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Abstract 

The reservoir of the Tucuruí hydropower plant has been reported to be a source of methane 
by several studies. These results question the Brazilian energy policy that plans to establish 
many other plants similar to Tucuruí in the Amazon region. In this study, we used a 
next-generation sequencing platform, the Ion Torrent Personal Genome Machine, and 
employed a barcode library to investigate the bacterial diversity along a 70-m deep water 
column in the proximity of the dam. One-litre water samples were taken at each 10 m from 
the surface to extract total DNA. A total of 1,505,461 reads were generated. The alpha 
diversity analyses showed 2,733, 2,280, 1,354, 1,338, 2,726, 2,134, 2,017, 1,885 operational 
taxonomic units (OTUs; 3% cutoff) at depths of 0, 10, 20, 30, 40, 50, 60 and 70 m, 
respectively. Taxonomic inference analyses identified the most abundant phyla as being 
Proteobacteria, Cyanobacteria, Bacteroidetes, Acidobacteria and Actinobacteria, but others 
phyla were also found. This water column seems to produce oxygen in the upper layers due 
to abundance of Cyanobacteria. In the deeper layers, most of Proteobacterial sequences were 
assigned to Methanotrophic bacteria, showing that a significant amount of methane is 
consumed by these communities. 

Keywords: Ion Torrent, Tucuruí reservoir, 16S rRNA, Bacterial diversity 
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1. Introduction  

The understanding of the role of the microbial community in the environment has been 
significantly increasing since molecular methods became available. These methods have 
allowed the characterisation of communities in diverse environments without the need for 
cultivation (Handelsman, 2004). In recent years, technological advancements in sequencing 
platforms have enabled a more thorough analysis of microbial diversity, as the traditional 
methods are highly expensive.  

The majority of studies have used pyrosequencing to measure microbial diversity (Petrosino, 
Highlander, Luna, Gibbs, & Versalovic, 2009), but recently, other platforms such as Ion 
Torrent and Illumina MiSeq and HiSeq have been shown to be efficient alternatives to 
pyrosequencing for metagenomic analyses (Caporaso et al., 2012; Jünemann et al., 2012; 
Whiteley et al., 2012). In a recent study comparing the performance of benchtop sequencers, 
the use of semiconductors was highlighted by their higher yield, as up to 1 Gb can be 
produced in a 2 h sequencing experiment with one of the lower costs per run ($625 using chip 
318) (Loman et al., 2012). The high platform yield along with the increase in the read size 
can contribute to the study of microbial communities at the genomic scale (R. T. J. Ramos et 
al., 2012; Scholz, Lo, & Chain, 2012). 

These methodologies have been used to characterise the microbial community of various 
environments. However, few studies have been performed in the Amazon region (da C Jesus, 
Marsh, Tiedje, & de S Moreira, 2009; Rodrigues et al., 2013), as most of these studies still 
use the Sanger method (Baraúna et al., 2012; Borneman & Triplett, 1997; Graças et al., 2011, 
2013; Navarrete, Cannavan, Taketani, & Tsai, 2010; Pazinato, Paulo, Mendes, Vazoller, & 
Tsai, 2010; Pureza et al., 2013). If the continental dimensions, large heterogeneity and high 
complexity of the Amazon region are taken into consideration, we assume that little is known 
about the diversity of its environments.  

One of the Amazonian environments that has been most studied is hydropower plant 
reservoirs due to the emission of greenhouse gases (GHG) such as methane (CH4) and carbon 
dioxide (CO2) (Barros et al., 2011; Mendonça et al., 2012). According to Barros and 
colleagues (Barros et al., 2011), GHG emission in hydroelectric reservoirs is affected by the 
location and age of the reservoir. The Amazonian reservoirs emit high levels of GHGs, with 
approximately 9 Tg of carbon per year. When investigating the carbon balance in these water 
bodies, it is important to consider the microbial communities because bacteria and archaea 
have a key role in the carbon cycle in this type of environment. 

In fact, some of the metagenomic analyses undertaken for the Tucuruí hydropower plant have 
shown a large diversity characterised by the abundance of methanogenic archaea and 
methanotrophic bacteria (Baraúna et al., 2012; Graças et al., 2011, 2013). According to these 
studies, methanogenic archaea represent 33% of the clone library of the aphotic layer, and the 
methanotrophic bacteria represent more than 40% of the upper layers of the water column. 
Other microbial groups also influence the production and consumption of methane in these 
bodies of water. For example, sulphate-reducing bacteria compete with the methanogenic 
archaea for some substrates, and therefore, knowledge of the entire microbial community is 



Aquatic Science and Technology 
ISSN 2168-9148 

2015, Vol. 3, No. 1 

 21

the best way to understand the ecological dynamics that exist in the environment. 

In this study, we sequenced the bacterial 16S rRNA gene by semiconduction using the Ion 
Torrent platform with chip 318 to analyse the microbial communities along a 70-m deep 
water column at a site of the Tucuruí hydropower plant reservoir. 

2. Materials and Methods  

2.1 Sampling Site 

All samples were collected at the end of the rainy season in June 2011 during the day at site 
M1 (03°51'20.52"S/49°37'23.1"W), which is located very close to the dam (Fig. 1). Site M1 
had a 70-m deep water column at this time of the year. This depth is close to the total storage 
capacity of the reservoir at this location. One litre of water was collected at every 10 m from 
the surface with the aid of a van Dorn bottle (Alfakit, Florianópolis, Brazil). All samples were 
filtered twice, first through a pre-filter (8 µm pore size) to eliminate solid particles and then 
using 0.22-µm-pore-size nitrocellulose membranes (Whatman/GE Healthcare, Kent, UK), 
and then stored in 5 mL DNA STE (sodium chloride-Tris-EDTA) preservation buffer (50 mM 
Tris–HCl, 500 mM NaCl, 125 mM EDTA pH 8.0) at -20°C until DNA extraction. 
 

 
Figure 1. Geographic location of the Tucuruí hydropower plant reservoir  

Note: The sampling site (M1) is shown in the insert at the right. 
 

2.2 DNA Extraction and PCR 

The initial step of the extraction protocol consisted of the incubation (37°C, 100 rpm) of 
samples with 10 mg/mL lysozyme overnight. In the second step, 0.5% sodium dodecyl 
sulphate (SDS) and 60 ng/mL proteinase K were added, and the samples were incubated in a 
water bath at 50°C for 1 h. Finally, phenol-chloroform extraction was performed (Sambrook 
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& Russel, 2001). The amplification of the bacterial 16S rRNA gene was performed with an 
initial PCR using the primers 16S-W8F (5’-AGA GTT TGA T(CT)(AC) TGG CTC AG-3’) 
and 16S-1407R (5’-GAC GGG GGT G(AT)G T(AG)C AA-5’). This first amplification was 
done because the set of primers has a wider range of match. The PCR conditions were: initial 
denaturation at 95°C for 5 minutes; 30 cycles of: 95°C for 1 minute, 62°C for 40 seconds and 
72°C for 30 seconds; and a final step of 72°C for 10 minutes. The 50 µl reaction mixtures 
contained 1X buffer, 3 mM MgCl2, 0.2 mM dNTPs, 5 pM of each primer and 2 U of Taq 
DNA polymerase (Invitrogen). The obtained amplicons were used as templates for a second 
round of amplification using the primers DHPLC-341F (5’-CCT AGG GGA GGC AGC 
AG-3’) and DHPLC-534R (5’-ATT ACC GCG GCT GCT GG-3’). This second PCR was 
done to generate smaller amplicons of approximately 200-300 bp, corresponding to the V3 
region of the 16S rRNA gene. The PCR conditions were: initial denaturation at 95°C for 5 
minutes; 35 cycles of: 95°C for 1 minute, 62°C for 40 seconds and 72°C for 30 seconds; and 
a final extension step of 72°C for 10 minutes. The reaction was performed in a final volume 
of 50 µl containing Platinum® PCR Supermix High Fidelity, 50 ng of DNA template and 5 
µM of each primer. The obtained amplicons were used for the construction of libraries. 

2.3 Sequencing 

The ends of the amplicons obtained in the preceding procedure were repaired and then 
purified with the Agencourt® AMPure® XP kit (Beckman Coulter, Brea, CA, USA). For 
each depth, a barcode library was constructed to identify the reads of the sampling site after 
sequencing. Initially, the adaptors were ligated to the amplicons with the Ion Barcode Adapter 
Mix (P1-IA), after incubation for 30 minutes at room temperature. After purification, the Ion 
Primer Mix – BC barcodes were added to each library with Platinum® PCR SuperMix High 
Fidelity (Life Technologies, Carlsbad, CA, USA). The ligation process was performed in a 
thermocycler using the following protocol: 72°C for 20 minutes; 95°C for 5 minutes; and 10 
cycles of: 95°C for 15 seconds, 58°C for 15 seconds and 68°C for 1 minute. The libraries 
containing the adapter and barcode were purified, quantified and then mixed in equal 
concentrations for the emulsion PCR. After library enrichment, the samples were deposited 
onto chip 318, and the sequencing of the reads was performed in the Ion PGM (Life 
Technologies) sequencer. 

2.4 Data Analysis 

The data obtained from the multiplex sequencing with eight barcodes were extracted from 
the .sff file using the script sff_extract (available at http://bioinf.comav.upv.es/sff_extract). 
The data relative to the samples at a depth of 0 m, 10 m, 20 m, 30 m, 40 m, 50 m, 60 m and 
70 m were analysed with the Quality Assessment Long Reads software (R. T. J. Ramos et al., 
2012), which was used to apply a Phred 20 quality filter, discarding reads with average 
quality lower than this value and trimming its ends whenever possible. 

2.5 Diversity Analysis 

Only sequences larger than 100 bp were used for the diversity analyses. Before diversity 
analysis, we used Mothur (Schloss et al., 2009) to screen sequences according to alignment 
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criteria and to filter the alignments. All diversity analyses were performed in the 
Pyrosequencing Pipeline of the Ribosomal Database Project (RDP) (Cole et al., 2009), 
consisting of the use of Aligner, Complete Linkage Clustering (using a 3% cut-off), 
Rarefaction and Shannon Index and Chao1 estimator. In parallel, we also used Classifier for 
taxonomic inference. 

3. Results 

The data analyses showed a significant reduction in reads generated by the sequencer for all 
samples (Table 1). The mean reduction in the number of sequences after trimming and filter 
was about 36% in the first sequencing round and 70% in the second. 
 

Table 1. Evaluation of data generated by the two sequencing rounds at Ion Torrent platform, 
before and after application of the Phred 20 quality filter and trimming 

SN1_11 Sequencing /home/rommel/lpdna/metagenoma/SN1-11/QV20/fasta 

Sample #reads #bases #reads (QV20, trimmed, length) # bases (QV20, trimmed length) 

70M 177,584 24,011,408 120,149 (67,7%) 20,920,524 (87,1%) 

60M 181,790 24,265,995 122,447 (67,4%) 21,260,496 (87,6%) 

50M 166,342 20,861,523 102,752 (61,8%) 17,587,688 (84,3%) 

40M 188,422 24,428,751 122,322 (64,9%) 21,169,824 (86,7%) 

30M 195,821 24,998,146 126,099 (64,4%) 21,689,443 (86,8%) 

20M 171,572 21,605,819 105,917 (61,7%) 18,354,835 (85,0%) 

10M 182,497 22,723,672 114,738 (62,9%) 19,639,335 (86,4%) 

0M 209,204 26,407,981 135,030 (64,5%) 22,916,700 (86,8%) 

SN1_20 Sequencing /home/rommel/lpdna/metagenoma/SN1-20/QV20/fasta 

70M 216,942 17,980,473 68,341 (31,5%) 9,333,882 (51,9%) 

60M 221,534 18,019,783 70,569 (31,9%) 9,654,499 (53,6%) 

50M 147,410 10,488,777 32,547 (22,1%) 4,309,426 (41,1%) 

40M 239,614 19,194,807 73,774 (30,8%) 10,060,341 (52,4%) 

30M 239,849 19,741,229 78,754 (32,8%) 10,690,328 (54,2%) 

20M 227,209 17,704,701 65,479 (28,8%) 8,881,276 (50,2%) 

10M 236,429 19,224,767 76,834 (32,5%) 10,647,986 (55,4%) 

0M 263,464 22,111,384 89,709 (34,0%) 12,529,224 (56,7%) 

 
Using the Classifier tool of the RDP, we showed that the majority of the diversity could not 
be classified in any phylum (Fig. 2). The lowest representation of unclassified sequences was 
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found in the 70-m layer, with 24% of sequences. However, at 0 and 10 m of depth, almost 
40% of sequences could not be classified. Of these sequences, Proteobacteria represented 
between 30 and 70% of sequences at all depths. Another phylum that was considerably well 
represented was the Bacteroidetes (0.8 to 7% abundance). The phylum Cyanobacteria was 
also represented (ranging from 0.8 to 17%), and despite being more abundant in more 
superficial layers, Cyanobacteria were found up to 30 m deep. The phyla Verrucomicrobia, 
Acidobacteria, Actinobacteria, Firmicutes and Nitrospira were also identified, but represented 
less than 10% together. Therefore, others phyla underrepresented were identified as ‘Others’ 
in Figure 2.  
 

 
Figure 2. Histogram of bacterial taxonomic diversity found in the various layers 

Notes: *Others: phyla representing less than 0.4% each of the total: Chloroflexi, Fibrobacteres, Fusobacteria, 
Gemmatimonadetes, OP11, Spirochaetes, SR1, TM7, WS3. 

 

The analyses of alpha diversity (Fig. 3) showed 2,735, 2,281, 1,355, 1,339, 2,727, 2,135, 
2,018, 1,888 operational taxonomic units (OTUs) at depths of 0, 10, 20, 30, 40, 50, 60 and 70 
m, respectively, using a 3% cutoff. Values of 6.11, 5.97, 5.25, 5.14, 6.21, 5.95, 5.60 and 5.63 
OTUs were estimated with the Chao1 index for the layers at 0, 10, 20, 30, 40, 50, 60 and 70 
m, respectively (Table 2). The Shannon diversity index (H’) returned values of 6.10, 5.96, 
5.24, 5.13, 6.20, 5.94, 5.59 and 5.62 for the layers at 0, 10, 20, 30, 40, 50, 60 and 70 m, 
respectively (Table 2). Other diversity indexes were calculated and are shown in table 2. 
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Table 2. Diversity indexes of all layers along the water column 

SampleID Distance Clusters Chao H' E 
0m 0.03 2735 4,437.4 6,11 0.77 
10m 0.03 2281 3,570.4 5,97 0.77 
20m 0.03 1355 2,211.6 5,25 0.72 
30m 0.03 1339 2,188.7 5,14 0.71 
40m 0.03 2727 4,528.5 6,21 0.78 
50m 0.03 2135 3,233.2 5,95 0.77 
60m 0.03 2018 3,401.2 5,60 0.73 
70m 0.03 1886 2,998.4 5,63 0.74 

Notes: H’: Shanonn index, E: Evenness. 
 

 
Figure 3. Rarefaction curves from all samples sequenced 

Note: The 3% cutoff was used for clustering. 
 

4. Discussion  

Although the Ion Torrent platform generates larger reads (on average 120 bp from the 
protocol used in this work), the data quality is low when compared with high-throughput 
sequencers such as SOLiD and Illumina. Thus, the application of more stringent filters is 
necessary to avoid alignment and read evaluation errors (Li & Homer, 2010). For data from 
the 454 sequencer, the filter can strictly eliminate low-quality ends because the average size 
of reads is 700 bp. However, for the Ion Torrent PGM, trimming the sequences can lead to 
significant losses of information (R. T. J. Ramos et al., 2012).  

The analyses of alpha diversity showed a high number of OTUs in the water column and 
estimate an even higher diversity using the Chao and Shannon indexes. Graças and 
colleagues (Graças et al., 2013) previously studied the diversity of this water column using 
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denaturing high-performance liquid chromatography (DHPLC) as an analysis tool in addition 
to Sanger sequencing. The authors showed that the bacterial and archaeal diversity exhibited 
a pattern in which diversity tended to increase with water column depth. The diversity of an 
anoxic region of the reservoir was also studied and the aphotic region displayed a higher 
species richness and diversity than the more superficial photic region (Graças et al., 2013). 
However, a different pattern was encountered in the present work, as the most diverse layer 
were 0 and 40 meters depth.  

The few studies that have evaluated the microbial diversity of the Tucuruí hydropower plant 
reservoir showed that it is an environment of high diversity with a high abundance of 
organisms that have not yet been classified in a phylum. In the studies by Graças (Graças et 
al., 2011, 2013) and Baraúna (Baraúna et al., 2012), the percentage of unclassified bacteria in 
the samples was lower than 20%, but at this study the values were higher. The size of the 
reads may be an explanation for this result, as a higher number of bases to be analysed leads 
to a higher probability of assigning a sequence to a taxon. However, it should be kept in mind 
that the Classifier recommends the use of a 50% bootstrap cut-off level for sequences with 
sizes in the range of 50-250 bp, as this value is sufficient to classify the sequences even at the 
genus level (Cole et al., 2009). 

Cyanobacteria were identified in high abundance in the layers at 0, 10 and 20 m deep and 
were mainly of the genus Synechococcus. The abundance and classification of Synechococcus 
was reported in the reservoir by Dall’Agnol et al. (Dall’agnol et al., 2012). These 
Cyanobacteria are found in several environments but are more abundant in freshwater and 
low-temperature habitats (Becker, Richl, & Ernst, 2007; Dall’agnol et al., 2012). The growth 
of Cyanobacteria is favoured by high luminosity, making the water column an important 
oxygen source in these layers. These results corroborate other analyses undertaken at the 
Tucuruí hydropower plant that showed that the upper layers exhibited a high number of 
Cyanobacteria (Baraúna et al., 2012; Graças et al., 2011, 2013). The Proteobacteria found in 
these upper layers were primarily assigned to the β-Proteobacteria class as well as to 
unclassified Proteobacteria. Among the β-Proteobacteria, only two orders were identified, 
Burkhoderiales and Methylophilales. The order Burkhoderiales was represented exclusively 
by the family Comamonadaceaei, which was composed of physiologically heterogeneous 
microorganisms that included autotrophs, heterotrophs and chemolithotrophs that use 
hydrogen (Woods & Sokol, 2006). The order Methylophilales was only represented by 
Methylophilaceae, which comprises methane- and methanol-oxidising microorganisms 
typical of freshwater environments (Lapidus et al., 2011). In the upper layers (up to 20 m), α- 
and γ-Proteobacteria were also abundant, but only unclassified representatives were identified. 
Firmicutes, Bacteroidetes and Actinobacteria were also identified in lower amounts. These 
results demonstrate that the upper layers of the water column are probably strong oxygen 
sources. This oxygen can then be used in methane and methanol oxidation by methylotrophic 
organisms.  

The lower layers - at 30-60 m deep - also exhibited the same diversity pattern, as all 
contained essentially Proteobacteria (55% on average) and unclassified bacteria (30% on 
average). Four classes of bacteria were represented in all of the layers, with the γ- and 
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β-Proteobacteria being the most abundant. The majority of the β-Proteobacteria (~80%) could 
not be classified in any order. Nonetheless, the remaining sequences were assigned to the 
orders Burkholderiales, Methylophilales and Rhodocyclales. Among the γ-Proteobacteria, the 
order Methylococcales was predominant, with half of the sequences assigned to the genus 
Methylomonas. Microorganisms of the genus Methylomonas are type I methanotrophs 
(Hanson & Hanson, 1996) and typical of freshwater environments such as sediments, rice 
paddy soils and wastewaters (Bowman, 2005; Ogiso et al., 2012). The high abundance of 
microorganisms of the families Methylococcaceae and Methylophilaceae in freshwater 
environments with high use of methane has already been reported, indicating cooperation 
between these two families; however, the nature of this interaction remains unclear (Beck et 
al., 2013). 

The deepest layer (70 m) showed the second largest phyla diversity, with the identification of 
the phyla Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria, Actinobacteria and 
Nitrospira, beyond another 13 phyla in lower abundance (<5%). A significant amount of the 
sequences could not be assigned to a phylum (25%). The most abundant phylum was the 
Proteobacteria, with approximately 70% of sequences. The α-Proteobacteria represented 
approximately 10% of the Proteobacteria, with the orders Rhizobiales and Rhodospirillales 
the most representative (~50% of the class). Among the Rhizobiales, the majority of 
sequences were assigned to the genus Methylosinus, which corresponds to type II 
methanotrophs (Hanson & Hanson, 1996). From the order Rhodospirillales, only individuals 
of the family Acetobacteraceae, which are characterised by the ability to oxidise ethanol to 
acetate in strictly aerobic conditions, were detected. Thus, we speculate that even at a depth 
of 70 m, there is still a significant amount of oxygen, but physicochemical analyses would be 
important. This contrasts with data from site C1 reported by Graças et al. (Graças et al., 2011). 
The existence of methanotrophic aerobic microorganisms at deep layers suggests that 
methanogenic archaea are only present in the sediment or even that the reservoir contains a 
large amount of dissolved methane at the deepest part of the lake, as described in various 
studies (Barros et al., 2011; Mendonça et al., 2012; F. M. Ramos et al., 2009). 

The β-Proteobacteria represented approximately 32% of the Proteobacteria, with the orders 
Burkholderiales, Methylophilales and Rhodocyclales the most representative, as in the layer 
at 60 m. The class Burkholderiales was predominantly unable to be classified into a family, 
but some were assigned to the genus Incertae sedis found in aquatic environments and 
considered to be plant pathogens (Benítez & Gardener, 2009). This may be due to the large 
amount of vegetation on the lakebed. The bacteria of the order Rhodocyclales were assigned 
only to the genus Methyloversatilis, comprising methylotrophic microorganisms that also 
interact with bacteria of the order Burkholderiales and have been found in freshwater 
environments (Kalyuzhnaya et al., 2006). 

The γ-Proteobacteria represented approximately 34% of Proteobacteria, and as in the layers at 
30-60 m, the most abundant order was the Methylococcales (55% of the class). However, a 
significant amount of the sequences were assigned to the orders Pseudomonadales and 
Enterobacteriales (25% of the class). Despite the order Pseudomonadales being known for its 
pathogens, none of the assigned sequences exhibited high similarities with pathogenic 
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microorganisms. The sequences could not be assigned to any family, preventing any 
conclusion on the role of these orders in the environment. The Δ-Proteobacteria represented 
approximately 4% of Proteobacteria and belonged predominantly to the class 
Bdellovibrionales. None of the sequences could be assigned to a family, but they did have 
high similarity with order members thought to be predators (Davidov, Huchon, Koval, & 
Jurkevitch, 2006). 

5. Conclusion  

In this study, the use of the Ion Torrent Personal Genome Machine with chip 318 is shown to 
be a powerful alternative for the analysis of microbial communities. Semiconductor 
sequencing is fast, inexpensive and efficient, even if it has the disadvantage of generating 
shorter reads. The water-column bacterial community of this reservoir site is mainly 
composed of Proteobacteria, but there are a significant amount of unclassified bacteria whose 
role is not yet clear. Most of the bacteria that could be assigned to a taxon are involved in the 
degradation of organic matter along with the production and consumption of gases such as 
oxygen and primarily methane. 
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