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ABSTRACT

East African Great Lakes are old and unique natural resources heavily utilized by their bordering countries. In those lakes,
ecosystem functioning is dominated by pelagic processes, where microorganisms are key components; however, protistan
diversity is barely known. We investigated the community composition of small eukaryotes (<10 um) in surface waters of
four African Lakes (Kivu, Edward, Albert and Victoria) by sequencing the 18S rRNA gene. Moreover, in the meromictic Lake
Kivu, two stations were vertically studied. We found high protistan diversity distributed in 779 operational taxonomic units
(OTUs), spanning in 11 high-rank lineages, being Alveolata (31%), Opisthokonta (20%) and Stramenopiles (17%) the most
represented supergroups. Surface protistan assemblages were associated with conductivity and productivity gradients,
whereas depth had a strong effect on protistan community in Kivu, with higher contribution of heterotrophic organisms.
Approximately 40% of OTUs had low similarity (<90%) with reported sequences in public databases; these were mostly
coming from deep anoxic waters of Kivu, suggesting a high extent of novel diversity. We also detected several taxa so far
considered exclusive of marine ecosystems. Our results unveiled a complex and largely undescribed protistan community,
in which several lineages have adapted to different niches after crossing the salinity boundary.
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INTRODUCTION and Victoria, the second largest freshwater in the world (Ogutu-
Ohwayo et al. 1997). These African Great Lakes provide essential
ecosystem services to their bordering populations, like water
supply, fisheries, recreation and tourism (Cohen, Kaufman

The East African Rift valley harbors some of the world’s largest
lakes, such as Lakes Tanganyika, Malawi, Edward, Albert, Kivu
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and Ogutu-Ohwayo 1996; Odada et al. 2003). Some of them are
among the oldest freshwater systems in the world, displaying
an array of limnological and biological features, ranging from
productive waters to extremely oligotrophic systems (Bootsma
and Hecky 1993; Loiselle et al. 2014; inceoglu et al. 2015). They
have attracted biologists from the beginning of the 19th century
for their very large vertebrate and invertebrate biodiversity, with
for instance hundreds of endemic fish species (e.g. Brooks 1950;
Fryer and Iles 1972; Seehausen et al. 1997). Large tropical lakes
differ from the temperate ones mainly by the so-called endless
summer (Kilham and Kilham 1990), with high temperatures
throughout the year. Due to their large size, ecosystem function
is dominated by pelagic processes, where microorganisms are
key components (Descy and Sarmento 2008). However, the high
human population density inhabiting near the coast generates
high resource exploitation, pollution, species introduction and
eutrophication, which together with climate change impacts,
alter lake biological diversity and function (Hecky and Bugenyi
1992; Bootsma and Hecky 1993; Otu et al. 2011).

Although they share common characteristics, the African
Great lakes display a variety of limnological conditions, which
have to be taken into account for understanding their function-
ing and predicting their future, including their response to cli-
mate and other anthropogenic influences (Bootsma and Hecky
1993; Odada et al. 2003). In general, environmental heterogene-
ity produces community differences in water bodies, important
structuring abiotic factors on the local scale being tempera-
ture, light, depth, pH, conductivity and nutrients, among oth-
ers (Wu et al. 2009; Weisse et al. 2016). In particular, the deep-
est lakes (Tanganyika, Malawi and Kivu) are meromictic. As
opposed to the shallower lakes (Victoria, Edward and Albert),
which are holomictic, they never experience complete mixing
of the water column, due to their great depth and the existence
of a salinity gradient, separating the oxic surface waters (the
mixolimnion) from the permanently anoxic deep waters (the
monimolimnion). Because they have a chemocline with a redox
gradient at the transition between the surface and deep waters,
meromictic lakes have many ecological niches for microbial
communities (Oikonomou, Pachiadaki and Stoeck 2014; Lepere
et al. 2016). The anoxic and saline waters below the surface lay-
ers create another extreme environment (Charvet et al. 2012).

Lake Kivu is of particular interest because the vertical mix-
ing and transport processes are different from most other
large lakes in the world (Schmid and Wiiest 2012). The oxic
mixolimnion responds to the same atmospheric forcing as the
other Rift lakes, with a relatively weak thermal stratification.
On the other hand, the deep waters display a unique structure
because they receive heat, salts and CO, from deep geothermal
inflows, which increase the salinity, nutrients and methane con-
centrations (Schmid et al. 2002; Borges et al. 2011). The lake also
shows significant spatial heterogeneity, as differences in the ver-
tical structure of the water column between the Northern and
Southern basins have been observed (Morana et al. 2015; Roland
et al. 2017).

Single-celled eukaryotes (protists) are key for ecosystem
functioning (Sherr and Sherr 1988). Autotrophs are the main
carbon fixers in aquatic environments, whereas heterotrophs
promote nutrient cycling by consuming bacteria and picophy-
toplankton, being also crucial in determining the transport of
organic matter to higher trophic levels (Pomeroy 1974; Boenigk
and Arndt 2002; Stenuite et al. 2009). Moreover, parasitic protists
influence community dynamics of larger eukaryotic hosts (Wor-
den et al. 2015). Several authors have observed that carbon trans-
fer through this microbial food web to higher trophic levels is

significantly more important in oligotrophic than eutrophic sys-
tems (Porter et al. 1988; Weisse et al. 1990; Domingues et al. 2017),
as suspected by Hecky et al. (1981) and demonstrated by Pirlot
et al. (2005) and Tarbe et al. (2011a) in Lake Tanganyika and Kivu
(Sarmento et al. 2008). Nevertheless, due to the large number of
interactions between planktonic components in the most pro-
ductive systems, this trend is still under debate (Fermani et al.
2015; Xiong et al. 2021).

Over the last decades, studies of eukaryotic microbial com-
munities in freshwater systems through molecular analysis
have increased (Simon et al. 2014; Schloss et al. 2016; Debroas
et al. 2017; Annenkova, Rodriguez-Giner and Logares 2020).
Recently, two analyses across diverse habitats including fresh-
water, marine and soils, revealed clear differences in the taxo-
nomic composition of the major protistan lineages as well as
a higher g-diversity in freshwater than in the other systems
(Singer et al. 2021; Xiong et al. 2021). Despite their crucial eco-
logical roles, protist assemblages are barely known in African
lakes (e.g. Tarbe et al. 2011b; Llirds et al. 2012), although they
harbor an important part of the world biodiversity heritage (see
e.g. Vadeboncoeur, Mcintyre and Vander Zander 2011), and habi-
tats with oxygen gradients have received very little attention
(e.g. Tarbe et al. 2011b; Oikonomou, Pachiadaki and Stoeck 2014;
Lépere et al. 2016).

Taking into account their importance in food webs and
in order to fill these gaps, our first aim was to describe the
small eukaryote (<10 um) assemblage in four East African Great
Lakes (Edward, Albert, Victoria and Kivu) using high-throughput
amplicon tag pyrosequencing of the V4 region of the 18S rRNA
gene. Because of their ancestry, these lakes might be able to sup-
port a high rate of endemism (e.g. Cichlids); therefore, we expect
to find a high degree of potential novel diversity. Further, our
second goal was to compare the surface layers of Lakes Edward,
Albert, Victoria and two basins of Kivu (the main basin, which is
the most exposed to the winds, and the southern basin, which is
more wind protected) and to determine the main drivers shap-
ing the structure of communities. Although these freshwater
systems share common characteristics (same geological forma-
tion, tropical, large and old lakes), we hypothesize that their
protist community may differ, due to morphological, physical
and chemical differences among lakes. Moreover, considering
the unique characteristics of Lake Kivu, our third objective was
to compare the eukaryote microbial composition over a vertical
profile in the redox gradient at two sites: Gisenyi (northern basin)
and Ishungu (southern basin). We hypothesize that both sites
exhibit a dissimilar protistan assemblage, due to the physical-
chemical differences of the redox gradient. In turn, we expect to
find a high and barely known diversity, especially in the deepest
areas where the conditions are extreme.

MATERIALS AND METHODS
Study sites

East African Great Lakes are located between 4°35'N and 14°30'S
of latitude, covering 2100 km north-south distance (Spigel and
Coulter 1996). The region has a tropical climate with a bimodal
distribution in rainfall, which defines two seasons: a dry sea-
son with south-eastern dominant winds (from June to Septem-
ber) and a rainy season (from October to May), calmer and
warmer (Descy and Sarmento 2008). Some of the main lakes
in the region are Kivu, Edward, Albert and Victoria (Fig. 1A).
Each one is situated in a different hydrological basin differing
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Figure 1. (A) Map of East African Great Lakes sampled during rainy season. The left panel shows the four lakes amplified: Albert, Edward, Victoria and the two basins
of Kivu: Ishungu and Gisenyi. Black circles indicate sampling sites. (B) Percentage total of protist high-rank supergroups found in East Great African Lakes. Total
operational taxonomic units (OTUs; n = 779); Total OTUs Novelty (n = 316). Star symbols denote taxa that were considered as supergroups in the recent classification
based on new phylogenetic analyses, and circles show taxa that are still without a clear resolution (Burki et al. 2020).

in catchment dynamics, human impacts and limnological char-
acteristics (Table 1) (Odada et al. 2003; Descy and Sarmento 2008;
Morana et al. 2014).

Sampling

Samples for limnological and biological parameters were col-
lected during the rainy season in the pelagic zone of four lakes.
Meromictic Lake Kivu (K) was sampled in February 2012 at two
different sites: Ishungu (I) and the main basin of Gisenyi (G),
located in the southern and northern part of the lake, respec-
tively (Fig. 1; Table 1). Kivu samples were taken between 0 and
80 m depth, at intervals of 5 m (to cover the whole gradient of
oxygen concentrations). Lakes Edward (E), Albert (A) and Vic-
toria (V) were sampled in May 2012. They are shallower than
Lake Kivu, holomictic and chlorophyll-a (Chl-a) concentrations
are usually higher in their mixed layer (7.5, 20 and 15 m, respec-
tively) (Morana et al. 2014). Based on in situ observed vertical
profiles of temperature and oxygen, the mixed-layer depth was
determined in each water body. Water samples were collected
every 5 m from the surface to the bottom of the mixed layer
using a 7-L Niskin bottle (Hydro-Bios, Apparatebau, Altenholz,
Germany) and were then pooled to obtain a representative sam-
ple of this layer.

Limnological profiles were obtained in each lake using a Yel-
low Springs Instruments (Ohio, USA) 6600 v2 multiparameter
probe. Water samples for chemical and microbiological analyses
were collected using a 7.5-L Niskin bottle and stored in 4-L plas-
tic containers for chemical analyses (except for CHy) and 2-L Nal-
gene plastic bottles for biological analyses. Filtrations were car-
ried out in the field; filters and water samples were kept frozen
until analyses in the laboratory.

Environmental variables

Water temperature (Temp), specific conductivity (Cond), depth
(Z), pH and oxygen concentration (DO) were obtained from
the limnological profiles. Total alkalinity (Alk) was carried out
by open-cell titration with HCl 0.1 M on 50 mL water sam-
ples (Morana et al. 2014). Ammonia (NH4") concentrations
were determined using the dichloroisocyanurate-salicylate-
nitroprussiate colorimetric method. Nitrite (NO,") was calcu-
lated by the sulfanilamide coloration method, while nitrate
(NO37) was determined after cadmium reduction to NO,~ and

quantified following the sulfanilamide coloration method (Llirés
et al. 2010). NO, was calculated as the sum of NO,~ and NOs~,
whereas DIN (dissolved inorganic nitrogen) was equivalent to
NH4;" + NOy~ + NOs™. Soluble reactive phosphorus (SRP) was
determined using the molybdenum blue method (APHA 1992).
Dissolved methane (CHs) concentrations were measured by
a headspace technique (Weiss 1981) using gas chromatogra-
phy with flame ionization detection (GC-FID, SRI 8610C), as
detailed by Borges et al. (2011). Chlorophyll-a (Chl-a) concentra-
tions were determined by high-performance liquid chromatog-
raphy (HPLC). Three liters of water were filtered on a Macherey-
Nagel GF-5 filter (nominal porosity of 0.4 mm). Pigment extrac-
tion from the filters was carried out in 10 mL of 90% HPLC
grade acetone. After two sonication steps of 15 min separated
by an overnight period at 4°C, the extracts were stored in 2 mL
amber vials at 25°C. HPLC analysis was performed following the
method described in Sarmento, Isumbisho and Descy (2006) with
a waters system comprising a photodiode array and fluores-
cence detectors. Calibration was made using commercial exter-
nal standards (DHI Denmark Lab Products). Precision for Chl-a
measurement was better than +7%. Additional information on
the analytical techniques and the data collected can be found in
Morana et al. (2014).

DNA extraction, amplification of the 18S rRNA gene
and pyrosequencing

Approximately 500 mL of surface mixed-layer water for DNA
extraction from Edward, Albert and Victoria was prefiltered
through 10-pm pore-size membranes (ISOPORE, Millipore, MA)
and cells were collected onto 0.8-pum pore-size filters (ISOPORE,
Millipore, MA). Moreover, based on the physical and chemical
data, six depths of each site of Kivu (I and G) were chosen to
analyze the diversity of microbial eukaryotes: I-5, I-15, I-30, I-
45, 1-50 and 1I-70 m and G-5, G-15, G-25, G-30, G-35 and G-70
m. In these cases, 1000 mL of water was passed through 5-pum
pore-size filters (ISOPORE, Millipore, MA) and planktonic cells
were collected onto 0.2- um pore-size membranes (ISOPORE, Mil-
lipore, MA). Each filter was placed in a cryovial contained 1.7 mL
of lysis buffer (50 mM Tris, 40 mM EDTA and 0.75 M sucrose) and
stored at -80°C until DNA extraction.

DNA was extracted from filters following the phenol-
chloroform-isoamyl alcohol protocol. In brief, filters were
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Table 1. Main geographical and limnological characteristics of East African Great Lakes.

Lake Kivu Ishungu (I) Kivu Gisenyi (G) Edward (E) Albert (A) Victoria (V)
Coordinates 02°16'S, 28°59'E 01°47'S, 29°12'E 00°12'N, 29°49'E 01°98'N, 31°16'E 00°39'N, 33°16'E
Altitude (msnm) 1463 1481 928 620 1151

Lake area (km?) 2322 (main lake) 2322 (main lake) 23252 53002 68800?
Maximum depth (m) 160° 440P 1172 582 792
Mean euphotic depth 1% (m) 18 (main lake)? 18 (main lake)? 13?2 12° 92
Mixing regime Meromictic Meromictic Holomictic Holomictic Holomictic

2Morana et al. (2014).
bPasche et al. (2009).

incubated with Lysozyme (1 mg mL~! final concentration) at
37°C for 45 min while slightly shaken. In addition, Proteinase
K (0.2 mg mL-?) and sodium dodecyl sulfate (10% final concen-
tration) were added and tubes were incubated at 55°C for 1 h
while slightly shaken. The resulting lysate underwent two steps
of phenol-chloroform-isoamyl alcohol (25:24:1) extraction: the
phenol mixture was spin 10 min at 12 000 rpm. Then, one extract
of equal volume of chloroform-isoamyl alcohol (24:1) was spin
during 10 min at 12 000 rpm. After the last centrifugation step,
the aqueous phase was collected, concentrated in an Amicon
Ultra unit (Millipore) and washed with sterile deionized water.
The total DNA extract was quantified using a Nanodrop-1000
spectrophotometer (Thermo Scientific) and stored at -80°C until
further analysis (Casamayor et al. 2002; Massana et al. 2004).

The microbial eukaryote diversity was assessed by high-
throughput sequencing the 18S rRNA gene. The eukaryotic uni-
versal primers TAReuk454FWD1 (5'-CCAGCASCYGCGGTAATTC
C-3') and TAReukREV3 (5'-ACTTTCGTTCTTGATYRA-3') (Stoeck
et al. 2010) were used to amplify the hypervariable V4 region
(~380 bp). The primers included 454-specific adaptors, and the
forward primer also carried the barcode (Table S1, Supporting
Information). The procedures followed for PCR amplifications
were previously described in detail by Pernice et al. (2016). In
brief, we added 3.5 L (15 ng L) of genomic DNA to PCR tubes
containing dNTPs (0.2 mM), 1 pL of the primers R and F indi-
cated above at 0.5 mM and the Phusion High-Fidelity DNA Poly-
merase kit (Thermofisher) following the manufacturer’s recom-
mendations in a final volume of 20 uL. Reactions were carried
out in an automated thermocycler with the following cycle: ini-
tial denaturation step at 98°C for 3 min, followed by 30 cycles of
denaturation at 98°C for 35 s., annealing at 51°C for 40 s., exten-
sion at 72°C for 45 s; and a final extension at 72°C for 10 min.
Amplicons were checked in a 1.5% agarose gel for successful
amplification. Due to low amount of DNA found, some samples
(G-70, I-50, I-70 and E) were precipitated with ethanol-sodium
acetate and resuspended in 13 L of sterile water. PCRs were per-
formed with 15 L of PCR mix, 4 L of the environmental DNA
and 1 uL of Primer specific for 454-pyrosequencing. Triplicate
amplicons were pooled, purified and quantified using the Qubit
dsDNA broad-range (BR) assays (Invitrogen). About 10 ng pL™
(30 pL final volume) of PCR product were sent to the Research
and Testing Laboratory (Lubbock, TX, USA; http://www.research
andtesting.com) for sequencing using 454 GS FLX (Roche-454 Life
Sciences, 454 Life Sciences, Branford, CT, USA) with Titanium
chemistry.

Processing 454 sequences

Pyrosequencing data generated from the 454-sequencing runs
were processed using QIIME (Caporaso et al. 2010). We obtained
145236 sequences (pyrotags), which were demultiplexed using

the barcode identifier in the forward primer. Pyrotags were
between 150 and 600 bp long and those that were selected had
no more than four mismatches in the primer and no homopoly-
mers longer than 8 bp. For quality check, errors were computed
in sliding windows of 50 bp and pyrotags containing a win-
dow with an error >1% and appearing only once in the dataset
were removed. After eliminating possible PCR and pyrosequenc-
ing errors, a total of 117432 reads from the 15 samples were
left, which were denoised with DeNoiser and clustered into
OTUs (operational taxonomic units) with UCLUST (99% simi-
larity threshold) (Edgar et al. 2011). OTUs were taxonomically
assigned using PR2 (version 4.13.0) database (Guillou et al. 2013).
OTUs were assigned to a given group when its representative
sequence had a BLAST hit with an e-value below 1071 against
a reference sequence. Chimera check and removal was per-
formed using the SILVA 108 reference database (Quast et al. 2013)
within the MOTHUR program (Schloss 2008). The commands
‘align.seqs’ and ‘chimera.slayer’ were used (Haas et al. 2011)
and Archaea, Bacteria and Metazoa sequences were eliminated.
After removing singletons, doubletons, 1003 OTUs with No Blast
Hit (related to sequencing errors) and the sample G-30 (because
ithad <1000 reads), the final out table included 86 463 reads from
14 samples distributed among 779 OTUs.

Raw data was deposited at the European Nucleotide
Archive public database under the following accession number:
PRJEB42983.

Novelty analysis

To determine the degree of ‘novelty’ of the OTUs, the sequences
were aligned to the NCBI database using BLASTN, with default
parameters. Then we obtained the similarity of the first best hit
corresponding to a cultured organism or to an environmental
sequence, to assign the closest cultured match (CCM) and the
closest environmental match (CEM), respectively (Massana et al.
2011; Triad6-Margarit and Casamayor 2012). After examining the
averaged identity values for all sequences into separate taxo-
nomic groups, both similarity values (CCM and CEM) were plot-
ted in a 2D dispersion graph, giving the degree of ‘novelty’ of
the dataset. OTUs with high percentages of CEM indicate that
they are similar to sequences obtained in other environmen-
tal surveys, and those with low CEM similarity highlight true
novel diversity detected here. Likewise, points with high CCM
similarity indicate that sequences are close to cultured organ-
ism’s sequences, whereas dots with low CCM similarity high-
light environmental sequences with no cultured counterpart.
Finally, for each plot we defined ‘the highest novelty’ as the area
of the plot that contained OTUs with <90 or 95% (depending the
supergroup) similarity to both CEM and CCM (del Campo and
Massana 2011).
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Table 2. Main physical, chemical and biological variables of East African Great Lakes in surface mixed-layer waters.

Lake Kivu Ishungu (I) Kivu Gisenyi (G) Edward (E) Albert (A) Victoria (V)
Temperature (°C) 24.10 24.30 26.60 27.90 25.10
pH 9.50 8.40 9.10 8.90 8.30
Conductivity (uS cm™) 1155.00 1085.50 849.20 640.70 95.00
Alkalinity (nmol Kgt) 12.70 12.70 8.20 5.80 0.80
DO (mgL™) 5.70 7.50 7.60 8.50 7.20
DIN (uM) 0.36 0.13 242 2.74 3.88
SRP (uM) 0.20 0.20 0.43 0.19 0.82
Chl-a (ugL™) 2.10 2.10 9.90 5.90 6.00
Trophic State (TSI) Oligotrophic Oligotrophic Meso-eutrophic Mesotrophic Mesotrophic

DO, dissolved oxygen; DIN, dissolved inorganic nitrogen; SRP, soluble reactive phosphorus; Chl-a, chlorophyll-a.

Data analysis

The trophic status of the lakes was quantified by applying the
Trophic State Index (TSI) developed by Carlson (1977), using Chl-
a as a variable. Richness was evaluated by rarefaction analyses
as the estimated number of OTUs in each lake (Hurlbert 1971).
Rarefaction curves were constructed using ‘rarecurve’ function
of Vegan version 2.5-6 (Oksanen et al. 2019) and R 3.5 (http:
//cran.r-project.org). Therefore, the relative abundance of each
sample was resampled at the minimum sample size (n = 1064
and 1628 at superficial level and Kivu depths, respectively) with
the ‘rrarefy’ function, R package Vegan version 2.5-6 (Oksanen
et al. 2019). The «-diversity (i.e. Shannon_H and Simpson_1-D
indices, as well as Pielou’s evenness) was determined using the
Past 4.03 statistical package (Hammer 2016). Moreover, based on
similar studies, we defined abundant OTUs as those with a mean
relative abundance in all samples >1% (Logares et al. 2014; Du
et al. 2019; Annenkova, Rodriguez-Giner and Logares 2020).

To explore the environmental drivers shaping protistan com-
munities in surface mixed-layer waters and Kivu depths, we per-
formed multivariate analyses. Ordinations by detrended corre-
spondence analysis (DCA) indicated a linear distribution of the
data (ter Braak and Smilauer 1998). Then, a principal component
analysis (PCA with supplementary variables) was conducted on
microbial communities interpreting this variation with the help
of environmental variables, in order to add supplementary infor-
mation on the scatter plot for a better understanding of the
data (L&, Josse and Husson 2008). Supplementary variables were
transformed with y’ = In (y + 1) in order to use linear ordina-
tion methods (ter Braak 1987). Variables characterized by high
inflation factors were then dismissed. Since the microbiome
data sets are compositional, they were not transformed and the
PCA was the most accurate analysis representing the relation-
ships between the eukaryotic microorganisms and the distances
between samples on a common plot (Gloor et al. 2017). Multivari-
ate analysis was performed using the CANOCO 5 software (ter
Braak and Smilauer 1998).

Phylogenetic exploration of ‘novel’ diversity in Lake
Kivu

According to ‘Novelty analysis’, Alveolata and Stramenopiles
were two of the supergroups that showed the highest numbers
of novel OTUs. Thereby, OTUs belonging to those lineages in
Lake Kivu were classified phylogenetically. First, we performed
a reference alignment using the sequences from Mahé et al.
(2017) reference tree and the best hit from each OTU obtained
by the taxonomic assignment explained before. The alignment
was performed using MAFFT version 7.453 (Katoh et al. 2002;

Katoh and Standley 2013) with the E-INS-i algorithm and revised
with Geneious version 9.0.5 (Wwww.geneious.com). After obtain-
ing a reference alignment, the OTUs sequences were added
with the function -addfragments from MAFFT. The final align-
ment was trimmed automatically using TrimAl version 1.4.rev22
(Capella-Gutierrez, Silla-Martinez and Gabaldon 2009) with -
gt 0.3 and -st 0.001 parameters. We inferred the maximum-
likelihood tree using IQ-Tree version 1.6.12 (Nguyen et al. 2015)
with 1000 bootstrap replicates for SH-aLRT. The best model
selected automatically by IQ-Tree was GTR+F+R10 (Nguyen et al.
2015; Kalyaanamoorthy et al. 2017). The final phylogenetic tree
was visualized and annotated using Itol (Letunic and Bork 2019)
and inkscape (https://inkscape.org/).

RESULTS
Environmental parameters

The East African Great Lakes displayed some remarkable differ-
ences in lake area, water depth, physical, chemical and biologi-
cal parameters (Tables 1 and 2).

Surface mixed-layer waters

During the sampled period, the trophic status of these water
bodies varied from meso-eutrophic systems (Lake Edward) to
less productive waters (Lake Kivu). Water temperatures were
typical of tropical lakes (24.1°C at Ishungu-27.9°C in Lake Albert),
whereas DO values ranged from 5.7 mg L™! in Ishungu to 8.5 mg
L1 in L. Albert. Moreover, a wide range of conductivity val-
ues was observed, L. Kivu being up to two orders of magnitude
higher than the other lakes (95 puS cm™ at Victoria, 1155 pS cm™
at Ishungu) (Table 2).

Vertical profile in Lake Kivu

Lake Kivu profiles were characterized by a vertical gradient of
several physical and chemical parameters, some of which dif-
fer between basins (Fig. 2). In general, surface waters displayed
high DO but low nutrients concentrations; while CHs and con-
ductivity grew gradually with depth, whereas pH decreased over
the first 80-m depth, more drastically in Ishungu. The low mix-
ing regime during the rainy season allowed the establishment
of the epilimnion, with a mixed-layer depth that varied between
15 m in Ishungu to 25 m depth in Gisenyi (the main basin). This
basin showed a steep oxycline from 25 to 40 m depth (transi-
tion zone), whereas the DO concentration profiles in Ishungu
decreased more smoothly, with an oxycline extending from 15
to 50 m depth. Anoxic waters were detected from 45 and 55 m,
in Gisenyi and Ishungu, respectively (Fig. 2A and B). NOy (NO,~
+ NO;3") concentrations were low throughout most of the water
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column for both basins, but an accumulation occurred in the
oxic-anoxic transition zone with a peak at 35 m in Gisenyi (2.3
puM) and 45 m in Ishungu (9.6 pM) (Fig. 2C and D).

Overall composition of protist communities

Across the 14 samples, we obtained a total of 86 463 quality-
filtered sequences, derived from a variable sequencing effort
among samples that ranged from 1064 sequences in Lake Victo-
ria to 15 105 Ishungu at 15 m. These reads were grouped in 779
OTUs at 99% sequence identity. Rarefaction curves of OTU rich-
ness for each lake and depth indicated that some samples did
not reach saturation, suggesting insufficient sequencing depth
to capture all protist diversity (Fig. S1A and B, Supporting Infor-
mation).

Total reads were spread among eleven high-rank super-
groups or protistan lineages and grouped in 57 eukaryotic groups
or classes. Most of the sequences were affiliated to Alveolata
(31% OTUs, 44% reads), Opisthokonta (20% OTUs, 8% reads)
and Stramenopiles (17% OTUs, 10% reads), while unclassified
eukaryotes (Eukaryota) (3% OTUs, 0.6% reads), Amoebozoa (1%
OTUs, 0.5% reads) and Telonema (0.3% OTUs, 0.09%) were the
least represented (Fig. 1B). In terms of numbers of groups,
the most diverse was Stramenopiles (15 groups), with Chryso-
phyceae displaying the highest percentage of OTUs (45%), fol-
lowed by Alveolata (9 groups), dominated by Ciliophora (54% of
OTUs) and Opisthokonta (8 groups), dominated by Basal_Fungi
(47%), which comprises a diverse group of heterotrophic, sapro-
phytic and parasitic organisms such as Microsporidiomycota
and Chytridiomycota (Fig. S2, Supporting Information).

Potential ‘novel’ diversity

Approximately 40.6% of OTUs (15.5% reads) displayed low CCM
and CEM similarity (<90 or <95%, depending on the supergroup)
with reported sequences in public databases (Fig. 3). Alveolata
(38% OTUs, 35% reads), Opisthokonta (16% OTUs, 15% reads)
and Stramenopiles (10% OTUs, 15% reads) showed the high-
est ‘novel’ diversity (Fig. 1B). Among alveolates, 29% of OTUs
affiliated more closely with Ciliophora, within Opisthokonta,
18.7% of OTUs were associated with Choanomonada, whereas
among Stramenopiles, 13% of OTUs were more closely affiliated
to Chrysophyceae.

Protist communities in surface mixed-layer waters

The «o-diversity indices differed in surface mixed-layer of East
African Great Lakes (Table 3). L. Victoria displayed the most
dissimilar values. Protists OTUs richness ranging from 96 in L.
Kivu off Gisenyi to 125 in L. Victoria. Similarly, the main basin
of L. Kivu had the lowest and highest diversity values, respec-
tively (inverse Simpson index: 0.85-0.93, Shannon index: 2.97-
3.59; respectively). While the evenness ranged from 0.17 in L.
Edward to 0.29 in L. Victoria.

The number of reads varied widely, with the lowest num-
ber in L. Victoria (1064) and the highest in L. Edward (13129)
(Fig. S1A, Supporting Information). In order to compare the
microbial eukaryote composition among all lakes, we standard-
ized the samples at the smallest number. The standardized
dataset resulted in an overall number of 5320 reads. The rel-
ative numbers of reads of taxonomic groups varied between
lakes; however, reads affiliated to Alveolata (mean 40.4%), Cil-
iophora (mean 23%) and Dinoflagellata (mean 17.7%) being the
most abundant, followed by Cryptista (mean 30.8%), mainly
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Cryptomonadales (mean 26.2%), accounted for the majority of
sequences in all lakes (Fig. 4A). Amoebozoa being found in I-
5 (0.28%) and V (0.09%), while only 2 OTUs more closely affili-
ated to Telonema were detected only in E (0.17%). Those were
the least abundant supergroup (not displayed in the figure). On
average, 12.7% of reads were considered ‘novel’ in the surface
mixed-layer waters.

Considering the most abundant OTUs (OTUs > 1%), only
14 (66.7% of total reads) were dominant (Fig. S3A, Support-
ing Information). Lakes Albert and Victoria, following by L.
Edward had a similar composition in the proportion of eukary-
otes, whereas both basins of L. Kivu differed in their protistan
assemblage. Ishungu was characterized by the dominance of
OTU_620, affiliated closely to Cryptomonadales, while Gisenyi
for the occurrence of OTU_1404 (Dinoflagellata). The potential
‘novel’ OTU.1814 affiliated to Cryptomonadales with 86.7% of
similarity (representing 6.6% of the total reads) was observed in
different proportions in all lakes.

Multivariate analysis conducted on microbial eukaryote
communities showed a segregation of lakes at the surface level
(Fig. 4B). The PCA plot over the first two axes (70.5% of total
variation) revealed L. Kivu as the most dissimilar, with the two
sites separated from the rest of the water bodies. The first axis
explained 40.55% of total cumulative variation and it was mainly
associated positively with altitude (r = 0.87), maximum depth (r
=0.71) and conductivity (r = 0.59), and negatively with Chl-a (r =
-0.94), DIN (r = -0.84), temperature (r = -0.83), DO (r = -0.63) and
SRP (r = -0.44). The second axis (29.93% of total variance) was
related mainly by conductivity (r = 0.48). The PCA showed a pos-
itive association between the variables SRP, DIN and Chl-a and
the lakes Albert and Victoria, suggesting productive systems.
These lakes displayed the most similar community structure
distinguished by the presence of Diplonema and MALVs (marine
alveolates), as well as a large number of Chrysophyceae and
Kinetoplastida, among others. Diversity in L. Edward was mainly
explained by Chl-a and showed a diverse microbial eukaryote
community. On the other hand, L. Kivu was associated with
higher values of conductivity, depth and altitude. In particular, at
Ishungu a more heterotrophic community was found, including
fungi and parasites, while Gisenyi displayed a higher abundance
of MASTs (marine Stramenopiles), Charophytes and Dinoflag-
ellates. Further, only 18 OTUs were shared by all the freshwa-
ters systems, most of them being abundant (61.1% of reads)
(Fig. 4C), with ciliates and Cryptomonadales as the most repre-
sented (27.7% of the total). In fact, ~64% of the OTUs observed
in the surface mixed-layer waters was specific to a single lake.

Vertical profiles of Lake Kivu’s protist communities

In L. Kivu, the normalized dataset resulted in an overall num-
ber of 17 908 reads in 11 separate samples, corresponding to 544
OTUs. The southern part of the lake (Ishungu) was more diverse
(Table 4), with higher values of «-diversity indices at 70 m (Rich-
ness: 216, inverse Simpson index: 0.98, Shannon index: 4.45,
Evenness: 0.40).

Most OTUs affiliated to Alveolata (mean 47.6%) and Cryp-
tista (mean 22.6%). Along the first 30 m of Ishungu, Cryptista
(40.3% of total reads) dominated, being Cryptomonadales (38.7%
of total reads) the most abundant group (Fig. 5A). After 45 m
depth, there was a change to a more heterotrophic protist com-
munity. At 45 m (I-45), 38.9% of reads corresponded to Dinoflag-
ellata (Alveolata) and 36.9% affiliated to diverse heterotrophic
groups; whereas in I-50 and I-70 Chrysophyceae (Stramenopiles)
appeared in greater proportion (18.3%). Conversely, in Gisenyi
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Figure 3. Novelty pattern derived from OTUs among supergroups. Dots represent the percentage of similarity with the CEM and the CCM for each OTU within each
supergroup. Bars represents abundance frequencies.

Table 3. ¢-Diversity indices of East African Great Lakes in surface mixed-layer protistan assemblages.

Kivu Ishungu Kivu Gisenyi
Sample (I-5) (G-5) Edward (E) Albert (A) Victoria (V)
Richness (OTUs numbers._S) 122 96 113 98 125
Diversity (Simpson 1-D) 0.91 0.85 0.88 0.92 0.93
Diversity (Shannon_H) 3.35 2.97 2.98 3.30 3.59
Evenness_e"H/S 0.23 0.20 0.17 0.27 0.29

Kivu Ishungu: 5 m (I-5) (0.2-5 um); Kivu Gisenyi: 5 m (G-5) (0.2-5 pm); Edward (E) (0.8-10 pm); Albert (A) (0.8-10 pm); Victoria (V) (0.8-10 um).
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Figure 4. Community structure and taxonomic composition of surface protistan assemblages in the four East Great African Lakes (two sites in Kivu). (A) Relative
proportion of reads within taxonomic groups. For a better interpretation, the graph was made with groups that presented >5 reads in all the samples. (B) PCA based
on microbial communities interpreting the variation with the supplementary physico-chemical parameters. Samples appear in solid red circle and each arrow points
in the direction of the steepest increase of the corresponding values. Taxonomic groups enriched in a given part of the plot are shown. Albert -A-, Victoria -V- and
Edward -E-: 0.8-10 um; I-5 and G-5 -Ishungu and Gisenyi at 5 m-: 0.2-5 pm. (Temp, water temperature; Cond, conductivity; Chl-a, chlorophyll a; DIN, dissolved inorganic
nitrogen; SRP, soluble reactive phosphorous; DO, dissolved oxygen; Depth, maximum depth). (C) Venn diagram showing OTUs shared by the five surface samples.
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Figure 5. Community structure and taxonomic composition of protistan assemblages over vertical profiles of Lake Kivu. (A) Ishungu and (B) Gisenyi. For a better
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Table 4. o-Diversity indices of Lake Kivu vertical protistan assemblages.
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Sample I-5 I-15 1-30 1-45 I-50 1-70 G-5 G-15 G-25 G-35 G-70
Richness (OTUs numbers_S) 133 146 117 146 149 216 104 150 120 110 207
Diversity (Simpson 1-D) 0.90 0.93 0.89 0.86 0.95 0.98 0.85 0.92 0.92 0.83 0.97
Diversity (Shannon_H) 3.31 3.54 2.92 3.30 3.67 4.45 2.94 3.84 3.23 2.73 4.13
Evenness_e"H/S 0.21 0.24 0.16 0.18 0.26 0.40 0.18 0.22 0.21 0.14 0.30

Ishungu: I-5, I-15, I-30, 1-45, I-50 and I-70. Gisenyi: G-5, G-15, G-25, G-35 and G-70.

the abundance of Alveolata gradually declined over the vertical
profile, being Dinoflagellata (mean 26.4%) and Ciliophora (mean
18.3%) the most important groups (Fig. 5B). The potential micro-
bial eukaryotic novelties were highest in deeper samples at both
sites (33.4% on average at 70 m).

Multivariate analysis revealed a great dissimilarity between
sites and depths (Fig. 5C). The PCA plot with supplementary vari-
ables accounted for 76.2% of the total variance. Axis 1 explained
45.7% and was positively related to Temp (r = 0.30) and nega-
tively to Chl-a (r = -0.38). Axis 2 explained 36.3% and was posi-
tively related to conductivity (r = 0.58) and negatively to DO (r =
-0.64) and Temp (r = —-0.46). Microbial eukaryote communities
were distributed according to physical-chemical parameters.
The shallower samples (up to 35 m) corresponding to the two
sites were distributed in the lower part of the diagram mainly
associated with higher temperatures, DO and Chl-a concentra-
tions. The deepest samples from Ishungu (I-50 and I-70) forming
a separate group in the upper left side of the plot mainly related
to high conductivity values; while I-45 were the most isolated,
more associated with high nitrate concentrations, presenting a
particular assemblage of microorganisms, many of which were
heterotrophic.

Taking into account the composition of most abundant OTUs
(OTUs > 1%), only 24 were dominant (62.5% of total reads), which
also differed between sites and depths (Fig. S3B and C, Sup-
porting Information). Usually, Ishungu displayed a more dissim-
ilar eukaryotic microbial community through depths. The firsts
30 m of this basin were dominated by the OTU_620 (Cryptomon-
adales); whereas OTU_1404 (Dinoflagellata) abounded in Gisenyi.
Besides, three ‘novel’ OTUs closely affiliated to Ciliates were also
noteworthy (OTU_452, OTU_394 and OTU-2540).

The ‘novel’ OTUs affiliating to Alveolates and Stramenopiles
in L. Kivu were explored by phylogeny. In total 327 sequences
were retrieved from NCBI and aligned to construct two refer-
ence alignments. OTUs affiliated to Alveolata (201 OTUs) and
Stramenopiles (98 OTUs) were added to the respective refer-
ence alignment for their phylogenetic classification. Most Stra-
menopiles OTUs were affiliated to Chrysophyceae (14 OTUs) and
Bicosoecida (9 OTUs), mostly observed at great depths in both
basins of L. Kivu (I-70 and G-70) (Fig. 6). The ‘novel’ OTUs 136,
917, 1941 and 2316, together with sequences from deep anoxic
marine environments (HM749941 and AB505560), were grouped
in a well-supported environmental cluster mostly observed in G-
70. ‘Novel’ Chrysophyceae OTUs were related to Clades C, F2, F1
and A, formed mostly by heterotrophic organisms from fresh-
water and marine environments. Furthermore, 6 ‘novel’ OTUs
were affiliated to MASTSs, 3 of which were grouped into MASTs
12 (OTU-1894 and 1644 to MAST-12C, OTU.1766 to MAST-12A),
2 OTUs were related to MAST 4/7 (OTU.1606 to MAST-7B and
OTU_693 to MAST-4A) and OTU_1445 was affiliated to MAST-3]
together with EU561853.2, a sequence from uncultured marine
eukaryote.

Among Alveolata (Fig. 7), 87 OTUs were classified as
‘novel’, most of them related to Ciliophora (56 OTUs) and
Dinoflagellata (19 OTUs). Dinoflagellate ‘novel’ OTUs were
mostly found at surface level (at 5 and 15 m), while most Cil-
iophora ‘novel’ OTUs were observed in deeper samples (I-50, I-
70 and G-70), highly supported by clades closer to Prostomatea
(Fig. 8). Moreover, a great diversity of ‘novel’ OTUs was related
to Oligohymenophorea and 15 OTUs affiliated to MALVs (Syn-
diniales). Among them, 4 to MALV-I, 10 to MALV-II and 1 to
MALV-III, (Table S2, Supporting Information); most of them were
observed with relative high abundance at I-70 and G-70 samples

(Fig. 7).

DISCUSSION

Despite the key role played by protists in aquatic ecosystems
(Sherr and Sherr 1988), their diversity and function is still
underestimated in freshwater (Schloss et al. 2016; Debroas et al.
2017), even more in meromictic lakes (e.g. Tarbe et al. 2011a;
Lepére et al. 2016), although they provide a high diversity of
niches along stratification gradients (Oikonomou, Pachiadaki
and Stoeck 2014). East African Lakes are extremely old and
their large biodiversity is supported by complex processes that
include potential endemic organisms (Seehausen 2006; Descy
and Sarmento 2008). Our study revealed a high and poten-
tial ‘novel’ diversity of small eukaryotes (<10 pum) in African
Great Lakes, associated with different physicochemical vari-
ables, especially in the meromictic Lake Kivu.

Limnological features of these lakes are similar to those pre-
viously reported (Sarmento et al. 2008; Pasche et al. 2009; Morana
et al. 2014). Although all systems are tropical, they differed
concerning abiotic parameters, catchment dynamics, human
impacts and food webs (Odada et al. 2003).

Protist communities are poorly known in African freshwa-
ters (Llirés et al. 2012). A high diversity was found in an ear-
lier study by Tarbe (2010) in surface waters of Tanganyika and
Kivu. Accordingly, a large number of protistan lineages or super-
groups were revealed in our work. Over the past decades, the
eukaryote Tree of Life has been divided into several supergroups
and multiple lineages of uncertain placement (Massana et al.
2011; Ortiz-Alvarez et al. 2018; Burki et al. 2020). The configura-
tion of supergroups varies constantly as more studies are con-
ducted. Recently, Burki et al. (2020) rearranged the ‘tree’ and the
term Hacrobia, previously described by Okamoto et al. (2009),
was split into Haptista and Cryptista, while Telonema became
part of TSAR. Phylogenomic analyses infer a Metamonada plus
Discoba clade corresponding to Excavata, and some recover
instead a specific relationship with the excavate group malawi-
monads. As these relationships are still uncertain, we describe
our results using the original term Excavata and we incorpo-
rate these new findings as the eukaryotic phylogeny progres-
sively resolves (Fig. 1B). Thereby, in African lakes, assemblages
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Figure 6. Phylogenetic tree and classification of stramenopile OTUs. From the phylogenetic tree, circles in red correspond to bootstrap support values >75%. Clusters
highlighted in orange correspond to environmental clusters that were formed by novel OTUs. The collapsed clusters were annotated with the number of OTUs followed
by the number of novel OTUs and the number of reference sequences (rs). The right panel shows the number of reads from each OTU in each sample from Ishungu
(I-5, I-15, 1-30, 1-45, I-50 and I-70) and Gisenyi (G-5, G-15, G-25, G-35 and G-70). The circles represent the presence of the OTU in the corresponding sample and the
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Figure 7. Phylogenetic tree and classification of Alveolata OTUs. From the phylogenetic tree, circles in red correspond to bootstrap support values >75%. Clusters
highlighted in yellow correspond to environmental clusters that were formed by novel OTUs. The collapsed clusters were annotated with the number of OTUs followed
by the number of novel OTUs and the number of reference sequences (rs). The right panel shows the number of reads from each OTU in each sample from Ishungu
(I-5, 1-15, 1-30, 1-45, I-50 and I-70) and Gisenyi (G-5, G-15, G-25, G-35 and G-70). The circles represent the presence of the OTU in the corresponding sample and the
values inside are the number of reads.
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Figure 8. Phylogenetic tree and classification of ciliate OTUs. From the phylogenetic tree, circles in red correspond to bootstrap support values >75%. Clusters high-
lighted in yellow correspond to environmental clusters that were formed by novel OTUs. The collapsed clusters were annotated with the number of OTUs followed by
the number of novel OTUs and the number of reference sequences (rs). The right panel shows the number of reads from each OTU in each sample from Ishungu (I-5,
1-15, 1-30, 1-45, I-50 and I-70) and Gisenyi (G-5, G-15, G-25, G-35 and G-70). The circles represent the presence of the OTU in the corresponding sample and the values

inside are the number of reads.

were dominated by Alveolata, Opisthokonta and Stramenopiles,
according to Tarbe (2010) and those reported from other fresh-
water systems (Triadé-Margarit and Casamayor 2012; Simon
et al. 2015; Ortiz-Alvarez et al. 2018). A recent study revealed
that phototrophs dominated in freshwaters, while parasitic taxa
represented roughly 15 to 20% of all sequences in marine and
soil ecosystems (Singer et al. 2021). Here, a large number of
heterotrophic phagotrophs and parasites organisms were also
found and our results more closely resemble those found in
Lake Baikal, the oldest lake in the world, as we will discuss

in detail below (Annenkova, Rodriguez-Giner and Logares 2020;
David et al. 2021).

Potential ‘novel’ diversity

A high percentage of potential ‘novel’ organisms was found,
since 40.6% of OTUs had low similarity with reported sequences
in public databases (Triadé-Margarit and Casamayor 2012;
Massana et al. 2015). Previous studies in some groups have
already shown that ‘novelty’ is larger in freshwater than in
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marine systems (del Campo and Massana 2011), probably due
to its heterogeneous abiotic parameters compared with the
relatively buffered conditions in the ocean (Singer et al. 2021). In
high mountain lakes, a high ‘novel’ protists, mainly for Rhizaria
and Opisthokonta supergroups, as well as Alveolata and Stra-
menopiles was reported (Triad6-Margarit and Casamayor 2012;
Ortiz-Alvarez et al. 2018). A high degree of ‘novelty’ has been
also found in picoeukaryotes from pampean lakes in Argentina
(Metz et al. 2019). The percentage found in our work is a slightly
greater than that recorded, likely explained by the fact that
freshwater tropical environments are undersampled (Llirds
et al. 2012; Sarmento 2012). Likewise, some groups could be
endemic, since in ancient lakes microorganisms could have had
time to diversify, as already reported for other species in these
lakes (Seehausen 2006) and for protists in Baikal (Annenkova,
Rodriguez-Giner and Logares 2020). The environmental hetero-
geneity and persistently extreme conditions might promote an
adapted specialist microbiota (Catalan et al. 2006). Regardless,
all these studies highlight that freshwater planktonic diversity
remains largely to be explored.

Protist community in surface mixed-layer waters

A high microbial diversity and richness in surface mixed-layer
waters was found, probably to a wide variation in the physical
and chemical properties (Debroas et al. 2017; Boenigk et al. 2018).
The eukaryote assemblage was dominated by Ciliophora and
Dinoflagellata, followed by Cryptomonadales (Fig. 4A; Fig. S3A,
Supporting Information), as reported in tropical and freshwaters
systems (Tarbe et al. 2011b; Kammerlander et al. 2015; Simon et al.
2016; Debroas et al. 2017). Usually, alveolate reads are found in
smaller fractions because they have a high copy number of the
SSU rRNA gene, that presumably break down and pass through
the filter (Dyal et al. 1995; Galluzi et al. 2004). Nevertheless, small
organisms were also observed under the microscope and the rel-
ative abundance of groups varied between lakes.

The mesotrophic lakes Albert and Victoria presented a simi-
lar eukaryote community structure. Among Discoba (Excavates),
Diplonemea and Kinetoplastida were distinguished. These two
heterotrophic flagellates are generally abundant in the sea, but
were recently reported in freshwaters (Boenigk, Wodniok and
Gliicksman 2015; Pernice et al. 2016; Mukherjee et al. 2019). In
particular, some groups previously thought to be exclusively
marine have been identified in the plankton of Lake Baikal
(David et al. 2021). In general, Excavata are very poorly repre-
sented when the V4 region is amplified (Obiol et al. 2020), there-
fore our abundances are likely to be underestimated. More-
over, MALV-], -II and -III, inhabiting frequently marine environ-
ments (Massana et al. 2011; de Vargas et al. 2015), were also
found. Those groups are extremely rare in freshwaters. However,
MALVs were recorded in a meromictic Arctic lake (Charvet et al.
2012) as well as in Baikal (Annenkova, Rodriguez-Giner and Log-
ares 2020; David et al. 2021). The potentially ‘novel’ OTU_1814,
closely affiliated to Cryptomonadales (86.7% of similarity), was
rather abundant in L. Victoria (Fig. S3A, Supporting Informa-
tion). On the other hand, L. Edward was associated with higher
Chl-a, temperature, DO and nutrient values in the PCA (Fig. 4B).
These characteristics support the growth of a large number of
microorganisms including aerobic and heterotrophic protists,
like Ciliophora and Cercozoa (Liu, Li and Chai 2021). In this
lake, within minority groups also highlights the small general-
ist Katablepharidae, which is usually found in low abundances
in lakes and oceans (Simon et al. 2015; Boenigk et al. 2018) and
Dictyochophyceae, almost exclusively marine photosynthetic
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algae, also found in lakes Taihu (Chen et al. 2008) and Baikal
(Annenkova, Rodriguez-Giner and Logares 2020). These organ-
isms possibly belong to Pedinellalaes, common in freshwaters
(Liu, Li and Chai 2021).

Both basin of Lake Kivu exhibited a dissimilar community
structure. Associated with high conductivity, scarce nutrients,
low temperature and Chl-a concentrations, the oligotrophic L.
Kivu harbors unique limnological conditions and particular pro-
tistan assemblages. Surface waters are usually colder than the
rest of the Rift lakes, as a consequence of its elevation (1463 m)
(Schmid et al. 2005). Ishungu is located in the smaller south-
ern basin, which is less exposed to winds and harbors a large
amount of Cryptomonadales. These mixotrophic flagellates can
survive under low light condition, allowing the exploitation of
oligotrophic environments (Oikonomou, Pachiadaki and Stoeck
2014; Boenigk, Wodniok and Gliicksman 2015). Here, the per-
centage of alveolates decreased to 24.5% and Perkinsidae (0.10%)
were detected. Opisthokonta reached 9.6%, being Ascomycota,
Basal Fungi, Ichthyosporea and Syssomonas the most abundant
groups. A large number of fungi were observed, in contrast
to temperate lakes (Lefévre et al. 2007; Lepere, Domaizon and
Debroas 2008) and the findings by Tarbe et al. (2011b) in Tan-
ganyika. Fungi is one of the most understudied microbial groups
in aquatic systems, therefore its distribution and role in fresh-
waters environments are largely unknown. Recently, Lepere et al.
(2019) found a high diversity in lakes and rivers, suggesting that
freshwater fungi have been undersampled. In addition, unlike
Tanganyika (Tarbe et al. 2011b), Bicosoecida were also regis-
tered. Ishungu is located in a bay close to the only outflow
through the Ruzizi River that discharges into Lake Tanganyika
(Sarmento, Darchambeau and Descy 2012). Its proximity and the
same trophic state between both lakes could suggest a simi-
lar protist assembly. Nevertheless, as food webs are different,
small eukaryotes communities seem to be specific, as found by
Tarbe (2010) with less than 11% of shared sequences. The ther-
mal stratification of the water column reduces nutrient supply in
the euphotic zone, which is generally shallower at Ishungu, lim-
iting phytoplankton growth (Descy, Darchambeau and Schmid
2012; Sarmento, Darchambeau and Descy 2012). All these char-
acteristics could favor mixotrophy, phagotrophy and parasitism
as a strategy of organisms to obtain energy in this site.

The deepest basin, Gisenyi, presented a dissimilar microbial
eukaryotic community compared with Ishungu. Conductivity
was higher in this site (Schmid et al. 2005; Olapade and Omitoyin
2012), favoring thecate organisms. Among most abundant taxa,
the OTU_2553 was related to a dinoflagellate (99.5% of similarity),
already found in Tanganyika (Tarbe et al. 2011b). Dinoflagellates
distribution is known to be influenced by light, temperature and
salinity, being commonly distributed in the sea as well as in large
freshwater bodies (Tarbe et al. 2011a; Khomich et al. 2017; Ortiz-
Alvarez et al. 2018). Amongless frequent groups, two Archaeplas-
tida (Chlorophyceae and Charophyceae) and two Stramenopiles
(Diatomea and MASTs) were detected. Chlorophyceae are a
very important group of algae in continental aquatic systems
(Khomich et al. 2017; Metz et al. 2019), but in terms of abun-
dance, they tend to be poorly represented in most African great
lakes (Tarbe et al. 2011b). Charophyta are structurally complex
green algae, frequently found in hard waters, like Baltic Sea
(Schubert and Blindow 2004) and in tropical brackish lagoons
impacted by humans (Palma-Silva, Albertoni and Esteves 2004).
Diatoms are among the major groups of photosynthetic organ-
isms, contributing to a large part of the Earth’s primary produc-
tion, inhabit a wide variety of environments (Verleyen et al. 2009)
and already observed by Sarmento, Isumbisho and Descy (2006).
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On the other hand, we found a few OTUs belonging to ‘typically
marine’ lineages MAST-3 and MAST-4 (Massana et al. 2004; Log-
ares et al. 2012), although some of them have already been regis-
tered in freshwaters (Charvet et al. 2012; Simon et al. 2014; Arroyo
et al. 2018).

Overall, the lakes showed a small eukaryote community
structure associated with conductivity values and productivity
gradients. A similar assemblage associated with the most pro-
ductive lakes Albert, Victoria and Edward was found in tem-
perate lakes (Lefranc et al. 2005; Simon et al. 2015). On the
other hand, differences between sites in the oligotrophic L. Kivu
seemed to be due to OTUs >1%, which generally contribute to
biomass production, as well as minor groups, that could regu-
late the functioning of aquatic habitats (Debroas, Hugoni and
Domaizon 2015; Du et al. 2019). Indeed, Ishungu presented a
more heterotrophic community, whereas the microbial food web
would be supported by autochthonous organic carbon sources in
Gisenyi.

How is the community structure along the depth
gradient in both basins of Lake Kivu?

The water column structure in L. Kivu is different from most
other large lakes in the world (Schmid and Wiiest 2012). Because
of their morphometry, the influence of the nearby volcanoes,
groundwater inflows and anthropogenic activities, both basins
differed in vertical abiotic parameters (Fig. 2) (Llirds et al. 2012;
inceoglu et al. 2015), providing different conditions for life
by microbial eukaryote communities down the water column.
These conditions were reflected in our study, with noticeable
differences between sites and depth, as demonstrated in an
Arctic meromictic lake (Charvet et al. 2012) and in Lake Baikal
(Annenkova, Rodriguez-Giner and Logares 2020).

The first 30 m of Ishungu were dominated by Cryptomon-
adales (~40% of the total reads), generalist taxa occurring in
many environmental conditions (Boenigk et al. 2018). Moreover,
we highlight the presence of Kinetoplastida, being OTU_1531
among the most abundant (Fig. S3B, Supporting Information).
This group is ecologically important because of their diverse
mode of feeding (Salani et al. 2012), containing many bacteriv-
orous (e.g. Bodo) as well as endoparasitic lineages (e.g. Try-
panosoma), who could infect fishes, with the consequent eco-
nomic losses (Corréa et al. 2016). Associated with different habi-
tats within marine and freshwater environments (Yubuki and
Leander 2018), Kinetoplastida were previously reported by Tarbe
etal. (2011a) in the epilimnion of Tanganyika and Kivu, and in our
study Trypanosoma spp. was detected with 85% of CCM similar-
ity. From 45 m depth down, microorganism’s diversity changes
abruptly to a more heterotrophic community (Table 4; Fig. S5A).
At 45 m depth, a NOy peak was recorded (Fig. 2C) and the oxic-
anoxic transition zone was dominated by the nitrite-oxidizing
Nitrospira (Inceoglu et al. 2015). Here, dinoflagellates (38.8% of
total reads) dominated, being OTU.1404 the most abundant
(Fig. S3B, Supporting Information). Below this zone (I-50 and I-
70), anoxic waters prevailed. Others studies have shown that a
diverse methanotrophic bacterial community was highly active
in these layers (Inceoglu et al. 2015; Morana et al. 2016), which
could support a complex assemblage of protists (Taylor et al.
2006; Llirds et al. 2012). Indeed, a greater diversity was found,
dominated by heterotrophic and mixotrophic organisms (Cili-
ates and Chrysophyceae), saprotrophic (Fungi), parasitic (Perk-
inzoa) and many other minor heterotrophic groups.

In the epilimnion of Gisenyi, the community structure was
dominated by dinoflagellates and ciliates. The decline of these
groups at 25 m could have been due to an increase of Perkin-
sidae, which reached 14% of total reads (Fig. 5B). Perkinsidae
was currently found in marine systems (Massana et al. 2015), but
many of them also began to be reported in freshwaters (Lefranc
et al. 2005; Ortiz-Alvarez et al. 2018), and also in the water col-
umn of L. Baikal (David et al. 2021). This parasitic group can infect
a wide variety of organisms. Parasites infecting protists as cili-
ates and dinoflagellates could directly influence the food web
(Lepére, Domaizon and Debroas 2008; Ortiz-Alvarez et al. 2018;
Cruaud et al. 2019). Thus, the high relative abundance found
specifically at this depth could imply the importance of para-
sitism in regulating these protists. As in Ishungu, a high percent-
age of ‘novel’ OTUS were found in the anoxic waters.

Overall, the protistan assemblages in both basins in Lake
Kivu were dissimilar, reflecting differences in abiotic parame-
ters along the depth profile. Studies in tropical and meromictic
lakes are scarce, therefore this work provides new insights into
these specific ecosystems. We revealed a high genetic diversity,
particularly in anoxic waters, as was already reported in marine
(Pernice et al. 2016; Zhao et al. 2017) and in some meromic-
tic systems (Oikonomou, Pachiadaki and Stoeck 2014; Lepére
et al. 2016). Photosynthetic algae can inhabit extreme environ-
ments, being able to survive as cysts (Lepére et al. 2016). However,
the community of the lower mixolimnion layers was composed
mainly by heterotrophic, mixotrophic and saprotrophic organ-
isms, highlighting their important role in the food web (Lepeére,
Domaizon and Debroas 2008). Furthermore, the extremely high
potential ‘novelty’ of taxa recorded in the deeper layers was
remarkable, particularly in Alveolata and Stramenopiles super-
groups. These taxa also showed a substantial proportion of
clones (10-20%; c. 162 sequences) with low relatedness with
any previously reported sequence in GenBank in Pyrenean lakes
(Triad6-Margarit and Casamayor 2012). Also, in a meromictic
lake, unclassified ciliate had highest representation at 29 m
(Charvet et al. 2012). Our results seem to be more closely similar
to those also found in L. Baikal, where also depth, and conse-
quently nutrients, light, temperature and DO had a strong effect
on the protistan assemblage, large size and longevity allowing
in situ evolution (Annenkova, Rodriguez-Giner and Logares 2020;
David et al. 2021).

Phylogenetic exploration of ‘novel’ diversity in Lake
Kivu

Lake Kivu hosted a great phylogenetic diversity with 280 OTUs
classified as ‘novel’. Chrysophyceae OTUs were related to clades
formed mostly by heterotrophic organisms from freshwater
and marine environments (del Campo and Massana 2011).
Bicosoecida, a common group in freshwater, was also found
in hypersaline systems (Debroas et al. 2017; Filker et al. 2017)
(Fig. 6). Most of them were related to freshwater reference
sequences and distributed at different depths. OTU.69 and
OTU_1968 were distantly related to Cafeteria, a common marine
genus; however, they present a low similarity to their ref-
erence sequence (<90%). Moreover, ‘novel’ Ciliophora OTUs
were many and diverse at great depths (I-50, I-70 and G-
70) (Fig. 8). Ciliophora is a ubiquitous, complex and highly
diverse group, already observed to display high ‘novelty’ in
other extreme environments (Reboul et al. 2018). ‘Novel’ OTUs
closer to Prostomatea affiliated to sequences from lake sediment
(KP059214) and anoxic waters (GU819524). ‘Novel’ OTUs related
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to Oligohymenophorea were mostly obtained from anoxic deep
marine samples and three ‘novel’ OTUs were classified as abun-
dant (>1%): Oligohymenophorea (OTU_452), Phyllopharyngea
(OTU-394) and an environmental OTU (OTU_2540). OTU_452 pre-
sented a relatively high contribution in I-45 and OTU_2540in I-70
and G-70 samples, highlighting their importance in these envi-
ronments and how little we know about the diversity of micro-
bial eukaryotes in anoxic freshwater systems.

Marine-freshwater transitions

A large number of protist lineages, mainly related to marine
environment, like MASTSs, Perkinsidae, marine Ciliates, Chlo-
rarachniophyta and MALVs among others, were found. With
the advance of molecular techniques, MASTs are already being
detected in different freshwater systems (Charvet et al. 2012;
Simon et al. 2014; Arroyo et al. 2018). On the other hand, suc-
cessful transitions from marine waters to freshwaters in Perkin-
sidae have been reported in detail (Brate et al. 2010). This group
also began to be reported from high-mountain oligotrophic lakes
(Ortiz-Alvarez et al. 2018) and recently a large distribution across
freshwaters was observed, suggesting potential parasitic associ-
ations with phytoplankton (Jobard et al. 2020) and emphasizing
the need for further studies of these parasitic organisms. Most
‘novel’ ciliates were abundant in L. Kivu deep samples and they
mostly affiliated to marine sequences. Those anoxic deep waters
were characterized by high nutrient concentrations and conduc-
tivity (Pasche et al. 2009; Roland et al. 2017), harboring diverse and
complex bacterial and archaeal assemblages (Llirds et al. 2010;
inceoglu et al. 2015). The high density of ciliates in deep waters
could be explained by the fact that many of them could prey
on prokaryotes (Fenchel and Finlay 2010; Charvet et al. 2012).
Likewise, anaerobic ciliates have been able to adapt to anoxic
conditions by harboring methanogenic symbionts (Oikonomou,
Pachiadakiand Stoeck 2014). Other exclusive marine algae found
are chlorarachniophytes, widely distributed in tropical and tem-
perate waters (Ishida, Yabuki and Ota 2007; Gile et al. 2010) and,
until now, not registered in other freshwater habitats. Mem-
bers of MALVs were registered in L. Baikal, and in association
with MASTs and other Cercozoa, they are likely to participate in
complex interactions (Genitsaris et al. 2020). Hence, our results
demonstrate a complex eukaryotic diversity, in which several
lineages have adapted to completely different niches and have
succeeded to overcome the salinity boundary (Simon et al. 2014;
Annenkova et al 2015; Arroyo et al. 2018).
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