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Unicellular eukaryotic predators play a crucial role in the functioning
of the ocean ecosystem by recycling nutrients and energy that are
channeled to upper trophic levels. Traditionally, these evolutionarily
diverse organisms have been combined into a single functional group
(heterotrophic flagellates), overlooking their organismal differences.
Here, we investigated four evolutionarily related species belonging
to one cosmopolitan group of uncultured marine picoeukaryotic
predators: marine stramenopiles (MAST)-4 (species A, B, C, and E).
Co-occurrence and distribution analyses in the global surface ocean
indicated contrasting patterns in MAST-4A and C, suggesting adapta-
tion to different temperatures. We then investigated whether these
spatial distribution patterns were mirrored by MAST-4 genomic con-
tent using single-cell genomics. Analyses of 69 single cells recovered
66 to 83% of the MAST-4A/B/C/E genomes, which displayed substan-
tial interspecies divergence. MAST-4 genomes were similar in terms of
broad gene functional categories, but they differed in enzymes of
ecological relevance, such as glycoside hydrolases (GHs), which are
part of the food degradation machinery in MAST-4. Interestingly,
MAST-4 species featuring a similar GH composition (A and C) coex-
cluded each other in the surface global ocean, while species with a
different set of GHs (B and C) appeared to be able to coexist, suggest-
ing further niche diversification associated with prey digestion. We
propose that differential niche adaptation to temperature and prey
type has promoted adaptive evolutionary diversification in MAST-4.
We show that minute ocean predators from the same phylogenetic
group may have different biogeography and genomic content, which
needs to be accounted for to better comprehend marine food webs.
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cean microbes are fundamental for the functioning of the

Earth’s ecosystems, playing prominent roles in the global cy-
cling of carbon and nutrients (1). In particular, small phototrophic
microbes are responsible for ~50% of the primary production on
the planet (2). In turn, heterotrophic microbes have a fundamental
role in nutrient cycling and food-web dynamics (3). Heterotrophic
flagellates, along with marine viruses, maintain prokaryotic and
eukaryotic picoplankton at relatively stable abundances (4). At the
same time, they transfer part of the organic matter they consume
from lower to upper trophic levels, thus being a key component at
the base of the ocean’s food web.

Among heterotrophic flagellates, marine stramenopiles (MASTS)
play a prominent role in unicellular trophic interactions in the global
ocean (5). MASTSs are polyphyletic, including so far 18 subgroups
(6). Except for a handful of strains, MASTs remain uncultured (7),
which complicates the study of their cell physiology, ecology, and
genomics. Studies using fluorescence in situ hybridization (8-10)
and metabarcoding (5, 11) helped to determine MAST cell sizes
(2 to 5 um), vertical and horizontal distributions in the ocean, as
well as metabolic activity. Further studies linked MAST’s cell
morphology with environmental heterogeneity, for example,
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MAST-1B cell size varies with temperature (9). Other studies
provided insight into the predatory behaviors of some MAST
groups. For instance, MAST-4 prey on Synechococcus (5) and
SARI11 (12), two of the most abundant microorganisms in the
ocean (13, 14).

MAST-4 is a prominent clade within the MASTs, featuring
small cells (2 to 3 pm), high relative abundance in comparison to
other heterotrophic flagellates, and worldwide distribution (15).
Due to these characteristics, MAST-4 can be considered as a
model heterotrophic flagellate. MAST-4 is constituted by at least
six recognized species: MAST-4A/B/C/D/E/F based on 18S ribo-
somal ribonucleic acid (rRNA) gene phylogenies (6). The bioge-
ography of specific MAST-4 species has been partially elucidated:
MAST-4 A, B, and C occur in temperate and warm waters (17 to
30 °C), whereas species E is typically found in colder waters (2 to
17 °C) (16, 17). This suggests that MAST-4 species have adapted to
a different niche temperature. MAST-4 biogeography could also be
controlled by bottom-up or top-down biotic factors, such as prey/
food availability (e.g., bacteria, algae, and dissolved organic carbon)
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or predation, respectively. Several studies have pointed to a positive
correlation between the abundances of prokaryotic and heterotro-
phic flagellates (4, 18-20). Yet, it is unclear to what extent such
biotic relationships can generate biogeography in MAST-4.

Biogeographic patterns of MAST-4 species can provide insight
into the drivers that have promoted their evolutionary diversifi-
cation. Identifying species—specific gene functions, genes, or gene
variants may point to differential adaptations conferring higher
fitness in specific biotic or abiotic conditions. In a bacterivorous
flagellate like MAST-4, a first approach for assessing species—
specific adaptations is to analyze ecologically relevant genes
(ERGs), which are those that could reflect associations with en-
vironmental heterogeneity or different ecological roles. Candidate
ERGs include the enzymes present in the lysosome that are in-
volved in the digestive processes that follow phagocytosis, allowing
the degradation of a wide variety of substances such as proteins,
carbohydrates, or nucleic acids among others (21). In heterotro-
phic flagellates, lysosomal enzymes are of particular relevance
because different suites could potentially be associated with the
degradation of different food items. Among them, glycoside hy-
drolases (GHs), commonly found in lysosomes, catalyze the hy-
drolysis of glycosidic bonds in complex sugars, allowing the cell to
digest other organisms. For example, lysozyme (N-acetylmur-
amide glycanhydrolase) is a well-known enzyme under the GH
category that catalyzes the breakdown of the peptidoglycan cell
wall found in bacteria (22). Other studies have shown that each
MAST lineage may have a different functional profile in terms of
organic matter processing (16).

Genomes are key to obtaining ERGs from a species. Common
genome sequencing protocols require thousands if not millions of
cells; however, recovering this number of cells from uncultured
protists such as MAST-4 is an almost impossible task. This issue is
circumvented with single-cell genomics (SCG) (13, 23). The
principles of this method consist in isolating single cells using, for
example, flow cytometry, lysing the cells, and amplifying and se-
quencing their genomes producing single amplified genomes
(SAGsS). In previous work, SCG allowed the recovery of ~20% of
the genomes from individual MAST-4 cells, which increased to
~80% genome recovery when genomes from different cells were
coassembled (16, 24, 25). Here, we use the SAG collection pro-
duced by the Tara Oceans expedition (26), which generated ~900
SAGs from eight stations in the Indian Ocean and the Mediter-
ranean Sea. We compiled the largest collection to date of MAST-4
SAGs, totaling 69 SAGs (23 MAST-4A, 9 MAST-4B, 20 MAST-
4C, and 17 MAST-4E). Using this dataset, together with other
large metaomics datasets (metabarcoding, metagenomics, and

Fig. 1.

metatranscriptomics) from the Tara Oceans and Malaspina 2010
expeditions (27), we address the following questions: How different
are MAST-4 species at the genome level? Did MAST-4 species
diverge via niche adaptation? If so, is such adaptation reflected in
their genomes and potential ecological interactions? Can ERG
composition and expression provide insights on MAST-4 niche di-
versification?

Results

MAST-4 Global Distributions and Associations. MAST-4A/B/C/E
Operational Taxonomic Units (OTUs; “species” proxies) tended
to display specific spatial distributions in the global ocean, in
some cases markedly contrasting (Fig. 1). Specifically, species A
and C were abundant and widespread across the global ocean,
and even though both may appear in the same sample, they
tended to exclude each other, as indicated by their association sign
(Fig. 1). For example, in the Pacific Ocean when moving from
equatorial waters to the north, there was a partial replacement
between MAST-4C and A (see arrows in Fig. 1). Species B dis-
played a more restricted distribution and a lower abundance when
compared to species C and A, being more prevalent in the tropical
and subtropical Atlantic Ocean and in the tropical Pacific Ocean
(Fig. 1). Our analyses indicated that species B co-occurred with
species C, with both species coexcluding from species A (Fig. 1).
Species E had a lower abundance than the other species in the
tropical and subtropical global ocean, with a distribution being
limited to a few locations, mostly coastal areas (Fig. 1). Species E
had a weak negative association with MAST-4B (Fig. 1).

We have also investigated the association patterns between
MAST-4A/B/C/E OTUs with other picoeukaryotes and prokary-
otes. We found a total of 258 associations with other picoeu-
karyotic and 18 with prokaryotic OTUs that cannot be explained
by the measured environmental factors (Fig. 24). MAST-4C and
MAST-4B displayed the largest number of associated OTUs, 191
and 174, respectively, while MAST-4A, despite being abundant
and cosmopolitan, had only 23 associations. MAST-4E had only
three associations to other taxa different from MAST-4 (Fig. 24).
Most associated taxa were related to a unique (59.3%), or two
(38.9%) MAST-4 species (mostly species B and C) (Fig. 24). The
co-occurring species B and C displayed the largest number of
shared associated taxa (total 98 taxa), which in most cases (97%)
were positively associated (Fig. 24). A lower number of associa-
tions (total of 13) was shared by the mutually excluding species A
and C and, as expected, had opposite signs (50% positive and 50%
negative; OTUs positively associated with MAST-4A were nega-
tively associated to MAST-4C and vice versa) (Fig. 24). A similar
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Distribution of MAST-4A/B/C/E species in the surface global ocean as inferred by OTUs based on the 185 rRNA gene (V4 region). Red dots show

Malaspina stations while pie charts indicate the relative abundance of MAST-4 species at each station. (Top Right, Inset) The network shows the association
patterns between each MAST-4 species as measured using MIC analyses. The width of the edges in the network shows association strength as indicated in the
legend (MIC). Background color shows the most abundant MAST-4 species in the region. Arrows point to areas with an important switch of the abundant
species; note that the most abundant species, A and C, alternate predominance in large oceanic regions.
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Fig. 2. Association network including MAST-4 species, associated prokary-
otes, and other picoeukaryotes from the Malaspina expedition. Only OTUs
with abundances >100 reads and occurrences >15% of the stations were
considered in MIC analyses. A filtering strategy was applied to remove in-
direct (i.e., environmentally driven) and weak associations (Methods). Node
size is proportional to the centered log-ratio transformed abundance sum
(Methods). (A) Nodes are colored based on taxonomy. Legend: DG, Dino-
Group. (B) Node color indicates whether specific OTUs displayed weighted
mean temperatures significantly lower or higher than the unweighted mean
temperature (24.5 °C), pointing to species with temperature distributions
that differ from chance. Note that MAST-4A and both MAST-B/C tend to
show co-occurrences with other OTUs that display coherent temperature
preferences. N.S, not significant.

trend was observed between OTUs associated with species A and
B (Fig. 24).

The most represented eukaryotic classes in the network included
parasites (Syndiniales; 40.7% of the OTUs) and other MASTSs
(16.8%), including MAST-1/3/7/11/25 and other MAST-4 OTUs
related to species B/C/E, which had different 18S-V4 sequences
when compared to those from the SAGs. The most represented
prokaryotic classes in the network included the heterotrophic
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species SAR86 (1.8%) and the small-sized marine Actinobacteria
(Actinomarinales; 1.4%) (Fig. 24). Other ecologically relevant
classes that were present but displayed fewer OTUs were the eu-
karyote Picozoa (2.14%), which have similar physiological char-
acteristics to MAST-4 (28, 29) or the prokaryotic SAR11 (0.71%),
one of the most abundant bacteria in the ocean (14).

We analyzed the niche preference of individual MAST-4 OTUs
as well as that of associated OTUs from other taxa in terms of
temperature, salinity, NO,, NO3z, POy, SiO4 and fluorescence
(Dataset S5). Adaptation to different temperature niches appeared
as the main plausible driver explaining the coexclusion between
species A and species B and C (Fig. 2B). The coexcluding species
had different temperature preferences, with species B and C fea-
turing a weighted mean temperature of 27.6 °C, while species A
had a weighted mean temperature of 22.1 °C. Both values were
significantly different from chance. In contrast, species E did not
show any preference associated with temperature in our sample set
covering the tropical and subtropical ocean. A fraction of the taxa
positively linked to MAST-4 species showed temperature niche
preferences that were coherent with those of species A, B, and C
(Fig. 2B and Dataset S5). For example, taxa positively associated
with species A displayed an average weighted mean temperature of
22 °C, while taxa positively associated with MAST-4B/C displayed
an average weighted mean temperature of ~26 °C. Both values
differed when compared against the average unweighted mean
temperature of the entire dataset: ~24 °C. Note that detected as-
sociations reflecting only environmental preference were removed
from the network, therefore remaining positive associations be-
tween microbes that prefer similar environmental conditions (e.g.,
temperature) indicate cases where the links between microbes could
not be explained by their comparable environmental preferences.
Overall, water temperature explained up to 35% of the variance in
the distribution of MAST-4 species (ADONIS, P < 0.05).

Comparative Genomics of MAST-4 Species. A total of 69 single-cell
genomes from MAST-4A (n = 23), MAST-4B (n = 9), MAST-4C
(n = 20), and MAST-4E (n = 17) were analyzed. All MAST-4E
cells were isolated from the same Tara Oceans station (station
23) at the same depth (deep chlorophyll maximum—DCM)
(Dataset S1). The other MAST-4 single cells were isolated from
different Tara Oceans stations located in either the Indian Ocean
or in the Adriatic Sea. These cells originated also from different
depths, including surface or the DCM. Based on 18S rRNA gene
similarity, genome tetranucleotide composition, and average nu-
cleotide identity (ANI), cells of MAST-4A/B/C/E were indepen-
dently coassembled (24). The two largest coassemblies were
MAST-4A (47.4 megabases [Mb]) and MAST-4C (47.8 Mb), which
contrasted in terms of size to MAST-4B (29 Mb) and MAST-4E
(30.7 Mb). Accordingly, species A and C featured more predicted
genes (15,508 and 16,260, respectively) than species B and E
(10,019 and 9,042, respectively). MAST-4 multigene phylogenies
based on 30 conserved single-copy predicted proteins (Dataset S3)
as well as genome similarity based on Average Amino acid Identity
(AAI) agreed with known phylogenetic relationships based on ri-
bosomal RNA gene sequences (6) (Fig. 3). These results support
our coassembly and gene prediction strategy, suggesting also a
substantial amount of evolutionary divergence between MAST-4
species A/B/C/E.

All predicted MAST-4 genes were mapped against the Marine
Atlas of Tara Oceans Unigenes (MATOU, a metatranscriptomics-
based gene catalog of expressed eukaryotic genes clustered at 95%
identity) (30) in order to do the following: 1) assess whether
predicted MAST-4A/B/C/E genes have been previously recovered
in global-ocean metaomics surveys, and 2) determine the presence
of other environmental orthologs that could point to additional
MAST-4 species that are prevalent in the ocean but were not
considered in our work. We analyzed MATOU genes that had
>75% nucleotide (N) similarity to MAST-4A/B/C/E genes. This
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Fig. 3. Evolutionary divergence between the studied MAST-4. (Left) MAST-4
species phylogeny based on 30 single-copy protein genes from the BUSCO v3
eukaryota_odb9 database that were identified in the coassemblies (Methods
and Dataset S3). (Right) Clustering of MAST-4 coassembled genomes and
bootstrap support based on the AAI between predicted homologous genes.
AAl values (%) between MAST-4 species are shown in the matrix.

threshold was used to recover environmental orthologs belonging
to both MAST-4A/B/C/E as well as other MAST-4 species. The
number of orthologs detected in MATOU for MAST-4A/B/C/E
was variable, with species A showing orthologs for ~25% of its
genes, species B ~20%, species C ~33%, and species E ~13%
(Dataset S6). Not a single MATOU unigene had orthologs present
in all the analyzed MAST-4 species, while 81.9% of the MAST-4
orthologs present in MATOU were associated with a single MAST-
4A/B/CJE species (SI Appendix, Fig. S1). This suggests that other
MAST-4 species different from MAST-4A/B/C/E are not abundant
in the tropical, subtropical, and temperate open ocean and that the
recovered orthologs mainly represent population/ecotype variation.
Yet, the MAST-4 group seems to have a limited representation in
MATOU (only orthologs for <one-third of MAST-4A/B/C/E genes
were found), and more environmental genes should be sampled
over different spatiotemporal scales than that of Tara Oceans in
order to support our findings. In any case, MATOU results were
coherent with our previous AAI results indicating a substantial
genome differentiation among MAST-4A/B/C/E.

Predicted amino acid sequences were functionally annotated using
the databases egeNOG (evolutionary genealogy of genes: Non-
supervised Orthologous Groups) and KEGG (Kyoto Encyclopedia
of Genes and Genomes). eggNOG allowed the annotation of ~75%
of the genes from the four species, while ~31% were annotated with
KEGG. Considering that eggNOG includes environmental se-
quences, some with unknown functions, while KEGG is based on
model or cultured organisms and annotated genes, these differences
are not surprising. According to the broad eggNOG functional cat-
egories, MAST-4 species shared similar functional profiles (Fig. 44).
Yet, about half of the eggNOG hits had no function associated, as the
reference sequences were environmental. Nevertheless, the existence
of these hits further supports our coassembly and gene prediction
approach. The most represented categories with known functions
were “Posttranslational modification, protein turnover, chaperones”
and “Signal transduction mechanisms,” which group important genes
for the proper functioning of the cell, along with “Intracellular traf-
ficking, secretion, and vesicular transport” and “Carbohydrate trans-
port and metabolism,” which include pathways related to food
ingestion and degradation (lysosomal reactions). Similarly, KEGG
functional categories with the largest number of MAST-4 genes
were “Global Metabolism,” “Signal Transduction,” and “Transport
and Catabolism” (SI Appendix, Fig. S2). The first two comprise
broad housekeeping functions and pathways, while the third covers
vesicular processes such as endo- and phagocytosis. As expected, the
potential for grazing is represented in all four MAST-4 genomes.

The amino acid gene sequences were also annotated against the
carbohydrate-active enzymes (CAZy) database, which targets
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functions affecting glycosidic bonds. A total of ~3% of the total
MAST-4 genes had a match against the CAZy database (Dataset
S6), and the group with the largest number of genes in MAST-4
species was the GHs (Fig. 4B). We have analyzed the GH com-
position of MAST-4, given that different GH repertoires in species
could be linked to different capacities to degrade prey bacteria or
microalgae (16, 31). Most GH families were found in all MAST-4
species, but some were specific or missing in particular species
(e.g., GH23 specific to MAST-4B or GH22 missing in MAST-4E)
(Dataset S7). Clustering of MAST-4 species based on GH com-
position generated two groups, species A to C and B to E (Fig. 4C).
Thus, MAST-4 genomes with contrasting geographic distributions
(Fig. 1) and contrasting potential ecological interactions (Fig. 24)
were clustered together based on similar GH composition.

Global Expression of MAST-4 GHs. In MAST-4, GHs are most likely
involved in the machinery to digest food after phagocytosis. We
used metatranscriptomic and metagenomic data from the Tara
Oceans expedition to assess the expression and abundance of
MAST-4’s GH genes in the surface global ocean (Fig. 54). We
found that there was no obvious relationship between GH gene
abundance and expression over the surface global ocean, indi-
cating that differences in gene expression most likely represent
up- or down-regulation of GH genes (Fig. 5B; see also Fig. 5C
and SI Appendix, Fig. S3B). MAST-4’s GH gene expression was
highly heterogeneous in the surface global ocean (Fig. 5C). The
GH families with the highest expression were the lysozyme
families GH22 and GH24, in charge of degrading the peptido-
glycan in the bacterial cell wall (22, 32), as well as the chitinase
family GH19, involved in the degradation of chitin (present in
particulate detritus, crustaceans, and several other organisms in
the ocean) (Fig. 5C). These GH genes tended also to display a
higher expression mean than single-copy housekeeping genes
within the same Tara Oceans stations (Dataset S8). Interestingly,
the South Pacific displayed low or absent GH expression in all
MAST-4 species, despite GH gene abundances that were similar
to those found in other regions displaying higher expression (S
Appendix, Fig. S3B). We found also clear differences in expression
between species: for example, while species” A GHs were widely
expressed in several regions, those GHs from species E were
expressed only in specific samples, in particular in the North and
South Atlantic. GH genes from species B and C were either not
detected or had low expression in the South Atlantic samples, in
contrast to specific GH genes from species A and E in the same
region (Fig. 5C). In turn, specific GHs from species B and C had
higher expression than A and E in the Indian Ocean.

Differences in abundance and expression were also found in
GH genes belonging to the same family and within the same
MAST-4 species. For example, species A had two genes belonging
to the GH24 family; one gene (631 base pairs [bp]) was more
expressed than the other (1,465 bp), despite gene abundances
being similar across all samples (Fig. 5C and SI Appendix, Fig.
S3B). These two genes shared 29.5% similarity at the amino acid
level based on 73% coverage (153 amino acids) of the shorter
gene. A similar pattern was observed in the two GH24 genes in
MAST-4C: the shorter was more expressed than the longer (622
versus 1,198 bp). In fact, the short and long GH24 genes from
species A and C are homologs, respectively: the short homologs
have 79.4% identity (94% coverage) while the long homologs have
56.4% identity (87% coverage). In general, MAST-4 species with
more than one gene belonging to the same GH family tended to
express one particular variant over the others. One plausible ex-
planation is that the underexpressed GHs are gene duplications.
GH genes often undergo duplication and thus several copies can be
present in the form of paralogs (33-35). After gene duplication, a
redundant copy is generated and freed from selective pressure,
allowing it to accumulate mutations (36) and potentially lead to new
functions (37, 38).
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Fig. 4.

Functional profile of MAST-4 genes according to eggNOG and CAZy. Total MAST-4 genes analyzed were 15,508, 10,019, 16,260, and 9,042 for species

A, B, C, and E, respectively. (A) eggNOG annotations indicated as percentage of genes falling into functional categories. SMB, Secondary Metabolites Bio-
synthesis; CCC, Cell Cycle Control. (B) Number of MAST-4 genes within CAZy categories and the corresponding percentage. The number of gene families
considered within each CAZy category is indicated between parenthesis in the panel legend. (C) Clustering of MAST-4 species using Manhattan distances
based on either their GH composition or the GH expression (in transcripts per million) results in the same clustering pattern. Note that MAST-4C and A are
more similar in their GH content than E and B, which are more similar between themselves. *A schematic representation of the phylogeny of the studied

MAST-4 is shown for comparison purposes (see Fig. 3 for more details).

Detecting Positive Selection Acting on MAST-4 Genes. We analyzed
whether there is evidence of positive selection leading to niche
adaptation in the different MAST-4 species. For that, we ana-
lyzed nonsynonymous versus synonymous substitutions (dN/dS)
in selected homologous genes in MAST-4A/B/C/E. Normally, the
ratio dN/dS is used to test hypotheses related to the action of
selection on protein-coding genes, where dN/dS >1 indicates that
substitutions generating changes in amino acids are greater than
substitutions that do not, suggesting the action of diversifying
(i.e., positive) selection (39). A total of 692 alignments (homolo-
gous groups) were used for testing positive selection on both
branch (whole sequence phylogeny) and codon analyses (gene
site-specific) (40, 41) (Dataset S9; Methods). Overall, 60 gene
alignments (8.7%) indicated positive selection in branch analyses,
of which 57 alignments displayed selection in 1 branch and 3 in 2
branches (60 alignments, 63 total branches selected). MAST-4A
and B appeared to be the most selected branches, 22 (34.9%) and
25 (39.7%) times, respectively, while MAST-4C and E had a low
number of selected branches, 8 (12.7%) and 4 (6.3%) times, re-
spectively. In codon analyses, 478 gene alignments (69.1%)
displayed positive selection in one or more positions, ranging from
1 to 15 positively selected codons per alignment. In GH, a key part
of the predatory machinery of the MAST-4, 1 alignment (0.14%)
showed positive selection in branch analyses for family GH74
while 14 alignments (2%) displayed positive selection in codon
analyses that included GH3, GH13, GH16, GH19, GH28, GH30,
G74, GH78, GH79, and GH99 (Dataset S9). Of all of them, only
GH19 belongs to one of the most expressed families according to
the metatranscriptomic analyses. Overall, these analyses suggest
that adaptive evolution promoted the diversification of MAST-4
into species A, B, C, and E or at least that it promoted the
diversification of specific genes.

Discussion

Currents, waves, and wind promote the dispersal of plankton in
the surface ocean. Given their typically large populations and
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small organismal sizes, microbial plankton species are expected
to be widely distributed in the upper ocean. This is particularly
relevant for the MAST-4 group, which features a moderate
abundance [about 50 cells mI™" in surface waters and ~10% of the
heterotrophic flagellates (42)] and minute size. Such characteristics
in combination would guarantee dispersal and widespread distri-
butions (43), decreasing the potential effects of dispersal limitation
(44). These characteristics would also promote a coupling between
environmental heterogeneity (selection) and species distributions
(45). Thus, we expected that MAST-4 distributions would reflect,
to a certain extent, the abiotic and biotic conditions in the ocean.
This is coherent with previous findings indicating that 1) temper-
ature is an important environmental variable driving MAST-4
distributions and 2) that dispersal limitation does not seem to affect
the distributions of MAST-4 species (17). We expanded previous
knowledge by determining the temperature distribution of species
A, B, and C. Specifically, we show that species B and C occur in
warmer temperatures (weighted mean = 27.6 °C), while species A
is present in lower temperatures (weighted mean = 22.1 °C). In
contrast, we did not find evidence that the distribution of species E
was affected by temperature in the tropical and subtropical ocean.
This is coherent with reports indicating that MAST-4E inhabits
cold waters (17).

Even though temperature is a key variable structuring the global
ocean microbiota, including MAST-4 (46-49), biotic variables
could also affect the distributions of MAST-4 species. We found
that the number of associations between MAST-4 OTUs and
bacterial OTUs was low. Actually, most associations were not
considered as they were either weak (low correlation) or they just
represented similar or different environmental preference (mainly
temperature) between MAST-4 and bacterial OTUs. Altogether,
this suggests that MAST-4 abundance and occurrence is weakly
coupled to bacterial distributions and abundance in the upper
ocean, which agrees with previous studies where changes in the
overall heterotrophic flagellate abundances were related to water
temperature (42). We detected a substantial number of taxa that
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Fig. 5.

Expression and abundance of GHs in MAST-4A/B/C/E in the upper global ocean. (A) Geographic location of the metagenomic and metatranscriptomic

samples from Tara Oceans. (B) Gene abundance versus expression using normalized data for each gene and station. Note that the axes have different but

proportional ranges of values. (C) Heatmap of the GH families in MAST-4 that

had the highest expression. Samples are in the x-axis, grouped by ocean region

and ordered following the expedition’s trajectory. Genes in the y-axis are organized by family, and each species is indicated with a color. GH22, GH23, and
GH24 are families of lysozymes, and GH19 is a family of chitinases that can also act as lysozyme in some organisms.

were positively associated with either MAST-4B/C or MAST-4A
but not to both. Even though associated taxa tended to reflect the
temperature preference of the species to which they were associ-
ated (B/C or A), their association to different MAST-4 cannot be
simply explained by similar niche temperature, since we also de-
tected associations to OTUs without a significant temperature
preference. The vast majority of associations were between species
A or B/C with other picoeukaryotes, such as Syndiniales’ Dino-
Group I and II, which are known parasites (50), or MAST-3 and
MAST-7, which are flagellates as well (6). These associations
could either manifest a similar preference for an environmental
variable different from temperature that covaries with MAST-4
distributions or reflect real ecological interactions, including par-
asitism. For instance, there is evidence of MAST-4A having a
predator—prey relationship with Synechococcus (9) and possibly
with SAR11 (12), which was not only reflected in our networks
from the Malaspina expedition but also in previous studies from the
Tara Oceans expedition (51). Results from Tara Oceans reported
other taxa associated with MAST-4A that were corroborated by our
results (MOCH-2, Chrysophyceae, MALVs, MAST-7). However,
whether or not these associations reflect true ecological interactions
needs to be proved with further experiments. Altogether, we did not
find evidence that biotic interactions between MAST-4 and other
microbes represent an important driver of MAST-4 biogeography.

Our results suggest that adaptation to different temperature
niches and interspecific interactions between MAST-4 species
(competition) are likely the main drivers determining MAST-4
biogeography. If so, differential adaptation should likely be
reflected in the genomes of the MAST-4 species. Our analyses
indicated that MAST-4 species differ in genome size: two bigger
genomes (MAST-4A and C) with a partial genome size of ~47 Mb
and ~80% completeness and two smaller genomes (MAST-4B
and E) of ~30 Mb and ~70% completeness, which correspond to
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~59 and ~42 Mb full estimated genomes, respectively. The ob-
served differences in genome size need to be considered with care,
as they may be reflecting incomplete genome assemblies. Never-
theless, our estimates of genome size were similar to those of
Cafeteria roenbergensis (~40 Mb) (52), a heterotrophic flagellate in
the same cell-size range of MAST-4, and other Stramenopile ge-
nomes, for example the diatom Thalassiosira pseudonana (~34.5
Mb) (53) or various Phytophthora species (Phytophthora plurivora,
Phytophthora multivora, Phytophthora kernoviae, and Phytophthora
agathidicida with 41, 40, 43, and 37 Mb, respectively) (54). This
suggests that our partial genomes are likely large enough to be
representative of the studied MAST-4 species. We found that
differences in MAST-4 genome size were mirrored by the number
of predicted genes in each species, which ranged between 9,042
and 16,260, even though larger genomes in eukaryotes do not
always imply a greater number of genes (55). These differences in
gene content between species may to some extent be linked to
niche adaptation. Overall, none of the studied MAST-4 displayed
any loss or gain of broad functional categories when compared to
each other. In fact, they were similar in terms of the proportion of
genes that belong to each functional trait, suggesting that MAST-4
metabolisms are broadly comparable, which agrees with other
reported results in MAST-4 species A/C and E (16). Among the
most represented functional categories in the MAST-4 genomes
were those involved in phagocytosis and subsequent digestion. For
instance, eggNOG’s “vesicular and carbon transport,” along with
KEGG’s “transport and catabolism,” includes pathways for “Endo-
cytosis,” “Phagosome,” “Lysosome,” “Peroxisome,” and “Autophagy
(animal and yeast),” all related to vesicular forms of transport and
prey digestion. Thus, MAST-4’s lifestyle as marine grazers (5, 56)
is in agreement with their broad genomic functions associated with
phagocytosis. Yet, homologs among species were very different at
the DNA or amino acid level. In particular, when comparing
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MAST-4A/B/C/E gene predictions against the MATOU (30, 57),
the vast majority of homologs were unique to one MAST-4 spe-
cies. In fact, we did not find a single gene in MATOU with ho-
mologs in all MAST-4A/B/C/E species, which manifests the
interspecific differences of MAST-4 in terms of genomic compo-
sition. The substantial differentiation between homologs was
reflected by the AAI and phylogenomic results as well (SI
Appendix, Fig. S1), which altogether indicate that MAST-4
experienced substantial evolutionary diversification.

MAST-4 is not exclusively bacterivorous and can feed on other
small organisms, for example, Micromonas pusilla and Ostreococcus
sp. (5), and perhaps complement its diet with noninfective viruses
(58). A comparable diet has been observed in other heterotrophic
flagellates (59). Such a variety of food items, which vary in quality
and quantity, most likely require different metabolic machineries to
digest them (16, 31), in particular different carbohydrate-active
enzymes. For example, studies in Fungi have shown that the
number and composition of CAZymes may determine the degra-
dation capacity of different plant biomass sources (60). Here, we
analyzed the GHs, one of the most efficient known catalysts of
organic substances in living organisms (61) and likely important for
MAST-4’s heterotrophic lifestyle. GHs genes accounted on aver-
age for 3% of the predicted genes in each MAST-4. Most of the
GH gene families were found in the four species, but some were
either exclusive of a single species or missing in others, which may
be due to genome incompleteness. Similar patterns have been
reported before, not only in a reduced number of MAST-4 species
(16) but also in the fungal genus Saccharomyces (62), where the set
of GH genes differs even in strains of the same species. Site (co-
don) analyses suggested positive selection in a few GH families in
MAST-4 (e.g., within the GH19 gene family). Similarly, other GH
families that are not lysozyme like, such as GH3, GH30, or GH74,
appeared to have experienced positive selection as well, even
though they were not as much expressed in the global ocean as the
lysozyme. Altogether, this suggests the action of adaptive evolution
in the machinery that MAST-4 uses to digest food and may reflect
adaptations to the degradation of different compounds or prey.

The four MAST-4 species formed two groups based on GH
composition (number of genes per family). One group consisted of
species A and C and the other of species B and E. Interestingly,
species A and C, with similar GH repertoires, showed spatial
coexclusion in the upper global ocean, while species C and B, with
different GH repertoires, were co-occurring (Fig. 1). These geo-
graphic distributions suggest that niche adaptation associated with
different temperatures allowed MAST-4A and C to keep similar
GH repertoires, while species adapted to similar temperatures that
co-occur (C and B) were exposed to divergent selection diversifying
their diets as a response to competition, which is reflected in their
different GHs (31). We found that species A and B/C have dif-
ferent niche temperatures (A = 22.1 °C and B/C = 27.6 °C). Since
temperature niche can be a phylogenetically conserved trait in
specific microbes (63, 64), it would have been expected that the
closely related MAST-4A and MAST-4B share a similar temper-
ature preference. However, species A had a temperature prefer-
ence 5 °C lower than that of B, suggesting that selection has
promoted the adaptation of species A to lower temperatures per-
haps to not compete with species C or that species C is a superior
competitor and excludes species A from warmer waters. Further-
more, since MAST-4A, B, and C form a monophyletic group, they
are expected to share a comparable GH repertoire. But instead,
our analysis showed that the GH repertoire of B was closest to E,
suggesting that evolution promoted the divergence of MAST-4B’s
GH content.

The temperature distributions of the studied MAST-4 species,
together with their different GH repertoires lead to two plausible
evolutionary scenarios. MAST-4E, the deepest branching line-
age, did not show a particular preference for either warm or cold
waters in our data (Dataset S5), but other reports indicate it
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occurs in cold waters (17). Thus, during the MAST-4 diversifica-
tion, species E would have either adapted to or remained in cold
waters. Then, two evolutionary hypotheses emerge depending on
whether the Last Common Ancestor (LCA) of MAST-4A/B/C
originated in warm or cold waters: 1) The LCA of MAST-4A/B/C
was adapted to warm waters and species C remained in warm
waters. Then, the two most evolutionary derived species, A and B,
diverged their niches as a result of competition with C; species A
adapted to colder subtropical and temperate waters, while species
B stayed in the tropics and avoided competition with C by changing
its niche via diet modification, which is reflected in its GH com-
position; and 2) The LCA of MAST-4A/B/C inhabited cold (sub-
tropical) waters and then C and B adapted independently to
warmer tropical habitats with B modifying its niche to avoid com-
petition with C by changing its GH repertoire and consequently its
diet. Even though both evolutionary scenarios are possible, our dN/
dS results using homologous proteins of the four MAST-4 species
are more coherent with the first evolutionary scenario by indicating
that MAST-4A and MAST-4B appear to have diverged the most, as
they displayed the effects of significant positive selection in 75% of
the total alignments with branch selection.

We also analyzed MAST-4’s GH distribution and expression in
the surface global ocean, as this may shed light on whether species
with similar GH composition express similar or different genes
when they co-occur, possibly indicating prey preference depending
on the presence/absence of competitors. We found that the dif-
ferent species displayed a large heterogeneity in their expression
patterns. The tropical species that co-occurred the most, C and B,
showed dissimilar expression patterns, with some genes being
highly expressed only in one species, which is coherent with their
difference in GH composition as well as with a scenario proposing
different food preferences. Furthermore, species C and B showed
differences in expression over specific ocean regions, suggesting
that despite their co-occurrence, their GH activity is modulated
differently. In turn, the coexcluding species A and C, which display
the most similar GH composition, appeared to express different
GHs over the upper global ocean, suggesting that they regulate
GH expression perhaps as an adaptation to different preys or that
GH expression is affected by the different temperatures in which
these species occur. Overall, our evidence suggests that species A,
B, and C regulate GH genes differently, perhaps as an adaptation
to different diets or prey, even though some differences in GH
expression only reflect the presence or absence of MAST-4 species
in specific ocean regions.

Altogether, our results suggest that the evolutionary diversifi-
cation of MAST-4 was promoted by divergent adaptive evolution
toward different temperature and/or diet niches possibly as a re-
sponse to competition and that biotic interactions with other spe-
cies did not have a major influence in MAST-4 diversification. The
previous possibly led to the emergence of the species associated
with tropical (MAST-4B and C), subtropical-temperate (MAST-
4A), and subpolar-polar (MAST-4E) waters. Furthermore, species
B may have diverged in its diet as a response to competition with C,
and as a result, it has a different GH composition from its closest
evolutionary relatives, A and C. If future cultures of MAST-4
species are established, the previous scenarios could be tested by
determining the temperature range of species growing in isolation
or with interspecific competitors. Our work represents a significant
contribution to understanding the evolution, diversity, biogeogra-
phy, and function of the smallest predators in the ocean. This
knowledge is fundamental to comprehending the base of marine
food webs and the biotic and abiotic factors that may affect them,
as well as the consequences in upper trophic levels.

Methods

Geographic Distribution of MAST-4 Species and Association Patterns. The dis-
tribution of MAST-4 species as well as their association patterns were investi-
gated using metabarcoding based on data from Logares et al. (49). This dataset
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includes surface water samples (3-m depth) from a total of 120 globally dis-
tributed stations located in the tropical and subtropical ocean that were sam-
pled as part of the Malaspina 2010 expedition (27). Both the 18S [variant region
4 (V4) (65)] (66) and 16S [V4 to V5 region (67)] (68) rRNA genes were analyzed.
OTUs were delineated as Amplicon Sequence Variants using Divisive Amplicon
Denoising Algorithm 2 (DADA2) (69) and OTU tables were generated (see
details in S/ Appendix, SI Methods S1). OTUs were assigned taxonomy using
the naive Bayesian classifier method (70) together with the SILVA v132 da-
tabase (71) as implemented in DADA2. Eukaryotic OTUs were also assigned
taxonomy using Basic Local Alignment Search Tool (BLAST) searches against
the Protist Ribosomal Reference database [version 4.11.1 (72)]. Streptophyta,
Metazoa, nucleomorphs, chloroplasts, and mitochondria were removed
from the OTU tables.

Associations between OTUs were inferred using Maximal Information Co-
efficient (MIC) as implemented in MICtools (73). Environmentally driven asso-
ciations between OTUs were detected and removed using EnDED (74), with the
methods Interaction Information and Data Processing Inequality. Furthermore,
we removed associations between OTUs that were not present in >50% of the
samples and featured a Jaccard index <0.25 or an MIC, <0.4 (see details in S/
Appendix, SI Methods S1). The distribution of OTUs across sea temperatures
was explored using the niche.val function in the EcolUtils package (75). The
abundance-weighted mean temperature was calculated for each OTU and used
as an estimate of its temperature niche. We checked whether the obtained
abundance-weighted mean temperature for each OTU was significantly dif-
ferent from chance (P < 0.05) using a null model with 1,000 randomizations.

Genome Reconstruction Using SAGs. Plankton samples were collected during
the circumglobal Tara Oceans expedition, and SAGs from different taxa were
generated as previously described at the Single Cell Genomics Center (https:/
scgc.bigelow.org) (76) (see details in S/ Appendix, SI Methods S2) (77). A total
of 69 SAGs affiliating to MAST-4 species A/B/C/E were selected for downstream
analyses. Each MAST-4 SAG was sequenced in one-eight of a lane using lllu-
mina HiSeq2000 or HiSeg4000 at either the Oregon Health & Science Univer-
sity or the French National Sequencing Center (Genoscope). A total of 424.1
giga bases (Gb) of sequencing data were produced, averaging 6.1 (+ 0.22) Gb
per SAG. For each SAG, sampling location, depth, and date are reported in
Dataset S1. Each SAG was de novo assembled using SPAdes (St. Petersburg
genome assembler) 3.10 (78). Estimation of genome recovery was calculated
with BUSCO v3 (Benchmarking Universal Single-Copy Orthologs) (79) using the
Eukaryota_odb9 dataset (Dataset S2). In order to increase genome recovery,
SAGs were also coassembled based on 185 rRNA gene similarity, ANI, and tet-
ranucleotide frequencies (reference S/ Appendlix, S| Methods S2 for more details).

A total of 69 MAST-4 SAGs were coassembled: MAST-4A (23 SAGs), MAST-4B
(9 SAGs), MAST-4C (20 SAGs), and MAST-4E (17 SAGs). Prior to coassembly, reads
were digitally normalized using BBNorm (80). Normalized reads were coas-
sembled with SPAdes 3.10. To extend contigs, coassemblies were rescaffolded
with SSPACE (Scaffolding Pre-Assemblies After Contig Extension) v3 (81). Re-
petitive regions were masked, along with transfer ribonucleic acid (tRNA) se-
quences, using RepeatMasker (82) and tRNAscan-SE-1.3 (83). Quality and
assembly statistics were computed with Quast (84) and are shown in Dataset S2.
Coassembled SAGs were carefully checked for foreign DNA using emergent self-
organizing maps (ESOM) (85) and EukRep (86) (Dataset S2 and S/ Appendlix, S/
Methods S2). Coassembled genome completeness was estimated with BUSCO v3.
For each coassembly, protein-coding genes were predicted de novo with
AUGUSTUS 3.2.3 (87, 88) using the identified BUSCO v3 proteins as training set
(89). Predicted genes were functionally annotated using 1) CAZy database from
dbCAN v6 (90) and HMMER 3.1b2 (91), 2) KEGG [Release 2015-10-12; (92, 93)],
and 3) eggNOG v4.5 (94), both using BLAST 2.2.28+. Gene sequences (Ns) were
also mapped against the MATOU Version 1 (20171115) (30) using BLAST 2.2.28+
(see details in S/ Appendix, SI Methods S2). MAST-4 genomes were clustered in
terms of their composition of GHs with the hclust function in R based on
“manhattan” distances.

Phylogenomics and Genome Differentiation. We used two approaches to analyze
the phylogenetic versus whole-genome differentiation among MAST-4 species.
In the first approach, we randomly selected 30 conserved proteins (included
in eukaryota_odb9, BUSCO v3) that were identified in all MAST-4 species
(Dataset S3) as well as in other publicly available Stramenopile genomes:

1. C. B. Field, M. J. Behrenfeld, J. T. Randerson, P. Falkowski, Primary production of
the biosphere: Integrating terrestrial and oceanic components. Science 281,
237-240 (1998).

2. W. K. W. Li, Primary production of prochlorophytes, cyanobacteria, and eucaryotic
ultraphytoplankton: Measurements from flow cytometric sorting. Limnol. Oceanogr.
39, 169-175 (1994).
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Phytophtora sojae (National Center for Biotechnology Information [NCBI]:
txid67593), Phytophtora infestans (National Center for Biotechnology Informa-
tion [NCBI]: txid403677), Schizochytrium aggregatum (Joint Genome Institute
[JGI]: Schag1), Aurantiochytrium limacinum (JGI: Aurli1), and Cafeteria roenber-
gensis (52). Genes were aligned individually with Mafft (95) and concatenated
with catfasta2phyml (96). Poorly aligned sequences and regions were removed
using trimAl v1.4.rev22 (97). A phylogenetic tree was built with RAXML version
8.0.0 (98) (see details in S/ Appendix, SI Methods S3). The second approach con-
sisted of computing the AAI for each pair of MAST-4 using Enveomics based on
the predicted genes (amino acids). Genomes were clustered by similarity using
the pvclust (99) package in R with “maximum” as the distance method.

Abundance and Expression of Selected MAST-4 ERGs in the Ocean. We inves-
tigated the distribution, abundance, and expression in the global ocean of
selected ERGs, in this case, GH. For that, we mapped metagenomic (100) and
metatranscriptomic (101) reads from Tara Oceans (a total of 52 surface water
stations encompassing the 0.8 to 5 pm size fraction [total 104 samples]) against
predicted genes from each MAST-4 species (Dataset S4). Metatranscriptomic
reads were derived from sequencing polyA-enriched RNA (30, 102). The
mapping was done with Burrows-Wheeler Aligner (103), and the abundance
of genes and transcripts were expressed as counts per million or transcripts per
million, respectively (see details in S/ Appendix, SI Methods S4).

Calculation of dN/dS Ratios in Homologous Genes. Homologous MAST-4 genes
were identified using reciprocal protein BLAST (v. 2.2.28+). Gene sequences
(amino acid) were aligned using Mafft 7.402 and then converted into a codon-
based N alignment with Pal2nal (104). Alignments with one or more unknown
Ns were discarded. For each homolog, a N-based phylogenetic tree was built
using RAXML 8.2.12 (98). Positive selection was tested on each homolog with
HyPhy 2.3.14 (105) using adaptive Branch-Site Random Effects Likelihood
(aBSREL) (branch) (40) and Mixed Effects Model of Evolution (MEME) (site) (41)
models considering the codon-based N alignment and the corresponding
phylogenetic tree (see details in S/ Appendix, SI Methods S5).

Data Availability. DNA sequences and metadata from the Malaspina expedition
are publicly available at the European Nucleotide Archive (ENA; https:/Avww.ebi.
ac.uk/ena; accession numbers PRIEB23913 (66) [18S rRNA genes] and PRIEB25224
(68) [16S rRNA genes]). DNA sequences from Tara Oceans are also stored at ENA
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