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The aquatic microbiota plays key roles in ecosystem processes; however, the mechanisms that influence their biogeo-
graphic patterns are not yet fully understood. Using high-throughput 18S rDNA gene sequencing, we investigated
the composition of planktonic microeukaryotes (organisms sampled using a 68-pm plankton net) in 27 floodplain
lakes of the Araguaia River, central Brazil and explored the influence of environmental and spatial factors for
communities considering taxonomic and trophic groups. Of the 807 operational taxonomic units (OTUs) observed,
Chlorophyta and Charophyta were the groups with greater abundance. Beta diversity was high, and the similarity of
communities decreased as the geographic distance increased. We found a shared explanation between environmental
and spatial predictors for total and autotrophic microbiota. Environmental variables influence only mixotrophic
microbiota. These results suggest an OTU turnover along the floodplain and a spatially structured composition. This
spatial pattern can be derived from the association with extrinsic factors, such as spatially structured environmental
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variables, that generate spatial dependence. However, the relationship between the composition of microbiota and

environmental conditions is still unclear.

KEYWORDS: Araguaia River; [llumina Miseq; metabarcoding; metacommunities

INTRODUCTION

The aquatic microbiota represents a considerable fraction
of the total planktonic biomass (Cotner and Biddanda,
2002) and are key elements in aquatic food webs (Chen et
al., 2008). Aquatic microbes are responsible for nutrient
cycling and degradation of natural and anthropogenic
residues, acting in numerous biogeochemical processes
(Rodriguez-Valera, 2004). Thus, understanding which
factors shape microbial community structure is one of
the greatest challenges in ecology (Logares et al., 2013).

Local, regional and historical factors act at differ-
ent spatial and temporal scales to determine species
richness (e.g. alpha and gamma diversity) and turnover
(e.g. beta diversity) (Martiny ef al., 2006; Lindstrom and
Langenhender, 2012). Two components are typically
used to explain the variation of organisms in space:
environmental selection and dispersal capacity. According
to the niche theory, environmental variables (e.g. habitat
conditions, resource availability, abiotic factors) and
ecological interactions determine species composition in a
community (Hutchison, 1957). On the other hand, spatial
variables, such as geographical distance, can influence
the structuring of communities by limiting dispersal
(e.g Heino et al., 2014; Ren et al., 2015; Gong et al.,
2015). Finally, historical processes may also play a role in
community structuring (e.g. Chase, 2003; Chase, 2010),
such as dispersion limitation and stochastic events.

Dispersal processes and environmental factors are
combined in the metacommunity theory, which considers
four paradigms to explain community structuring: patch
dynamics, species sorting, mass ecffects and neutral
dynamics (Leibold et al, 2004). The patch dynamic
paradigm assumes that patches are identical and that
the patterns of diversity are determined by the dispersal
capacity of the species. In the species sorting paradigm,
there is environmental filtering, and species occur only in
environmentally appropriate sites. In this case, dispersion
allows the species to migrate according to alterations in
the environment, promoting changes in composition. In
the mass effect paradigm, high dispersion rates promote
a homogenization of the communities since species are
able to occur even in sites that are not environmentally
favorable. In the neutral perspective paradigm, species
are ecologically equivalent, and the patterns of diversity
are determined by the stochastic mechanisms of loss or
gain of species.

Recently, mass effects and patch dynamics have
been considered as subcategories of the species-sorting
paradigm, with distinction by the dispersal rate that exists
between the communities: low for most species in the
patch dynamic paradigm, intermediate in the species
sorting paradigm and high in the mass effect paradigm
(Winegardner ez al., 2012). Thus, patterns of composition
In metacommunities are determined by environmental
conditions and species dispersion (Winegardner et al.,
2012). For aquatic ecosystems such as streams and lakes,
species sorting predominates, although these patterns can
be altered according to the type of system and spatial
scale (Heino et al., 2015).

Despite advances in studies on metacommunities,
the processes that explain microbial biogeography are
not fully understood (Chen et al., 2008; Hanson et al.,
2012; Lindstrom and Langenhender, 2012). Tor a long
time, it was considered that microbial distribution was
determined only by environmental characteristics given
their small size, high abundances and high dispersal rates
(Finlay, 2002; Fenchel and Finlay, 2004). This is in
line with the principle of Baas-Becking (1934), which
states “everything is everywhere, but the environment
selects”. However, it has also been proposed that
dispersal limitation may occur in microbes (Martiny
et al., 2006). Environmental characteristics of aquatic
environments, such as pH (Heino e al., 20145 Gong e
al., 2015), conductivity (Simon e/ al., 2015a), phosphorus
concentration (Wang et al., 2015; Triado-Margarit and
Casamayor, 2012), luminosity (Charvet et al, 2014),
primary productivity (Bradford e al, 2013; Simon
et al, 2015a; Wang et al, 2015), temperature and
depth (Gong et al., 2015; Wang et al., 2015) can affect
microbial community composition. On the other hand,
spatial variables have also been tested as predictors
for community structuring and play an important
role together with environmental conditions (e.g. Soininen
etal., 2011; Gong et al., 2015).

For microorganisms, advances in DNA sequencing can
help us to understand numerous ecological processes
at the community level (Handelsman, 2009). Thus, by
means of metabarcoding, environmental DNA can be
amplified and high-throughput sequenced using universal
molecular markers for both eukaryotic and prokary-
otic genes (Pawlowski, 2014). Thus, DNA sequences
corresponding to multiple organisms present in the
communities are classified into operational taxonomic
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units (OTUs) according to their similarity (e.g. Heino e
al., 2014; Fonseca et al., 2014, Logares et al., 2014). The
latter strategy complements the information obtained via
traditional morphological identification (Bradford e al.,
2013; Santoferrara et al., 2015), allowing the study of
rare (e.g. Logares et al., 2014; Grattepanche e al., 2016)
or little-known taxa (Bik ¢t al, 2012) and enabling the
evaluation of the effects of different functional groups
(i.e. different trophic roles in ecosystems) simultaneously
(e.g. Simon et al., 2015b; Genitsaris ¢f al., 2016; Khomich
etal., 2017).

Comparisons between results obtained using high-
throughput sequencing and classic microscopy-based
morphological identification have shown similar spatial
distribution patterns (e.g. see Santoferrara et al., 2015
for ciliates; Hirai et al, 2015 for copepods). The
characterization of communities using high-throughput
sequencing may facilitate the identification of very small
taxa whose morphological characteristics are difficult to
differentiate visually (Simon e al., 2015b). Considering
that DNA-based classification produces a large amount
of information in a short period of time, its use can assist
in the taxonomic characterization with higher resolution,
reduce the time and costs employed in the process and
enable a larger sampling effort (Keck e al., 2017).

Although the number of studies using high-throughput
sequencing has grown in recent years, the majority have
focused on microorganisms in marine environments
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(e.g. Countway e al., 2010; Bik et al., 2012; Charvet
et al., 2014; Tonseca et al., 2014; Logares et al., 2014;
Gong et al., 2015; Genitsaris et al., 2016; Grattepanche
et al., 2016; Zhang et al., 2017), while investigations in
freshwater environments are scarce (Simon ¢ al., 2015b)
and have been mostly conducted in temperate zones (e.g.
Amaral-Zettler, 2013; Leperé et al., 2013; Heino et al.,
2014; Filker et al., 2015; Kammerlander ez al., 2015). An
exception was found in a tropical Australian river where
it was observed that the composition of the eukaryote
community was influenced by environmental variables
(Bradford et al., 2013).

In this study, we investigated the composition and diver-
sity (alpha, beta and gamma) of planktonic microeukary-
otes in 27 floodplain lakes in Araguaia River, central
Brazil, using 18S rDNA gene high-throughput sequenc-
ing of targeted markers. We focused on the larger size
fraction, retained in a 68-um mesh plankton net. This
strategy was adopted to capture a larger volume of water
and consequently allows the sampling of most planktonic
microeukaryote groups present in the lakes. To the best of
our knowledge, this is one of the first studies to analyze
the planktonic microeukaryotes in the Araguaia River,
an important river in the Cerrado biome, through a
metabarcoding approach and one of the few conducted
in the tropical region. Thus, our aims are as follows:
(i) to describe the diversity of planktonic microeukary-
otes for this region, (ii) to determine the spatial diversity

Fig. 1. Map and location of Araguaia River basin, showing the sampled lakes. The numbers indicate lake codes.
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patterns of these communities along the floodplain and
(iii) to evaluate the relative influence of environmental
and spatial variables on the microbiota composition con-
sidering taxonomic and trophic groups. We hypothesized
that environmental variables may be the major predictors
of community composition, since floodplain lakes are
connected to each other along the plain by the main
channel of the river.

METHOD

Study area

The Araguaia River is located in the Tocantins—Araguaia
basin and represents one of the most important rivers in
the central region of Brazil (Valente et al., 2013). Along
its course, it is divided into three regions: high, medium
and low Araguaia (Latrubesse and Steuvax, 2006). The
medium course is characterized by the confluence of
important tributaries such as the Crixas, Mortes and
Cristalino rivers (Latrubesse and Steuvax, 2006) and
by the presence of the floodplain with numerous lakes
(Morais et al., 2005), which contribute to maintaining the
diversity and functioning of ecosystems in this region.

In this study, we sampled 27 lakes in the central region
of Brazil along 500 km in the Araguaia River floodplain
and its tributaries, including the Crixas, Vermelho and
Mortes Rivers (I'ig. 1). Sampling was performed in
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January 2012, which represents the flood period on
the Araguaia River (Aquino et al., 2008), a period that
allows better access to the studied area. These lakes are
considered oligotrophic, with low nutrient concentrations
(Marcionilio et al., 2016). Soil cover is predominantly
composed of native Cerrado vegetation (a type of
savanna), with some areas used for agriculture and

livestock (Machado et al., 2016).

DNA extraction, amplification, sequencing
and bioinformatics

Aquatic microbial samples were collected from the water
subsurface (0.5 m). Approximately 500 L of water was
filtered through a plankton net (68 pm mesh size), con-
centrated to 250 mL. The concentrated plankton was
stored in polyethylene bottles in a refrigerator (~2°C).
The filtration of the concentrated sample was performed
within 12 hours of sampling using Millipore cellulose
filters (3 pum pore size) and a vacuum pump for DNA
collection. Thus, the size fraction investigated was pre-
dominantly composed by microeukaryotes larger than 68
pm, although microeukaryotes smaller than 68 pm and
nanoeukaryotes may also have been captured. The filters
were stored in liquid nitrogen at —80°C.

Total genomic DNA was extracted and purified follow-
ing the PowerWater DINA Isolation kit (MoBio, USA) pro-
tocol for each collection sample. The extracted DNA was

Table I: OTUs richness (OTUs number) and OTUs abundance (%o of reads number) according to the

taxonomic and trophic groups

Taxonomic group OTUs Richness Number of reads (%)

Trophic role References

Amoebozoa 1 0.006
Apusozoa 1 0.01
Bacillariophyta 1 0.41
Bicosoecida 5 0.06
Centrohelida 3 0.06
Cercozoa 1 0.14
Charophyta 23 48
Chlorophyta a4 42
Choanoflagellata 2 0.01
Chrysophyta 28 0.86
Ciliophora 55 3
Colpodellida 1 0.01
Colponemidia 1 0.006
Cryptophyta 14 3
Dictyochopytes 1 0.01
Dinoflagellata 6 0.75
Eustigmatophyceae 1 0.01
Fungi 19 0.57
Hyphochytriomycota 1 0.03
Ichthyosporea 2 0.01
Perkinsidae 4 0.47
Peronosporomycetes 9 0.55
Raphidophytes 1 0.03

Heterotrophic
Heterotrophic
Autotrophic
Heterotrophic
Heterotrophic
Heterotrophic
Autotrophic
Autotrophic
Heterotrophic
Mixotrophic
Heterotrophic
Heterotrophic
Heterotrophic

Lesen et al., 2010

Boenigk and Arndt, 2002

Khomich et al., 2017

Khomich et al., 2017

Khomich et al., 2017

Khomich et al., 2017

Khomich et al., 2017

Simon et al., 2015a; Khomich et al., 2017
Simon et al., 2015a; Khomich et al., 2017
Jones, 2000

Beaver and Crisman, 1989; Simon et al., 2015a
Myl'nikova and My!l'nikov, 2009
Tikhonenkov et al., 2014

Mixotrophic Simon et al., 2015a
Autotrophic Khomich et al., 2017
Mixotrophic Stoecker, 1999

Fietz et al., 2005

Simon et al., 2015a
Beakes and Thines, 2016
Glockling et al., 2013
Mangot et al., 2011

Dick, 2001

Khomich et al., 2017

Autotrophic

Heterotrophic
Heterotrophic
Heterotrophic
Heterotrophic
Heterotrophic
Autotrophic
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visualized on a 1% agarose gel. A hypervariable fragment,
~380 bp of the V4 region of the 18S rDNA gene was
amplified using the universal primers TAReuk454FWD1
and TAReuKREV3 (Stoeck et al., 2010), modified with
addition of the sequences complementary to the Illumina
indices (17 and 15, Nextera XT). We used 5 ng/pL of DNA
and 1 uM of each primer. Polymerase chain reaction
(PCR) was performed using the Tag PCR Master Mix
Kit (Qiagen) in triplicate for each sample to minimize the
PCR bias. PCR cycles were as follows: 98°C for 1 minute,
followed by 98°C for 30 seconds, 53°C for 30 seconds and
72°C for 30 seconds and a final extension at 72°C for 10
minutes.

Then, the Illumina indices (i7 and 15) were inserted
into the fragments using a limited-cycle PCR program.
We used the Nextera XT index kit v2 set B. Finally, the
amplicon libraries were purified, and the short library
fragments were removed using Agencourt AMPure XP
Beads (Beckman Coulter). The libraries were quantified
by real-time PCR with the KAPA Library Quantification
Kit, and the amplicon size was estimated using an Agilent
High-Sensitivity DNA Kit on a Bioanalyzer. The libraries
were normalized to 4 nM and pooled for sequencing using
the MiSeq Reagent Kit v3 (300 cycles) on the Illumina
MiSeq platform.

The sequence quality was evaluated using FastQC
software (available from https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/)  (Andrews, 2010).
Sequences with reads <100 bp or bases with a Phred
score of <20 were excluded using the Trimmomatic
software (Bolger e al., 2014). The OTU prediction was
carried out following the UPARSE pipeline, available
at http://drived.com/usearch/manual/uparse_pipeline.
html and in Edgar (2013), which consists of (i) merging
sequences, (i1) grouping the sequences of all samples, (ii1)
identification of unique sequences (dereplication), (iv)
identification of OTUs with representative sequences
(clustering by 97% similarity) and chimera filtering and
(v) construction of an OTU table by sample. The
taxonomic prediction was performed by a BLAST
search (Altschul ez al., 1990) of the representative OTU
sequences against the Silva 119.1 database (available in
https://www.arb-silva.de/) using a percent identity of
97%. The Metazoa sequences were removed from the
total microbiota data set.

The OTUs for which it was possible to assign a
taxonomic classification were classified into trophic
groups according to their nutrition type (see Simon ¢/ al.,
2015a; Genitsaris et al., 2016; Khomich et al., 2017). We
considered autotrophic organisms those with chlorophyll-
a, which act as primary producers (e.g. Chlorophyta,
Charophyta, Glaucophyta, Rhodophyta). Organisms
classified as mixotrophic (see Flynn et al, 2013 for a

detailed description of this nutrition mode) include
those that acquire carbon through photosynthesis or
heterotrophy (e.g. some putative members of the groups
Cryptophyta, Chrysophyta, Ochrophyta, Dinophyta,
ctc.). Heterotrophic organisms were represented by
predators, parasites and decomposers (e.g. fungi, Amoe-
bozoa, Ciliophora, Choanoflagellata, etc.). See Table 1
for the complete OTU classification of trophic groups.
Thus, four matrices for OTU abundance were used,
hereinafter denominated as follows: (i) total microbiota
(represented by all OTUs obtained in sequencing,
excluding metazoans, plants and those organisms for
which it was not possible to obtain a taxonomic classifica-
tion); (ii) autotrophic microbiota (includes only primary
producers); (iii) mixotrophic microbiota (includes only
putative mixotrophic organisms); and (iv) heterotrophic
microbiota (includes only heterotrophic organisms).

Environmental variables

In each lake, we measured conductivity, dissolved oxygen,
pH, depth, water temperature, transparency, turbidity,
oxygen saturation and total dissolved solids. The total
nitrogen, total phosphorus and chlorophyll-a estimates
were performed in the laboratory according to the meth-
ods described in Zagatto ¢/ al., (1981) and Golterman et al.,
(1978). We also determined the areas and widths of lakes
and percentage of native Cerrado vegetation, pasture and
agriculture. Details of the limnological, morphometric
and land use variable estimations as well as the description
of their values are presented in Machado e al., (2016) and
Marcionilio ¢t al., (2016).

We used a principal component analysis (PCA) to
evaluate the environmental heterogeneity among lakes.
The PCA was constructed using the correlation matrix
and the data standardized by the z-score method
(limnological variables) or transformed to arcsines of
their square roots x 180/ (land use data). The variance
inflation factor (VIF) was used to estimate the collinearity
between the environmental variables, and those with
VIF values greater than 10 were considered collinear
(Alin, 2010, see more details in supplementary data).
The variables conductivity, pH, water temperature, total
dissolved solids, transparency, depth, total phosphorus,
total nitrogen, chlorophyll-a and lake width did not
present collinearity and thus constituted the set of
environmental variables used in the redundancy analysis.

Spatial variables

In this study, we used two types of spatial filters, “Principal
Coordinates of Neighbour Matrices” (PCNM, Borcard and
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Legendre, 2002) and “Asymmetric Eigenvector Maps” (AEM,
Blanchet et al., 2008a). The PCNM considers the linear
distances (Borcard and Legendre, 2002) and may indicate
a non-directional dispersion process. The AEM is cal-
culated through the directional connectivity between the
sampling points (Blanchet ¢ al., 2008a) and can represent
the dispersion along the river course (see more details
in supplementary data). Thus, the PCNM and AEM
filters represent different hypotheses about connectivity
between sites (Heino ez al., 2015). The spatial component
was represented by those PCNM and AEM filters that
showed the highest correlation with OTU abundance.
The filters were selected using the forward.sel function
(Blanchet et al., 2008b) of the Packfor package (Dray
etal., 2011). The PCNM filters were constructed using the
package Vegan (Oksanen ez al., 2016) and the AEM filters
using the package AEM (Blanchet ez al., 2008a), both in
R software (R Core Team, 2016).
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Data analysis

All statistical analyses were performed using the Vegan
package (Oksanen et al., 2016) of R software (R Core
Team, 2016). We constructed a species accumulation
curve to verify how well the OTUs were sampled. If
the curve reached the asymptote before the inclusion of
all the sampled sites, this indicated that the sampling
effort may have been adequate. We used subsampling
rarefaction to correct the bias that can be generated
by comparing samples with different sizes since a larger
number of sequences in a sample leads to a greater
number of OTUs (e.g. Bradford et al., 2013; Gong et al.,
2015). The rarefaction was conducted through a random
subsampling in which the sample size was represented
by the lowest number of sequences, i.e. 2 673 reads,
recovered from our floodplain lakes (Hurlbert, 1971). This
sample size was adequate to represent the community
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patterns using the Illumina platform (Caporaso et al.,
2011) and similar to many studies for microeukaryotes
(e.g. Bradford et al., 2013; Gong et al., 2015). The curve
was constructed using the “exact” method of the “specac-
cum” function, and rarefaction analysis was performed
using the “rarefy”, “rrarefy” and “rarecurve” functions.
The rarefied richness and abundance data were used for
all the statistical analyses described below.

The alpha diversity was represented by the number
of OTUs (richness) and the Shannon (Shannon, 1948)
and Simpson indices (Simpson, 1949). The alpha diversity
indices were calculated using the diversity function in
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senting greater total beta diversity (Baselga, 2010). High
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Peronosporomycetes; Raphi, Raphidophytes.
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richness. Beta diversity was estimated using the Betapart
package (Baselga and Orme, 2012). We used non-metric
multidimensional scaling (NMDS) based on Bray—Curtis
dissimilarities to evaluate the community composition
along the floodplain. The abundance data were Hellinger
transformed. Alpha and beta diversity were estimated for
the total microbiota.

The Mantel correlogram was used to evaluate whether
the planktonic microbiota is spatially structured, i.e. the
lakes have similar or different OTU compositions accord-
ing to the distance between them (see Legendre and
Fortin, 1989; Fortin and Dale, 2005). This analysis was
also conducted considering the total microbiota. The
OTUs were correlated to a geographic matrix with five
distance classes through a Mantel test, and the results
were plotted in a correlogram. The number of classes
was defined according to Sturge’s rule (see Legendre and
Legendre, 1998). The OTU abundance was Hellinger
transformed and then converted into a Bray—Curtis dis-
tance matrix. The geographic coordinates was converted
into a Euclidean distance matrix.

To determine the influence of environmental variables
and geographic distance on the community composition,
we used a partial redundancy analysis (pRDA, see
Legendre and Legendre, 1998). Thus, we determined
what proportion of the variation in community com-
position was explained by the environment (component
a), spatial variables (component c), environment and
spatial distance together (component b), and unexplained
as the residual fraction (component d). The pRDAs
were performed separately for the total, autotrophic,
mixotrophic and heterotrophic microbiota. pRDA analy-
sis was also performed between total microbiota, trophic
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groups (autotrophic, mixotrophic and heterotrophic
microbiota) and the major taxonomic groups against
each environmental variable separately. The purpose of
this analysis was to verify whether specific environmental
variables were more strongly related than others to the
community structure. In this analysis, the environmental
variables were standardized using the { score, and the
OTU abundance data were Hellinger transformed.

RESULTS

Composition and diversity of
microeukaryotes communities

The sequencing of all samples generated 3 287 448 reads.
After quality filtering, these reads resulted in 357 933
merged sequences that were predicted in 807 OTUs.
The mean number of OTUs was 163 and ranged from
52 to 589 OTUs between the samples. For reads, the
mean number was 12 439, ranging from 2 673 to 54 176
between the floodplain lakes sampled. The rarefaction led
to a reduction in the number of OTUs (630), with a mean
richness of 95, ranging from 28 to 223 OTUs per lake.
The OTU abundance was rarefied to 2 673 reads per
sample. Of the 630 OTUs, it was possible to perform
taxonomic annotation only for 342 OTUs (54%) since
not all sequences had representatives in the reference
database. Of the 342 taxonomically classified OTUs, 90
OTUsreferred to non-protistan sequences (e.g. metazoan)
and eight to non-planktonic organisms. Thus, they were
excluded, resulting in 244 OTUs used for all analyses
(Supplementary data, Table SI). Of these 244 OTUs,
81 (33%) referred to autotrophic organisms, 115 (47%)
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Fig. 6. First and second axes for the PCA applied to environmental variables in the Araguaia River floodplain lakes. The codes of the environmental
variables are as follows: COND, conductivity; DO, dissolved oxygen; pH, potential of hydrogen; TEMP, temperature; TURB, turbidity; TDS, total
dissolved solids; TRP, transparency; OS, oxygen saturation; DP, depth; TP, total phosphorus; TN, total nitrogen; CHL-A, chlorophyll-a; LA, lake
area; LW, lake width; NV, native vegetation; GRA, grassland; AGR, agriculture.
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to heterotrophic organisms and 48 (20%) to mixotrophic
organisms.

Considering the total microbiota, the Charophyta and
Chlorophyta groups presented the highest abundance,
with 48% and 42% of reads, respectively (Table 1).
Among the autotrophic organisms, the most relevant were
also Charophyta (48%) and Chlorophyta (42%); among
the mixotrophic, Cryptophyta (3%) and Chrysophyta
(0.86%); and among the heterotrophic, Ciliophora (3%)
featuring the highest number of reads (Table 1).

For the total microbiota, 23 taxonomic groups were
identified, and Ciliophora (55 OTUs), Chlorophyta (44
OTUs) and Chrysophyta (28 OTUs) showed the largest
number of OTUs considering all floodplain lakes eval-
uated (Table 1). Among the autotrophic organisms, the
most representative were Chlorophyta (44 OTUs) and
Charophyta (23 OTUs); among the mixotrophic, Chrys-
ophyta (28 OTUs) and Cryptophyta (14 OTUs); while
for the heterotrophic organisms, Ciliophora (55 OTUs)
and fungi (19 OTUs) showed the greatest OTU richness
(Table 1).

The alpha diversity was different between lakes. The
OTU richness (Fig. 2A) as well as the Shannon and Simp-
son indices (I'ig. 3) varied greatly between them. We also
observed a predominance of autotrophic groups in rela-
tion to the OTU richness (Fig. 2A) and read number
in most lakes (Fig. 2B). No mixotrophic organisms were
found in lakes 11 and 13. The gamma diversity was 807
OTUs. After the rarefaction samples, this value decreased
to 630. The rarefaction curves indicated that the diversity
of the planktonic microbiota was not fully recovered in
most of the lakes (Fig 4A). However, the species accu-
mulation curve plateaued when all samples were consid-
ered, indicating that the gamma diversity was recovered
(Iig. 4B). This indicates that the OTU diversity in this

region was well sampled. A high beta diversity value
(BSorensen = 0.92) was observed, mostly associated with
OTU replacement along the floodplain (8 turnover = 0.85;
B nestedness =0.07). The NMDS analysis indicates that
communities display biogeographical patterns in their
composition since different taxonomic groups were asso-
ciated with different lakes (Fig. 5).

Environmental variables

The first and second axes of the PCA represented 42%
of the variability in the environmental data. Floodplain
lakes displayed heterogeneous environmental character-
istics (Fig. 6), and some lakes were more associated with
certain environmental variables than others. In fact, lakes
6, 7, 10, 11, 12, 13, 14, and 15 were associated mainly
with native vegetation, turbidity, total nitrogen, total phos-
phorus, dissolved oxygen, pH and oxygen saturation.
Lakes 3, 4, 8,9, 18, 19, 22, 23 were associated with con-
ductivity and total dissolved solids. The variables trans-
parency, temperature, chlorophyll-a, grassland and agri-
culture were important for lakes 1, 21, 24, 25 and 26.
Lakes 16, 20 and 27 were associated with lake width.

Spatial pattern and variance partitioning

We found a spatial pattern for aquatic microbiota along
the Araguaia River (I'ig. 7). The OTU composition was
similar between floodplain lakes located <70 km from
each other. Beyond this distance, the similarity in compo-
sition decreased drastically. The environmental and spa-
tial predictors (both directional and non-directional) were
not able to explain the variation in the total microbiota
composition, as well as the autotrophic and heterotrophic
variation (Table 2). However, we found that the envi-
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Fig. 7. Mantel correlogram for total microbiota in the Araguaia River floodplain. Bold symbols indicate significant results (P < 0.05).
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Table II: Partial redundancy analysis performed between OTUs abundance (total, autotrophic, het-
erotrophic and mixotrophic microbiotas), environmental variables and spatial predictors

Environment variables (a) Environment and spatial variables (b) Spatial variables (c) Residual (d)
Groups R? adj P R? adj R? adj P R? adj
Total microbiota 0 0.74 0.22 0.07 0.13 0.71
Autotrophic 0 0.79 0.32 0.05 0.31 0.63
Heterotrophic 0.01 0.30 0.003 0.01 0.27 0.98
Mixotrophic 0.12 0.03 0.02 0.04 0.17 0.82

We considered a significance level of 5% (P <0.05). In each analysis, the following spatial filters were selected by the ‘for selection’ function.
Components (b) and (d) are not testable significance.

R? adj indicates R? adjusted; total microbiota=PCNM 1 and 2, AEM 1 to AEM 3; autotrophic=PCNM 1 and 4, AEM 1 to AEM 4;
heterotrophic=PCNM 1, AEM 1; mixotrophic=PCNM 1, AEM 1 to AEM 3.

Table III: Coefficient of determination (R'adj = R’ adjusted) and P values obtained for the component
‘a’ (environment) of partial redundancy analysts performed between OT Us abundance (total, autotrophic,

heterotrophic, mixotrophic) and each of the environmental variables

Total microbiota Autotrophic Heterotrophic Mixotrophic
R? adj P R? adj P R? adj P R? adj P

Conductivity 0 0.90 0 0.93 0 0.78 0.02 0.16
pH 0 0.44 0 0.39 0.0004 0.37 0.05 0.02
Temperature 0 0.88 0 0.75 0 0.87 0.005 0.32
TDS 0 0.98 0 0.98 0 0.59 0.003 0.34
Transparency 0 0.63 0 0.41 0 0.87 0 0.69
Depth 0 0.75 0 0.71 0 0.40 0.02 0.10
Total 0.02 0.16 0.04 0.07 0 0.71 0 0.76
phosphorus

Total nitrogen 0.003 0.37 0.003 0.35 0.02 0.08 0.01 0.22
Chlorophyll-a 0 0.65 0 0.69 0.02 0.10 0.01 0.23
Width 0.03 0.10 0.02 0.13 0.002 0.40 0.02 0.07

In this analysis, we considered one environmental variable at a time controlled by other environmental variables and spatial filters. Significant

values are highlighted in bold (P <0.05).
TDS: total dissolved solids

ronmental variables predicted the composition of the
mixotrophic microbiota (Table 2). We also found consid-
erable importance for the shared explanation component
between environmental and spatial variables for the total
and autotrophic microbiota (Table 2), although its sig-
nificance cannot be statistically tested. The mixotrophic
microbiota was weakly associated with pH (Table 3). The
influence of the measured environmental variables on the
structure of most taxonomic groups was weak to non-
existent (Supplementary data, Table SII).

DISCUSSION

High-throughput sequencing can help to unravel ecolog-
ical factors that influence microbial biogeography (Leray
and Knowlton, 2016). In this study, we evaluated the
composition and diversity of planktonic microcukaryotes
in floodplain lakes of the Araguaia River, exploring the
influence of environmental and spatial factors on shaping
these communities at different trophic levels. The flood-
plain lakes are environmentally heterogeneous and dom-

mated by autotrophic organisms. We detected a spatial
pattern in the microorganism distribution and a high beta
diversity value. However, contrary to our initial expecta-
tion, the environmental variables and spatial filters did
not influence the variation in OTU composition for total,
autotrophic and heterotrophic microbiotas. We found
effects of environmental variables only for mixotrophic
microbiota; pH seems to be the most important variable
associated with composition, although with alow percent-
age of explanation.

A high diversity of organisms can be revealed by the use
of molecular techniques (see Medinger ¢ al., 2010; Brad-
ford et al., 2013 for comparisons between OTU-based
taxonomic classification and traditional morphological
studies). However, taxonomic annotation of most OTUs,
beyond high-level groups, is not possible as sequences
are not yet available in the databases (Richards et al.,
2005; Huson et al., 2009). In this study, it was not pos-
sible to perform taxonomic annotation for 54% of the
data. So far, most of the studies have been conducted
in marine ecosystems, and although tropical ecosystems
have great biodiversity, they are still rarely studied (Simon
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et al., 2015b). As a consequence, most database sequences
are from marine organisms. Therefore, due to similarity
analyses with rigid criteria, there is a high number of
freshwater eukaryotes that do not have corresponding
OTUs in the SILVA 18S database. This underlines the
importance of conducting further studies on freshwater
ecosystems.

Considering the organisms for which it was possible to
attribute a taxonomic group, representatives of Chloro-
phyta, Charophyta and Ciliophora were dominant in
read numbers and OTU richness. This result is in agree-
ment with studies carried out in rivers (Bradford e al.,
2013) and lakes (Medinger e/ al., 2010; Simon e al.,
2015b; Schiaffino et al., 2016) as well as with a taxo-
nomic evaluation previously conducted in many of these
floodplain lakes (e.g. Chlorophyceae; Nabout et al., 2006;
Machado et al., 2015). During the flood pulse, organic
matter enrichment is expected, increasing the particles in
suspension, turbidity and consequent reduction in trans-
parency, which could make the conditions of the envi-
ronment unfavorable for primary productivity (Junk e
al., 1989) and lead to the replacement of photosynthetic
organisms by mixotrophs during this period (Gallardo e
al., 2012). However, the number of primary producers in
our lakes remained high. This probably occurred due to
local environmental characteristics, such as the entrance
of important tributaries of the Araguaia River, which
bring more transparent waters (e.g. Mortes River). In
addition, nutrients from flood pulses may intensify the
primary productivity of phytoplankton in lakes with an
intermediate connection level (Schiemer ¢t al., 2006).

The total OTU richness was lower than those found
in a many studies conducted in marine and freshwater
environments (Branford et al.,, 2013, Fonseca et al., 2014,
Filker et al., 2015, Genitsaris et al., 2016, Kammerlander
et al., 2015, Schiaffino et al., 2016, Das et al., 2019). Most
of these studies were performed using a smaller volume
of water and focused mainly on microeukaryotes with a
size smaller than 68 pm. Thus, the patterns of richness
observed in our study may differ from the others only
due to the fraction of the plankton size sampled and the
greater volume of water used. However, the sampling
strategy used here is also useful, as the filtration of a
larger volume of water can capture organisms that would
not be sampled with a smaller sample volume. The same
pattern was observed when we evaluated the Simpson and
Shannon indices that showed lower values compared to
other studies (Bradford et al., 2013, Gong et al., 2015). This
suggests that communities were composed of few abun-
dant OTUs and many less-abundant OTUs. We found
a high total beta diversity, which indicates that the OTUs
composition is different between the floodplain lakes. This
beta diversity was determined mainly by the substitution

or replacement of OTUs along the floodplain. This sug-
gests that these environments contain microbiotas that
are lake specific (e.g. Schiaffino et al, 2016). This was
supported by the ordination pattern of lakes along the
plain, in which some OTUs were more closely associated
with certain floodplain lakes. In fact, we found a decrease
in composition similarity, and geographically close lakes
had more similar OTU compositions than distant lakes. A
decrease in composition similarity is usually attributed to
differences in environmental conditions (which generally
increase as the geographic distance increases), landscape
characteristics or biological limitations that regulate the
dispersal rate of organisms (Soininen e/ al., 2007). The
effects of geographic distance (spatial factors) on com-
munities have constantly been associated with processes
that act on a regional scale, such as dispersal capacity
(Lindstrom and Langenheder, 2012). However, in the
Araguaia River floodplain, none of these variables could
explain the OTU variation in the total microbiota.

In this study, we selected environmental variables that
have already been considered important in shaping the
planktonic communities in previous studies (Li ez al, 2012;
Triad6-Margarit and Casamayor, 2012; Bradford et al.,
2013; Heino et al., 20145 Simon et al., 2015a; Wang et
al., 2015). However, we did not find significant effects of
these predictors for the total microbiota, contrary to our
initial expectations. In plankton, microbial eukaryotes are
represented by taxonomically distinct groups (e.g. amoe-
bas, fungi, ciliates, and primary producers, among others;
Pawlowski, 2014), which differ in their morphological,
genetic and functional characteristics (Countway et al.,
2010). Thus, environmental variables that are impor-
tant to one group may not always be related to oth-
ers, for example, depth is associated to Dinophyta, but
not to Chlorophyta, fungi or Cercozoa; temperature is
associated with Cryptophyta and Choanoflagellida, but
not with Chlorophyta, Apicomplexa and Ciliophora; and
chlorophyll-a is associated with Apicomplexa but not with
Bacillariophyta or Perkinsea (see Gong el al., 2015 and
their supplementary material). Here, we found that most
taxonomic groups were not associated with measured
environmental variables.

Considering trophic groups, the environmental compo-
nent was weakly important only for mixotrophic micro-
biota. In fact, environmental variables such as those used
in our study have already been identified as important
to determine the composition of mixotrophic organisms
(e.g. Genitsaris e al., 2016; Saad et al., 2016). However,
the absence of an explanation of environmental and
spatial components has also been observed for microbiota
trophic groups (Khomich et al., 2017). When evaluated
alone, only pH was weakly associated with mixotrophic
composition. Thus, due to the absence of a purely envi-

251

020z Asenuep gL uo Jasn D|SD - S|eluBIquIY | SeULIB|\ SUOIDBBIISEAU|P IUBLIBIPBIN 81Ud) AQ GG/90SS/1L ¥Z/S/ | vAoensqe-aoiue/pueld/woo dno oiwspese//:sdny wolj pepeojumoq



JOURNAL OF PLANKTON RESEARCH | VOLUME 41

ronmental explanation, the relationship of the microbiota
to environmental conditions in our lakes remains unclear.

Indeed, some studies have demonstrated the absence of
a clear relationship between environmental variables and
planktonic microorganisms (Simon ¢/ al., 2015b, Genit-
saris et al., 2016; Grantepanche et al., 2016), while others
show a very low explanation percentage (Heino el al.,
2014; Khomich et al., 2017). An absence of environmental
and spatial predictors has also been found for phytoplank-
ton in this same region using a traditional taxonomic
approach (Nabout et al., 2009). Thus, we believe that other
variables that are not strictly limnological or morphome-
tric, such as biotic interactions, can also be considered
in future studies involving microbiota (e.g. Charvet et al.,
2014; Sullam ez al., 2017) or human degradation gradients
(e.g. Tolkkinen et al., 2015; Volant et al., 2016). On the
other hand, the presence of a shared explanation com-
ponent and a spatial pattern of decay in the similarity
allows us to assume the presence of spatially structured
environmental variables acting on the determination of
those communities (Borcard et al., 1992), although their
significance could not be tested (Legendre and Legendre,
1998).

The spatial patterns of communities can be derived
from intrinsic factors of the organism (e.g. migration
rate, dispersion capacity, competition, predation), which
promote an autocorrelation in the data, or extrinsic fac-
tors (interaction with other spatially structured factors,
such as environmental characteristics) that generate spa-
tial dependence (Sokal and Oden, 1978; Legendre and
Legendre, 1998). We consider that the spatial patterns
observed in communities through the Mantel correlo-
gram can be derived from spatial dependence. Thus,
closer sites may feature similar environmental conditions
and, consequently, similar OTU compositions (Soininen
et al., 2007). This fact is corroborated by the existence of
a shared component between the environment and space,
indicating the existence of spatially structured environ-
mental variables. However, despite adopting spatial vari-
ables that represent directional (Borcard and Legendre,
2002) and non-directional (Blanchet e/ al., 2008a) disper-
sion processes, we did not find evidence of a purely spatial
explanation in the pRDA. This indicates the absence of
spatial autocorrelation caused by intrinsic microbiota pro-
cesses or by spatially structured environmental variables
that were not included in the model (Legendre, 1993).

The reduction in the similarity of the community com-
position according to the increase in geographic distance
is not enough to evaluate the effects of dispersion in
the context of metacommunities since this reduction can
be derived from environmental similarity or geographic
distance (Moritz et al., 2013). Thus, it was not possible to
attribute a specific paradigm (i.e. patch dynamics, species
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sorting, mass effect or neutral dynamic) in the meta-
community context for the microeukaryotes evaluated.
This indicates that a combination of different factors
may be responsible for the decay in similarity (Soininen
et al., 2007; Moritz et al., 2013), which is often specific to
each area of study (Heino e al., 2015). For the Araguaia
River, our results demonstrate a combination of these
two factors, with a reduction in environmental similarity
according to geographic distance.

Previous studies have shown that environmental
variables are important to explain the composition based
on the morphological identification of autotrophic organ-
isms at the taxonomic and functional levels (Machado
et al., 2016). Our results concerning microplankton
demonstrate that this need not apply for composition
determined by molecular techniques. A possible expla-
nation for this discrepancy is the absence of a strong
environmental gradient. Most lakes are oligotrophic
(Marcionilio et al., 2016) and are surrounded by native
Cerrado vegetation (Machado e al, 2016). Thus,
although the environment explains the taxonomic and
functional organism composition, there is no strong
environmental pattern restricting certain groups to
certain environments.

CONCLUSION

The metabarcoding approach is an efficient tool for the
study of planktonic organisms (Hirai ¢t al., 2015) and may
produce patterns distinct from the traditional taxonomic
approach. In the Araguaia River, using this approach,
we characterized the diversity of the larger planktonic
microeukaryotes whose composition is spatially struc-
tured along the plain. Thus, our study adds information
on the planktonic diversity of microeukaryotes, which
is still rarely explored in tropical regions. Although
we did not find direct effects of the environment and
spatial distance on the OTU composition, we observed
a considerable value for the shared explanation compo-
nent, indicating that spatially structured environmental
variables may be acting to determine the composition
of these communities. Considering that shallow lakes are
important reservoirs of eukaryotic diversity (Simon e/ al.,
2015b), this metabarcoding strategy should be combined
with traditional taxonomic studies, seeking to predict the
factors influencing communities in a more complete and
efficient way.
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