko:K20099 ATP-dependent RNA helicase YTHDC2 Transcription and RNA processing 316 878 577 216 203 No

ko:K03010 DNA-directed RNA polymerase II subunit RPB2 Transcription and RNA processing 452 508 622 310 319 No

ko:K11592 endoribonuclease Dicer Transcription and RNA processing 796 682 2026 200 204 No

ko:K14753
guanine nucleotide-binding protein subunit beta-2-

like 1 protein
Transcription and RNA processing 1211 2681 2210 1683 661 No

ko:K09228 KRAB domain-containing zinc finger protein Transcription and RNA processing 324 1126 2775 446 328 No

ko:K05925 mRNA m6A methyltransferase Transcription and RNA processing 63 63 768 18 71 No

ko:K09329 paired mesoderm homeobox protein Transcription and RNA processing 474 421 746 771 168 No

ko:K13199
plasminogen activator inhibitor 1 RNA-binding 

protein
Transcription and RNA processing 1790 725 641 411 218 No

ko:K13126 polyadenylate-binding protein Transcription and RNA processing 543 955 557 319 521 No

ko:K15542 polyadenylation factor subunit 2 Transcription and RNA processing 422 646 2047 991 266 No

ko:K12867 pre-mRNA-splicing factor SYF1 Transcription and RNA processing 261 499 514 570 225 No

ko:K18749 protein LSM14 Transcription and RNA processing 212 1436 1875 768 312 No

ko:K15219
RNA polymerase I-specific transcription initiation 

factor RRN7
Transcription and RNA processing 992 356 125 72 105 Yes

ko:K06269
serine/threonine-protein phosphatase PP1 

catalytic subunit
Transcription and RNA processing 716 665 551 455 599 No

ko:K09422 transcription factor MYB, plant Transcription and RNA processing 206 1464 1969 355 293 No

ko:K03124 transcription initiation factor TFIIB Transcription and RNA processing 399 710 1130 1465 249 No

ko:K03132 transcription initiation factor TFIID subunit 7 Transcription and RNA processing 491 424 754 790 178 No

ko:K01872 alanyl-tRNA synthetase Translation 286 227 537 215 286 No

ko:K06927 diphthine-ammonia ligase Translation 349 555 724 6212 217 No

ko:K03231 elongation factor 1-alpha Translation 6392 10694 17186 5220 2143 Yes

ko:K03232 elongation factor 1-beta Translation 302 539 559 212 221 No

ko:K03233 elongation factor 1-gamma Translation 235 201 533 156 162 No

ko:K03234 elongation factor 2 Translation 1340 2019 1397 746 1004 No

ko:K03235 elongation factor 3 Translation 1417 1633 1142 543 1400 No

ko:K07936 GTP-binding nuclear protein Ran Translation 343 434 502 181 323 No

ko:K01875 seryl-tRNA synthetase Translation 282 448 567 230 283 No

ko:K01868 threonyl-tRNA synthetase Translation 1136 1374 953 483 692 No

ko:K03236 translation initiation factor 1A Translation 246 124 1265 112 200 No

ko:K03257 translation initiation factor 4A Translation 730 1050 1010 377 598 No

ko:K03263 translation initiation factor 5A Translation 853 1425 1316 562 562 No

ko:K01866 tyrosyl-tRNA synthetase Translation 267 465 548 307 311 No

ko:K01873 valyl-tRNA synthetase Translation 385 595 1013 351 399 No

ko:K05850 Ca2+ transporting ATPase, plasma membrane Translocases 222 322 285 890 350 No

ko:K01537 Ca2+-transporting ATPase Translocases 413 385 331 1031 636 No

ko:K02132 F-type H+-transporting ATPase subunit alpha Translocases 650 760 917 214 361 No

ko:K02133 F-type H+-transporting ATPase subunit beta Translocases 1288 1163 3020 709 420 No

ko:K02134 F-type H+-transporting ATPase subunit delta Translocases 128 361 578 457 178 No

ko:K02114 F-type H+-transporting ATPase subunit epsilon Translocases 548 190 67 475 132 No

ko:K02136 F-type H+-transporting ATPase subunit gamma Translocases 146 300 547 134 190 No

ko:K02112 F-type H+/Na+-transporting ATPase subunit beta Translocases 581 294 105 472 160 No

ko:K00323 H+-translocating NAD(P) transhydrogenase Translocases 249 456 530 176 394 No

ko:K01535 H+-transporting ATPase Translocases 390 529 331 586 385 No

ko:K01541 H+/K+-exchanging ATPase Translocases 781 283 136 1747 197 No

ko:K01542 H+/K+-exchanging ATPase alpha polypeptide Translocases 780 283 136 1743 192 No

ko:K01507 inorganic pyrophosphatase Translocases 1287 2445 3098 1136 1592 No

ko:K01544 non-gastric H+/K+-exchanging ATPase Translocases 780 292 136 1747 200 No

ko:K01530 phospholipid-translocating ATPase Translocases 285 119 277 599 392 No

ko:K14802 phospholipid-transporting ATPase Translocases 346 191 278 609 430 No

ko:K01539
sodium/potassium-transporting ATPase subunit 

alpha
Translocases 880 568 462 1911 330 No

ko:K02155
V-type H+-transporting ATPase 16kDa proteolipid 

subunit
Translocases 1496 1549 2617 1394 747 No

ko:K02154 V-type H+-transporting ATPase subunit a Translocases 417 303 631 515 429 No

ko:K02147 V-type H+-transporting ATPase subunit B Translocases 662 220 321 66 312 No

ko:K03320 ammonium transporter, Amt family Transporters 657 307 77 160 467 No

ko:K13749
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 1

Transporters 241 341 124 702 251 No

ko:K13750
solute carrier family 24 

(sodium/potassium/calcium exchanger), 
member 2

Transporters 245 345 139 702 271 No

ko:K05863
solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31
Transporters 1828 4924 2097 1141 798 No

ko:K15102
solute carrier family 25 (mitochondrial phosphate 

transporter), member 3
Transporters 516 701 603 276 393 No

ko:K15276
solute carrier family 35 (adenosine 3'-phospho 5'-

phosphosulfate transporter), member B2
Transporters 1078 1575 2370 1019 407 No

ko:K15377
solute carrier family 44 (choline transporter-like 

protein), member 2/4/5
Transporters 247 502 538 497 393 No

House
keeping

KEGG ko KO description Main category

Mean TPM
Number of 
transcripts
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General discussion

It was 40 years ago when Fenchel published a series of studies conducted on HF isolates 
where he proposed that these microorganisms were responsible for maintaining bacterio-
plankton abundances in check (Fenchel, 1982). This represented a turning point for the con-
sideration of the ecological significance of HFs in the ecosystem, and subsequent studies 
targeting these microbes revealed their massive functional and taxonomic diversity (Jürgens 
& Massana, 2008). However, studying HF assemblages presents several challenges, and this 
initial interest in assessing them diminished, to the extent of making these microorganisms 
one of the most understudied components of the marine microbiome. This thesis represents 
a return to the study of marine HFs, and highlights again their key role in the ocean. Overall, 
we aimed at improving our understanding of the biogeography, functional role and ecology 
of HFs in the ocean. To do so, we combined several molecular approaches, namely metag-
enomics (Chapter 1), metabarcoding (Chapter 1 and Chapter 2) and metatranscriptomics 
(Chapter 3), as well as epifluorescence microscopy (Chapter 3). Two of the studies consisted 
on re-analyses of already published data sets (part of Chapter 1 and the whole Chapter 2), 
and the other was obtained during the development of this thesis (Chapter 3). In Chapters 1 
and 2, the scale of the data was global, with a focus on horizontal and vertical distributions 
of marine eukaryotes and HFs in the open ocean, while in Chapter 3 the scale was local (the 
BBMO station), with a focus on temporal dynamics of gene expression in slightly manipulat-
ed natural assemblages. So, we started studying the overall picture of diversity and biogeog-
raphy of HFs and we ended investigating some of their specific biological processes.

Main results and the importance of the technical approach

In Chapter 1 we investigated microbial eukaryotic diversity in the water column of the ocean 
by means of metagenomics (metaG), an approach that served two main purposes. First, we 
could assess this diversity without the need of using PCR amplification of a marker gene 
with specific primers; and second, we could compare the results with the ones obtained by 
metabarcoding. Thanks to this amplification-free approach, we detected taxonomic groups 
that were neglected in metabarcoding surveys due to technical biases, such as Diplonemea, 
Kinetoplastida or Amoebozoa, while the majority of groups displayed a similar relative read 
abundance profile regardless of the sequencing approach. We identified that the community 
structure was clearly influenced by depth region (photic or aphotic) and by the cell size (pico- 
or nanoplanktonic fraction), as most microbial eukaryotic groups were preferentially present 
in one of the four niches created by these two factors. Despite being extremely informative, 
this metaG approach lacks taxonomic resolution given that it relies on 100 bp long frag-
ments, and consequently we could only report the structure of protist communities at the 
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group (generally a formal Class) level. Thus, in order to go deeper into the biogeography of HF 

species, this is not a valid approach. Given that the analysis in Chapter 1 revealed that most 

of the taxonomic groups containing HFs were not highly affected by putative biases of PCR 

amplification, we embraced the use of metabarcoding in Chapter 2.

In Chapter 2 we determined the most abundant species of HF in the ocean, together with 

their patterns of distribution. We did so by using global metabarcoding data sets released 

by both Malaspina and TARA oceanographic surveys. We detected a core of HF taxonomic 

groups in the photic layer of the ocean with rather constant abundances at the horizontal 

scale, comprised by MAST clades (mostly -1, -3 and -4), Chrysophyceae (uncultured clades 

G, H, and I) and Picozoa. At the vertical scale, we identified marked changes in HF diversity 

between depth zones. The core groups of the photic zone were poorly detected in the deep 

ocean, which was mainly populated by other Chrysophyceae, Bicosoecida and Diplonemea 

groups. In Chapter 2, the approach used allowed us going beyond the group level and assess 

the distribution and abundance of HF species, being considered as individuals having iden-

tical V4 region of the 18S rRNA gene. Indeed, we identified species differing by only 1 bp in 

this marker region that followed completely contrasted ecological distributions. Thanks to 

this we obtained a list of 52 dominant species in the photic zone of the ocean, the majority 

of which still remain uncultured. As already discussed in Chapter 2, we cannot omit that mi-

crobiome data yielded by metabarcoding are compositional (Gloor et al., 2017), meaning that 

they quantitatively represent a portion of a some whole, thus always yielding relative rather 

than absolute information. Although in our study we tried to minimize this compositional 

effect by, when possible, using software developed to this aim, we also used relative abun-

dances to determine which species where the most abundant in the environment. We argued 

that the obtained results are a good approximation given that HF tend to harbor a low 18S 

rDNA copy number (Zhu et al., 2005), but it would be extremely useful to perform a similar 

study using FISH microscopy to validate our results. We already did this with three MAST 

lineages using automated microscopy (Mangot et al., 2018), and a similar analysis could be 

performed with new probes targeting the most abundant taxa we report here. In fact, little 

effort has been done so far to target single HF species by FISH (Piwosz et al., 2021), mainly 

because the knowledge on which specific taxa are the most abundant in the ocean was still 

missing. Apart from this, the use of already established long-read sequencing techniques 

such as Nanopore or PacBio (Jamy et al., 2020) coupled with our short reads, could increase 

even more the taxonomic resolution at which HF can be studied.
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With the information retrieved in the first 2 chapters, we obtained a clearer picture on HF 
biogeography as well as a list of HF taxa that are putatively the most ecologically relevant in 
marine ecosystems. With this, we could jump from analyzing HF communities’ taxonomic 
diversity and distribution to investigating their activity. Thus, in Chapter 3 we analyzed the 
patterns of gene expression of HF assemblages during bacterivory, the process by which 
these microorganisms feed and a key ecological function in global biogeochemical cycles. 
Ideally, the best approach to study this process would have been to perform independent 
transcriptomic experiments for each of the 52 abundant HF species, followed by differential 
expression analyses as in Massana et al. (2021). Additionally, ecophysiology studies could 
be carried out to assess other aspects of the ecology of these protists. However, the majority 
of the 52 species are not available in culture, so we had to use a different approach. This 
consisted in promoting bacterivory in slightly modified natural communities of HFs using 
unamended incubations of surface seawater. In these incubations, the initial concentration 
of HF cells was increased by approximately 10-fold, thus yielding a signal strong enough 
to perform metatranscriptomic (metaT) sequencing of samples collected at different time 
points. This approach nonetheless involved some challenges. First of all, it was difficult to 
define clear states during the incubations, as there were hundreds of species growing in each 
incubation with a potentially different pattern each; second, with this complexity we had to 
think of different ways than standard RNA-seq experiments, which usually comprise sepa-
rated treatment and control samples to determine overexpressed genes during bacterivory; 
and third, we could only work with part of the metatranscriptomes as more than half of the 
transcripts did not have any functional annotation. Considering all these limitations, we con-
trived to obtain remarkable results on the gene expression of HFs. We could divide samples 
into three states according to microscopic counts and this separation was supported by me-
tatranscriptomic data. We assembled metatranscriptomes to assess the general functional 
dynamics of HF assemblages during the experiments. Gene expression patterns were rather 
similar between experiments, with a high expression of genes related to constitutive cellu-
lar processes, like actin, tubulin or ribosomal proteins. We then obtained a list of candidate 
genes highly expressed during bacterivory that could be key in this biological process, which 
were functionally annotated as peptidases, translocases and CAZy enzymes. We finally took 
advantage of public databases to extract the signal of specific species in the incubations, and 
compared the relative expression of these bacterivory-related genes between species with 
different trophic modes. Although the amount of data retrieved using this approach was rath-
er low compared to the overall data set, we could identify groups of genes more expressed 
in heterotrophic taxa than mixotrophic or phototrophic ones. These were related to cysteine 
peptidases, as well as some glycoside hydrolases (GH3 and GH20), and represent clear tar-
gets to be used in future explorations.
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Heterotrophic flagellates: advances and future work

With this thesis, we make a step forward to better understand the ecology of HFs by building 
a solid foundation on which to perform renewed research on the functional role of this func-
tional group. Our results in Chapter 1 give a different view of the community structure of pico- 
and nanoeukaryotes in the water column, and highlight the biases that should be considered 
by researchers working with metabarcoding of some eukaryotic groups. Chapter 2, together 
with Chapter 1, provides a clear picture on the distribution of HFs in the ocean, specifically in 
the tropical and subtropical zones. This kind of study was already performed with several oth-
er eukaryotic groups (see Chapter 2) but was still missing for HFs. With it, we present a guide 
that can be used for further exploration on their biogeography. Recently, some community 
efforts have been conducted to compile the most comprehensive data set of global eukary-
otic metabarcoding surveys to date, which have crystallized into tools like meta-pr2 (Vaulot et 
al., 2022) or the EukBank project (Berney et al., 2017). A clear next step on HF biogeography 
research would be to gather the results obtained in this thesis and extend them with all the 
possible data available. As mentioned in the previous section, it is now time to use FISH mi-
croscopy to target the most abundant but yet uncultured taxa in the ocean, a challenge that 
could yield key information on the ecology of these microorganisms. Additionally, we need to 
bear in mind that samples in these biogeography studies tend to represent a single point in 
time, therefore neglecting the temporal dimension. Thus, besides maximizing the breadth of 
sampling, it is also needed to add the temporal scale to the spatial results. To the best of our 
knowledge, this work has not yet been done for HFs, despite several data sets being already 
available, such as the BBMO or SOLA time series in the Mediterranean sea (Giner et al., 2019; 
Lambert et al., 2018) or SPOT in the Pacific Ocean (Yeh & Fuhrman, 2022), just to name a few.

The catalogue of the most abundant HF taxa in the surface ocean presented in Chapter 2 
is a central resource pointing at the key species that future research on HFs should focus 
on. The lack of model HF species is a main issue in the study of HF ecology, and a renewed 
culturing effort targeting these species could be the starting point to tackle it. As some of 
these abundant HF taxa may be extremely difficult to grow in culture, single-cell sorting could 
be a good trade-off to obtain new reference genomes. In fact, apart from the 3 species from 
the catalogue that are already available in culture, we have SAGs for another 10 species (La-
barre et al., 2021), and retrieving single amplified genomes from the rest of them should be 
feasible. In Chapter 3 we had to use innovative solutions to access the gene expression of 
relevant uncultured HF species. This work represents one of the first studies assessing gene 
expression dynamics of natural HF assemblages where bacterivory has been promoted. With 
this, we could obtain candidate genes related to bacterivory, such as cysteine peptidases or 
glycoside hydrolases 3 and 20, that should be further investigated in more targeted studies. 
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Generally, these genes are well studied in model organisms, but few information is available 
for uncultured lineages. Thus, good phylogenies spanning the complete eukaryotic diversity 
should be built in order to better characterize them, and new transcriptomic experiments 
with distantly-related species could be performed. With this, good references for these key 
bacterivory genes could be obtained, opening the way to new studies focused on better un-
derstanding the still poorly known biological process of phagocytosis.

The need for open data and code

The amount of data obtained by studies based on metabarcoding and omics tools is rapidly 
growing, boosted by the advances in sequencing technologies and the reduction of its costs 
(Goodwin et al., 2016). As it happens, in this thesis, and particularly in Chapter 3, we gener-
ated hundreds of gigabytes of data. This data increase is clearly positive, as it increments 
the amount of information available to draw more robust conclusions, but it is accompanied 
by some challenges, namely the increasing complexity of the analyses required to process 
them and the difficulty of data sharing with other teams interested in reproducing the results 
or making new analyses (Ravel & Wommack, 2014). Reproducibility is defined as the ability 
to recompute data analytic results given a data set and knowledge of its analysis. Together 
with replicability – the chances other researchers will achieve a consistent result –, they are 
foundational characteristics of successful scientific research (Leek & Peng, 2015). In fact, if a 
result cannot be reproduced, it is difficult to have confidence that it can be replicated or gen-
eralized (Schloss, 2018). Some of the main threats to reproducibility are data/code not be-
ing publicly available and the unavailability of specific software. It is crucial that researchers 
make raw data as well as comprehensive metadata accessible, an obvious requirement that 
is too often not met (Stodden et al., 2018). There are well-established databases for storing 
all types of sequencing data, such as figshare (figshare.com) or Zenodo (zenodo.org) that 
should be used to overcome this problem. The issue is even worse for code since few studies 
make it available. And those who do, they often do not make an effort to make it easily reus-
able. Repositories such as GitHub (github.com) or GitLab (gitlab.com) facilitate publishing 
analytical workflows in a well-documented manner, and this should be mandatory for all pub-
lished bioinformatic research. In the case of software, all scientific papers should include the 
version used in the Methods section and, whenever possible, use open-source software. This 
kind of software is transparent (everyone can see its underlying code) and their development 
and maintenance are often community-driven, enabling all users to report detected issues or 
submit questions. In this thesis, I tried to make all the obtained results reproducible by mak-
ing data and code publicly available, but there is still room for improvement. In Chapter 1, raw 
metagenomes could not be published, and we used commercial software (USEARCH) in our 
analyses due to the open-source version not having the capabilities we needed. Regarding 
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general code, for all 3 chapters we could have used workflow management systems such as 
snakemake (snakemake.github.io) or NextFlow (nextflow.io) in order to make analyses more 
easily reproducible.  

Open data and code not only serve as means for reproducibility, they can also open the door 
to new opportunities in research and are a tool for advancing the democratization of scientif-
ic knowledge. The public availability of these resources gives new opportunities for research 
groups that cannot afford large sequencing projects or oceanographic expeditions, for exam-
ple. In fact, the amount of information contained in these data sets make them completely 
reusable and new results can be obtained from them, as we show in Chapter 2. We as scien-
tists should consider if new questions can be answered with already available data and eval-
uate whether the collection of new samples or new sequencing batches are really required. 
This could not only reduce economic costs, but it also could avoid an unnecessary waste of 
resources. In a recently published perspective by Graves et al. (2022) on how to overcome 
the inequality of science, which is a persistent problem in the field at many levels (such as 
gender, race or social class), the authors argue that “the process of how we conduct research 
is just as important as the results of research”. I would say that the process is of even greater 
importance than the outcome, and this should be the guideline for a better science and, ex-
tensively, a better world.
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Conclusions

1. Metagenomics tags (mTags) of the 18S-V4 rDNA are a powerful resource to assess 
the distribution of eukaryotic taxonomic groups in the water column. Given its low 
taxonomic resolution, these are best used as a by-product of functional studies rather 
than the ultimate approach for diversity surveys. For this, metabarcoding is still the 
way to go provided that putative amplification biases are considered. 

2. PCR amplification with widely-used universal eukaryotic primers of the V4 region of the 
18S rDNA is not suitable for groups like Diplonemea, Kinetoplastida, Prymnesiophyce-
ae, Amoebozoa and Fungi. For Prymnesiophyceae, this is due to a critical mismatch 
(that can be easily solved), while for the rest of taxa a longer V4 insert is preventing a 
correct amplification. The majority of HF groups do not face strong technical biases 
derived from PCR amplification, so metabarcoding is a suitable approach to study their 
diversity and distribution.   

3. The community structure obtained through mTags reveals a clear separation between 
pico- (0.2-3 µm) and nanoplanktonic (3-20 µm) fractions, as well as between photic 
(0-200 m) and aphotic (> 200 m) regions of the water column. Eukaryotic taxonomic 
groups tended to preferentially occupy one of the 4 niches originated from these 2 
dimensions.

4. Using assembled eukaryotic rDNA operon sequences from metagenomes expands 
the resolution obtained by mTags and allows improving phylogenetic reconstructions 
of particular groups, such as the highly-diverse Diplonemea.

5. Temperature emerges as one of the main environmental factors shaping HF commu-
nities in the surface ocean. Along the water column, increasing depth results in a clear 
drop of HF diversity.

6. A few dozens of widespread taxa, mostly affiliating to MAST clades (mainly -1, -3, and 
-4), Picozoa, Bicosoecida and Chrysophyceae (uncultured clades G, H, and I), seem to 
dominate surface HF assemblages. The majority of these dominant HFs are present at 
relatively constant abundances, while others are influenced by temperature or display 
a patchy distribution. 

7. In the deep ocean, only a handful of taxa belonging to Bicosoecida (species C. burkhar-
dae, and C. paraparvulus) and Chrysophyceae (genus Spumella in clade C), together 
with Diplonemea and Kinetoplastida, explained most of the HF signal. 
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8. While in the deep ocean the majority of dominant HFs detected seem to be already in 
culture, no cultured representative exists for the dominant surface species besides a 
few patchy species, highlighting the current bias that exists in protistan knowledge.

9. Co-occurrence networks between HFs and prokaryotic taxa at the surface ocean re-
veal two main clusters influenced by temperature that do not seem to show specif-
ic patterns of interaction. However, some correlations emerge outside these thermal 
groups that could represent new prey-predator interactions.

10. The functional dynamics displayed by the 4 different unamended incubations followed 
similar patterns, with marked differences between the “lag” state and the other two 
stages of the incubation, “growth” and “decline”. 

11. Genes related to photosynthesis rapidly decreased their expression in the incubations 
due to the absence of light. 

12. Overall, the most expressed genes during the incubations were related to constitutive 
processes of the eukaryotic cell, namely actin, tubulin, ubiquitin and genes encoding 
for ribosomal proteins.

13. In the “growth” state of the incubations, genes related to constitutive processes were 
also highly expressed, together with genes related to peptidases, translocases and 
CAZy enzymes, which could be related to bacterivory. 

14. Cysteine peptidases (mostly cathepsin L), and glycoside hydrolases (mostly 3 and 20 
in CAZy classification) showed higher levels of relative expression in heterotrophic 
species compared to mixotrophic and phototrophic ones. Thus, they are clear targets 
for further exploration in the study of bacterivory.
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