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Abstract

The Chapada das Mesas National Park (CMNP) is a Conservation Unit in brazilian Cerrado biome, which is
considered a hotspot for biodiversity conservation and possess important rivers, waterfalls and springs with
economical and touristic importance. This study objective was to characterize the total and microbial
photosynthetic community of the CMNP from surface sediment samples from waterfalls of two touristic sites:
Pedra Caida and Farinha river. These samples were cultivated in selective medium for photosynthesizers and
both the raw samples and the enriched ones were submitted to DNA extraction and sequencing of the V3-V4
hypervariable region of the 16S rRNA gene on the lon Torrent platform. The reads were analyzed using QIIME2
software and the Phyloseq package. The enrichment allowed detecting and identifying many genera of
cyanobacteria in the Chapada das Mesas National Park, which would probably not be possible without the
combination of approaches. A total of 34 genera of photosynthetic microorganisms were classified in the
samples from the consortia, highlighting “Chloroplast” (45.60%) and Synechocystis_CCALA_700 (10.10%) as
the most abundant groups in the tropical alkaline lakes of Maranhao. As for the functional analysis, metabolic
functions associated with methanotrophy and methylotrophy, hydrocarbon degradation, phototrophy and
nitrogen fixation were predicted. The results highlight a great diversity of photosynthetic microorganisms in
Cerrado and the importance of using a combination of approaches when analyzing target groups who usually
are underrepresented like photosynthetizers.

1. Introduction

The Chapada das Mesas National Park (CMNP) is a Conservation Unit located south of Maranhéo in the
northeast region of Brazil, covering a total area of 15995162 hectares (Brasil 2012). The CMNP covers a
significant area of the Cerrado, a biome considered as hotspot and threatened by desertification in the east,
which has already lost about 80% of its natural cover. In addition, the park is home to the main rivers in the
region, dozens of waterfalls, and more than 400 springs which attracts tourists and has socio-environmental
relevance. This richness in water resources and biodiversity with tropical climate, makes CMNP a very
favorable environment photosynthetic microorganisms, especially cyanobacteria.

The Chapada das Mesas National Park is located in an area that acts as an ecotone between three important
biomes (Cerrado, Amazon, and Caatinga), making it a unique and extremely important area for biodiversity
conservation (Ibama 2013). Owing to its humid tropical climate with high temperatures throughout the year,
the park is home to a wide range of microorganisms related to ecosystem processes that may be linked to
climate change (Cavicchioli et al. 2019). Tropical environments favor cyanobacterial growth, as high
temperatures of water bodies promote the proliferation of cyanobacterial blooms (Richardson et al. 2018), a
characteristic that can be mainly driven by the anthropogenic eutrophication of fresh waters (Taranu et al.
2015). Microbial communities present in sediments are responsible for most of the metabolic activity in river
ecosystems (Gibbons et al. 2014). Understanding the structure of microbial communities in various water
environments associated with waterfalls can help us predict how these ecosystems will change in response to
human practices in these regions, as the CMNP has a strong tourist appeal.

Cyanobacteria plays a fundamental role in the ecological balance of freshwater bodies and contributes to
stabilize the substrate in the biogeochemical flow of oxygen, carbon, and nitrogen, in addition to being the
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primary producers in the food chain (Rigonato et al. 2012). Despite being one of the most varied groups of
photosynthetic prokaryotes in terms of morphology, physiology, and metabolism, there is still a lack of studies
on their diversity (Dvordk et al. 2015; Azizan et al. 2020).

The taxonomy of cyanobacteria has been historically challenging. The traditional way of evaluating their
communities involves analyzing morphological characters using microscopy (Bhadury and Singh 2020).
However, this method proved to be insufficient to discern lines with more subtle differences, in addition to
other problems, such as the fact that the culture media we have available reproduce only a small cultivable
fraction of microbial diversity (Stevenson et al. 2004). Studies involving the cultivation of photosynthetic
microorganisms are also limited due to obstacles in the stages of purification and isolation, making it difficult
to obtain axenic cultures (Ferris and Hirsch 1991). Cyanobacteria have even more particularities, are often
associated with heterotrophic organisms and organic matter in the environment, and may present changes in
their metabolism and morphology under cultural stress conditions (Zhubanova et al. 2013).

Advances in DNA sequencing techniques have provided access to prokaryotic genetic information available in
environmental samples (Tan et al. 2015) and the approach that encompasses the use of marker gene
sequences, such as the 16S rRNA gene, allows a considerable part of cultivable (Appolinario et al. 2016) and
non-cultivable (Hugenholtz et al. 2016) microorganisms to be identified. However, it is possible to face
obstacles such as the limited detection of microorganisms in low abundance in the environment, the difficulty
in distinguishing specific taxonomic levels (Rego et al. 2019) or even the fraction of sequences not yet
registered (Rinke et al. 2013).

An alternative to circumvent these restrictions is the blending of dependent and independent cultivation
techniques to enable the identification of microbial diversity and its interest groups (Fournier et al. 2015;
Pudasaini et al. 2017; Zehavi et al. 2018; Sarhan et al. 2019). However, there is considerable divergence
between the sets of bacteria identified by each approach, indicating not only the limitations existing in each of
them, but also the possibility of combining their strengths to obtain more complete information.

Cyanobacteria, despite belonging to a phylum that includes organisms that are important for their metabolic
capacity, it is still a difficult group to study, especially in microbiome studies. This characteristic is associated
with slow growth, difficulty in obtaining axenic cultures, and challenges in the study of mixed cultures through
next-generation sequencing. In this context, this work aims to characterize the structure of microbial
communities representing the Chapada das Mesas National Park, with emphasis on the phylum
Cyanobacteria, and demonstrate the importance of combining dependent and independent cultivation
techniques in studies involving groups such as photosynthetic microorganisms.

2 Materials And Methods
2.1. Sampling sites

Sediment samples from the bottom of the water body (approximately 10 cm above) were collected from 10th
to 11th March 2017, in Chapada das Mesas National Park (CMNP) and adjacent areas during the rainy
season. Six points were sampled in waterfalls of the Pedra Caida Tourist Complex (resort) (E1-E6), located on
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the outer edge of the CMNP and six in the Prata and Sdo Roméao waterfalls along the Farinha River (E7-E12),
totaling 12 sampling points (Supplementary Table 1 and Supplementary Figure 1). These points were chosen
because they are places of great tourist influx, with varying degrees of difficulty in accessing and very
different physicochemical characteristics. Geographical coordinates were obtained using a differential GPS
device AG-132 (OmniSTAR).

The sediment was collected using a sterile spatula and stored in a 50 mL conical falcon tube. The material
was preserved on ice and refrigerated (4°C) for transport until further inoculation of the material in BG-11
culture medium. The time between collection and inoculation did not exceed 72 h. Sediment aliquots were
separated and frozen at -20°C for further environmental DNA extraction.

Water samples were collected in 1500 mL sterile plastic bottles and kept on ice during transport for further
quantification of nitrates, nitrites, total solids, and phosphorus.

2.2. Physicochemical analysis

The physicochemical analysis of water just above the sediment was performed using a multiparameter probe
(Horiba W-20XD) to measure, in situ, temperature, pH, dissolved oxygen (DO), and turbidity of the water body
adjacent to the collected sediment. Samples were collected in 1500 mL sterile plastic bottles and kept on ice
during transport for the quantification of nitrates, nitrites, total solids, and phosphorus.

2.3. Culture dependent approach: enriched microbiome

The culture medium used for the growth of photosynthetic microorganisms was BG-11. The culture medium
was autoclaved for 20 min at 121°C. The cultivation of photosynthetic microorganisms was carried out
following the protocol described by Ferris and Hirsch (1991). Each sediment sample collected was inoculated
in the culture medium, receiving the nomenclature of C1-C6 referring to samples E1-E6 collected in Pedra
Caida and C7-C12 referring to samples E7-E12 collected from Farinha River. The enrichment was carried out
in 250 mL Erlenmeyer flasks containing 100 mL of sterile BG-11 culture medium at a ratio of 1:10 (w:v), and
incubated in an incubator with photoperiod, with a schedule of 13h light and 11h dark, at a temperature of
28°C. Three inoculations were carried out, with an interval of 1 month between each one, to stabilize the
microbial consortium in the flasks and to obtain sufficient biomass for subsequent DNA extraction. Cultivation
was not intended to obtain axenic cultures, which is notoriously difficult for this group of microorganisms, as
our aim was to enrich the culture with photosynthetic microorganisms, especially from the group of
cyanobacteria and chlorophyte microalgae.

2.4. DNA extraction and microbiome sequencing

Metagenomic DNA extractions were performed from two sets of samples: (i) in natural sediment samples
(called the environmental microbiome) and (ii) non-axenic cultures enriched in photosynthesizers, obtained
after 3 months of replenishing (called photosynthetic consortia microbiome). Extraction was performed using
the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) following the manufacturer's
instructions. The purity of the extracted DNA was evaluated using a NanoDrop 2000/2000c
spectrophotometer (Thermo Fisher).
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The variable regions V3 and V4 of the 16S rRNA gene were amplified using primers 515F-m (5"
GTGYCAGCMGCCGCGGTAA-3") and 806R-m (5-GGACTACNVGGGTWTCTAAT-3') (Wang and Qian 2009). The
PCR reaction was performed with a final volume of 24 pL containing: 13.3 pL of deionized water, 0.5 mM of
dNTPs, 2.5 mM of MgCl,, 0.2 mM of each primer, 1 U of Tag DNA Polymerase, and 2.5 10x buffer and
approximately 50 ng of DNA from each sample. The reaction was carried out in a Veriti ® 96- Well Thermal
Cycler (Thermo Fisher) for 5 min at 95°C, followed by 30 s at 95°C, 30 s at 55°C, and 120 s at 72°C for 35
cycles, followed by 10 min at 72°C.

The amplicon library was prepared and sequenced according to the standards and protocols of the Brazilian
Microbiome Project (BMP - http://www.brmicrobiome.org/) on the lon Torrent platform (Thermo Fisher
Scientific, Massachusetts, USA) in the Federal University of Pampa (UNIPAMPA).

Sequencing data has been deposited at the National Center for Biotechnology Information Sequence Read
Archives under BioProject ID PRUNA783649 (See Supplementary Table 14).

2.5. Bioinformatic analysis

The raw reads obtained through sequencing were analyzed for their quality using the FASTQC software
(Andrews 2010), and were kept for the subsequent analysis of sequences with Phred Score = 25, on average,
a criterion that was also used to determine the cut-off size of the sequences at 290 bp.

The pipeline used for bioinformatics analysis was made available by the Brazilian Microbiome Project (BMP).
Raw data were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) software pipeline,
version 2 (QIIME2, release 2021.1) (Bolyen et al. 2019). The sequences were initially imported (giime tools
import), summarized (giime demux summarize), and analyzed for their quantity and feasibility. Denoising was
performed using the DADA2 plugin (giime dada2 denoise-pyro) (Callahan et al. 2016). The lon Torrent data
were submitted to the command “giime dada2 denoise-pyro single-end” (parameters: —p-trunc-len 290 —p-trim-
left 15). At this stage, the readings were subjected to error correction, filtration, timming, chimeras’ removal,
and grouping into amplicon sequence variants (ASV, 100% similarity limit). The taxonomic composition of the
unique sequences was determined using the pre-trained Naive Bayes classifier (giime feature-classifier fit-
classifier-naive-bayes) against the SILVA version 138 database (Quast et al. 2013). The phylogenetic matrix
was generated using the command “giime phylogeny align-to-tree-mafft-fasttree”.

2.6. Statistical analysis

Statistical analysis was performed using R software (version 4.0.3) using the Phyloseq package (McMurdie
and Holmes 2013). Alpha diversity metrics (observed ASVs, chao1 and Shannon) were calculated based on
the relative abundance of ASVs. The Shapiro—Wilk test was used to analyze the normality of the data. Data
that had a normal distribution were tested using the ttest, and those that were not normally distributed were
tested using the Mann—Whitney test. The distributions of diversity indices are plotted in a box-plot. Beta
diversity analysis was performed using the Bray-Curtis metric to analyze the dissimilarity between Farinha
River and Pedra Caida in both treatments. Then, the difference in the composition of microbial communities,
using physicochemical factors (Supplementary Table 4), was tested for significance based on a permutation
test (999 interactions) using the envifit function (vegan package). The nonparametric permutation analysis of
variance (PERMANOVA) was used to compare the dissimilarity of the microbial composition using the
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ANOSIM package. Non-metric multidimensional scaling (hnMDS) was used to visualize the ordering of
samples. All diversity metrics were calculated using the R vegan package (Oksanen et al. 2019) and all plots
were generated using the ggplot2 package (Wickham 2016). Significantly more abundant ASVs between
samples from Farinha River and Pedra Caida between the two treatments were identified using the “DESeq2”
package by differential abundance analysis (Love et al. 2014). Statistical significance was set at p < 0.05.

2.7. Functional inference

Predictions of ecological processes based on metataxonomy were performed using the FAPROTAX tool
(Louca et al. 2016). The FAPROTAX_1.2.4 database is available at
http://www.zoology.ubc.ca/louca/FAPROTAX. We removed from the output FAPROTAX table the categories
that were not applied in our study and those where the score was equal to zero.

3. Results And Discussion
3.1 Sequencing effectiveness

Sequencing on the lon Torrent platform of the 16S rRNA gene generated 5,206,899 reads of good quality from
a total of 24 samples, where the representatives of the environmental microbiome (E1-E12) and enriched
microbiome (C1-C12) had 1,162,255 and 4,044,644 reads, respectively (Supplementary Table 2 and 3). The
sequences were clustered into 4,792 ASVs. The number of ASVs detected per sample ranged from 4,792 to
2,537 (Supplementary Table 4). The rarefaction curves indicated a plateau, suggesting sufficient sequencing
depth to analyze the diversity of the microbial community in the samples (Supplementary Figure 2).

3.2. Abiotic factors

The water adjacent to the collected sediment was characterized according to environmental factors: (i)
turbidity ranged from 3.97 (sample E3) to 22.3 NTU (E10); (ii) variable temperature from 25°C (E8) to 28.2°C

(E4); pH ranged from 6.9 (points E6, E7 and E8) to 7.4 (E11 and E12); (iv) NH;, NO™2, NO~3, PO;~4 and SiO,
ranged from 6.76 (E6 and E12) to 112.56 ymol L™ (E12), from 0.02 (E1) to 0, 24 ymol L2 (E8), 2.20 (E7) to

58.07 pmol L2 (E8), 0.02 (E1 and E5) to 1.21 pmol L™ (E3) and 0.57 (E5) to 4.30 pmol L™° (E12), respectively.
A table that includes all the physicochemical data collected is available in Supplementary Table 5.

A comparative analysis (Mann-Whitney test) of the variables between the two sites showed significant
differences in turbidity (o = 0.003), NO™2 (p = 0.003), SiO, (p = 0.037), and temperature (p = 0.003) (See
Supplementary Table 6). The samples from Pedra Caida showed low turbidity, NO™2, and SiO,, and a higher

temperature than the samples from Farinha River. Samples from Pedra Caida (E1-E6), which has greater
anthropogenic influence, showed higher values of ammonia, indicating a possible influence of evictions
related to tourist activity.

3.3. Structural diversity of microbial communities
3.3.1. Environmental microbiome
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The taxonomic composition of sequences from environmental samples identified 10 phyla (>1%). The most
abundant representatives of the community were Proteobacteria (55.84%), Firmicutes (10.95%), Acidobacteria
(9.77%), Verrucomicrobiota (5.64%), Actinobacteria (5.78%), Desulfobacterota (4.86%), Bacteroidetes (2.0%),
Chloroflexi and Myxococcota (both representing 1.87%), and Cyanobacteria (1.38%) (Figure 3C and
Supplementary Table 8).

The high abundance of the Proteobacteria phylum (55.84%) (Figure 3C) corroborates other studies carried out
in sediments associated with water bodies (Pascault et al. 2014, Zarraonaindia et al. 2015). Members of the
phylum play an essential role in biogeochemical cycles, mainly in the nitrogen cycle (Spain et al. 2009).
Members of the phylum Firmicutes (10.95%) are linked to the nitrogen cycle and actively participate in the
replacement of this compound in the environment (Anderson et al. 2018; Jung et al. 2013). Acidobacteria
(9.77%) are physiologically diverse, and the cultivated members of this phylum are heterotrophic and
metabolize a wide variety of complex carbohydrates and nitrates (Kielak et al. 2016). The presence of other
phyla such as Actinobacteria, Verrucomicrobiota, Bacteroidetes, Chloroflexi, and Cyanobacteria are important
bacterioplankton participants that make up freshwater ecosystems (Crump and Hobbie 2005; Allgaier and
Grossart 2006; He et al. 2017).

The Cyanobacteria phylum was identified among the ten most abundant groups in environmental samples;
however, at a more specific taxonomic level, such as genus, representatives of the cyanobacteria phylum
showed low diversity and abundance in relation to other groups. Through the taxonomic composition, only 17
genera were classified, which reveals the difficulty of identifying representatives of this phylum in analysis
that encompass the new generation environmental sequencing, even in a freshwater environment and a photic
zone, which, theoretically, is an environment that favors the adaptation of photosynthetic species (Richardson
et al. 2018).

Cyanobacteria are one of the most diverse groups in the bacterial domain (Gaysina et al. 2018) and, even with
advanced next-generation DNA sequencing techniques, there is no high-level sensitivity to the point of
recognizing or approaching the total diversity of low-abundance groups in environmental samples (Tromas et
al. 2017). In addition, the databases still have a large sequence gap when it comes to cyanobacteria, and
Alvarenga et al. (2017) demonstrated that among all genomic sequences deposited in the NCBI, only 1% is
related to the phylum Cyanobacteria.

In general, between the sampling points (Pedra Caida and Farinha River), the richness of ASVs measured by
the Chao1 estimator, the diversity estimated by Shannon, and the number of observed ASVs (Figure 1A) did
not demonstrate an effect on the estimated indices (Mann—Whitney, W= 8, p = 0.1; ttest, t = -1.4434, df = 6.3,
p =0.1; Mann-Whitney, W= 8, p = 0.1; respectively).

The non-metric multidimensional scale (nMDS) based on dissimilarities calculated using the Bray—Curtis
metric showed that there is dissimilarity between the microbial communities found in the regions of Rio flour
and Pedra Caida (Figure 1B). Based on the multivariate permutation analysis of variance (PERMANOVA), the
variation in the structure of the microbial community is, in part, explained by the sample points analyzed
(ANOSIM, R=0.356, p = 0.01).
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The analysis carried out through the envifit revealed that part of the microbial community variation can be
explained by environmental factors characteristic of each sampled region. Parameters such as temperature
(envifit; R, = 0.65; p = 0.01), NO2 (envifit; R, = 0.58; p = 0.02), and NO-3 (envifit; R, = 0.68; p = 0.02) had a
significant effect (Supplementary Table 10) on microbial communities, as variations in environmental
temperature and nutrient availability can modulate the community and delimit microbial niches (Samad et al.
2020).

3.3.2. Enriched microbiome

Studies that characterized the cyanobacterial consortia aimed to analyze their ability to degrade compounds
such as crude oils (Hamouda et al. 2016) and hydrocarbons from petroleum (Ichor et al. 2016), or selection of
cyanobacteria that can be used biotechnologically for the treatment of effluents (Arias et al. 2017). Unlike the
aforementioned approaches, these consortia aimed to favor the growth of photosynthetic microorganisms,
selecting them from culture in culture medium (BG-11) for further taxonomic analysis. Thus, it is possible to
enrich and study under sampled photosynthetic organisms in sequencing environmental samples.

The microbial composition of the consortia presented seven phyla (>1%) of the bacterial domain, according to
the classified sequences. The most abundant representatives were Proteobacteria (45.2%), Cyanobacteria
(26.5%), Bacteroidetes (18%), Planctomycetes (3.3%), Verrucomicrobiota (2.5%), Acidobacteria (2.2%), and
Armatimonadota (1.8%) (Supplementary Table 9).

Photosynthetic microbial communities have a strong relationship with heterotrophic organisms because of
the different ecological roles played by these groups. The carbon secreted by the phytoplankton community
promoted the growth of the associated microbial communities. In natural environments, such as Chapada das
Mesas, the relationships between cyanobacteria and the heterotrophic community tend to be balanced, which
guarantees local ecological stability (Xu et al. 2018). In artificial communities, such as enriched cultures, the
presence of these photosynthetic microorganisms makes it possible for the heterotrophic community to grow
in minimal culture medium, as they act as primary producers in the microcosm.

Microbial consortia come from the enrichment of environmental samples with the objective of favoring certain
target groups through the use of selective culture media for a determined objective. Mixed populations in
bacterial cultures may seem undesirable objectives; however, with this approach, it is possible to analyze
functions that are difficult to perform or even impossible for individual strains or species (Brenner et al. 2008).
Cyanobacteria often have heterotrophic microbes in symbiotic association with their cells, and it is assumed
that these associations exist even among the oldest known life forms, which represent important ecological
interactions during the evolutionary history of this group (Alvarenga et al. 2017).

By analyzing the taxonomic level of the genera of photosynthetic microorganisms, it was possible to identify
a total of 34 different microbial groups, including organisms of the phylum Cyanobacteria and organisms
classified as “Chloroplast,” which includes the eukaryotic representatives of microalgae, in the samples of the
consortia of both the Complex of Pedra Caida and in the Farinha River region. The most abundant genera
were “Chloroplast” (45.60%), Synechocystis_CCALA_700 (10.10%), Geminocystis_PCC-6308 (9.38%), YB-42
(7.38%), Ancylothrix_8PC (4.86%), JSC-12 (3.99%), Cyanobacteria (3.62%), Phormidium_IAM_M-71 (2.91%),
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Cyanobacterium_PCC-10605 (2.01%), Pleurocapsa_PCC-7327 (1.71%), SU2_symbiont_group (1.12%), and
HAVOmat113 (1.06%) (Figure 2, Supplementary Table 11 and Supplementary Table 12).

Some groups of photosynthetic microorganisms were identified in the environmental microbiome, but at low
abundance (Figure 2). The park’s photosynthetic diversity has microbial genera that would not be identified
using only the cultivation-independent approach, because these groups may be in low abundance in these
water bodies, limitations of the technique itself, among others. When the culture-dependent approach was
used, cyanobacterial diversity increased by 65%. Some genera such as Acaryoclhoris, Aetokthonos, Calotrhrix,
Chalicogloea, Cyanobium, Gastranaerophilales, Gleobacter, Microseria, Myxosarcina, Scytonema, and SepB.3
were identified only in the environmental analysis and probably failed to compete under controlled cultivation
conditions with other microorganisms that were enriched in the consortia.

As the most abundant of the two treatments, the group classified as “Chloroplast” was taxonomically
assigned as representative of the phylum Cyanobacteria. The high abundance of this less specifically
classified group may represent a need to update the SILVA 138 database for this group (Lesack and Birol
2018), because many phytoplankton representatives have not yet been identified, and they may also be
related to microalgae that were probably enriched in the consortia and are present in the natural environment,
as there is a strong association between the presence of these other phytoplankton components and the
enrichment of cyanobacteria (Perera et al. 2019).

The identification of the genus Pantanalinema in the consortia is interesting, as this group was first recorded
in saline-alkaline lakes and was characterized by its ability to survive and produce biomass at a pH ranging
from 4 to 11 (Vaz et al. 2015). It was mainly described based on the phylogenetic information of its 16S rRNA
sequences (Genudrio et al. 2018). Microorganisms from this group have already been identified in Amazonian
rivers and in the Cerrado Maranhense, are part of a group of bacteria that cannot be cultivated in isolation,
and later recovered from an association with cnidarians (Genuario et al. 2018; Ferreira et al. 2021). The first
genome of the genus was recently characterized (Ferreira et al. 2021), and the analysis revealed a still
unknown environmental and biotechnological potential. Brazil has increased the number of newly described
cyanobacterial taxa, highlighting regions that have fewer studies, such as the North and Northeast regions of
the country (Menezes et al. 2015).

Environmental sequencing is an important tool for the study of microbial communities, as most
microorganisms cannot be cultivated in vitro (Locey and Lennon 2016). However, combining this tool with
classical microbiology techniques, through the use of culture media to enrich target organisms, has become
an alternative for the study of bacterial groups that would not be identified only through the sequencing of the
environmental 16S rRNA gene. In this study, 17 genera of photosynthetic microorganisms were identified in
the environmental taxonomic annotation, while after enrichment with selective medium, it was possible to
identify 34 different photosynthetic groups. Photosynthetic microorganisms, when associated with microbial
consortia, can in many cases act as main primary producers, helping the growth of other microorganisms and
creating a community that would not be cultivated independently (Rappé and Giovannoni 2003; Alvarenga et
al. 2017).
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The diversity indices (alpha and beta) were also calculated for the consortium samples to analyze the
structure and composition of the microbial community enriched in the culture medium. The alpha diversity,
analyzed between the sampling points (Pedra Caida and Farinha River), revealed that the richness of ASVs
measured by the Chao1 estimator, the diversity estimated by Shannon, and the number of observed ASVs
(Supplementary Figure 2) did not demonstrate an effect on the estimated indexes (ttest, t = -0.3274, df =
7.2985, p=0.7732; ttest, t= -0.23153, df = 6.848, p =0.7526; ttest, t= -0.29907, df = 7.2977, p= 0.7732,
respectively).

The non-metric multidimensional scale (nMDS) based on dissimilarities calculated using the Bray-Curtis
metric demonstrated dissimilarity (Supplementary Figure 2) between the microbial communities found in the
regions of Rio flour and Pedra Caida (Figure 1B). Based on the multivariate permutation analysis of variance
(PERMANOVA), the variation in the structure of the microbial community is, in part, explained by the sample
points analyzed (ANOSIM, R = 0.3667, p = 0.005). This dissimilarity corroborates the diversity directly
analyzed in the samples of origin of the enrichments, since in the environmental microbiome, the composition
of the communities also varied according to the origin of the samples, which explains part of the variation in
the microbial communities in the enrichments.

3.3.3. Comparison of environmental and enriched
microbiomes

Sequencing was carried out for both the environmental samples collected in the Chapada das Mesas National
Park and the samples cultivated and enriched for photosynthetic microorganisms, in order to analyze the
possible subsampling of this group of photosynthetic microorganisms in these environments when analyzed
only by independent cultivation techniques. A total of 4,792 AVSs were identified (Figure 3A), with only 2.65%
sharing both in the environmental samples and in the microbial consortia.

In samples obtained from environmental sediment, 2,385 ASVs were found exclusively in this treatment. Only
2,280 ASVs were identified in the cultured samples after enrichment. This indicates that 47.57% of the
microbiota could be cultivated when we used a minimal and selective culture medium for photosynthesizing
microorganisms.

The large number of ASVs that were identified exclusively in the cultures (Figure 3A) led us to suppose that the
microbes cultivated in our experiment may be representative of the rare portion of the sediment microbiota,
that is, likely microorganisms that would not be identified only with sequencing of environmental samples
owing to their low relative abundance, and therefore, require a very high sequencing coverage and, in practice,
often unfeasible to be represented.

It is also important to note that there was a significant increase (p < 0.05) in the abundance and diversity of
organisms of the Cyanobacteria phylum in samples that were cultivated in BG-11 culture medium, a minimal
medium that allows the growth of photosynthetic microorganisms (Figure 3B). These are also part of this
portion, which is not very abundant in the environment and would not be identified only with the sequencing of
environmental samples. Therefore, enrichment for specific groups and/or in low abundance can be a good
alternative for identifying a better view of the microbiota in a broader way.
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Some phyla such as Myxococcota, Firmicutes, Actinobacteria, and Desulfobacterota were present in the
environmental samples and were not identified as phyla with an abundance greater than 1% in the microbial
consortia (Figure 3C). With the enrichment of the Cyanobacteria phylum in the intercropping samples, other
phyla such as Bacteroidota, Armatimonadota, and Planctomycetota also showed an increase in their
respective abundances compared to environmental samples (Figure 3C), suggesting a greater ecological
interrelationship between these phyla.

3.3.4. Functional inference

The functional inference analysis performed in FAPROTAX aimed to explore the possible metabolic functions
associated with environmental samples and samples grown in consortia.

Regarding the functions (Fig. 4) identified in the environmental samples, there were important ecosystem
processes, such as highlighted methanotrophy (p < 0.05). Bacteria with this metabolic capacity use methane
as a source of carbon and energy, thus mitigating net emissions of methane from natural sources (Crevecoeur
et al. 2019), which may be associated with the presence of microorganisms belonging to the genera
Methylomonas, Methylocaldum, Crenothrix, and Methylomonas, identified in environmental samples.
Methylotrophic processes were also highlighted (p < 0.05) in samples collected in the park, associated with
methanol oxidation, a process related to the identification of microorganisms from the Methylophilaceae,
Methylophilus and Paracoccus groups. Furthermore, a function related to the degradation of hydrocarbons
was also identified (p < 0.05), a process associated with the genus Halomonas, which is known for its
metabolic capacity for the degradation of low- and high-molecular-weight PAHs (Govarthanan et al. 2020),
naphthalene (Cheffi et al. 2020) and crude oil (Neifar et al. 2019).

The presence of the genera Prevotella, Faecalibacterium, Parabacteroides Eubacterium Ruminococcus,
Bacteroides, and Clostridium in samples from the environmental microbiome highlighted the functions of the
human gut and mammalian gut (p < 0.05) (Fig. 4). These groups are directly associated with the intestinal
microbiota of mammals, which suggests a potential fecal contamination in these water bodies (Kiu et al.
2017; Suzuki et al. 2019; Vadde et al. 2019; Cheffi et al. 2020; Guo et al. 2020; Niestepsk et al. 2020). The
presence of these species in the park’s samples may indicate that tourism in the area may lead to an
anthropization of the place through tourism or agricultural activities, which, in the long term, may modify the
local ecosystem.

Comparative functional inference analysis between the consortia where there is enrichment of photosynthetic
groups compared to the environmental microbiome revealed a significant increase (p < 0.05) in functions
related to photosynthetic activity, oxygen phototrophy, and nitrogen fixation. This was already an expected
result because cyanobacteria and microalgae are microorganisms responsible for shaping the ecosystems in
which they are inserted, as they make carbon sources available through photosynthesis (carbon fixation)
(Durall and Lindblad 2015) and are directly involved in the cycle of nitrogen (Paerl 2017), carrying out the
process of fixing it. Three genera of the Cyanobacteria phylum (Leptolyngbya, Phormidium, and
Synechococcus) were identified only after enrichment in the microbial consortia. These groups can act as
important participants in the production of biogenic methane in natural environments, as these genera have
already been associated with the production of this hydrocarbon during the oxygen photosynthesis process
(Bizi¢ et al. 2020), an increased role in consortia (p <0.05). In addition to oxygenic photosynthesis, the SJA-28
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group, belonging to the phylum Chlorobi, which is known as the green sulfur bacteria (GSB) group (Hiras et al.
2016) was also identified in the consortium samples. This strictly anaerobic, non-mobile, phototrophic
microbial group is obligatory phototrophs that oxidize reduced sulfur compounds for CO, fixation through the
reverse tricarboxylic acid (rTCA) cycle, a process known as anoxygenic photosynthesis, and can also carry out
N, fixation (Paun et al. 2019).

Cyanobacteria are a group of microorganisms known for their broad metabolic capacity to produce secondary
metabolites, including cyanotoxins (Harada 2004). The enrichment of these microorganisms in the consortia
demonstrates the diversity present in the park, and serves as an alert to the risk of possible cyanobacteria and
microalgae blooms, as the region is accessed by tourists for leisure in rivers and waterfalls. Alves et al. (2020)
investigated the factors that favor blooms of photosynthetic microorganisms in artificial lakes and concluded
that seasonality, including rainfall and water temperature, as well as hydrological characteristics such as pH
and nutrient availability, are factors that favor blooms in water bodies.

4. Conclusions

To understand if techniques that combine culture-dependent and culture-independent approaches would be an
alternative to reveal the diversity of cyanobacteria in water bodies in the Chapada das Mesas National Park,
we performed environmental sequencing of the 16S rRNA marker gene and inoculated this same sediment in
the medium of selective BG-11 culture to enrich the cultures in cyanobacteria, whose culture was later
sequenced as well.

From this combined approach of culture-dependent and culture-independent methodologies, we conclude that
it is essential to explore the diversity of groups that are in low abundance or that are disadvantaged by current
data analysis methodologies, such as lag in sequence deposition in bank data or in the creation of specific
primers. We emphasize that of the 49 groups identified, 32 genera of cyanobacteria were only identified after
culture and enrichment, a diversity that would not have been detected if both approaches had not been used.
Therefore, there is a need to make use of pre-sequencing techniques, such as enrichment in culture to favor
the target groups of the study, using specific culture media, design of primers that increase the level of
resolution for representatives of low group abundances in certain ecosystems, and post-sequencing
techniques, such as prospecting and mining of genomic sequences and the manual or automatic addition of
these sequences to reference databases that will be used for taxonomic composition.
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Figures

Figure 1
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Structural diversity of the environmental microbiome. (A) Alpha diversity of the environmental microbiome
(including the metrics): observed, Chao1 and Shannon, plotted in Box-plot; (B) beta diversity, using the Bray
Curtis metric, plotted in NMDS.

Figure 2

Relative abundance of photosynthetic genera identified in the environmental microbiome and in consortia.
The circles represent the abundance of groups in each treatment and the colors differentiate the analyzed
treatments.

Figure 3

Venn diagram with the number of shared and unique ASVs found in each treatment (A) Relative abundance of
the Cyanobacteria phylum among microbiomes. (B) Ten most abundant phyla considering the two analysis
approaches (>1%). (C) Comparison between the diversity observed in the environmental and enriched
microbiome.

Figure 4

Functional classes identified through functional inference performed using FAPROTAX software. Comparison
between the enriched microbiome (C1-C12), in green and environmental (T1-T12), in blue. Bubbles represent
the increase or decrease of the score in relation to treatments. Significantly different functions are shown in
supplementary table 12.
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