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ARTICLE INFO ABSTRACT

Keywords: The aquatic microbiota is involved in crucial ecosystem functions. Thus, investigating the effects of global
Bacterioplankton warming on these organisms is highly relevant, especially given the numerous climatic changes expected by the
Protists end of the century. In this study, we used an experimental approach and high-throughput sequencing to evaluate
12: :gﬁ: the shortterm effect of warming predicted by different future scenarios in the composition of the planktonic

freshwater bacteria and microeukaryotes, and to verify if the same effects occur for each trophic level separately
(autotrophic, heterotrophic and mixotrophic). Our experiment demonstrated that the composition for eukaryotes
and prokaryotes based on DNA metabarcoding is affected by the increase in temperature and these have a similar
pattern of response to warming. This highlights the temperature importance in structuring the communities of
different groups. Modifications in the communities were observed through the substitution of specific taxa,
which occurred mainly in warmer levels. Changes in community composition were also identified when trophic
levels were assessed separately. Mixotrophic eukaryotes organisms are more sensitive to warming, modifying the
patterns of composition with an increase in temperature of 2 °C. Microeukaryotes and heterotrophic bacteria
were more resistant, with alterations in the communities composition visualized only in higher warming levels.
The composition of autotrophic organisms was not affected by the increase in water temperature in any of the
biological classifications evaluated, although the richness of eukaryotic autotrophic has decreased with
warming. Our results contribute to predict how different biological levels and trophic groups of the aquatic
microbiota respond to global warming. This approach is relevant because warming leads to changes in com-
munity composition and affects ecosystem processes essentials to the aquatic environment.

1. Introduction

Understanding how biological communities respond to environ-
mental variations is one of the central goals of Ecology (Smale et al.,
2017). Numerous changes in environmental conditions, including those
resulting from climate change, have been observed in recent years (e.g.
temperature rise, change in precipitation frequency, land use and en-
richment of aquatic ecosystems) and should be intensified until the end
of this century (IPCC, 2014). Although many factors influence the
structuring of biological communities, changes in temperature are
highlighted, since this variable affects the rates of growth, reproduc-
tion, phenology and trophic dynamics of organisms (Jeppesen et al.,
2010). Thus, predicting the ecological consequences of both
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temperature rise (e.g. Bergkemper et al., 2018) and temperature var-
iation (e.g. Rasconi et al., 2017) on communities’ composition is a
highly relevant issue (Altermatt et al., 2015).

Continental aquatic ecosystems have high biodiversity but are
among the most threatened in the world (Dudgeon et al., 2006). In
recent years, numerous efforts have been concentrated to predict how
climate change, including the increase in global temperature, should
affect these environments (Woodward et al., 2010; Roland et al., 2012;
Jeppesen et al., 2014). Effects have already been observed on species
through changes in patterns of composition (e.g. Yvon-Durocher et al.,
2015; Smale et al., 2017) and abundance (Clements et al., 2013; Bergen
et al., 2016), as well as on their functional characteristics (e.g. size
reduction, Sommer et al., 2015; Rasconi et al., 2017; Stefanidou et al.,
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2018). Similarly, changes in the functional characteristics of commu-
nities must alter the way they relate to other trophic levels through a
top-down or bottom-up effect (Sommer and Lewandowska, 2011;
Vadadi-Fiilop et al., 2012; Velthuis et al., 2017). Although many studies
have investigated the effects of warming, most of them focus only on
one taxonomic group and do not consider different trophic levels si-
multaneously, which ignores the interaction between them. In this
sense, ecological studies using different trophic levels simultaneously
can help to understand if different taxonomic and trophic groups re-
spond similarly to environmental changes.

Distinct effects of warming are expected on the different trophic
levels that compose the aquatic communities. According to the meta-
bolic theory of Ecology (Brown et al., 2004), heterotrophic processes
are more temperature dependent than autotrophic. Indeed, studies have
shown that global warming should intensify rates of respiration and
decomposition, leading to the predominance of heterotrophic organ-
isms over the autotrophic (Hoppe et al., 2008; Lara et al., 2013; Von
Scheibner et al., 2014; Bergkemper et al., 2018, but see Domaizon et al.,
2012 for an opposite effect). This change in the communities’ structure
can increase consumer control over producers in warming scenarios
(Yang et al., 2016). On the other hand, the mixotrophic microbiota
shows greater plasticity in face of temperature changes, adopting, ac-
cording to the situation, a producer or consumer behavior. For these
organisms, a reduction in the amount of chlorophyll-a (Wilken et al.,
2013) and an increase in bacterial consumption (Wilken et al., 2018)
was observed, which led to the overlap of heterotrophic metabolism
over autotrophic in high temperatures.

Bacteria (Fujimoto et al., 2016) and planktonic microeukaryotes
(Khomich et al., 2017) have representatives at the different trophic
levels (autotrophic, heterotrophic and mixotrophic), and represent
evolutionarily distinct groups. These organisms play an important role
in food webs (Chen et al., 2008) and ecosystems functioning through
biogeochemical and nutrient cycles (Rodriguez-Varela, 2004; Chen
et al., 2008). Because they have a reduced size and a short life cycle
(Altermatt et al., 2015), these organisms are an excellent model for
understanding the effects of global warming. For comparisons between
bacterioplankton and microbial eukaryotes communities, similar re-
sponses to temperature increase have been observed (Smale et al.,
2017), as well as the absence of effects at these two biological levels
(Maugendre et al., 2015). However, some studies have demonstrated
contrasting responses for these two groups to the warming, with
abundance increased for bacteria (Domaizon et al., 2012; Lara et al.,
2013; Tuyet et al., 2015; Bergen et al., 2016) and reduction of abun-
dance (Domaizon et al., 2012; Vazquez-Dominguez et al., 2012) and
biomass for protists (Lara et al., 2013), indicating that microeukaryotes
organisms may be more sensitive to the effects of global warming.

Through the metabarcoding approach, many taxonomic groups with
distinct biological characteristics, such as prokaryotes (e.g. Von
Scheibner et al., 2014; Tuyet et al., 2015; Bergen et al., 2016) and
eukaryotes (e.g. Domaizon et al., 2012; Moustaka-Gouni et al., 2016),
can be evaluated simultaneously by the use of universal primers. This
strategy allows for the detection of rare taxa (Medinger et al., 2010),
increases the taxonomic resolution in samples screening (Deiner et al.,
2017) and complements the information based on traditional mor-
phological identification (Santoferrara et al., 2016). Thus, it can be
used as a tool to detect the responses of planktonic communities to
warming predicted for the future (e.g. Smale et al., 2017; Stefanidou
et al., 2018).

Herein, we used an experimental approach to simulate the short-
term effect of warming predicted by different future scenarios on
aquatic prokaryotes (i.e. bacterioplankton) and eukaryotes (i.e. micro-
eukaryotes) microbiota composition, and to evaluate the effects sepa-
rately for each trophic level (autotrophic, heterotrophic and mixo-
trophic). Communities composition was obtained through high-
throughput sequencing, using targeted markers for the 16S rDNA and
18S rDNA genes. This approach has been used previously in
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experiments involving marine environments (e.g. Domaizon et al.,
2012; Bergen et al., 2016; Smale et al., 2017; Huggett et al., 2018).
However, to the best of our knowledge, our experiment is one of the
first to simulate the effects of temperature increase using a meta-
barcoding approach for the tropical freshwater microbiota of prokar-
yotes and eukaryotes (but see Pajares et al. (2013) and Ren et al. (2017)
for bacterioplankton in temperate zones).

We hypothesized that warming has an influence on the composition
of planktonic bacteria and microeukaryotes since the temperature is an
important factor that determines the organization of communities in
natural environments (e.g. Piwosz et al., 2018; Guo et al., 2019). Fur-
thermore, as predicted by the metabolic theory of Ecology, we expect
that heterotrophic organisms, due to their metabolism characteristics,
may be favored when compared to autotrophic organisms, leading to
changes in composition patterns and diversity of microbial commu-
nities. On the other hand, as bacteria and microeukaryotes have re-
presentatives on the three trophic levels and are directly associated
with the food web, we expect that both biological groups, as well as the
different trophic levels, respond to warming in a similar way since
changes in one level may lead to modifications to the other.

2. Material and methods
2.1. Experimental design

The experiment was conducted during April 2016, at the State
University of Goias (UEG), Campus Andpolis, Goids, Brazil (—16°
22’52.86” S and —48° 56’45.43” W). The microcosms were represented
by rectangular glass aquariums with a capacity of 25 L of water. A
water circulation pump (model JAD SP - 500) was placed in each
aquarium bottom in order to avoid organism sedimentation (e.g.
Maugendre et al., 2015; Bergen et al., 2016). The water temperature
was manipulated using an electric heater with thermostat (model Roxin
HT 1300 - 25W). Throughout the experiment, the microcosms were
covered with a transparent nylon screen to prevent the entry of insects,
dirt, or other residues and small animals that could interfere with the
results. The mesocosms were exposed to the regime of natural light and
other conditions of the environment. A full description of the experi-
mental layout and warming system was described in Machado et al.
(2019a).

Twenty microcosms were randomly distributed in four temperature
treatments. The control treatment corresponded to the mean annual
temperature for the region where the experiment was performed. This
estimate was obtained through the Meteorology and Hydrology System
of Goias State (Simehgo, 2016). The temperature increase was estab-
lished according to the forecasts proposed by the Atmospheric-Ocean
Global Circulation Model (AOGCM) - Community Climate System
Model (CCSM), available in the Ecoclimate database (Lima-Ribeiro
et al., 2015). This model presents four future warming scenarios based
on the levels of radiative forcing predicted for the year 2100, the Re-
presentative Concentration Pathways (RCP 2.6 optimistic scenario; RCP
4.5 e RCP 6.0 intermediate scenario; RCP 8.5 pessimistic scenario; Moss
et al., 2008). The intermediate scenario predicts a mean increase of 2 °C
in comparison to the current mean temperature, while the pessimistic
scenario assumes an increase of 4 °C considering the region where the
experiment was performed.

The microcosms were warmed accordingly to simulate these dif-
ferent temperature scenarios. The experiment was constructed with five
replicates of the following treatments: Control (C — 24 °C): annual mean
temperature for the region where the experiment was constructed;
Intermediate (I - 26 °C): represents an average increase in temperature
predicted in the optimistic and intermediate scenarios; Pessimistic (P —
28 °C): represents a pessimistic scenario of warming and
Pessimistic + Pessimistic (PP — 32 °C): indicates an extreme situation in
temperature increase, based on a double pessimistic scenario.

The RCP 8.5 scenario is the most used in the literature to define a
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higher warming state; however, it does not act as an upper limit for the
possible emissions, since they depend directly on the uncertainties in
the anthropic activities for the next century (Hayhoe et al., 2017). Al-
though the PP treatment does not directly represent any future
warming scenario predicted for Brazil, some regions in the tropical zone
may show an increase above 32 °C, considering a pessimistic warming
scenario (see data for tropical region in Ecoclimate database, Lima-
Ribeiro et al. 2015). In addition, the increase in water temperature can
also occur due to the loss of marginal vegetation (Moore et al., 2005;
Caissie, 2006), causing an increase in the incidence of light and con-
sequently in temperature. Thus, PP treatment was used to understand
how an increase in temperature considering double what is expected by
a pessimistic RCP scenario could affect the communities.

Each microcosm was filled with 18.2 L of water collected in an
oligo-mesotrophic lake, located on the UEG Campus. These, 16 L were
collected directly from the lake using a bucket without any previous
filtration and 2.2 L were collected with a plankton net (20 um mesh
size), seeking to maximize the collection of species that occur in lower
abundance and to ensure that most taxonomic groups were represented
in the experimental units. Although this procedure can change some
limnological variables in the microcosms relative to the natural en-
vironment, we need consider: i) the limnological changed (e.g. carbon,
transparency) occurred similarly in all temperature treatments; ii)
during the experiment (and all treatment) the trophic state of the ex-
periment was similar with to the lake sampled (oligotrophic), thus, the
experiment conditions replicated the limnological characteristic found
in the lake. Furthermore, obtaining organisms directly from their nat-
ural habitat allows the use of genetically diverse populations that co-
exist naturally (Altermatt et al., 2015). After the microcosms filling
(April 04th, 2016), we waited about 48 h for the temperature to sta-
bilize and acclimate the organisms. Thus, the experiment started on
April 6th, 2016 (day zero) and ended on April 26th, 2016, totaling
20 days. This temporal period is consistent with the generation time of
organisms (Domaizon et al., 2012) and agrees with previous experi-
mental studies involving the planktonic microbiota (e.g. Lara et al.,
2013; Lindh et al., 2013; Bergen et al.,, 2016; Menden-Deuer et al.,
2018).

To avoid depletion of nutrients, every four days, we added
5.40 mg L™ ! of sodium nitrate (NaNO3") and 0.34 mg L' of potassium
phosphate (KH,PO,4), which represent respectively 0.2 mg L™' of ni-
trate (NO3 ™) and 0.002 mg L™ ! of phosphate (PO, ). These additions
were based on the natural nitrate and phosphate concentrations of the
lake from which the water was collected, considering the proportion of
Redfield 16N: 1P (Reynolds, 2006). On the 10th day of the experiment,
500 mL of deionized water was also added to each aquarium, trying to
recover the losses by evaporation (e.g. McKee et al., 2000; Ekvall and
Hanson, 2012). During the experiment, the temperature in the treat-
ments oscillated in average 3 °C around the previously established va-
lues (24 °C, 26 °C, 28 °C and 32 °C) following the weather oscillations
(sunny or rainy days). However, the treatments with warming have
always been at temperatures higher than the control (see details of the
daily temperature in Machado et al., 2019a). A heater related to the
control treatment presented faults in its functioning, thus, this replica
was excluded from all subsequent analysis.

During the 20 days of the experiment, we daily measured water
temperature, conductivity, dissolved oxygen, pH and chlorophyll-a
using the Manta 2 Eureka multiparameter probe. On the last day of the
experiment, we also collected 500 mL of water in each microcosm for
nutrient analysis (nitrogen and phosphorus), following the protocol
described in Golterman et al. (1978). Replicas of all treatments started

the experiment with similar limnological conditions (pH:
mean = 6.5, = SD = 0.1; chlorophyll-a:
mean = 65 pg L L, +SD = 1 pug L7'; conductivity:
mean 59 puS em™ !, £SD = 0.7 uS cm™; dissolved oxygen:

mean = 7.2 mg L™!, £SD = 0.1 mg L™!). Over the time, these
parameters showed some variation from the initial values (see Table 1S
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in Supplementary Material 1). On mean, chlorophyll-a and conductivity
values increased over time, being higher in the PP temperature treat-
ment. The dissolved oxygen concentration oscillated over time and in
mean was lower in the P and PP temperature treatment. The pH re-
mained constant and with neutral values in all microcosms. We also did
not observe differences in nutrient concentrations between temperature
treatments (See Table 2S in Supplementary Material 1). Thus, all mi-
crocosms were maintained oligotrophic state, similar to the lake where
water was collected to fill them (see more details in Machado et al.,
2019a).

Due to the initial filtration to fill microcosms, zooplankton abun-
dance could also have been increased. To ensure equal conditions be-
tween the different treatments, at the end of the experiment, samples
for zooplankton analysis were obtained from each aquarium (see
Additional Information topic in Supplementary Material 1). Overall, we
did not find differences in zooplankton composition between the dif-
ferent temperatures (see Additional Information topic in Supplementary
Material 1), ensuring that the differences observed in prokaryotic and
eukaryotic communities were not influenced by zooplankton, since this
was similar in all treatments.

2.2. DNA extraction, amplification and sequencing

At the end of the experiment, 500 mL of water was collected from
each microcosm using polyethylene bottles. The samples were stored in
a refrigerator (at about 2 °C) until the time of filtration, which occurred
within 24 h after collection. The first filtration was carried using a
vacuum pump and a Millipore cellulose filter (3 um pore size), which
enabled to capture the eukaryotic microbiota present in the sample. The
water resulting from this process was again filtered, however with a
Millipore cellulose filter of 0.22 pm pore size. Here, the objective was to
capture the prokaryotic microbiota. Thus, the microbial community
fraction investigated in this study was predominantly composed of
microeukaryotes, picoprokaryotes and nanoprokaryotes (see Massana
and Logares (2013) for size class classification). Each of the filters (3 ym
and 0.22 um) were placed separately in Falcon tubes and stored in li-
quid nitrogen at —80 °C.

The total DNA of the eukaryotes (3 um filter) and prokaryotes
(0.22 pm filter) was extracted following the protocol of the
PowerWater® DNA Isolation Kit (MoBio). The extracted DNA was
analyzed and quantified on 1% agarose gel. For eukaryotic DNA, a
hypervariable fragment (~400 pb) 18S rDNA was amplified by the
Polymerase Chain Reaction (PCR) using the primers TAReuk45FWD1
and TAReuKREV3 (Stoeck et al., 2010), following the protocol de-
scribed in the kit Taq PCR Master Mix Qiagen. For prokaryotic DNA,
amplification was conducted using the primers BAC341F and BAC785R
(based on Klindworth et al., 2013; added with Illumina adapters) for
16S rDNA according to the Kit ReadyMix™ Taq PCR Reaction Mix.
Amplifications were performed in triplicates and the resulting DNA was
analyzed on 1.5% agarose gel.

During the preparation of the Illumina libraries, the triplicates were
grouped into a single tube and then indexes were inserted according to
the Kit Nextera XT Index 2 (Illumina), through a limited cycle PCR
program. The samples were purified using the Agencourt AMPure XP
Beads (Beckman Coulter). The libraries were quantified by a real-time
PCR with the KAPA Library Quantification Kit, and the amplicon size
was estimated using an Agilent High-Sensitivity DNA Kit on Bioanalyzer
(Agilent). The libraries of each replicate were normalized to 4 nM and
sequenced using MiSeq Reagent Kit v3 (600 cycles) on the Illumina
MiSeq platform.

The sequences quality was evaluated using the FastQC software
(Andrews, 2010). Sequences that presented size less than 100 bp or
bases with a Phred score < 20 were excluded using the Trimmomatic
software (Bolger et al., 2014). In this step, the adapters were also re-
moved. The operational taxonomic units (OTUs) prediction was per-
formed using the UPARSE pipeline (Edgar, 2013), which consists of: (i).
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merging sequences; (ii). grouping the sequences of all samples; (iii).
dereplication with the identification of unique sequences and chimeras
filtering; (iv). clustering sequences with similarity higher 97% in the
same OTU; (v). construction of OTUs table per treatment. The taxo-
nomic prediction was performed by a BLASTn (Altschul et al., 1990) of
the representative OTU sequences against the Silva 128 database using
a 97% identity percentage (See Supplementary Material 2 for more
details of data processing). Sequences of metazoan (e.g. fragments of
animals, larvae, eggs) or non-aquatic microbiota (e.g. plants) were re-
moved from further analysis.

The OTUs for which it was possible to assign a taxonomic group
were classified into trophic groups according to their carbon source
(e.g. Simon et al., 2015; Fujimoto et al., 2016; Khomich et al., 2017).
Organisms that have chlorophyll-a and obtain carbon exclusively
through primary productivity were considered as autotrophic (e.g.
Chlorophyta, Charophyta, Cyanobacteria). The heterotrophs were re-
presented by organisms that obtain carbon through predation, para-
sitism or decomposition (e.g. Ciliophora, Fungi, Amoebozoa, Proteo-
bacteria) while organisms that acquire carbon both heterotrophically
and through photosynthesis were considered as mixotrophic (e.g. pu-
tative members of Chryptophyta, Chrysophyta, Dinophyta).

Thus, nine matrices of data were used in our analysis, to evaluate
the warming effects on the planktonic microorganisms. They were: (i).
total prokaryotes: all OTUs obtained by sequencing the 16S rDNA; (ii).
taxonomically classified prokaryotes: includes only prokaryotic OTUs
for which it was possible to obtain the taxonomic classification; (iii).
autotrophic prokaryotes: includes only prokaryotic primary producers;
(iv). heterotrophic prokaryotes: includes only the heterotrophic pro-
karyotes; (v). total eukaryotes: all OTUs obtained by the sequencing of
18S rDNA after the exclusion of the Metazoa and plants; (vi). tax-
onomically classified eukaryotes: includes only eukaryotic OTUs for
which it was possible to obtain the taxonomic classification; (vii). au-
totrophic eukaryotes: includes only eukaryotic primary producers;
(viii). heterotrophic eukaryotes: includes only the heterotrophic eu-
karyotes; (ix). mixotrophic eukaryotes: includes only mixotrophic eu-
karyotes.

2.3. Data analysis

All analyses were performed in the R software (R Core Team, 2018)
using the vegan package (Oksanen et al., 2019). We used an Analysis of
Variance (ANOVA) to investigate the effect of warming on the pro-
karyotic and eukaryotic OTUs richness and also for the different trophic
groups. Before the ANOVA, OTUs matrices were subjected to sub-
sampling rarefaction to correct the bias that may be generated by
comparing the richness of samples with different sampling depths. The
rarefaction was performed through a random subsampling, in which the
sample size was determined by the lowest number of sequences ob-
tained considering the replicates of all temperature treatments
(Hurlbert, 1971, see also Table 3S in Supplementary Material 1). Rar-
efaction was performed for each OTUs matrix separately (prokaryotic,
eukaryotic and trophic groups) using the “rarefy” function. Thus, in the
ANOVA, the OTUs richness normalized by rarefaction analysis re-
presented the response variable and temperature levels represented the
predictor variable. In cases where significant results were found in
ANOVA, the data were submitted to a Tukey test to verify among what
temperatures these differences occur.

We used a Permutational Variance Analysis (PERMANOVA; Zar,
2010) to evaluate the effect of warming on the prokaryotes, eukaryotes
and trophic groups composition. The assumption of variance homo-
geneity was tested using the “betadisper” function (Anderson, 2006).
All matrices tested showed a homogeneous variation. In the PERMA-
NOVA, the data of OTUs occurrence represents the variable response
and the temperature levels the categorical predictor. In this analysis,
the occurrence matrix of OTUs was converted into a Jaccard distance
matrix. We used a Non-Metric Multidimensional Scaling Analysis
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(NMDS; Legendre and Legendre, 1998) to evaluate among what treat-
ments the significant differences in the PERMANOVA occur. Finally, we
used a Mantel test to evaluate the concordance between the composi-
tion of prokaryotic and eukaryotic OTUs. The existence of a significant
relationship between the two data matrices indicates that communities
respond similarly to warming. For the NMDS and Mantel test, the OTUs
composition was also represented by the occurrence data converted
into a Jaccard distance matrix.

3. Results

The sequencing of all samples resulted in 6,888,566 reads for the
prokaryotic microbiota and 4,352,080 reads for eukaryotic microbiota.
After the quality filtration, we obtained 4,506,636 and 2,708,476 reads
for prokaryotes and eukaryotes, respectively (see more details in
Table 4S of the Supplementary Material 1). The eukaryotes fragments
presented approximately 400 bp and the prokaryotes fragments,
550 bp. The total merged sequences were 52,055 for prokaryotes,
which predicted 272 OTUs, with average fragment size of 360 bp. For
eukaryotes, 339,908 merged sequences were obtained and predicted
311 OTUs, with average fragment size of 408 bp. We were not able to
assign a taxonomic classification for 144 prokaryotic OTUs and 170
eukaryotic OTUs, since they did not have representatives in the re-
ference base used for BLAST in the Silva 128 database. Among the
taxonomically classified OTUs, six prokaryotic OTUs and four eu-
karyotic OTUs represented non-planktonic organisms, while 15 eu-
karyotic OTUs were attributed to metazoans and therefore were not
considered. Thus, 265 prokaryotic OTUs and 287 eukaryotic OTUs re-
presented the total number of OTUs used in our analysis (See
Supplementary Material 3-5), while 122 prokaryotic OTUs and 122
eukaryotic OTUs represented taxonomically classified data set, used for
trophic group categorization (see Tables 5S and 6S in the
Supplementary Material 1).

Among prokaryotic organisms, Proteobacteria and Bacteriodetes
were the groups with the highest number of OTUs at all temperatures.
As for abundance, Proteobacteria was the predominant group in all
temperature treatments, followed by Cyanobacteria in the temperature
C and P, Actinobacteria in the temperature I and Bacteriodetes in the
temperature PP (Table 1). Eukaryotes, Fungi and Chlorophyta pre-
sented the highest number of OTUs in temperature C, I and PP while
Fungi, Ciliophora and Chlorophyta in temperature P. In relation to
abundance, Chlorophyta, Fungi and Chrysophyta were the most re-
presentative groups among all temperatures (Table 1). Among the
prokaryotes, 104 OTUs represented heterotrophic organisms, 08 auto-
trophic, while 10 OTUs did not present a sufficient taxonomic resolu-
tion to be classified according to their carbon source. For eukaryotes,
we found 31 autotrophic OTUs, 79 heterotrophic OTUs and 12 mixo-
trophic OTUs. The number of OTUs estimated by rarefaction analysis
for the total microbiota, taxonomically classified microbiota and
trophic groups, both of prokaryotes (Fig. 1) and eukaryotes (Fig. 2), did
not differ between temperature treatments (Table 2). The only excep-
tion occurred for the richness of autotrophic eukaryotes, in which
temperature C presented, on average, three OTUs more than tempera-
ture PP (Fig. 2).

Warming influenced the composition of the prokaryotic and eu-
karyotic microbiota, considered both the total microbiota as well as the
subset of the total microbiota that was taxonomically classified
(Table 3). Although no concordance was found between the prokaryotic
and eukaryotic total microbiota (Mantel r = —0.02; P = 0.58), we
found a concordance in patterns of response to warming between the
two communities when only taxonomically classified OTUs were con-
sidered (Mantel r = 0.37; P = 0.005). We found differences between
temperatures C and PP, I and PP, P and PP in both classifications, al-
though for eukaryotes the differentiation between treatments showed a
clearer pattern in the NMDS ordering (Figs. 3 and 4). Considering the
taxonomically classified data set, some OTUs were directly associated
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Table 1
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Number of OTUs and relative abundance for prokaryotes and eukaryotes microbiota found in the different scenarios of future warming, according to the taxonomic
group. These values were obtained considering all replicas of temperature treatments. C = 24 °C,I = 26 °C, P = 28 °C, PP = 32 °C, N° OTU = number of OTUs,

Abund = Abundance.

C I P PP

N° OTU Abund (%) N° OTU Abund (%) N° OTU Abund (%) N° OTU Abund (%)
Prokaryotes
Acidobacteria 2 0.017 2 0.017 2 0.05 3 0.13
Actinobacteria 5 13.7 5 19.2 4 10.3 5 5
Armatimonadetes 3 0.40 2 0.06 1 0.06 2 0.17
Bacteroidetes 10 9.2 9 12 8 4.12 9 7.1
Cyanobacteria 7 15 5 11.3 5 12.3 6 3
Planctomycetes 2 0.10 1 0.09 1 0.08 1 0.02
Proteobacteria 64 61.4 62 57.2 55 73 52 85
Spirochaetes 1 0.06 1 0.06 1 0.05 1 0.01
Verrucomicrobia 2 0.07 2 0.017 1 0.016 1 0.074
Eukaryotes
Amoebozoa 4 0.10 7 0.05 7 0.11 8 0.11
Apusozoa 1 0.007 0 0 0 0 0 0
Bacillariophyta 1 0.014 0 0 1 0.01 1 0.003
Bicosoecida 2 1.24 2 0.48 2 8.5 2 0.42
Cercozoa 16 9 14 4.84 13 10 13 14
Charophyta 5 10 4 3.16 6 8 7 8.7
Chlorophyta 18 13.2 17 10.8 15 29 17 35.8
Choanoflagellida 0 0 0 0 0 0 1 0.016
Chrysophyta 9 28 8 10.5 7 23.5 14.8
Ciliophora 16 11.5 15 2.31 16 4 15 4.96
Dinoflagellata 2 1.24 1 0.79 2 0.5 3 2.32
Eustigmatophyceae 3 0.53 2 0.21 3 0.70 3 0.22
Fungi 19 25 17 66.8 17 15.5 18 185
Ichthyosporea 1 0.003 1 0.005 0 0 0 0
Perkinsidae 1 0.08 0 0 0 0 0 0
Peronosporomycetes 0 0 0 0 1 0.01 0 0
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Fig. 1. OTUs richness estimated by rarefaction for prokaryotic microorganisms
among different temperature treatments. The squares represent the mean value
and the whiskers the + standard deviation. C = 24 °C,1 = 26 °C,P = 28 °C and
PP = 32°C.

with the PP temperature, possibly contributing to the distinction of the
community composition at this temperature in relation to the others
(see Tables 7S and 8S in Supplementary Material 1). Among them, we
highlight the OTUs corresponding to the groups Proteobacteria and
Cyanobacteria which comprehend: Rickettsiales (OTU 101, similarity
97.2%), Pedomicrobium sp. (OTU 145, similarity 100%), Rhodopila sp.
(OTU 263, similarity 97.3%), Methylobacillus sp. (OTU 268, similarity
98.8%), Cyanophyceae (OTU 64, similarity 99.5%), Sphingomonas sp.
(OTU 114, similarity 100%), Acidovorax sp. (OTU 147, similarity 100%)

Ml Total Eukaryotes

Estimated OTUs Richness

10i

8l

0

0

60

40

2

=]

H Autotrophic Eukaryotes [ Mixotrophic Eukaryotes

Taxonomically Classified Eukaryotes [ ] Heterotrophic Eukaryotes

ﬁn Em ﬁm ﬁm

Temperature

Fig. 2. OTUs richness estimated by rarefaction for eukaryotic microorganisms
among different temperature treatments. The squares represent the mean value
and the whiskers the + standard deviation. C = 24 °C,1 = 26 °C, P = 28 °C and
PP = 32 °C.

and Devosia sp. (OTU 34, similarity 100%). For eukaryotes, OTUs as-
sociated with the PP temperature refer to the Tubilinida (OTU 117,
similarity 98.2%), Spumella sp. (OTU 90, similarity 100%), Pseudo-
muriella sp. (OTU 98, similarity 99.7%), Orphella catalaunica (OTU 191,
similarity 98.1%), Ochromonas sphaerocystis (OTU 149, 100%), Scene-
desmus muspupukensis (OTU 122, similarity 100%) and Leptopharynx sp.
(OTU 185, similarity 99.4%).

Some of the OTUs taxonomically classified have been observed ex-
clusively in certain temperature treatments. Among the prokaryotes,
the OTUs taxonomically classified as Armatimonadales (OTU 53, si-
milarity 99%), Neisseriaceae (OTU 130, similarity 99.7%), Zavarzinella
sp. (OTU 150, similarity 99.7%), Coxiella sp. (OTU 229, similarity
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Table 2
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Analysis of Variance (ANOVA) performed between the OTUs richness estimated by rarefaction and the temperature treatments. The numbers in parentheses indicate
the degree of freedom for each test. Pairwise comparisons by the Tukey test were performed for situations in which ANOVA presented significant results (P < 0.05).
N.A. = Not applicable; SS = Sum of squares; MS = Mean of squares. The bold values indicate significant results (P < 0.05).

SS MS F P Tukey Teste
Total prokaryotes s 1s) 70.6 23.5 1.37 0.28 N.A.
Total eukaryotess 1s) 411 136.9 0.46 0.70 N.A.
Taxonomically classified prokaryotes is) 28.9 9.6 1.25 0.32 N.A.
Taxonomically classified eukaryotes 15, 237.7 79.2 0.95 0.43 N.A.
Autotrophic prokaryotes (3 15 1.84°31 6.16°32 1.31 0.30 N.A.
Heterotrophic prokaryotess s, 41.0 13.6 2.25 0.12 N.A.
Autotrophic eukaryotes 1s) 27.0 9.0 4.0 0.02 C=1,C=P,C=PP,I=P,1=PP,P=PP
Heterotrophic eukaryotes s, 68.0 22.6 0.62 0.61 N.A.
Mixotrophic eukaryotess 15 4.6 1.5 0.96 0.43 N.A.
Table 3 eC 0Ol oP mPP

Analysis of Permutational Variance (PERMANOVA) for OTUs composition of
prokaryotes, eukaryotes and trophic groups. DF = Degrees of freedom. The
bold values indicate significant results (P < 0.05).

DF R? F P
Total prokaryotes 3,15 0.23 1.50 0.002
Total eukaryotes 3,15 0.24 1.64 0.001
Taxonomically classified prokaryotes 3,15 0.21 1.35 0.01
Taxonomically classified eukaryotes 3,15 0.25 1.69 0.001
Autotrophic prokaryotes 3,15 0.06 0.36 0.96
Heterotrophic prokaryotes 3,15 0.21 1.40 0.01
Autotrophic eukaryotes 3,15 0.18 1.10 0.33
Mixotrophic eukaryotes 3,15 0.32 2.35 0.01
Heterotrophic eukaryotes 3,15 0.26 1.81 0.001

97.2%) and Chromobacterium sp. (OTU 257, similarity 100%) were
exclusive to temperature C; Fimbriimonadaceae (OTU 137, similarity
99.5%) for temperature [; no OTU occurred exclusively in temperature
P, while Acidocella sp. (OTU 190, similarity 98.6%), Acidimicrobiaceae
(OTU 241, similarity 98.2%) and Rhodopila sp. (OTU 263, similarity
97.3%) occurred only in the PP temperature. Among eukaryotes, the
OTUs represented by Carchesium polypinum (OTU 114, similarity
99.1%), Parvilucifera sp. (OTU 157, similarity 100%), Ancyromonas sp.
(OTU 310, similarity 99.4%) occurred only in temperature C; no OTU
was exclusive to temperature I; Aphanomyces sp. (OTU 231, similarity
97.1%) was exclusive to temperature P and Ophrydium versatile (OTU
88, similarity 99.8%), Salpingoeca sp. (OTU 166, similarity 98.2%),
Mougeotia sp. (OTU 266, similarity 100%), Cladochytrium replicatum
(OTU 325, similarity 100%) and Leptomyxa reticulata (OTU 348, simi-
larity 98.3%) exclusive to temperature PP.

For the prokaryotic trophic groups, warming had effect only on
heterotrophic organisms (Table 3), but these differences in OTU com-
position were only observed between temperatures I and PP (Fig. 3).
The main OTUs associated with temperature I were Sporichthyaceae
(OTU 43, similarity 100%), Rhodovarius sp. (OTU 39, similarity 99.7%),
Bdellovibrio sp. (OTU 20, similarity 100%), Hyphomonadaceae (OTU
238, similarity 99.7%), Sediminibacterium sp. (OTU 73, similarity
97.8%), while at the temperature PP, the OTUs were Ralstonia sp. (OTU
149, similarity 99.7%), Pedomicrobium sp. (OTU 145, similarity 100%),
Rickettsiales (OTU 101, similarity 97.2%), Methylobacterium sp. (OTU
158, similarity 100%; OTU 26, similarity 100%), Acidovorax sp. (OTU
147, similarity 100%), Elstera sp. (OTU 54, similarity 99.7%), Cyto-
phagaceae (OTU 221, similarity 99%), Sphingomonas sp. (OTU 114,
similarity 100%), Roseomonas sp. (OTU 12, similarity 97.7%) and
Bradyrhizobium sp. (OTU 112, 100%).

For eukaryotes, warming affected the heterotrophic and mixo-
trophic organisms (Table 3). For the heterotrophic microbiota, these
differences occurred between temperatures C and P, C and PP, I and PP,
P and PP, whereas for mixotrophic, the differences were evidenced
between temperature C and the others temperatures (Fig. 4). Among
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Fig. 3. Non-metric Multidimensional Scaling Analysis (NMDS) for total com-
position of prokaryotic OTUs and trophic groups. Here, we considered only the
biological classifications that showed significant differences in the PERMAN-
OVA. Stress for total prokaryotes = 0.166; Stress for taxonomically classified
prokaryotes 0.189; Stress for heterotrophic prokaryotes = 0.188. The symbols
indicate the temperature, thus C = 24 °C,1 = 26 °C,P = 28 °C and PP = 32 °C.

the heterotrophic organisms, the main OTUs associated with tempera-
ture C were Rhogostoma sp. (OTU 106, similarity 97.4%), Cryptomycota
(OTU 152, similarity 98.3%; OTU 313, similarity 100%). In tempera-
ture I we found mainly: Paramicrosporidium sp. (OTU 204, similarity
98.3%), Bodomorpha sp. (OTU 160, similarity 100%), Rhogostoma sp.
(OTU 96, similarity 99.7%), Hemiophrys procera (OTU 20, similarity
97%), Spongomonas sp. (OTU 53, similarity 98.2%), Loxophyllum sp.
(OTU 43, similarity 100%). For the temperature P, we highlight:
Cryptodifflugia operculata (OTU 136, similarity 100%), Cercozoa (OTU
94, similarity 99.4%), Cryptomycota (OTU 28, similarity 100%), Bi-
cosoecida (OTU 16, similarity 100%), Pseudodifflugia gracilis (OTU 36,
similarity 99.2%), while for PP temperature, Tubilinida (OTU 117,
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Fig. 4. Non-Metric Multidimensional Scaling analysis (NMDS) for total com-
position of eukaryotic OTUs and trophic groups. Here, we considered only the
biological classifications that showed significant differences in the PERMAN-
OVA. Stress for total eukaryotes = 0.171; Stress for taxonomically classified
eukaryotes = 0.189; stress for heterotrophic eukaryotes = 0.196; stress for
mixotrophic eukaryotes = 0.145. The symbols indicate the temperature, thus
C=24°C, 1 =26°C,P =28°Cand PP = 32 °C.

similarity 98.2%), Paramicrosporidium sp. (OTU 332, similarity 100%),
Cryptomycota (OTU 201, similarity 97.8%) and Cercozoa (OTU 327,
similarity 97.7%). For mixotrophic organisms, the main OTUs asso-
ciated with temperature C, allowing their differentiation from the other
treatments were Lagynion scherffelii (OTU 283, similarity 99.4%) and
Chromulinales (OTU 85, similarity 97.6%), both belonging to the class
Chrysophyceae.

4. Discussion

It is relevant to predict how microorganisms respond to variations in
temperature, especially due to the numerous environmental dis-
turbances currently observed and expected by the end of the century
(Menden-Deuer et al., 2018). In this study, we evaluated the warming
effects on different biological groups and trophic levels for planktonic
microbiota using DNA metabarcoding in the experimental approach.
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We did not observe differences in OTUs richness between different
temperatures for most of the classifications adopted. However, we
found that the increase in temperature influences both prokaryotic and
eukaryotic microorganisms, altering the patterns of community com-
position in a pessimistic warming scenario. In addition, bacteria and
microeukaryotes have a consistent pattern of response. The effects of
warming seem to be more severe on the mixotrophic eukaryotes, since
differences in composition have already been observed with the in-
crease of 2 °C. For heterotrophic organisms, the differences were ob-
served only between the extreme temperature PP and the others tem-
peratures. However, we did not observe effects of temperature increase
on both autotrophic eukaryotes and prokaryotes composition.

Overall, the total number of OTUs found for both eukaryotic and
prokaryotic organisms can be considered low compared to other studies
conducted in natural environments (Machado et al., 2019; Tandon
et al., 2018), artificial (Lee et al., 2016) and experimental (e.g. Smale
et al., 2017; Stefanidou et al., 2018). This may be due collection in a
single lake to fill the microcosms. This lake was resulted of damming
part of the Barreiro stream channel, a small stream that runs through
the State University of Goias campus (Curado and Angeline, 2006). This
lake has a small size, low depth and therefore can naturally harbor a
low diversity of OTUs. Another hypothesis that can be used to explain
this low diversity is experimental manipulation. When exposed the
experimental conditions, some OTUs, especially those that occur
naturally at low frequency, may be lost or not detected. However, this is
an effect that occurs for both warm and control treatments, since the
samples for filling were obtained in the same place and exposed the
same environmental conditions.

Temperature is a limiting factor for most aquatic organisms, de-
termining important ecological processes in communities, such as pri-
mary productivity (e.g. Hader et al., 2014; Yvon-Durocher et al., 2015),
decomposition (e.g. Geraldes et al., 2012), respiration (e.g. Hoppe
et al., 2008; Panigrahi et al., 2013) and carbon cycle (e.g. Wohlers
et al., 2009; Yvon-Durocher et al., 2010). In our experiment, we ob-
served no differences in OTU richness between temperatures for most of
the biological groups and trophic levels evaluated, except for the
richness of autotrophic eukaryotes. This indicates that warming prob-
ably did not lead to a change in the number of OTUs that could reflect
in the richness, but rather their substitution promoting the permanence
of those who represent groups more adapted to high temperatures.
Another factor that can be considered is the presence of dormant, dead
or lysed cells. Since the amplicon sequencing will cover all of the pre-
vious mentioned DNA types, changes in diversity may not be captured.
However, our initial premise is confirmed when we evaluated com-
munity composition, in which the responses were specific to each
taxonomic group, with some OTUs occurring in only a few tempera-
tures.

In our study, the major taxonomic groups were not found ex-
clusively at a single temperature level. The OTUs corresponding to
Proteobacteria occurred in all treatments for prokaryotes, while eu-
karyotes were represented mainly by OTUs attributed to Chlorophyta
and Fungi. This indicates that changes in the composition may have
occurred due to the presence of specific taxa (e.g. Lindh et al., 2013;
Bergen et al., 2016). In fact, some prokaryotic and eukaryotic OTUs
occurred exclusively in the PP treatment or were more associated with
this temperature, which may have contributed to differentiate this
treatment from the others. Many of these OTUs represent taxa that can
tolerate high temperatures, such as Sphingomonas sp. (Feng et al., 2014)
and Methylobacillus sp. (Kaparullina et al., 2017) or that has growth
positively associated with warming such as Spumella sp. (Weisse, 1997).
In addition, among the OTUs found in the PP treatment, there are some
taxa capable of causing diseases in humans, such as prokaryotes of the
order Ricktissiales (Schrallhammer et al., 2013) and the genus Sphin-
gomonas (Beaino et al., 2018). Thus, besides to generating ecological
consequences with the substitution of species, warming predicted for
the next decades can also bring threats to human health and well-being
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through the proliferation of pathogenic organisms favored by warming
(Ichiro Kurame, 2010).

Although some studies have already demonstrated the effect of
warming on primary producers (e.g. Domaizon et al., 2012; Yvon-
Durocher et al., 2015; Pulina et al., 2016; Rasconi et al., 2017), we did
not observe differences for the autotrophic organism composition in
any of the biological classifications. In all treatments, autotrophic eu-
karyotes were represented mainly by Chlorophyceae while autotrophic
prokaryotes by Cyanobacteria. Previous studies indicate that the op-
timal temperature for the growth of these two groups is very similar,
especially in tropical regions (Thomas et al., 2016). Cyanobacteria have
optimal growth between 25 °C and 35 °C while Chlorophyceae grows
between 27.5 °C and 35 °C (Liirling et al., 2013). Thus, the two groups
seem to exhibit a thermal tolerance that allows them to survive at both
high and mild temperatures, contributing to the absence of effects of
the different temperatures used in our experiment.

On the other hand, the heterotrophic organisms had their compo-
sition influenced by temperature increase for both prokaryotes and
eukaryotes. In fact, the heterotrophic processes must be more affected
by the increase in temperature than the autotrophic. (e.g. Hoppe et al.,
2008; Panigrahi et al., 2013; Von Scheibner et al., 2014; Huete-Stauffer
et al., 2018). Due to the linkage of heterotrophic organisms to other
communities within the food chain, changes in their composition can
have serious consequences for food webs (Domaizon et al., 2012),
leading, for example, to an increase in consumption within the eco-
systems (Yang et al., 2016). These organisms are responsible for organic
matter remineralization and CO, recycling through respiration (Hoppe
et al., 2008). Thus, changes in their composition can have consequences
for ecosystem functions such as decomposition and nutrient cycling.

In our study, we found mixotrophic representatives only for eu-
karyotes and this was the most sensitive trophic level, with differences
in composition evidenced between treatments C and I. This trophic
level was represented mainly by OTUs classified as Chrysophyta (about
75% of the mixotrophic OTUs), whose optimum temperature for growth
is around 10 to 25 °C, depending on the latitude (Thomas et al., 2016).
All the temperatures used in our experiment were above the optimal
temperature for the growth of this group, thus justifying an alteration in
the mixotrophic composition with an increment of only 2 °C in com-
parison to the control temperature.

Mixotrophic organisms combine the photoautotrophic and hetero-
trophic habit for the production or consumption of organic matter
(Flynn et al., 2013). The occurrence of primary or secondary pro-
ductivity depends on both temperature and light availability in the
environment (e.g. Princiotta et al., 2016). Thus, in most aquatic eco-
systems with sufficient light availability, there is likely to be a con-
tinuum between the two habits (Flynn et al., 2013). Experimental
evidence indicates that warming promotes the predominance of a het-
erotrophic behavior in mixotrophic (Wilken et al., 2013; Wilken et al.,
2018). Although our experiment was not designed to quantify these
changes of habits, we can suggest that due to the plasticity to obtain
organic matter, small changes in temperature might be able to influence
the mixotrophic microbiota composition. However, future studies
evaluating these changes at the community level and regarding the
influence of other environmental factors are needed to better under-
stand the effects of warming on this trophic level.

An important result was the similar response obtained between the
prokaryotic and eukaryotic microbiota composition classified tax-
onomically to warming. The two biological levels showed species sub-
stitution between the PP temperature and the others temperatures, al-
though the eukaryotic organisms showed a clearer differentiation
pattern in the NMDS. Evidence indicates that eukaryotes have a lower
thermal tolerance in comparison to prokaryotes (Clarke, 2014). This
fact may be due to the biological characteristics of each group. Bacteria
emerged and evolved in a period in which the earth was subjected to
high temperatures (Oschmann et al., 2002) and nowadays, there are
representatives of bacteria that can survive in extreme temperatures
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(Clarke, 2014). On the other hand, microeukaryotes are composed of
numerous taxonomic groups (Pawlowski, 2014) that have different
thermal tolerances. This indicates a similar response between the two
levels, yet the substitution pattern probably did not occur at the same
intensity between the biological groups.

Understanding the responses of different taxonomic and trophic
groups to temperature increases is a crucial factor for predicting the
community’s dynamics in a global warming scenario (Smale et al.,
2017). The climate changes simulated here represent a change in
temperature that must occur over decades and thus, the time scale
evaluated may not be sufficient to determine the adaptation of micro-
organisms to high temperatures (e.g. Bergen et al., 2016). However,
extreme events in temperature can be used to predict the effects of
heatwaves (e.g. Audet et al., 2017), since the warming forecast for the
future should not only increase average temperatures, but also intensify
the occurrence of summers more hots, and increase number of days
with maximum temperature (IPCC, 2014). In fact, heatwaves and other
extreme events have already been verified for Brazil (Orlowsky and
Seneviratne, 2012; Bitencourt et al., 2016; Geirinhas et al., 2018).
Furthermore, the experiments provide a link between the theory and
natural ecosystems in which the conditions (e.g. temperature effect) are
simulated in a simplified way, but with a high level of control
(Altermatt et al., 2015). Therefore, our experiment simulates the
shortterm effect of warming, contributes to predicting how the aquatic
microbiota should be affected by global warming and also indicates a
similar response pattern among the different trophic levels.

5. Conclusions

In general, our results indicate that the temperature increase should
affect different levels of biological organization, altering the hetero-
trophic and mixotrophic microbiota composition. Prokaryotes and eu-
karyotes have a similar response to warming, but the change patterns
do not occur at the same intensity. This probably occurred because,
even though the biological levels respond to warming, the pattern of
species substitution between different trophic levels and biological
classifications occurred differently. This study highlights the tempera-
ture importance in structuring the communities of different groups and
reveals similar patterns of response between them. Thus, our results
contribute to predict the warming effects at different levels of biological
organization and trophic groups, especially for continental aquatic
ecosystems in tropical regions that, have vast biodiversity but are still
poorly studied.

6. Data archiving

The sequences used in this study were deposited in the GenBank’s
Sequence Reads Archive database (https://submit.ncbi.nlm.nih.gov/)
under the access number SUB5769264 for Eukaryotes and SUB5772232
for prokaryotes (Bioproject Accession PRJNA548125; BioSample
Accession: SAMN12003851 - SAMN12003869 for microeukaryotes and
SAMN12004256 — SAMN12004274 for bacteria).
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