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Summary

We analysed a widely used barcode, the V9 region of
the 18S rRNA gene, to study the effect of environ-
mental conditions on the distribution of two related
heterotrophic protistan lineages in marine plankton,
kinetoplastids and diplonemids. We relied on a major
published dataset (Tara Oceans) where samples from
the mesopelagic zone were available from just 32 of
123 locations, and both groups are most abundant in
this zone. To close sampling gaps and obtain more
information from the deeper ocean, we collected
57 new samples targeting especially the mesopelagic
zone. We sampled in three geographic regions: the
Arctic, two depth transects in the Adriatic Sea, and
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the anoxic Cariaco Basin. In agreement with previous
studies, both protist groups are most abundant and
diverse in the mesopelagic zone. In addition to that,
we found that their abundance, richness, and com-
munity structure also depend on geography, oxygen
concentration, salinity, temperature, and other envi-
ronmental variables reflecting the abundance of
algae and nutrients. Both groups studied here dem-
onstrated similar patterns, although some differences
were also observed. Kinetoplastids and diplonemids
prefer tropical regions and nutrient-rich conditions
and avoid high oxygen concentration, high salinity,
and high density of algae.

Introduction

Heterotrophic marine protists have recently received
increased attention as an essential component of the
plankton, with species number that significantly exceeds
that of all photosynthetic eukaryotes (de Vargas
et al., 2015; Pernice et al., 2015; Worden et al., 2015).
Large protistan predators of the photic zone, such as cili-
ates, are significant regulators of algal blooms (Calbet
and Landry, 2004; Tillmann, 2004). Moving into the deep
ocean, protistan bacteriovores, including rhizarians,
marine stramenopiles (MAST), ciliates and bodonids
(belonging to kinetoplastids), are known to effectively
control even dilute prokaryotic communities by removing
up to 30% of their biomass (Pachiadaki et al., 2016;
Rocke et al., 2015). Hyper-diverse and abundant parasit-
oid alveolates belonging to the marine alveolate (MALV)
group Il can terminate toxic algal blooms (Chambouvet
et al., 2008) and can control populations of dinoflagel-
lates, rhizarians, metazoans and even other MALVs
(Guillou et al., 2008; Brate et al., 2012; Massana
et al., 2014). Heterotrophic protists may thus significantly
contribute to pools of dissolved and particulate organic
carbon in the ocean, as well as exert controls over overall
community structure and dynamics (Solié and
Krstulovié, 1994: Simek et al., 1997; Lin et al., 2007;
Edgcomb, 2016; Soli¢ et al., 2018; Solié et al., 2019).
However, we are still far from understanding how the
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environment drives their distribution. So far, only a few
attempts have been made to explain the global patterns
of abundance and diversity of planktonic protists (Lima-
Mendez et al., 2015; Lima-Mendez et al., 2015; Gimmler
et al., 2016; Zhao et al., 2017; Ibarbalz et al., 2019).
Diplonemids, the sister clade of kinetoplastids,
emerged in a global metabarcoding study of the marine
plankton as a prominent group of protists (de Vargas
et al., 2015). They are divided into four main lineages:
Diplonemidae, Hemistasiidae, Eupelagonemidae, and
‘deep-sea pelagic diplonemids (DSPD) II'. The latter two
groups are ‘environmental’ and do not include any culti-
vable species (Lara et al., 2009; Okamoto et al., 2019;
Tashyreva et al., 2018). The two former groups are
known to scavenge the cytoplasm of plant cells and to
cause disease (Larsen and Patterson, 1990), to parasit-
ize crabs, lobsters, and clams (Kent et al., 1987; Von Der
Heyden et al., 2004) and to prey on diatoms, dinoflagel-
lates, haptophytes, and copepods (Elbrachter
et al., 1996). However, a recent metabarcoding-based
study showed that these two cultivable lineages account
for just about 2% of planktonic diplonemids, and their
genetic signatures are recovered primarily from the pho-
tic zone (Flegontova et al., 2016). In contrast, the
Eupelagonemidae occurs mostly in the mesopelagic
zone (Lara et al., 2009; Okamoto et al., 2019) and rep-
resents up to 97% of diplonemids in the plankton
(Flegontova et al., 2016). So far, they are known only
from environmental 18S rRNA sequences and low-
coverage single-cell genomes accompanied by light
microscopy images (Gawryluk et al., 2016; Okamoto
et al., 2019). Only six out of 100 of the most abundant
diplonemid operational taxonomic units (OTUs) were
found predominantly in the mesoplankton size fraction
(180—2000 pum), suggesting that a symbiotic or parasitic
lifestyle with mesoplankton is not widespread among
eupelagonemids (Flegontova et al., 2016).
Kinetoplastids are one of the most extensively studied
protistan lineages. They include trypanosomatids, obliga-
tory endoparasites of mostly terrestrial vertebrates and
insects, and a paraphyletic assemblage of basal lineages
called ‘bodonids’ (Lukes et al., 2014). Bodonids occur in
marine, freshwater, and soil environments and have
diverse lifestyles: a majority are free-living bacterio-
vores, though some are ecto- and endoparasites or
even obligatory intracellular symbionts. Kinetoplastids
are subdivided into several clades: the most basal envi-
ronmental clade composed of sequences from deep-sea
hydrothermal vents (Lopez-Garcia et al., 2003); a rela-
tively rare Prokinetoplastina clade; and the most
diverse Metakinetoplastina, which is further subdivided
into Eubodonida, Parabodonida, Neobodonida, and
Trypanosomatida (Moreira et al., 2004; Von Der Heyden
et al., 2004). More than 70% of kinetoplastid OTUs and

98% of reads from the Tara Oceans planktonic samples
were assigned to the Neobodonida group (Flegontova
et al., 2018). Marine planktonic kinetoplastids are about
100x less diverse (in terms of OTUs) and abundant
relative to diplonemids; nevertheless, they were found in
nearly all Tara Oceans samples (Flegontova et al., 2018).

In previous global studies of diplonemid and
kinetoplastid diversity (Flegontova et al., 2016, 2018),
deep-sea samples (from depths greater than 200 m)
were available from just 32 of 123 locations, mostly in the
tropics and sub-tropics. Moreover, only 9 out of 123 sam-
pling stations came from outside of temperate zones,
namely from the South Atlantic and Southern Oceans. To
close the most significant sampling gaps, we produced
metabarcoding data for 57 new samples using the V9
18S rDNA barcode, to be consistent with data from the
Tara Oceans survey (see below). This enabled us to
investigate the influence of various environmental vari-
ables on diplonemid and kinetoplastid abundance, OTU
richness, and community structure on global as well as
local scales.

Results
Taxonomic composition

We present new metabarcoding data for 57 marine plank-
tonic samples coming from three different oceanic regions.
Thirty-seven were collected above the 70th parallel north
in the Norwegian and Greenland Seas, and are referred to
below as ‘Arctic’. Fifteen samples come from two depth
transects in the Adriatic Sea, and five samples are from
the permanently stratified, anoxic Cariaco Basin in Vene-
zuela. Most samples were collected below the photic zone
at depths of down to ca. 1200 m. The basic characteristics
of samples are summarized in Table S1. Eukaryotic diver-
sity was investigated using metabarcoding of the V9
region of the 18S rRNA gene. Our protocols for water filtra-
tion (except for the choice of size fractions), DNA isolation,
V9 barcode amplification and sequencing, OTU clustering,
and taxonomic assignment followed the methods of previ-
ous studies (de Vargas et al, 2015; Flegontova
et al., 2016, 2018) to enable comparisons and are
described in the Methods section.

The taxonomic composition of protist communities in
the three geographic regions we examined is summa-
rized in Table 1. The results are consistent with recently
published global surveys (de Vargas et al., 2015; Pernice
et al., 2015) that highlight diplonemids as a significant
component of the eukaryotic plankton at many sites. The
relative richness of diplonemids varies substantially
across datasets (from 3.2% in Cariaco Basin to 7.4% in
the Arctic) and increases with dataset size (read num-
ber). In a combined dataset that also contains reads from

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4014—4031



4016 O. Flegontova et al.

Table 1. Taxonomic profiles of planktonic metabarcoding samples presented here.

Arctic Adriatic Cariaco Tara bined dataset bined dataset
relative relative relative relative relative relative relative relative relative relative  rarefaction
omic group bund i b rich d i bund i bund. ri curve slope

Alveolata B 36.71% ] 19.63% ] 17.75% 1 18.63% ] 33.57% 1 18.39% ] 12.15% Kl 14.35% I 13.26% Kl 14.48% 5.4E-06
Amoebozoa 0.09% | 0.33% 0.00% 0.11% 0.01% 0.23%| 0.25% | 0.18%| 0.24% | 0.18% 7.2E-06
Ancyromonadida 0.06% 0.09% 0.00% 0.04% 0.00% 0.08% 0.00% 0.01% 0.00% 0.01% 2.4E-05
Archaeplastida | 0.31%]| 2.21%| 0.36% | 1.55% 0.12% | 1.54% | 0.63% | 0.79% | 0.61% | 0.81% 9.3E-06
Cryptista 0.15% | 0.51% | 0.80% | 0.65% | 0.17% | 0.58% | 0.38%| 0.25% | 0.38%| 0.26% 1.0E-05
Diplonemea | 0.94% Il 7.36% | 3.63% Il 5.75% | 1.08% | 3.17% | 236% HE  17.52% 232% I  17.34% [IGI9E05
Haptista | 1.23% | 1.61% | 1.85% | 2.95%| 0.40% | 1.57%| 0.64% | 0.43% | 0.68% | 0.45% 9.1E-06
Kinetoplastea 0.03% | 0.39% 0.05% | 0.27% 0.01%| 0.24% 0.15% 0.14% 0.14% 0.14% 4.7E-06
Obazoa 1] 7.05% I 5.04% B 29.14% 4.55% Il 9.05% I 435% M1 3803% 0 11.41% W] 3659% 0 11.27% 1.1E-06
Picozoa | 0.51%]| 0.35% 0.12% 0.16% 0.03% 0.13%| 0.24% 0.14% | 0.25% 0.14% 7.5E-06
Rhizaria 1] 11.22% 1l 4.68% I 9.61% 4.45% ] 29.31% 0 7.37% El 16.19% [l 6.38% I 15.96% Il 6.34% 1.6E-06
Stramenopiles 1} 7.58% I 9.87% | 3.56% I 7.60% | 3.05% I 8.35% Il 521% 1 4.01% 1 5.26% 1 4.15% 5.6E-06
Telonemia | 0.99% | 0.48% | 1.06% | 0.65% | 0.31% 0.48% | 0.18% 0.10% | 0.22% 0.11% 5.8E-06
unknown Eukaryota BT 31.74% BT 34.00% BT 29.20% BT 34.57% EE1  21.19% BET] 36.75% El 13.38% 12.01% El 14.35% 12.55%
other eu- and prokaryotes | 1.41% E 13.46% | 2.86% L1 18.08% | 1.70% I 16.77% 10.22% BET1 32.29% 0 9.74% B 31.77%
Eupelagonemidae 98 81%
DSPDII | 0.30% | 2.90% | 1.24% 1 5.86% 0.00% | 0.53% | 0.37% | 1.11%]| 0.39% | 1.10%
Hemistasia 0.00% 0.07% 0.00% 0.00% 0.00% | 0.26% 0.00% 0.00% 0.00% 0.00%
Diplonema 0.01% 0.34% | 0.57% 0.37% 0.11% | 0.53% 0.00% 0.02% 0.01% 0.03%
Flectonema 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

y P 0.00% 0.07% 0.00% 0.00% 0.00% 0.00% 0.02% 0.05% 0.02% 0.05%
unknown Prokinetoplastina 0.04% 1 3.85% 0.00% 0.00% | 0.20% | 3.45% 0.09% I 8.65% 0.09% 0 8.46%
Ichthyobodo 0.00% 0.00% 0.03% | 2.70% 0.00% 0.00% 0.00% | 0.38% 0.00% | 0.37%
Perkinsela 0.02% | 1.28% 0.00% 0.00% | 1.41% | 3.45% 0.10% I 4.32% 0.10% I 4.23%
unknown Metakinetoplastina I_] 36.95% I 61.54% IT85.12% MT64186% ITT7221% ] 26.43% B 146.05% ] 26.84% M_16.32%
Azumiobodo 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.04% | 1.32% 0.04% | 1.29%
Dimastigella 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% | 0.19% 0.00% | 0.18%
Neobodo E] 2344% E 15.38% | 1.42% 10.81% 0.00% 0.00% BETT54.91% ] 18.80% BT 54.40% K1 18.75%
Rhynchobodo 0.02% | 2.56% 0.00% 0.00% 0.00% 0.00% 0.04% | 2.63% 0.04% | 2.57%
Rhynchomonas B 39.06% 1 6.41% £ 12.95% ] 16.22% | 4.42% 0 10.34% K] 16.64% Il 6.95% I 16.77% 6.80%
Parabodo 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% | 0.75% 0.00% | 0.74%
Procryptobia 0.11% | 1.28% 0.00% 0.00% 0.00% 0.00% 0.03% | 0.56% 0.03% | 0.55%
Eubodonida 0.04% I 3.85% 0.00% 0.00% | 0.80% H 10.34% | 1.67% Il 6.02% | 1.65% Il 5.88%
Tryp id. | 0.32% 1 3.85%| 0.48% Il 5.41% 0.00% 0.00% 0.03% | 3.38% 0.04% 1 3.86%

— 100% —100%] T 100%] —100%] 100%]

In the upper part, relative abundance and richness of main eukaryotic lineages are shown for each dataset. For the combined dataset, we also
show slopes of rarefaction curves reflecting the saturation of observed diversity. Detailed taxonomic breakdown of abundance and richness sta-
tistics is also shown for diplonemids (the middle part) and kinetoplastids (the bottom part).

the Tara Oceans survey (de Vargas et al., 2015;
Flegontova et al., 2016), diplonemids are the most
diverse (relative richness 17.3%) and the fifth most abun-
dant (relative abundance 2.3%) major eukaryotic phylum
(Table 1). Their diversity in the three newly collected
datasets remains unsaturated but reaches saturation
when combined with the Tara Oceans dataset (Table 1).
Diplonemids occupy the fifth place by relative abundance
in the combined, Tara Oceans, and Cariaco Basin
datasets, the fourth place in the Adriatic (reaching 3.6%),
and the seventh place in the Arctic (0.94%, below
Telonemia and Haptista). The most prominent diplonemid
clade in all samples and datasets is the eupelagonemids.
The relative richness and abundance of the remaining lin-
eages are negligible (<<1%). The only exception is an
environmental clade DSPD II, which makes up 1.2% of
all diplonemid reads and 5.9% of diplonemid OTUs in the
Adriatic dataset (Table 1).

Kinetoplastids account for a much smaller share of
eukaryotic reads and OTUs as compared to diplonemids
in all datasets presented here. Their relative abundance
and relative richness reached 0.14% in the combined
dataset (Table 1). Three kinetoplastid taxa: Neobodo

(54% of kinetoplastid reads/19% of kinetoplastid OTUs in
the combined dataset), unknown Metakinetoplastina
(27/46%) and Rhynchomonas (17/7%) dominate our
datasets while the rest of the kinetoplastids constitutes a
negligible fraction. Neobodo is most prominent in the
Tara Oceans and Arctic subsets, and almost non-existent
in the Adriatic and Cariaco Basin subsets (Table 1).
Rhynchomonas is present in all samples but is more
abundant in the Arctic and Tara Oceans subsets.

To investigate the variability of diplonemid V9 region
in the context of the whole 18S rDNA sequence, we
amplified and clone- sequenced diplonemid 18S rDNA
from eight mesopelagic samples. Eighty-five of 104
diplonemid sequences we got were unique, and poly-
morphic sites were spread evenly across all variable
18S rDNA domains.

Summary statistics: relative abundance and OTU
richness

Similar to other heterotrophic protists, the relative abun-
dance and richness of diplonemids and kinetoplastids
remain low in the photic zone, which is typically

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4014—4031
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Fig. 1. Distribution of diplonemid (A, C) and kinetoplastid (B, D) relative abundance (A, B) and richness (C, D) across the sampling depths. Each
dot represents a single sample colour-coded according to the sampling area (Arctic, Adriatic, and Cariaco) and sampling depth (photic and meso-
pelagic). Only samples generated in this study are shown. Two or more samples coming from a single sampling site are connected by lines to

illustrate trends.

dominated by phototrophs (de Vargas et al., 2015).
Because of the limited mesopelagic sampling in the Tara
Oceans dataset, we aimed to gather additional samples
from this zone to obtain a more detailed picture of the
vertical  distribution of both kinetoplastids and
diplonemids. Although only the Adriatic transects have a
detailed vertical sampling, it seems that both diplonemid
diversity and abundance peak at around 750-1000 m
and then drop below these depths (Fig. 1A and C). For
kinetoplastids, the differences are less pronounced, and
the patterns less obvious. At most of the sampling sites,
their abundance peaked between 250-500 m depth
(Fig. 1Bs). We analysed just five samples from one

location in the Cariaco Basin, sampled during different
seasons and at different depths (Supporting Information
Table S1). One sample from a depth of 296 m was
completely anoxic (Supporting Information Table S1),
and it demonstrated the lowest relative abundance of
kinetoplastids and the lowest richness of both
kinetoplastids and diplonemids among all new mesope-
lagic samples presented here. However, diplonemid
abundance in this sample was not exceptionally low
(Fig. 1A).

Next, we wanted to address the effect of environmental
variables on the distribution of both groups in the broader
context of 57 new samples and 229 Tara Oceans

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 4014—4031
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samples from the photic and mesopelagic zones (http://
taraoceans.sb-roscoff.fr/EukDiv/). For this purpose, all
size fractions between 0.8 and 2000 pm in the Tara
Oceans dataset were merged for each location and
depth. For our newly generated datasets, only the follow-
ing quantitative variables were available: latitude, longi-
tude, depth, water density (cg), temperature, salinity, and
oxygen concentration. In contrast, for the Tara Oceans
dataset, 47 quantitative variables were known, albeit
some with high missing data rates (Supporting Informa-
tion Table S1).

In the photic zone, diplonemid relative abundance and
richness respond in a similar way to most environmental
variables. On the other hand, in the mesopelagic zone,
diplonemid relative abundance and richness respond in
different ways to many variables, such as depth, latitude,
and temperature (results not shown). The observed dis-
crepancy may be caused by the very low total concentra-
tion of eukaryotic cells in mesopelagic samples, and
perhaps diplonemids happen to be more abundant there
than other eukaryotes. However, it may be misleading to
say that diplonemids prefer these conditions. Moreover,
since relative barcode abundance can be affected by
well-known amplification biases across clades (Giner
et al., 2016, Kelly et al., 2019) and by the variable copy
number of rRNA genes in different organisms, it may be
a poor proxy for cell counts. Thus, we decided to pay
more attention to the richness and not to the relative
abundance statistics.

The richness and relative abundance of diplonemids
and kinetoplastids were lower in the newly generated
datasets as compared to the Tara Oceans samples but
on a par with Tara Oceans photic samples from the Ant-
arctic (Supporting Information Fig. S1). It is not surprising
that our Arctic samples and Tara Oceans Antarctic sam-
ples demonstrated similar levels of diplonemid/
kinetoplastid relative abundance and diversity. Also,
although there are 19 samples present with the oxygen
concentration below 4 mg/l in the original Tara Oceans
dataset, the conditions in the Cariaco Basin may be
unique enough to distinguish it from the rest of the sam-
ples. However, it is rather unexpected that the Adriatic
samples, especially those from the mesopelagic zone,
differ substantially from the Tara Oceans samples from
the same region and similar environments. Since this
result may be attributed to ecosystem differences or
biases arising from differences in sampling protocols, we
first explored how the biological variables depend on the
environmental variables in the full dataset and then on
the Tara Oceans samples only.

Linear regression is not an appropriate method for eco-
logical studies where non-monotonic response curves
are often observed. Therefore, we approximated the dis-
tributions using generalized additive models (GAM).
Results for diplonemid richness depending on six envi-
ronmental variables measured across all datasets are
shown in Fig. 2. The models fitted to the distributions for
latitude, oxygen concentration, and temperature remain
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Fig. 2. Scatterplots showing the distribution of diplonemid richness across six environmental variables. Samples are represented by dots
coloured according to the dataset and depth zone. Blue lines represent the GAM smooth trends and grey ribbons, the corresponding 95% confi-
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A. Scatterplots showing the distribution of diplonemid richness for the combined dataset.

B. Scatterplots showing the distribution of diplonemid richness for the Tara Oceans dataset only.
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nearly the same when our new samples are dropped,
whereas the models fitted to the distributions for depth,
longitude, and salinity change only slightly. These results
are reassuring since they imply that the sampling bias is
not severe.

Since temperature weakly correlated with depth
(Supporting Information Fig. S2C), and the mesopelagic
samples were colder than the photic ones, we observe
two peaks of diplonemid richness versus temperature
(Fig. 2A). Latitude and oxygen concentration are well cor-
related (Supporting Information Fig. S2C), and we
observe a substantial decrease in diplonemid richness at
high latitudes and high oxygen concentrations. It is of
particular interest that diplonemid richness remains very
high in nearly anoxic samples (oxygen concentration
from 0 to 1 mg/l). Analysis of the original Tara Oceans
dataset implies the existence of a salinity optimum for
diplonemids between ~34 and ~36 (Fig. 2B). However,
the inclusion of numerous new Arctic samples, all having
salinity within a narrow range of 34.7-35.1, breaks this
salinity optimum into two peaks since all Arctic and Ant-
arctic samples demonstrated low diplonemid richness.
Samples from the Mediterranean and Red Seas, known
to have high salinity, are poor in diplonemids. The longi-
tudinal distribution probably reflects the effect of salinity
since numerous Tara Oceans samples from the Mediter-
ranean and Red Seas fall into the ‘valley’ between 0° and
50° east (Fig. 2B). Kinetoplastid richness shows a pattern
very similar to that of diplonemids: there is a more sub-
stantial effect of temperature on kinetoplastids in the pho-
tic zone as compared to diplonemids in the same zone; a
stronger effect of latitude, and smaller effects of salinity
and oxygen concentration on kinetoplastids as compared
to diplonemids (Supporting Information Fig. S2).

These results suggest that even this limited set of
analysed environmental variables influence diplonemid
and kinetoplastid richness and distribution; yet, we can-
not exclude the possibility that there are also other impor-
tant environmental parameters with a strong impact on
those protistan groups. Therefore, we have limited further
analyses of impacts of environmental factors on the distri-
bution of these taxa to only the Tara Oceans dataset, for
which 47 variables are available. We fitted GAMs to the
distributions (diplonemid richness vs. an environmental
variable) with no outliers on the environmental variable
axis removed, or with extreme outliers removed (see
Methods section). Next, variables have been selected
that satisfied the following criteria: (i) a statistically signifi-
cant GAM fit for both distributions, with and without out-
liers (P-value < 0.05); and (ii) deviance explained by the
GAM exceeds 5% on the distribution without outliers. As
a result we got 23 environmental variables that each
explained between 6% and 26% of variance in
diplonemid richness, and all six variables discussed

above were among them. The scatterplots for these
23 environmental variables and all four biological vari-
ables are shown in Supporting Information Fig. S3, and a
correlation dendrogram for all 47 variables is shown in
Supporting Information Fig. S4A.

The best-fitting model was generated for diplonemid
richness versus chlorophyll A concentration: a negative
dependence was observed, and 26% of the variance was
explained (Supporting Information Fig. S3), with a similar
trend observed for the other three biological variables
(diplonemid abundance, kinetoplastid abundance and
richness). This result suggests that most diplonemid and
kinetoplastid OTUs are not associated with the same
habitat (photic zone) where algae are found. An alterna-
tive explanation is that high chlorophyll concentrations
are caused by blooms when one or few algal species
predominate, and we do not expect many diplonemid
OTUs to be associated with those few algae. Chlorophyll
A concentration correlates with backscattering at 470 nm,
with partial optical density at 660 nm (Fig. S4A), and all
these variables show well-fitting GAMs for diplonemid
richness (Fig. S3) and very similar curves.

Fluorescence is correlated with nitrate and nitrite con-
centration, and both variables may influence diplonemid
richness, but not kinetoplastid richness or abundance.
The concentration of silicate does not correlate with other
environmental variables, and its optimum for diplonemid
and kinetoplastid richness seems to be reached in the
mesopelagic samples. On the other hand, we see a
nitrate concentration interval (measured at the 5 m depth)
that is optimal for both diplonemid and kinetoplastid rich-
ness throughout the water column (i.e., even in the water
mass below in the mesopelagic zone). This might reflect
a possibility that specific nitrate concentrations at the sur-
face support the algal density, which drives the food
chain throughout the whole water column through sinking
organic material. We also observe weakly fitting curves
for calcite saturation, total carbon concentration, and car-
bonate concentration. The latter two variables are
strongly correlated with each other, and the former is
weakly correlated with them. All these variables are neg-
atively correlated with diplonemid richness and
kinetoplastid richness, for reasons that remain unclear.
Remarkably, all the mesopelagic samples show zero
values of those three variables, but the effects are also
visible in the photic zone. Seafloor depth possibly influ-
ences diplonemid richness in the water column with a
unimodal curve.

Community structure

To move beyond the four summary statistics discussed
above and to study the diplonemid and kinetoplastid
community composition in the context of geography and
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environmental variables, we applied an ordination
method, the redundancy analysis (RDA), which is a linear
dimensionality reduction method that takes environmental
variables into account. Although Canonical Correspon-
dence Analysis is more appropriate for unimodal distribu-
tions, it performs poorly on data with a very large number
of dimensions. We took advantage of the combined
dataset, including 57 samples sequenced in this study
and 230 Tara Oceans samples.

Besides, we performed RD analyses also for various
subsets: photic, mesopelagic, Arctic, Mediterranean, and
low-oxygen (<5 mg/l). An OTU abundance cut-off of
10 reads was chosen for diplonemids to remove a large
group of extremely rare OTUs, and no abundance cut-off
was applied for kinetoplastids. Thus, the RD analyses for
diplonemids were based on Hellinger-transformed read
counts for 21 147 most abundant OTUs among 66 870
diplonemid OTUs. For kinetoplastids, the analysis was
based on all known 539 OTUs. The RDA results are
summarized below for each sample subset, starting from
the largest one.

Combined sample set. The largest sample set includes
287 samples, and the analysis takes into consideration
24 quantitative environmental variables (see Methods
section). An RDA plot is shown in Fig. 3 (constrained

photic Tara ® photic Antarctic © photic Arctic @ photic Adriatic @ photic Cariaco

variance 42%, adjusted r* = 0.36). In all datasets (Tara
Oceans, Arctic, Adriatic, Cariaco basin), the mesopelagic
samples are separated from the photic zone samples.
The most important variables, which distinguish the pho-
tic and mesopelagic diplonemid communities, are depth,
temperature, latitude, absolute latitude, and fluorescence.
Samples within both photic and mesopelagic clusters are
scattered along a gradient of correlated environmental
variables (chlorophyll A concentration, optical density at
660 nm, backscattering at 470 nm, Supporting Informa-
tion Fig. S4A), and along gradients of daylight hours and
silicate concentration. We believe this chlorophyll A gra-
dient reflects the concentration of algae. The Antarctic
photic samples occupy a terminal position within the pho-
tic sample cline. Salinity, longitude, oxygen concentra-
tion, and other variables are less important.

Distribution of kinetoplastid communities shows a less
clear pattern (18 quantitative environmental variables
selected, constrained variance 30%, adjusted P = 0.25),
and separation of various datasets is more prominent
than depth stratification (Supporting Information Fig. S5).
Clusters of the Tara Oceans mesopelagic and Tara Ant-
arctic photic samples are less pronounced and largely
overlap with the Tara Oceans photic cluster. The cline of
Tara Oceans samples in the RDA space is parallel to
gradients of nitrite and nitrate concentration at 5 m, and

Fig. 3. Impact of environmental
variables on the diplonemid com-

®mes Tara ®mes Antarctic mes Arctic mes Adriatic ®mes Cariaco munity structure in the combined
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also parallel to gradients of kinetoplastid richness and rel-
ative abundance. In other words, these kinetoplastid
communities are (either directly or indirectly) sensitive to
nitrite/nitrate concentration. Our additional 57 samples
are distributed along the gradients of salinity and a pair of
very well correlated variables: backscattering at 470 nm
and partial backscattering. According to this RDA, oxy-
gen concentration has possibly more influence on the
kinetoplastid communities than on diplonemids. In sum-
mary, patterns of community structure look very similar
for diplonemids and kinetoplastids, and five variables that
were measured for almost all samples (depth, latitude,
temperature, oxygen concentration, and salinity)
emerged among the most influential variables shaping
the community structure of both euglenozoan groups.

Photic zone samples. This data set includes 201 photic
zone samples, and the analysis considers 22 selected
quantitative environmental variables (constrained vari-
ance 39%, adjusted r* =0.31) (Fig. 4A). Photic zone
diplonemid communities are clustered according to
depth, and in the photic subset, depth is correlated only
with photosynthetic active radiation (PAR) (Supporting
Information Fig. S4B). Thus, the surface samples are dif-
ferentiated from the deep chlorophyll maximum samples.
Another gradient perpendicular to depth is formed by a
group of variables (latitude, temperature, oxygen concen-
tration, sunshine duration, nitrite and nitrate concentra-
tion, chlorophyll A concentration). These variables thus
shape the diplonemid photic communities independently
of depth. The Antarctic samples are again well differenti-
ated from the other photic samples.

Kinetoplastid communities in photic zone samples
(19 quantitative environmental variables selected, con-
strained variance 27%, adjusted r* = 0.19) do not appear
to be influenced by the measured environmental vari-
ables to the same extent as their diplonemid counter-
parts. There is no evident structuring of the kinetoplastid
community with depth. The ‘latitudinal’ gradient (absolute
latitude), oxygen concentration, daylight hours, ammo-
nium concentration at 5 m, temperature, and nitrite/nitrate
concentration appear to influence kinetoplastid distribu-
tion, but to a lesser extent than in diplonemids
(Supporting Information Fig. S6A).

Mesopelagic zone samples. We observed a very strong
batch effect in the combined mesopelagic dataset for
diplonemids. There were three non-overlapping clusters:
(i) Tara Oceans cluster, (i) Arctic cluster, and
(iii) Adriatic/Cariaco cluster (results not shown). We can-
not exclude a possibility that the clustering is an artefact
of difference in size fractions studied, in sampling, DNA
extraction, and amplification protocols. Therefore, we
only looked at RDA for the Tara Oceans mesopelagic
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Fig. 4. Impact of environmental variables on the community struc-
ture of diplonemids from photic (A) and mesopelagic (B) depth
zones.

A. The redundancy analysis (RDA) plot computed on 16 281
diplonemid OTUs from 201 photic samples, using 22 selected envi-
ronmental predictor variables and two biological predictor variables
(richness and relative abundance of diplonemids). The adjusted r* of
the analysis is 0.312 (0.394 unadjusted). Samples are represented
by dots coloured according to geographical regions and depth zones
for non-polar samples. Arrows correspond to the predictor variables.
B. An RDA plot computed on 16 338 diplonemid OTUs from 35 Tara
Oceans mesopelagic samples, using 11 selected environmental pre-
dictor variables and two biological predictor variables (richness and
relative abundance of diplonemids). The adjusted /2 of the analysis
is 0.372 (0.668 unadjusted). Samples are represented by dots
coloured according to biogeographical provinces. Arrows correspond
to the predictor variables.
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Fig. 5. Impact of environmental variables on the community structure
of diplonemids from the Arctic dataset (A), from Mediterranean sam-
ples (B), and samples with oxygen concentration below 5 mg/l (C).
A. An RDA plot computed on 700 diplonemid OTUs from 37 Arctic
samples, using six environmental and two biological (richness and
relative abundance of diplonemids) predictor variables. The adjusted
r? of the analysis is 0.456 (0.577 unadjusted). Samples are

samples (35 samples, 14 variables selected, constrained
variance 67%, adjusted r* = 0.37) (Fig. 4B). We observed
clustering according to the biogeographical provinces,
and strong effects of depth, latitude, and oxygen concen-
tration, with the latter two being correlated variables
(Supporting Information. Fig. S4C). Temperature and
salinity have only a weak effect.

Similar clustering according to the datasets was also
pronounced in the case of kinetoplastid mesopelagic
communities (results not shown). If only the Tara Oceans
mesopelagic samples are considered (11 variables
selected, constrained variance 52%, adjusted P = 0.22),
we observe two separate clusters (Indian and North
Atlantic Oceans, which form a longitudinal gradient),
while the other biogeographical provinces are intermixed
(Supporting Information Fig. S6B). Effects of the other
environmental variables are not substantial.

Arctic samples. The Arctic diplonemid communities
(37 samples, six variables, constrained variance 58%,
adjusted r* = 0.46) are shaped by two orthogonal gradi-
ents (Fig. 5A). The first comprises depth, temperature,
and salinity. All three variables are correlated in the Arctic
dataset (Supporting Information Fig. S4D). The second
gradient includes latitude. For the Arctic kinetoplastid
communities (six variables, constrained variance 46%,
adjusted 2 = 0.31), the latitudinal gradient is also promi-
nent, but the depth/temperature/salinity gradient is dif-
fuse, e.g., there are no sample clusters well-separated by
depth (Supporting Information Fig. S7A).

Mediterranean samples. In the case of Mediterranean
diplonemid communities (49 samples, six variables, con-
strained variance 49%, adjusted r* = 0.38), we observe a
strong stratification by depth and a batch effect (all new
samples are differentiated from the Tara Oceans sam-
ples) (Fig. 5B). In the case of Mediterranean kinetoplastid
communities (constrained variance 42%, adjusted
r? =0.30), the batch effect is also apparent. Instead of

represented by dots coloured according to latitude and depth.
Arrows correspond to the predictor variables.

B. An RDA plot computed on 2 552 diplonemid OTUs from 15 new
Adriatic samples and 34 Tara Oceans Mediterranean samples (sep-
arated by the bold line), using six environmental and two biological
(richness and relative abundance of diplonemids) predictor variables.
The adjusted /2 of the analysis is 0.382 (0.485 unadjusted). Samples
are represented by dots coloured according to depth zones. Two or
more samples coming from a single sampling site are connected by
a line. Arrows correspond to the predictor variables.

C. An RDA plot computed on 12 793 diplonemid OTUs from 30 sam-
ples with oxygen concentration below 5 mg/l, using six environmen-
tal and two biological (richness and relative abundance of
diplonemids) predictor variables. The adjusted r* of the analysis is
0.325 (0.511 unadjusted). Samples are represented by dots coloured
according to depth zones and oxygen concentration for mesopelagic
samples. Arrows correspond to the predictor variables.
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depth stratification, longitudinal stratification is prominent
(Supporting Information Fig. S7B).

Low-oxygen samples. Diplonemid communities in low-
oxygen samples (30 samples, six variables, constrained
variance 51%, adjusted r? = 0.33) are stratified by depth
and oxygen concentration (Fig. 5C). Kinetoplastid com-
munities in these samples (six variables, constrained var-
iance 49%, adjusted r =0.29) are not well stratified
according to the variables explored, except for longitude
(Supporting Information Fig. S7C).

Discussion

Until recently, the scientific community focused mostly on
parasitic kinetoplastids due to their impact on human
health (El-Sayed et al., 2005) or on photosynthetic
euglenids as a promising biotechnology target
(Rodriguez-Zavala et al., 2010; O’Neill et al., 2015;
Ebenezer et al., 2019) The rest of the euglenozoans did
not receive much attention. However, recent reports of
high local (Lara et al., 2009; Sauvadet et al., 2010;
Scheckenbach et al., 2010; Edgcomb et al., 2011; Salani
et al., 2012; Mukherjee et al., 2015) and global (de Vargas
et al., 2015; Flegontova et al., 2016, 2018) diversity and
abundance of free-living kinetoplastids and diplonemids
brought these so-far overlooked euglenozoans into the
spotlight. Most of these recent results show that
diplonemids and free-living kinetoplastids are present
throughout the water column. Unfortunately, the largest
recent global metabarcoding datasets either used a
methodology that underestimated diplonemid and
kinetoplastid counts (Pernice et al., 2015) or contained a
limited sampling of the mesopelagic zone, polar regions,
and oxygen-deficient habitats (de Vargas et al., 2015;
Flegontova et al., 2016).

Our main goals were to close these sampling gaps and
to estimate the impact of the environment on the
diplonemid and kinetoplastid communities. The first step
was to analyse biological diversity and relative abun-
dance of both groups. For this aim, we have analysed
the taxonomic composition of the studied samples and
showed it to be consistent with the general picture rev-
ealed by global metabarcoding studies (Massana
et al., 2014; Pemice et al., 2015; de Vargas et al., 2015).
In addition to other major planktonic lineages, such as
metazoans, dinoflagellates, rhizarians, and stra-
menopiles, diplonemids were consistently recovered
among the top taxonomic groups in all new sample
datasets provided by this study (Table 1). Diplonemid
diversity remains unsaturated in the newly collected sam-
ple sets and the broad set of 334 Tara Oceans samples
from the photic zone (de Vargas et al., 2015). It becomes
saturated in an expanded set of 850 Tara Oceans

samples from both the photic and mesopelagic zones
(Flegontova et al., 2016) and when both our new and
Tara Oceans samples are combined (Table 1). These
results could be explained by the nature of the
diplonemid OTU abundance curve showing an extremely
long ‘tail’ of rare OTUs. Flegontova et al. (2016) showed
that about 93% of diplonemid reads could be assigned to
only about 0.2% of OTUs. This predominance of just a
few abundant OTUs is not a unique feature of
diplonemids. Similar patterns are observed (to various
extents) in diatoms, pelagophytes, dinoflagellates, and
some other protists (Stoeck et al., 2010; Logares
et al., 2014; Keeling and del Campo, 2017).

Similar results, confirming that the 18S rDNA of exca-
vates is super-diverse, were obtained during the screen-
ing of planktonic biodiversity in Scandinavian lakes
(Khomich et al., 2017). Excavata, alongside with
Ichthyosporea and Bicosoecida, despite lower than aver-
age read abundance, demonstrated the lowest ratio of
total reads to OTU counts (Khomich et al., 2017). We
confirmed this result using limited sequencing of full-
length 18S rDNA from mesopelagic diplonemids. Thus,
diplonemid 18S rDNA hyper-diversity is real, and most
likely, it is not attributed to intracellular variability
(Gertraud Burger, personal communication).

Our results confirmed the dominant role of
eupelagonemids (Okamoto et al., 2019) among the
planktonic diplonemids (Lara et al., 2009; Flegontova
et al., 2016). The global Tara Oceans dataset revealed
that each of the remaining diplonemid lineages
(Diplonemidae, Hemistasiidae, and ‘DSPDII’) contributed
approximately 1% of total diplonemid abundance and
richness (Flegontova et al., 2016). In our 57 new sam-
ples, these lineages were negligible (<<1%) except for
‘DSPDII'" which makes up 1.2% of diplonemid reads and
5.9% of OTUs in the Adriatic dataset. Given the low sam-
ple size of the Adriatic dataset, this increased abundance
of an otherwise rare diplonemid lineage could be a result
of stochasticity in sampling. On the other hand, it could
also reflect the presence of local microniches suitable for
the DSPDII diplonemids.

The parasitic kinetoplastids belong to the most studied
(del Campo et al., 2014) and possibly one of the most
diverse clades of terrestrial protists (Hamilton
et al., 2007; Maslov et al., 2013; Luke$ et al., 2014). On
the other hand, kinetoplastids seem to constitute a minor
component of the plankton. However, several studies
revealed an unexpectedly frequent appearance of these
flagellates in FISH-based analyses of the mesopelagic
and deeper layers (Morgan-Smith et al., 2011), as well as
in the hypolimnion of deep freshwater lakes (Mukherjee
et al., 2015). In the combined dataset presented here
(i.e., Tara Oceans and new samples reported in this
study), the relative abundance of kinetoplastids is 0.14%.
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This number is consistent with several previous local
reports from the pelagic systems (von der Heyden and
Cavalier-Smith, 2005; Scheckenbach et al., 2010; Salani
et al., 2012), deep-sea benthos (Atkins et al., 2000;
Lépez-Garcia et al., 2003; Brown and Wolfe 2006;
Sauvadet et al., 2010) and hypersaline anoxic basins
(Edgcomb et al., 2011). Same as in these studies, Neo-
bodo and Rhynchomonas are the most abundant plank-
tonic kinetoplastids in our study. These two genera
traditionally belonged to Neobodonida, yet the monophyly
of this group is not conclusively supported (Callahan
et al., 2002; Simpson et al., 2002; Simpson and
Roger, 2004; Cavalier-Smith, 2016; Yazaki et al., 2017).
Since we cannot rule out the possibility that neobodonids
represent an assemblage of basal paraphyletic lineages
within Metakinetoplastina, we decided to omit the term
Neobodonida from taxonomic annotations in the current
study. Therefore, we classified several abundant
‘neobodonid’ OTUs as an unknown affiliation within
Metakinetoplastina. Together with the genera Neobodo
and Rhynchomonas, they make up the vast majority of
the kinetoplastid reads in all datasets. Interestingly,
although the unknown Metakinetoplastina group is not
prominent in the global Tara Oceans dataset, it domi-
nates kinetoplastid communities in both the Adriatic and
Cariaco datasets.

The following environmental variables were available
for a majority of the samples: latitude, longitude, depth,
water density (cg), temperature, salinity, and oxygen con-
centration. Out of these, we found that geography and all
five environmental variables have a pronounced effect on
relative abundance and diversity of diplonemids and
kinetoplastids. Geography and all these variables also
apparently influence the diplonemid and kinetoplastid
community composition. Along with nutrients, most of
these variables are generally recognized as essential
drivers of planktonic diversity and distribution (Righetti
et al., 2019; Ibarbalz et al., 2019).

Apart from the above-described variables available for
all the datasets, among a wider set of 47 variables avail-
able for the Tara Oceans dataset, we found some inter-
esting relationships. The most conspicuous was the
negative correlation between all four biological variables
and chlorophyll A concentration. In contrast, the correla-
tion with overall fluorescence (correlated with nitrite,
nitrate, and phosphate concentrations) is positive for
diplonemids. Chlorophyll A concentration can be used as
a proxy for algal abundance and activity. Our results sug-
gest that neither diplonemids nor kinetoplastids prefer
conditions of algal blooms, where the concentration of
chlorophyll A is the highest. Therefore, the majority of
diplonemids and planktonic kinetoplastids does not seem
to be predators or symbionts of the phytoplankton. On
the other hand, the environment with high overall

fluorescence, to which also other organisms contribute,
may represent a post-bloom nutrient-rich environment of
high planktonic diversity. We assume that when this sink-
ing organic matter from algal blooms reaches the deep
zones of the ocean, the energy released into the environ-
ment in the form of dead algal biomass represents a
major benefit for diplonemids and kinetoplastids.

Generally, the absolute abundance of heterotrophic
protists is the highest in epi- and mesopelagic zones and
then gradually drops with increasing depth
(Edgcomb, 2016). This trend is interrupted by hotspots of
prokaryotic and eukaryotic life along the oxy- and
redoxclines (Fenchel and Finlay, 2008; Stock
et al., 2012). Previous studies have shown that the rela-
tive abundance and diversity of both diplonemids and
kinetoplastids are much higher in the mesopelagic zone
as compared to the photic zone (Flegontova et al., 2016,
2018). However, those conclusions were based on only a
limited number of mesopelagic samples coming from a
single depth per sampling site. Moreover, both
kinetoplastids and diplonemids were reported in the
deeper bathypelagic and abyssopelagic zones
(Countway et al., 2007; Lara et al., 2009; Sauvadet
et al., 2010; Scheckenbach et al., 2010; Eloe et al., 2011;
Salani et al., 2012). Our analysis of a limited set of sam-
pling sites with more than one mesopelagic depth sam-
pled shows that the peak of kinetoplastid abundance
occurs in the upper part of this zone. In contrast, for
diplonemids, the peak seems to be shifted to the lower
mesopelagic zone and the boundary between the meso-
and bathypelagic zone at about 1000 m (Fig. 1). At the
community level, we observe differences between the
meso- and epipelagic diplonemid (but not kinetoplastid)
communities (Fig. 4; Fig. S5), which is in agreement with
previous results (Flegontova et al., 2016).

Neobodo and Rhynchomonas, which represent a vast
majority of kinetoplastids in our datasets, are thought to
be mostly bacteriovores (Lukes$ et al., 2014), so their dis-
tribution likely reflects the distribution of their prey. Bio-
logical information is only available for a handful of
diplonemid species (Porter, 1973; Kent et al., 1987,
Larsen and Patterson, 1990; Elbrachter et al., 1996; Von
Der Heyden et al., 2004; Yabuki and Tame, 2015) out of
tens of thousands of OTUs. Moreover, eupelagonemids,
which are by far the most abundant, diverse, and there-
fore the ecologically essential group of diplonemids,
remain uncultured with information available only from
single-cell genomics (Gawryluk et al., 2016; Okamoto
et al., 2019). While some of their representatives seem to
be associated with large plankton and may thus repre-
sent symbionts or parasites (Flegontova et al., 2016), we
see no clear pattern in the global ocean interactome
(Lima-Mendez et al., 2015) that could provide any hint.
All our attempts to explain the vertical distribution of
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diplonemids would, at this stage, be pure speculation,
which we will refrain from.

The effects of the environment are probably best stud-
ied for oxygen concentration. Steep oxygen gradients are
common in aquatic environments, including the benthos.
Oxygen-depleted and anoxic water columns occur either
permanently or seasonally in lakes, productive coastal
seas with a limited circulation of water, such as fjords
(Fenchel and Finlay, 2008), and in large open-ocean
oxygen-depleted zones. Gradients of oxygen concentra-
tion allow for rapid changes in prokaryotic and eukaryotic
communities and often result in hotspots of microbial
diversity and metabolic activity in otherwise dilute deeper
oceanic layers (Fenchel and Finlay, 2008;
Edgcomb, 2016). The succession of communities that
occurs along oxygen gradients is well documented for
prokaryotes (Noll et al., 2005; Chen et al., 2017) as well
as for heterotrophic protists, such as ciliates (Fenchel
and Bernard, 1996), dinoflagellates and kinetoplastids
(Fenchel et al., 1995), and foraminiferans (Gooday
et al., 2000).

Our results show that diplonemids and kinetoplastids
are indeed sensitive to oxygen. Both groups prefer a low
to medium concentration up to 7.5 mg/l and avoid areas
with a higher concentration (Fig. 2 and Fig. S2). Although
such a global analysis is unprecedented for both groups,
several isolated reports suggested a significant presence
of kinetoplastids (Edgcomb et al., 2011; Sauvadet
et al, 2010) as well as diplonemids (Sauvadet
et al., 2010) in low oxygen or anoxic habitats. In mostly
bacteriovorous planktonic kinetoplastids, this phenome-
non might reflect the presence of a prokaryote-rich niche.
We can only speculate that the abundance of
diplonemids in oxygen-poor habitats may follow the same
reasoning. However, without at least partial knowledge of
diplonemid biology, we cannot address this further.

On the other hand, the relatively low abundance of
both groups in samples with high oxygen concentration
may be caused by physiological constraints. It has been
shown that protists require a much lower level of oxygen
to satisfy the needs of their cellular metabolism, namely
oxidative phosphorylation, compared to planktonic meta-
zoans (Fenchel and Finlay, 1990). Also, at higher con-
centration, the increase in reactive oxygen species levels
may slow down the growth and division of ciliates
(Fenchel et al., 1989), so oxygen toxicity may become a
significant limiting factor for both kinetoplastids and
diplonemids.

Temperature has a pronounced effect on morphology,
rate of metabolism and primary production of algae
(Medlyn et al., 2002; Thomas et al., 2012; Toseland
et al., 2013; Schabhiittl et al., 2013) as well as heterotro-
phic protists (Atkinson et al., 2003; lkeda, 2017). More-
over, it affects the diversity and distribution patterns of

protistan communities (Weisse et al., 2001; Schabhttl
et al., 2013; Gimmler et al., 2016; Soininen et al., 2016).
On the global scale, this effect is described mostly as a
latitudinal gradient of diversity and postulates a gradual
loss of diversity from the equator to polar regions. It is
well documented for large metazoans or plants (Costello
and Chaudhary, 2017) but still debated for protists and
marine prokaryotes (Hillebrand and Azovsky, 2001;
Brayard et al., 2005; Fuhrman et al., 2008; Costello and
Chaudhary, 2017; Ibarbalz et al., 2019; Logares
et al., 2020). Our results suggest the existence of such a
gradient for diversity and relative abundance of both
diplonemids and kinetoplastids in the photic zone. This
pattern is paralleled at the level of community structure
as the respective analyses show clustering according to
temperature and latitude in both depth zones (Figs. 3, 4,
and Fig. S5).

The distribution of marine protists has been so far
mostly explained by two opposing views. The first takes
into account the significance of short generation times,
large population sizes and high dispersal rates facilitated
by the interconnection of the global oceanic ecosystem,
and postulates cosmopolitan, ubiquitous distribution of
most species while neglecting the effect of geographical
barriers and isolation by distance (Finlay and
Fenchel, 2004; Boenigk et al., 2012; Hellweger
et al., 2014). The second view claims a limited dispersal
and finds the level of endemism of protists comparable to
other eukaryotes (Foissner, 2006). As shown recently for
prokaryotes and picoeukaryotes (Logares et al., 2020) or
diatoms (Malviya et al., 2016), the real-world situation
probably oscillates between these two models and differs
among various functional groups of plankton. Here, we
show that the abundance and richness of planktonic
kinetoplastids and diplonemids, as well as the structure
of their communities, reflect gradients of several environ-
mental factors. Our analyses show that the Arctic and
Mediterranean samples are differentiated from the bulk of
the global dataset. This may represent a response to
local environmental conditions and also biogeographic
patterns. However, more detailed sampling in these
respective areas is necessary to identify the reasons
behind such a clustering.

Methods

DNA was isolated from polycarbonate membrane filters
(Isopore) using the PowerWater DNA Isolation Kit
(MO BIO, USA). The V9 region of the 18S rRNA gene
was amplified using universal eukaryotic primers (5'-
TTGTACACACCGCCC-3, 5-CCTTCYGCAGGTTCACC
TAC-3, 95°C for 30s, 62°C for 30s, 72°C for 30s,
25 cycles, product length 120-140 bp). V9 amplicons
were sequenced using the lllumina HiSeq PE150 cycle
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technology at Genome Quebec. Primer sequences were
removed from reads using cutadapt v. 1.13 under the follow-
ing settings: --no-indels, --discard-untrimmed, --minimum-
length 50, --overlap 4, —e 0.2, —a forward primer...comple-
ment of the reverse primer, —A reverse primer...complement
of the forward primer. Then reads were merged using
bbmerge under the default settings. Using bbduk, merged
reads containing undetermined bases (Ns) were filtered out
and reads having average Phred quality below 20 were dis-
carded. Cleaned reads were collapsed into barcodes using
vsearch v. 2.4.3 under the default settings. Barcodes were
grouped into OTUs using swarm v. 2.2.2 (Mahé et al., 2015)
under the following settings: -d 1, —f, —z. For OTU definition
we used barcodes from a combined pool of 57 newly
reported samples (Supporting Information Table S1), and
Tara Oceans V9 barcodes having an abundance of three or
more reads occurring at two or more sampling locations.
Barcodes from newly reported samples were taken to the
OTU definition step if they were present in the Tara Oceans
dataset, or if they had an abundance of three or more reads
occurring at two or more sampling locations. In total,
6 173252 barcodes were grouped into 385783 OTUs
(32 338 OTUs were present in our set of 57 samples). In
total, 4 922 155 barcodes or about 80% were present in the
Tara Oceans dataset only; 745 807 barcodes (12%) were
shared between the Tara Oceans dataset and the set of
57 novel samples; 505 290 barcodes (8%) were present in
the novel sample set only. Using ggsearch36, the OTUs
were taxonomically assigned. The PR2 eukaryotic 18S
rDNA database (Guillou et al., 2013) and an in-house 18S
rDNA database of diplonemids and kinetoplastids were used
as a reference for taxonomic assignment. The V9 region
was extracted before the taxonomic assignment. If OTUs
had an identity to a reference sequence of less than 80%,
they were annotated as unknown Eukaryota. All further sta-
tistical analyses were performed on 66 870 diplonemid
OTUs (2 124 OTUs were present in the set of 57 novel
samples), and 544 kinetoplastid OTUs (104 OTUs in
the novel sample set). As a result, OTUs were
redefined and reannotated taxonomically in our dataset,
as compared to the Tara Oceans dataset analysed by
Flegontova et al. (2016, 2018).

All statistical analyses were performed using R
v. 3.6.1. We calculated pairwise Spearman rank correla-
tion coefficients for all environmental variables and
applied hierarchical clustering to this matrix (the hclust R
package, method ‘complete’). Approximated distributions
of biological variables (diplonemid richness, etc.) versus
environmental variables using generalized additive
models (GAM) were implemented in the mgcv R pack-
age. In most cases, outliers on the environmental vari-
able axis that lay at a distance of more than three
interquartile ranges from the first and third quartiles were
removed. Then we fitted GAMs (y ~ s(x)) to the

remaining points: GAMs based on the beta distribution
that is suitable for variables between 0 and 1 (relative
abundance) or GAMs based on the gamma distribution
that is suitable for positive continuous variables (rich-
ness). In the latter case, the setting ‘link = identity’
was used.

The vegan package v. 2.5-6 with default settings for
running redundancy analysis (RDA) was used, with an
input matrix being read counts for diplonemid or
kinetoplastid OTUs. Diplonemid OTUs with a total
abundance of >9 reads were used for this analysis,
while in the case of kinetoplastids, all OTUs were used.
The matrix was subjected to the Hellinger transforma-
tion. RDA was performed independently for various
data subsets: all data, photic zone samples, Tara
Oceans mesopelagic zone samples, Arctic samples,
Mediterranean samples, and samples with low oxygen
concentration (from 0 to 5 mg/l). For the latter three
datasets, we used just a few predictor variables that
were available for the newly generated samples (depth,
latitude, longitude, oxygen concentration, salinity, tem-
perature). For the other datasets, we considered addi-
tional variables out of the 47 available. Most important
predictors were chosen using either an ANOVA analy-
sis or an ordistep analysis from the vegan R package.
Then these two sets of predictors were merged, and
depth, latitude, longitude, oxygen concentration, salin-
ity, and temperature were added if they were missing in
the two predictor sets.

Full-length 18S rDNA was amplified using a Phusion
polymerase, a universal eukaryotic forward primer (5-
ACCTGGTTGATCCTGCCAG-3) and a diplonemid-
specific reverse primer (5-CCCAAACRGAAGRGTYGC
CCCAAC-3'): 98°C for 30s, (98°C for 10 s, 65°C for
30s, 72°C for 30s) 35cycles, 72°C for 10 min. PCR
products were cloned in a TOPO vector in E. coli using a
standard protocol and sequenced using the Sanger
protocol.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Table S1. Overview and basic characteristics of samples
analysed in this study. The following information is provided:
sample ID, sampling location ID, sampling date, dataset
name, depth zone (SRF, surface; DCM, deep chlorophyll
maximum; MES, mesopelagic; OMZ, oxygen minimum
zone), latitude zone, biome, ocean, oceanographic province
(Longhurst, 20072007), depth (m), latitude and absolute lati-
tude (decimal format), longitude (decimal format), salinity,
temperature (°C), water density expressed as o (the density
calculated with in situ salinity, potential temperature, and
zero pressure — 1000 kgm™3), oxygen concentration
(mg L™, fluorescence intensity, distance to coast (km).

Fig. S1. Boxplots of diplonemid (A, C) and kinetoplastid (B,
D) relative abundance (A, B) and richness (C, D) broken into
datasets and depth zones. The ends of the boxes are the
upper and lower quartiles. The median is marked by a bold
line inside boxes. Lines outside the box mark 1.5 inter-
quartile range.

Fig. S2. Scatterplots showing the distribution of kinetoplastid
richness across six environmental variables. Samples are
represented by dots coloured according to the dataset and
depth zone. Blue lines represent the GAM smooth trends
and grey ribbons, the corresponding 95% confidence inter-
vals of kinetoplastid richness predicted by the GAMs. If the
p-value of smooth terms is <0.05, the deviance explained is
shown in the upper right corner of the plot. Otherwise, it is
written ‘n.-s.” (nonsignificant) in the upper right corner of the
plot. (A) Scatterplots showing the distribution of kinetoplastid
richness for the combined dataset. (B) Scatterplots showing
the distribution of kinetoplastid richness for only the Tara
dataset. (C) Dendrogram generated by hierarchical
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clustering analysis shows pairwise Spearman rank correla-
tion coefficients for seven environmental variables.

Fig. S3. Scatterplots showing the distribution of four sum-
mary statistics, diplonemid and kinetoplastid richness and
relative abundance across 23 environmental variables for
Tara dataset. Samples are represented by dots coloured
according to depth zone (cyan is photic, pink is mesope-
lagic). Blue lines represent the GAM smooth trends and grey
ribbons, the corresponding 95% confidence intervals of vari-
ables predicted by the GAMs. If the p-value of smooth terms
is <0.05, the deviance explained is shown in the upper right
corner of the plot. Otherwise, it is written ‘n.-s.” (nonsignifi-
cant) in the upper right corner of the plot.

Fig. S4. Dendrogram generated by hierarchical clustering
analysis shows pairwise Spearman rank correlation coeffi-
cients for 47 environmental variables across combined
dataset (A); for 47 environmental variables across photic
Tara, Arctic, Adriatic, and Cariaco samples (B); for 39 envi-
ronmental variables across mesopelagic Tara, Arctic,
Adriatic, and Cariaco samples (C); for seven environmental
variables across Arctic dataset (D); for six environmental var-
iables across our Adriatic and Tara Mediterranean samples
(E); for six environmental variables across our Cariaco and
Tara samples with oxygen concentration below 5 mg/l (F).

Fig. S5. Impact of environmental variables on the
kinetoplastid community structure from the combined
dataset. The redundancy analysis (RDA) plot computed on
539 kinetoplastid swarms from 287 samples, using eighteen
environmental predictor variables after selection and two bio-
logical predictor variables (richness and relative abundance
of kinetoplastids). The adjusted R-squared of the analysis is
of 0.248745 (0.3012803 unadjusted). Samples are represen-
ted by dots coloured according to the dataset and depth
zone. Arrows correspond to the predictor variables.

Fig. S6. Impact of environmental variables on the community
structure of kinetoplastid from photic (A) and mesopelagic
(B) depth zones. (A) The redundancy analysis (RDA) plot
computed on 488 kinetoplastid swarms from 201 photic sam-
ples, using nineteen environmental predictor variables after
selection and two biological predictor variables (richness and
relative abundance of kinetoplastids). The adjusted R-
squared of the analysis is of 0.1854501 (0.2709778

unadjusted). Samples are represented by dots coloured
according to geographical regions and depth zone for non-
polar samples. Arrows correspond to the predictor variables.
(B) The redundancy analysis (RDA) plot computed on
233 kinetoplastid swarms from 35 Tara mesopelagic sam-
ples, using eleven environmental predictor variables after
selection and two biological predictor variables (richness and
relative abundance of kinetoplastids). The adjusted R-
squared of the analysis is of 0.2191754 (0.517726
unadjusted). Samples are represented by dots coloured
according to biogeographical provinces. Arrows correspond
to the predictor variables.

Fig. S7. Impact of environmental variables on the community
structure of kinetoplastid from Arctic dataset (A), from Medi-
terranean samples (B), and samples with oxygen concentra-
tion below 5 mg/l (C). (A) The redundancy analysis (RDA)
plot computed on 78 kinetoplastid swarms from 37 Arctic
samples, using six environmental and two biological (rich-
ness and relative abundance of kinetoplastids) predictor vari-
ables. The adjusted R-squared of the analysis is of
0.3059302 (0.4601679 unadjusted). Samples are represen-
ted by dots coloured according to latitude and depth. Arrows
correspond to the predictor variables. (B) The redundancy
analysis (RDA) plot computed on 152 kinetoplastid swarms
from fifteen new Adriatic samples and 34 Tara Oceans Medi-
terranean samples (separated by the bold line), using six
environmental and two biological (richness and relative
abundance of kinetoplastids) predictor variables. The
adjusted R-squared of the analysis is of 0.3032702
(0.4193918 unadjusted). Samples are represented by dots
coloured according to longitude. Two or more samples com-
ing from a single sampling site are connected by a line.
Arrows correspond to the predictor variables. (C) The redun-
dancy analysis (RDA) plot computed on 223 kinetoplastid
swarms from 30 samples with oxygen concentration below
5 mg/l, using six environmental and two biological (richness
and relative abundance of kinetoplastids) predictor variables.
The adjusted R-squared of the analysis is of 0.2901564
(0.4859754 unadjusted). Samples are represented by dots
coloured according to depth zones and oxygen concentra-
tion for mesopelagic samples. Arrows correspond to the pre-
dictor variables.
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