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The study of Antarctic cyanobacterial diversity has
been mostly limited to morphological identification
and traditional molecular techniques. High-
throughput sequencing (HTS) allows a much better
understanding of microbial distribution in the
environment, but its application is hampered by
several methodological and analytical challenges. In
this work, we explored the use of HTS as a tool for
the study of cyanobacterial diversity in Antarctic
aquatic mats. Our results highlight the importance of
using artificial communities to validate the
parameters of the bioinformatics procedure used to
analyze natural communities, since pipeline-
dependent biases had a strong effect on the
observed community structures. Analysis of
microbial mats from five Antarctic lakes and an
aquatic biofilm from the Sub-Antarctic showed that
HTS is a valuable tool for the assessment of
cyanobacterial diversity. The majority of the
operational taxonomic units retrieved were related
to filamentous taxa such as Leptolyngbya and
Phormidium, which are common genera in Antarctic
lacustrine microbial mats. However, other phylotypes
related to different taxa such as Geitlerinema,
Pseudanabaena, Synechococcus, Chamaesiphon, Calothrix,
and Coleodesmium were also found. Results revealed a
much higher diversity than what had been reported
using traditional methods and also highlighted
remarkable differences between the cyanobacterial
communities of the studied lakes. The aquatic biofilm
from the Sub-Antarctic had a distinct cyanobacterial
community from the Antarctic lakes, which in turn
displayed a salinity-dependent community structure at
the phylotype level.
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Cyanobacteria are a major component of Antarc-
tic ecosystems, usually forming complex microbial
mat communities in the benthos of lakes, ponds,
and streams (Vincent and Quesada 2012). They
often dominate total biomass and primary produc-
tion in lacustrine environments and are also the
main source of organic carbon for soil communities
(Singh and Elster 2007). Despite their importance
as the dominant phototrophs in Antarctic ecosys-
tems, a comprehensive understanding of the ecolog-
ical and geographical range of Antarctic
cyanobacteria, including the environmental pro-
cesses shaping their distribution and activity, is far
from being achieved.
Important studies have been carried out on this

subject using morphological identification as well as
indirect molecular methods based on 16S rRNA
gene sequences retrieved from environmental DNA,
such as denaturing gradient gel electrophoresis
(DGGE) and clone libraries. It is now known that
Antarctic benthic microbial mat communities are
dominated by filamentous cyanobacteria, such as
Leptolyngbya, Phormidium, Microcoleus, and Oscillatoria,
which are responsible for the three-dimensional
structure of the mats (Kom�arek 2007, Kom�arek et al.
2008, Vincent and Quesada 2012). Morpho- and
genotypes related to heterocystous cyanobacteria
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such as Nostoc, Calothrix, and Nodularia also make up
a large fraction of the communities, and unicellular
cyanobacteria are usually less represented (Sabbe
et al. 2004, Jungblut et al. 2005, Taton et al.
2006a, 2008). Earlier studies based on 16S rRNA
gene sequences indicated a bioregionalization of
cyanobacterial mat communities within Antarctic
lacustrine environments and also suggested the exis-
tence of endemic Antarctic cyanobacteria (Taton
et al. 2003, 2006a,b, Jungblut et al. 2005). Finally,
additional molecular studies found that low-tem-
perature cyanobacterial ecotypes are globally dis-
tributed throughout the cold biosphere (Jungblut
et al. 2010).

Further advances in this area have been ham-
pered due to limitations of morphological identifi-
cation and traditional molecular tools for the
assessment of cyanobacterial diversity. Morphologi-
cal characters traditionally used in cyanobacterial
taxonomy (e.g., cell division pattern, colony forma-
tion, length/width measurement of cells, and pres-
ence of extracellular envelopes and sheaths) are
subjected to plasticity, making the distinction
between morphologically similar taxa often difficult
or impossible (Wilmotte and Golubic 1991). In vitro
biochemical, physiological, and genotypic characteri-
zation is also of limited application due to the fact
that a part of the cyanobacterial diversity is not
easily cultivable (Waterbury 2006). Finally, tradi-
tional molecular approaches such as DGGE and
cloning of 16S rRNA gene sequences are time con-
suming, expensive, and only provide information on
the most abundant members of the microbial com-
munities (Tringe and Hugenholtz 2008).

High-throughput sequencing (HTS) technologies
such as 454 pyrosequencing and Illumina have
become valuable tools for the study of complex
microbial communities (Shokralla et al. 2012, Lynch
and Neufeld 2015). These technologies allow the
parallel recovery of genetic information from multi-
ple templates and thus bypass the necessity of vec-
tor-based cloning procedures. They also generate
several hundreds of thousands to tens of millions of
sequences on a single run, therefore providing an
in-depth inventory of the microbial diversity on a
given environment. Finally, through the use of sam-
ple-specific barcode tags, several samples can be
multiplexed and sequenced in parallel, thus allow-
ing much more complex experimental designs (Bin-
laden et al. 2007).

HTS has been widely used in amplicon-sequen-
cing studies, where a genetic marker such as the
16S rRNA gene, which has been the golden stan-
dard for microbial phylogeny since originally pro-
posed by Woese and Fox (1977), is amplified
directly from environmental DNA and sequenced.
High-throughput amplicon-sequencing studies have
revealed a higher microbial diversity than previously
acknowledged, and have allowed the investigation of
rare, low-abundance taxa that constitute an impor-

tant fraction of microbial communities but have
been largely neglected (Sogin et al. 2006, Roesch
et al. 2007).
One caveat of the HTS approach is that the

extreme increase in sequencing depth comes along
with a considerable amount of PCR and sequencing
artifacts, which contribute significantly to the overes-
timation of microbial diversity (Kunin et al. 2010).
Moreover, each step of PCR-based, community-level
assessments can introduce biases to the observed
structure of the microbial communities (von Wintzin-
gerode et al. 1997). A correct assessment of microbial
diversity using HTS thus relies on robust bioinformat-
ics tools that can efficiently identify and remove PCR
and sequencing artifacts. To this day, several studies
have tested the effects of different experimental and
bioinformatics parameters on the observed structure
of microbial communities (Schloss et al. 2009, 2011,
Kunin et al. 2010, Bakker et al. 2012, Lee et al. 2012,
Pinto and Raskin 2012, Edgar 2013, Gaspar and Tho-
mas 2013). However, given major experimental dif-
ferences in DNA extraction methods, analyzed
regions of the 16S rRNA gene and targeted taxa
across studies, the emergence of a universal pipeline
that would apply to every amplicon-sequencing study
seems unrealistic. More likely, experimental and
bioinformatics procedures should be validated on a
study-by-study basis to overcome the limitations of the
HTS approach and generate ecologically meaningful
results. Nevertheless, only few studies have been car-
ried out so far in which HTS coupled with cyanobac-
teria-specific primers was used for the targeted
investigation of cyanobacterial diversity (Dadheech
et al. 2013, Hur et al. 2013, Kleinteich et al. 2014,
Brandes et al. 2015), and a comprehensive evaluation
of different experimental protocols is still lacking.
Here, we assess the use of HTS as a tool for the

study of the cyanobacterial diversity in Antarctic
lakes. Artificial communities were used to evaluate
the performance of different bioinformatics pipe-
lines. The effect of different DNA extraction meth-
ods, the use of longer barcoded primers, and the
reproducibility of the results were determined using
environmental samples. Finally, we present a
description of the cyanobacterial diversity in micro-
bial mats from five Antarctic lakes and an aquatic
biofilm from the Sub-Antarctic, assessing the
strength of HTS in comparison to the well-estab-
lished DGGE and cloning approaches.

MATERIALS AND METHODS

Reference strains. Twenty-two cyanobacterial strains from
the BCCM/ULC Cyanobacteria Collection (http://bccm.bel-
spo.be/about-us/bccm-ulc) were used to assemble the artifi-
cial communities (Table 1). These were selected based on a
neighbor-joining tree of partial 16S rRNA gene sequences
from 108 strains available in the collection (data not shown).
A total of 20 polar strains, one from Siberia (S141 Leptolyng-
bya sp. “Doroninskoye”) and one from New Zealand (ULC080
Anabaena sp. CY-036), were chosen, comprising 11 of the 19
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cyanobacterial lineages represented in the phylogenetic tree.
Within some clusters, up to three strains were selected, to
assess the sensitivity of the method to discriminate between
closely related organisms.

The full 16S rRNA gene sequences of 10 strains, previously
determined by Taton et al. (2006b), were retrieved from Gen-
Bank. For the remaining strains, sequences were obtained
using the 16S27F and 23S30R primers as described elsewhere
(Taton et al. 2003). Sequencing was carried out bidirection-
ally on a 3730 DNA Analyser (Applied Biosystems, Foster City,
CA, USA) at the GIGA Genomics facility (Li�ege, Belgium).
Sequences of the 22 reference strains were aligned using
MUSCLE (Edgar 2004) and trimmed to the expected ampli-
con product of the V3-V4 variable region – hereafter referred
to as “reference sequences.” Full 16S rRNA gene sequences
obtained in this study were submitted to GenBank under the
accession numbers KT753316–KT753327 (Table 1).

Artificial communities and environmental samples. For the
construction of artificial communities, genomic DNA was
extracted from the reference strains using the DNeasy Plant
Mini Kit (Qiagen, Venlo, the Netherlands). DNA extracts
were quantified using the Quant-iT PicoGreen dsDNA Assay
Kit (Life Technologies, Carlsbad, CA, USA) and pooled at
known abundances (Table 1). Library Art1 (“even”) was pre-
pared by combining the DNA of all strains at equal amounts,
whereas in library Art2 (“staggered”) DNA from nine strains
accounted for 80% of the community. The latter was assem-
bled to represent a more realistic scenario of taxa distribu-
tion in Antarctic environments, where some species are more
abundant than others.

Microbial mats from five Antarctic lakes and an aquatic
biofilm from the Sub-Antarctic were also analyzed (Fig. 1).
Lake 59b (69° 240 S; 76° 210 E), Lake Rauer2 (68° 480 S; 77°
510 E), and Highway Lake (68° 300 S; 78° 140 E) are located
in East Antarctica. Lake 59b is a shallow (0.8 m deep) fresh-
water lake in Larsemann Hills (Prydz Bay), the second largest
ice-free region of East Antarctica (Hodgson et al. 2001a).
Lake Rauer2, located in Rauer Islands (south-eastern Prydz
Bay, 60 km northeast of Larsemann Hills), is a relatively deep

(3 m depth) hypersaline lake (131.5 mS � cm�1 conductivity;
Hodgson et al. 2001b). Highway Lake is an oligotrophic
(3–32 mg � L�1 DOC; 0.32–6.74 lg � L�1 chlorophyll a),
slightly brackish lake (4–5& salinity) in Vestfold Hills
(Laybourn-Parry and Wadham 2014). Forlidas Pond (82° 270
S; 51° 160 W) and Lundstr€om Lake (80° 260 S; 29° 260 W) are
located in the Transantarctic Mountains. Forlidas Pond is a
shallow (1.8 m deep), perennially frozen freshwater lake in
the north-eastern end of the Dufek Massif, overlying a 20 cm
thick layer of hypersaline brine (Hodgson et al. 2010, Fern�an-
dez-Carazo et al. 2011). Lundstr€om Lake, located in the
Shackleton Range (420 km northeast of Forlidas Pond), is a
relatively deep (3.1 m depth), perennially frozen freshwater
lake (Fern�andez-Carazo et al. 2011). Finally, one sample
from a partially submerged wet biofilm on gravel from
Macquarie Island (Sub-Antarctic, 54° 280 S; 158° 550 E) was
also analyzed.

454 pyrosequencing analysis. DNA was extracted from the
mats using the PowerSoil DNA Isolation Kit (MOBIO Labora-
tories, Carlsbad, CA, USA) according to the manufacturer’s
instructions with some modifications. Tubes were agitated on
a vortex for 20 extra min to ensure a good disintegration of
the mats and, if not completely disintegrated, a sterile pestle
was used to crush the remaining pieces. For comparison, the
Forlidas Pond sample was also processed with the DNA
extraction method used in the DGGE analysis (see below).
DNA concentration and quality were determined using a
NanoVue spectrophotometer (GE Healthcare Life Sciences,
Little Chalfont, UK). A blank DNA extraction consisting of
sterile Milli-Q water was carried out in parallel.

The cyanobacteria-specific primer set CYA359F and
CYA781R(a)/CYA781R(b) (N€ubel et al. 1997) was used to
amplify the V3-V4 variable region of the 16S rRNA gene from
both the artificial and environmental samples. The reverse
primers CYA781R(a) and CYA781R(b) differ by only two
nucleotides at positions 7 and 23 (50–30), but have been
shown to preferentially amplify different cyanobacterial
lineages (Boutte et al. 2006), and were therefore used sepa-
rately in independent PCR reactions. Primers were modified

TABLE 1. List of reference strains used in the artificial communities Art1 and Art2.

IDa Strain name Accession number

Relative abundance (%)

Art1 Art2

ULC022 Phormidesmis priestleyi ANT.L61.2 AY493582 4.5 8.9
ULC026 Phormidesmis priestleyi ANT.L52.6 AY493579 4.5 8.9
ULC049 Phormidesmis priestleyi ANT.L66.1 AY493581 4.5 8.9
ULC009 Plectolyngbya hodgsonii ANT.LPR2.2 AY493583 4.5 8.9
ULC001 Leptolyngbya frigida ANT.L53B.1 AY493608 4.5 8.9
ULC029 Leptolyngbya frigida ANT.L52B.3 AY493612 4.5 8.9
ULC043 Leptolyngbya antarctica ANT.LWAV6.1 AY493602 4.5 8.9
S141 Leptolyngbya sp. “Doroninskoye” KT753316 4.5 8.9
ULC041 Leptolyngbya antarctica ANT.LAC.1 AY493588 4.5 8.9
ULC065 Cyanobium sp. “Bylot Island” KT753317 4.5 1.5
S082 Cyanobium sp. “Chester Cone” KT753318 4.5 1.5
ULC084 Cyanobium sp. “Laguna Chica” KT753319 4.5 1.5
ULC004 Leptolyngbya cf. fragilis ANT.L52.1 AY493584 4.5 1.5
S111 Microcoleus vaginatus JR6 KT753320 4.5 1.5
S120 Microcoleus favosus JR20 KT753321 4.5 1.5
ULC117 Leptolyngbya sp. ANT07.JR16 KT753322 4.5 1.5
ULC123 Leptolyngbya sp. ANT07.JR23 KT753323 4.5 1.5
ULC080 Anabaena sp. CY-036 KT753324 4.5 1.5
S133 Nodularia sp. “khil 06-sten” KT753325 4.5 1.5
ULC050 Nostoc sp. ANT.L34.1 AY493591 4.5 1.5
ULC069 Pseudanabaena frigida O-302 KT753326 4.5 1.5
S075 Oscillatoriaceae Toolik Lake O-103 KT753327 4.5 1.5

aA ULCXXX number indicates that the strain is available at the BCCM/ULC Cyanobacteria Collection (http://bccm.belspo.be/
about-us/bccm-ulc).
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to include a 10-bp sample-specific barcode tag at the 50 end,
to allow samples to be multiplexed for sequencing. PCR reac-
tions consisted of 19 PCR buffer with 1.5 mM MgCl2,
1 mg � mL�1 BSA, 200 lM of each dNTP, 0.2 lM of each
primer, 1 U SUPER TAQ plus DNA polymerase (HT Biotech-
nology, Cambridge, UK), and 4 ng � lL�1 template DNA in a
final volume of 50 lL. Amplification was performed using an
initial denaturation step at 94°C for 2 min, followed by 30
cycles of 94°C for 45 s, 60°C (for primer 781Ra) or 57°C (for
primer 781Rb) for 45 s and 68°C for 45 s, and a final elonga-
tion at 68°C for 5 min. Negative controls (PCR mixes with
either no DNA or the blank DNA extracts) were always
included during PCR amplifications. To minimize stochastic
PCR bias, amplification was carried out as six independent
PCR reactions (three for each reverse primer) that were
pooled before purification.

The Lake Rauer2 sample was analyzed as two technical
replicates to assess the reproducibility of the experimental
protocol. Technical replicates were carried out using the
same DNA extract but independent PCR reactions and
sequencing. Moreover, to assess potential biases arising from
direct long primer amplification (Berry et al. 2011), the Lake
Rauer2 and Forlidas Pond samples were also analyzed using a
modified “two-step” PCR protocol. For this, the target region
was first amplified as described above, but using primers with-
out the barcode tag. Then, 10 ng � mL�1 of the PCR product
were used as templates in an additional five-cycle PCR reac-
tion, which included barcoded primers to extend the barcode
tags to the amplicons.

Replicate PCR reactions were pooled and purified using
the GeneJet PCR Purification Kit (Thermo Scientific, Wal-

tham, MA, USA). Purified amplicons were quantified using
the Quant-iT PicoGreen dsDNA Assay Kit, pooled in equimo-
lar concentrations, and concentrated to 25 lL using the Ami-
con Ultra-0.5 mL 30K device (EMD Millipore, Billerica, MA,
USA). Pooled libraries were sent to Beckman Coulter Geno-
mics (Takeley, UK), where primer dimers were removed
using the Agencourt AMPure XP Kit (Beckman Coulter, Brea,
CA, USA) and sequencing adapters were ligated to the ampli-
cons. Sequences were obtained using the 454 GS FLX+ Tita-
nium platform (454 Life Sciences, Branford, CT, USA).

DGGE analysis. For DGGE analysis, DNA was extracted
from the samples according to Fern�andez-Carazo et al.
(2011). Briefly, cells were disrupted using glass beads
(0.17–0.18 mm diameter), SNT solution (500 mM Tris-HCl
pH8, 100 mM NaCl, 25% sucrose), 50 mg � mL�1 lysozyme,
and SII solution (500 mM Tris base, 500 mM EDTA, 1% SDS,
6% phenol). DNA was purified with successive addition of
phenol, phenol-chloroform-isoamyl alcohol (25:24:1), and
chloroform-isoamyl alcohol (24:1), precipitated with sodium
acetate-ethanol and resuspended in TE 19 buffer. DNA
was further purified using the Wizard DNA Clean-up System
(Promega, Madison, WI, USA).

Sequences of the V3-V4 variable region of the 16S rRNA
gene were obtained by semi-nested PCR as in Taton et al.
(2003) with some modifications. First, a larger fragment of
the 16S rRNA gene was amplified using the primers CYA378F
and 23S30R in 25 lL reactions containing 19 PCR buffer
with 1.5 mM MgCl2, 1 mg � mL�1 BSA, 200 lM of each
dNTP, 0.5 lM of each primer, 1 U SUPER TAQ plus DNA
polymerase, and 4 ng � lL�1 DNA. Thermocycling conditions
consisted of 94°C for 5 min, followed by 15 cycles of 94°C for

FIG. 1. Map of Antarctica
showing the location of the
samples analyzed in this study.
Map created using the
Quantarctica package (Norwegian
Polar Institute, Tromsø, Norway).
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45 s, 54°C for 1 min, and 68°C for 90 s, with a final elonga-
tion step at 68°C for 7 min. PCR products were used as tem-
plates in a second PCR reaction performed in the same
conditions as above, but in a total volume of 50 lL and using
the primers CYA378F and CYA781R(a)/CYA781R(b). Reverse
primers contained a 38-bp GC clamp at the 50 end, to ensure
the melting stability of the DNA. The second amplification
step was carried out using 94°C for 5 min, 25 cycles of 94°C
for 1 min, 60°C for 1 min, and 68°C for 1 min, with a final
elongation step at 68°C for 20 min.

PCR products were purified using the GeneJet PCR Purifi-
cation Kit and analyzed by DGGE according to Boutte et al.
(2006). To ensure experimental reproducibility, each sample
was analyzed twice on two different gels. Bands were excised
from the gel using a sterile scalpel and incubated in TE 19
buffer overnight at 4°C. DNA was reamplified using primers
CYA378F and CYA781R and sequences were obtained bidirec-
tionally on a 3730 DNA Analyser at the GIGA Genomics facil-
ity.

Bioinformatics procedures. Pyrosequencing reads were
extracted and assigned to the corresponding sample based
on the barcode tag using the “sffinfo” command in mothur
with default parameters (Schloss et al. 2009). Quality control
of reads, removal of chimeric sequences, and operational tax-
onomic unit (OTU) clustering were first performed on the
data obtained for the artificial communities, using five inde-
pendent bioinformatics pipelines. Pipelines (I) “shhh.flows
(450 flows),” (II) “shhh.flows (360–720 flows),” and (III)
“Sliding Window (Q35, 50 bp)” were carried out using
mothur following the recommended procedure on http://
www.mothur.org/wiki/454_SOP, corresponding to the
homonymous pipelines as described in Schloss et al. (2011).
Pipelines I and II applied flowgram denoising after trimming
flowgrams to 450 and 360–720 flows, respectively, and pipe-
line III applied an average quality score of 35 over a sliding
window of 50 bp. Pipelines (IV) “fastq_maxee” and (V)
“fastq_truncqual” were carried out using UPARSE according
to Edgar (2013), following the example commands in
http://drive5.com/usearch/manual/uparse_cmds.html. In
pipelines IV and V, reads were filtered based on a maximum
expected errors value of 0.5 or a minimum per-base quality
score of 16, respectively. In all pipelines, sequences were clus-
tered into OTUs using a similarity cut-off value of 97.5%
according to Taton et al. (2003). One representative
sequence, defined as the most abundant unique sequence in
the cluster, was determined for each OTU.

The correspondence between the OTUs retrieved at the
end of each pipeline and the reference strains used to assem-
ble the artificial communities was determined by mapping
the OTU representative sequences to the 22 reference
sequences using the “uparse_ref” command in USEARCH
with default parameters (Edgar 2010). OTUs were classified
as “Perfect” (identical to a reference sequence), “Good”
(≥99% similarity), “Noisy” (≥97.5% to <99% similarity),
“Other” (<97.5% similarity), and “Chimeric” (composed of
two or more parent reference sequences). The relative abun-
dance of each reference strain was inferred considering only
“Perfect” and “Good” OTUs, i.e., OTUs with ≥99% similarity
to a reference sequence. To avoid biases due to uneven
sequencing depths, data sets were subsampled without
replacement to 15,820 sequences per sample.

Based on the results obtained for the artificial communi-
ties (see below), pipeline (IV) “fastq_maxee” was selected to
analyze the data obtained for the environmental samples.
However, additional steps were performed after quality con-
trol and OTU clustering. First, OTUs were classified using
the lowest common ancestor (LCA) algorithm implemented
in CREST (Lanz�en et al. 2012) based on the Greengenes

database (McDonald et al. 2012), which, for cyanobacteria at
the suprageneric level, is ultimately based on Hoffmann et al.
(2005). Noncyanobacterial OTUs were removed from down-
stream analyses. OTU representative sequences were submit-
ted to GenBank under the accession numbers listed in
Table S1 in the Supporting Information. Further information
on the bioinformatics procedures applied in this study and
command-line examples are provided in Appendix S1 in the
Supporting Information.

For each cyanobacterial OTU, the most closely related iso-
late and uncultured sequences deposited in the Ribosomal
Database Project (RDP) were retrieved using the SeqMatch
tool (Cole et al. 2014). These were aligned using MUSCLE
along with the sequences obtained by DGGE and the
sequences reported by Fern�andez-Carazo et al. (2011) for the
Forlidas Pond and Lundstr€om Lake samples. A neighbor-join-
ing tree using the Jukes-Cantor model and 1,000 bootstraps
was then constructed using TREECON (Van de Peer and De
Wachter 1994). At this point, a manual curating step based
on taxonomic expertise was carried out to identify erroneous
OTUs that might have escaped the automated controls.
OTUs that had <97% similarity with their closest SeqMatch
isolate and uncultured sequences and were sharing some
branch length with others but were distinct and isolated were
flagged as being potentially artifactual. In this case, their “in-
termediate” positioning would indicate a possible chimeric
origin, which is supported by their isolation from known cul-
tured and uncultured sequences.

Community dissimilarities at the phylotype level were inves-
tigated using unweighted pair group method with arithmetic
mean (UPGMA) analysis. For this, data sets were subsampled
without replacement to 4,500 sequences per sample to avoid
biases due to uneven sequencing depths. Community dissimi-
larities were computed using Bray–Curtis and Unifrac dis-
tances. UPGMA analysis was carried out using the “vegan”
package in R (Oksanen et al. 2015).

RESULTS AND DISCUSSION

Evaluation of bioinformatics pipelines using artificial
communities. Artificial communities Art1 and Art2
were used to test the performance of five bioinfor-
matics pipelines for quality filtering of reads,
removal of chimeric sequences, and OTU cluster-
ing. Sequence data were processed separately using
mothur and UPARSE, and OTUs were mapped back
to the strains used to assemble the artificial commu-
nities. Our goal was to assess the overall perfor-
mance of well-established pipelines currently
available to the end user. Thorough comparison
between the different pipelines and algorithm
parameters can be found in the original mothur
(Schloss et al. 2009, 2011) and UPARSE (Edgar
2013) publications.
A total of 61,419 reads were obtained for the two

artificial communities (34,213 and 27,206 reads for
Art1 and Art2, respectively). After applying the
bioinformatics pipelines, between 15,820 and 25,105
reads remained, representing a decrease of up to
47% from the original number of reads. Observed
relative abundances differed from the theoretical
expectations and were similar in communities Art1
and Art2, despite differences in the initial propor-
tions of each template DNA (Fig. 2). Recovered rel-

360 IGOR STELMACH PESSI ET AL.

http://www.mothur.org/wiki/454_SOP
http://www.mothur.org/wiki/454_SOP
http://drive5.com/usearch/manual/uparse_cmds.html


ative abundances were also consistent across the dif-
ferent pipelines. In general, Phormidesmis priestleyi
ANT.L52.6 (ULC026), Leptolyngbya sp. “Doronin-
skoye” (S141), Microcoleus vaginatus JR6 (S111), and
Leptolyngbya sp. ANT07.JR23 (ULC123) were three
to six times more abundant than expected, whereas
Leptolyngbya frigida ANT.L53B.1 (ULC001), L. frigida
ANT.L52B.3 (ULC029), Leptolyngbya antarctica
ANT.LWAV6.1 (ULC043), Cyanobium sp. “Bylot
Island” (ULC065), and Leptolyngbya cf. fragilis
ANT.L52.1 (ULC004) were largely underrepre-
sented.

Phylogenetic analysis showed that some of the
strains used to assemble the artificial communities
have highly similar 16S rRNA gene sequences and,
in fact, the 22 reference strains represent 17 OTUs
at 97.5% similarity (Fig. 2). This might explain the
disparity between the expected and observed rela-
tive abundances of some strains, since sequences
with ≥97.5% similarity are clustered into the same
OTU and thus information on the relative abun-
dance of individual strains is lost. However, even
when this phenomenon is accounted for, a discrep-
ancy between expected and observed relative abun-
dances was still evident.

It has been long acknowledged that differential
denaturation, binding efficiency, accessibility of the

target gene within genomes, and gene copy number
can distort the observed structure of microbial com-
munities in multitemplate PCR (Farrelly et al. 1995,
Suzuki and Giovanonni 1996, Polz and Cavanaugh
1998, Sipos et al. 2007, Hong et al. 2009). In addi-
tion, the fact that the strains used to assemble the
artificial communities were available as unialgal but
not axenic cultures might have contributed to an
underestimation of the relative abundances of some
of the strains. Indeed, the presence of DNA from
cocultured bacteria in the extracts used would have
affected the actual proportion of the cyanobacterial
DNA in the pool. Nevertheless, several similar stud-
ies dealing with artificial communities were also
unable to perfectly recover the community structure
information after PCR and sequencing (Lee et al.
2012, Pinto and Raskin 2012, Shakya et al. 2013).
This poses a problem when trying to predict the
abundance of an organism in the environment
based on the number of reads, but it seems to be
an intrinsic bias of the amplicon-sequencing
approach (Amend et al. 2010, Ushio et al. 2014).
Inferred phylotype richness varied considerably

between pipelines, ranging from 20 to 261 OTUs
and from 16 to 155 OTUs in communities Art1 and
Art2, respectively (Figs. 3 and S1 in the Supporting
Information). Phylotype richness obtained with the

FIG. 2. Recovered relative abundances of reference strains in artificial communities Art1 (a) and Art2 (b) after application of each
bioinformatics pipeline. Relative abundances were computed taking into account only OTUs classified as “Perfect” or “Good” (i.e., with
≥99% similarity to a reference sequence). Remaining OTUs (“Noisy,” “Other,” and “Chimeric”) are grouped under “Spurious OTUs.” Hor-
izontal dashed lines represent the expected relative abundance of reference strains. Dashed rectangles represent the summed relative
abundance of groups of strains with ≥97.5% similar 16S rRNA gene sequences.
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mothur-based pipelines (pipelines I-III) was surpris-
ingly high (98–261 OTUs), and rarefaction curves
suggested that it would be even higher with
increased sequencing depth. OTU richness was
much lower (16–21 OTUs) with the UPARSE-based
protocols (pipelines IV-V), with rarefaction curves
reaching a plateau at around 1,000 sequences. Even
at this lower sequencing depth, OTU richness
reported by the mothur-based pipelines was 2–3
times higher than expected.

The number of biologically relevant OTUs (“Per-
fect” and “Good,” therefore with ≥99% similarity to
a reference sequence) was similar for all pipelines
(15–24 OTUs), meaning that all of them were able
to identify a consistent number of phylotypes that
ultimately correspond to real taxa (Fig. 3). However,
the mothur-based protocols reported a high num-
ber (82–237 OTUs) of additional spurious phylo-
types (“Noisy,” “Other,” and “Chimeric” OTUs).
Although these spurious phylotypes accounted for a
small proportion of the data set (0.2%–5.1% of the
reads; Fig. 2), they contributed significantly to the
overestimation of phylotype richness since their
divergent sequences are perceived as new OTUs
(Fig. 3). On the other hand, phylotype richness
reported by the UPARSE-based protocols was in line
with expected results, consisting of 15–16 OTUs
with ≥99% similarity to a reference sequence and
only 1–5 additional spurious OTUs. Nevertheless, of
the 17 expected OTUs, 1–2 OTUs were missing
from the UPARSE data sets. No sequence related to
Nostoc sp. ANT.L34.1 (ULC050) was found in either
artificial community, whereas Pseudanabaena frigida
O-302 (ULC069) was also absent in community
Art2. Nevertheless, sequences from these strains
were not found in the mothur data sets either, sug-
gesting that their absence was due to PCR and/or
sequencing rather than bioinformatics biases.

Bioinformatics pipelines for the analysis of micro-
bial high-throughput amplicon-sequencing data usu-
ally consist of three steps: quality filtering of reads,
removal of chimeric sequences, and OTU cluster-
ing. In mothur, the quality filtering step can be per-
formed using simple quality score thresholds (as in
pipeline III) – which is based on the quality score
assigned to each base call – or the more computa-
tionally demanding flowgram denoising (as in
pipelines I and II). Although the per-base error of
the 454 pyrosequencing technology is relatively low
(Margulies et al. 2005), inconsistencies usually arise
from the inaccurate determination of homopolymer
lengths. Flowgram denoising algorithms use the
flowgram information to assess the confidence of
each base call and, therefore, the length of the
homopolymer (Quince et al. 2009). Although
denoising algorithms represent an improvement
over simple quality score-based filtering, they are
not able to completely remove sequencing noise
and sometimes produce inconsistent results (Bakker
et al. 2012, Gaspar and Thomas 2013).
UPARSE, on the other hand, deals with quality fil-

tering of reads in a much simpler way, but neverthe-
less has been shown to generate highly accurate
results, outperforming the methods described above
(Edgar 2013). In this case, quality control is simply
carried out by truncating sequences when the qual-
ity score falls below a determined threshold (as in
pipeline V) or based on maximum expected errors,
i.e., by using the error probability associated with
the quality scores of each base call (as in pipeline
IV). The most distinguishing feature of UPARSE
is the “UPARSE-OTU” algorithm, which, unlike
previous methods, performs chimera filtering and
OTU clustering simultaneously. Despite its relatively
simple quality filtering approach, community struc-
tures obtained in this study using the UPARSE-

FIG. 3. Classification of OTUs in artificial communities Art1 (a) and Art2 (b) after application of each bioinformatics pipeline. OTUs
were classified as “Perfect” (identical to a reference sequence), “Good” (≥99% similarity), “Noisy” (≥97.5% to <99% similarity), “Other”
(<97.5% similarity), and “Chimeric” (composed of two or more parent reference sequences).
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based pipelines were much more consistent with
expected results, mainly due to a drastically
improved ability to detect and filter out chimeric
sequences (Fig. 3).

Chimeras are usually formed from an incom-
pletely extended amplicon that, in subsequent
PCR cycles, anneals to another similar template
sequence, thus yielding a hybrid product from
multiple parent sequences (Shuldiner et al. 1989).
Chimeric sequences are an important source of
bias in amplicon-sequencing studies, since they
might be indistinguishable from true, novel diver-
sity, especially if formed from closely related
sequences (Haas et al. 2011). Many experimental
measures can be taken to reduce chimera forma-
tion, such as increasing extension time and reduc-
ing the number of cycles during PCR, as well as
avoiding over shearing of DNA during extraction
by using less rigorous cell lysis methods (von
Wintzingerode et al. 1997, Ahn et al. 2012). How-
ever, none of these approaches has been shown
to prevent chimera formation completely, and
bioinformatics removal of chimeric sequences still
remains a crucial step in amplicon-sequencing
studies (Haas et al. 2011).
Description of Antarctic cyanobacterial diversity using

HTS. As part of an exploratory effort to validate
the use of HTS for the assessment of cyanobacterial
diversity, the cyanobacterial community composition
in five Antarctic lacustrine microbial mats and one
Sub-Antarctic aquatic biofilm was investigated
(Fig. 1). All samples were analyzed in parallel using
DGGE, and the Forlidas Pond and Lundstr€om Lake
samples have also been studied in the past using a
polyphasic approach (Fern�andez-Carazo et al.
2011). Here, we describe the cyanobacterial diversity
found in these samples using HTS, assessing the
sensitivity of this method for less abundant taxa that
are normally missed by traditional techniques. More-
over, samples were used to assess how potential
biases introduced at different experimental steps of
HTS studies may distort the observed structure of
cyanobacterial communities. This included inconsis-
tencies due to the choice of DNA extraction
method, stochastic PCR variation, and the use of
longer barcoded primers (Appendix S1).

A total of 108,647 16S rRNA gene sequences were
obtained for the six samples and submitted to rigor-
ous quality control using the bioinformatics pipeline
(IV) “fastq_maxee.” Based on the results obtained
for the artificial communities, this pipeline showed
the highest consistency with expected results among
the tested pipelines (see above). After quality con-
trol and OTU clustering, 85,290 sequences (78.5%)
were retained, of which 83,243 sequences (97.6%)
were assigned to cyanobacteria, confirming the
specificity of the primer set. From the noncyanobac-
terial sequences, 498 sequences (0.6%) were
assigned to plastid sequences of eukaryotic pho-
totrophs such as chlorophytes, streptophytes, hapto-
phytes, and stramenopiles (heterokonts), and 1,549
sequences (1.8%) were assigned to bacterial phyla
such as Acidobateria, Chloroflexi, Planctomycetes,
Proteobacteria, TM7, and Verrucomicrobia.
Cyanobacterial sequences were clustered into 108
OTUs at 97.5% similarity (Table S1). However, fol-
lowing a manual inspection of OTUs according to
SeqMatch and phylogenetic analyses, 37 OTUs were
flagged as being potentially artifactual.
Overall, taxonomic, SeqMatch, and phylogenetic

analyses of OTUs showed that the retrieved diversity
covers a broad spectrum of the overall cyanobacte-
rial diversity (Fig. 4, Table S1 and Fig. S2 in the
Supporting Information). Taxonomic assignment of
sequences revealed the presence of five cyanobacte-
rial orders (Fig. 4a). Pseudanabaenales was the most
OTU-rich order (60 OTUs), followed by Oscillatori-
ales (10 OTUs), Chroococcales (8 OTUs), Syne-
chococcales and Nostocales (7 OTUs each). No
sequences related to Gloeobacterales were found,
and 16 OTUs could not be classified at the order
level by the LCA classifier algorithm. At the genus
level (Fig. 4b), OTUs were classified as Leptolyngbya
(22 OTUs), Phormidium, Pseudanabaena (4 OTUs
each), Synechococcus, Nostoc (2 OTUs each), Plank-
tothrix, Cyanobacterium, Acaryochloris, Arthrospira, Calo-
thrix, and Rivularia (1 OTU each), and 68 OTUs
remained unclassified at the genus level. With some
exceptions, taxonomic classification of OTUs using
the LCA classifier algorithm and the Greengenes
database was consistent with the taxonomy of the
best SeqMatch isolate hit (Table S1).

FIG. 4. Taxonomic assignment
of cyanobacterial OTUs at the
order (a) and genus (b) level.
Cyanobacterial suprageneric
classification is shown according
to Hoffmann et al. (2005). OTUs
were determined using a
similarity cut-off value of 97.5%.
Relative abundances were
computed by dividing the
number of OTUs assigned to
each order/genus by the total
number of OTUs in each sample.
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Differences in community structures were
observed between the samples (Fig. 4). As expected
given its geographic origin, the aquatic biofilm com-
munity from Macquarie Island (Sub-Antarctic) was
very distinct from the communities of the five
Antarctic microbial mat samples at the order level,
with a higher proportion of Synechococcales and
Chroococcales OTUs. Interestingly, OTUs unclassi-
fied at the order level were nearly absent in this
community, suggesting a cyanobacterial community
composed by rather “traditional” taxa. Communities
from the two Transantarctic Mountains lakes (Forli-
das Pond and Lundstr€om Lake) were distinguished
from the remaining samples by an absence of
Chroococcales OTUs. Finally, the communities from
the three East Antarctic lakes (Lake 59b, Lake
Rauer2, and Highway Lake) were relatively similar,
although Nostocales OTUs were not found in the
Lake Rauer2 sample. Communities were very dissim-
ilar at the genus level, with the Lake 59b sample
harboring a much more diverse community than
the remaining lakes.

The 10 most abundant OTUs taking all samples
together accounted for 84.9% of the reads
(Table S1). With the exception of OTU10, they
were all assigned to the filamentous form-genera
Leptolyngbya and Phormidium, which are common
taxa in Antarctic lacustrine microbial mats (Vincent
and Quesada 2012). OTU1 and OTU9 were identi-
cal to strains of L. antarctica isolated from Ace Lake
(Vestfold Hills) and Firelight Lake (Bølingen
Islands), respectively (Taton et al. 2006b). OTU3
was 99.2% similar to an unidentified cyanobac-
terium (LPP-group MBIC 10597) and OTU6 was dis-
tantly related (97.8% similarity) to a strain of
Leptolyngbya nostocorum isolated from a biofilm in the
Guadarrama River, Spain (Loza et al. 2013). Seq-
Match analysis of other dominant OTUs showed
phylotypes highly related (≥99.5% similarity) to
strains identified as Phormidium cf. uncinatum
CYN108 (OTU2), Phormidium lumbricale UTCC 476
(OTU5), Synechococcus sp. PS845 (OTU10), and Lep-
tolyngbya sp. LEGE 07074 (OTU14).

Two dominant OTUs had extremely low similarity
to their best SeqMatch isolate hits (Table S1).
OTU4 had 93.4% similarity to an unidentified
lichen photobiont (Miura and Yokota 2006), but
was also 99.7% similar to an environmental
sequence obtained from a stromatolite in Spain
(Santos et al. 2010), suggesting that, rather than a
sequencing artifact, this phylotype likely represents
a not yet described cyanobacterial taxon. Similarly,
OTU7 was 89.6% similar to cf. Leptolyngbya sp.
Greenland_9 isolated from a hot spring in Green-
land (Roeselers et al. 2007). However, in this case,
an additional BLAST analysis showed that this phy-
lotype is in fact 99.0% similar to a strain identified
as Oscillatoria sp. KNUA009, recently isolated from a
meltwater stream in King George Island, Antarctic
Peninsula (Hong et al. 2013).

A striking observation was the occurrence in the
Lake 59b sample (Larsemann Hills) of one OTU
affiliated with Arthrospira (OTU73, 99.2% similar to
Arthrospira platensis), a taxon that is currently known
to have a tropical and semitropical distribution (Sili
et al. 2012). However, it is known that huge
amounts of dust are transported between continents
every year, serving as a vector for the dispersion of
microorganisms around the globe, including to and
from Antarctica (Pearce et al. 2009). Most likely,
the Arthrospira-related OTU found in this study was
originated from dead cell material introduced from
outside the Antarctic continent rather than from an
actual resident population, especially considering
that it was reported for only one sample and at very
low read abundance (0.1%). Nevertheless, the intro-
duction of alien species in Antarctic environments is
a growing concern particularly in light of the
expected effects of climate change, which are likely
to shift the distributional limits of temperate species
toward the poles (Convey et al. 2014). In this sense,
due to its unprecedented analytical depth, HTS
could be a useful tool for monitoring the develop-
ment of invasive populations in Antarctic environ-
ments at very early stages.
Cyanobacterial community structures differed

considerably between the samples at the phylotype
level, with 62 OTUs (57.4%) being found in only
one sample (Table S1). The single phylotype shared
between all the six samples and the most abundant
in the whole data set (OTU1) was identical to
L. antarctica ANT.LAC.1 (strain ULC041 in the
BCCM/ULC Cyanobacteria Collection) isolated
from Ace Lake (Taton et al. 2006a,b), confirming
the ubiquity of this taxon throughout Antarctica
(Kom�arek 2007, Kom�arek et al. 2008). Five OTUs
were common to five samples, and included phylo-
types highly related (≥98.1% similarity) to strains
identified as Phormidium cf. uncinatum CYN108
(OTU2), P. priestleyi ANT.L52.6 (OTU90), and
Chamaesiphon subglobosus PCC 7430 (OTU39).
Mirroring the differences observed at the order

level (Fig. 4), UPGMA analysis showed that the
aquatic biofilm community from Macquarie Island
was distinct from the remaining communities also at
the phylotype level (Fig. S3 in the Supporting Infor-
mation). In relation to the Antarctic lacustrine com-
munities, UPGMA analysis clustered the samples
irrespective of their geographic location inside the
continent, indicating similar cyanobacterial commu-
nities in Lake Rauer2 (Rauer Islands), Forlidas
Pond (Dufek Massif), and Highway Lake (Vestfold
Hill), which might be related to the salinity of these
lakes. Lake Rauer2 and Highway Lake are hyper-
saline and slightly brackish, respectively, and
although Forlidas Pond is a freshwater lake, it is
evaporating and contains a layer of hypersaline
brine at the bottom (Hodgson et al. 2010). In line
with this observation, salinity has been shown as an
important factor structuring the cyanobacterial com-
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munities of Antarctic lakes (Sabbe et al. 2004, Jung-
blut et al. 2005, Taton et al. 2006a).

Using a polyphasic approach, Fern�andez-Carazo
et al. (2011) reported an impoverished cyanobacterial
diversity in microbial mats from Forlidas Pond and
Lundstr€om Lake (Transantarctic Mountains, 80–82°
S). In our study, these were also the lakes with the low-
est cyanobacterial diversity among the studied sam-
ples. Phylogenetic analysis (Fig. S2) showed that the
widely distributed OTU1 (see above) corresponds to
L. antarctica TM1FOS73 (strain ULC073) isolated
from the bottom brine of Forlidas Pond. Likewise,
one phylotype related to Phormidium murrayi
TM2ULC130 (ULC130) isolated from Forlidas Pond
was also recovered (OTU2). Finally, several phylo-
types found in the Lundstr€om Lake sample (OTU4,
OTU15, and OTU32) and Forlidas Pond (OTU7,
OTU8, and OTU16) are related to DGGE and clone
sequences previously reported for these lakes, but
given the low similarity to sequences from cultured
strains, they likely represent novel cyanobacterial taxa
not yet in culture.

On the other hand, HTS revealed the presence of
several additional phylotypes that had not been pre-
viously reported for Forlidas Pond and Lundstr€om
Lake (Fig. S2 and Table S1). These were mainly
present at low relative abundances (<0.5%) with the
exception of OTU6, which corresponded to 23.7%
of the reads in the Lundstr€om Lake sample. Novel
phylotypes reported for these lakes were highly
related (≥98.1% similarity) to different taxa, such as
C. subglobosus (OTU39), Oscillatoria sp. (OTU23),
L. frigida (OTU43), Leptolyngbya tenerrima
(OTU115), P. priestleyi (OTU90 and OTU132), and
Synechococcus sp. (OTU52). Finally, three phylotypes
previously unreported for these lakes (OTU6,
OTU13, and OTU153) had low similarity with
sequences from cultured strains, but were highly
related (≥98.9%) to sequences retrieved from envi-
ronmental samples (Table S1).

The improvement represented by HTS in compar-
ison to DGGE becomes even more apparent with
the results obtained for the Lake 59b sample (Larse-
mann Hills). In addition to the three OTUs found
in this sample by DGGE, related to Nostoc edaphicum
(OTU121, 99.2% similarity), L. nostocorum (OTU6,
97.8% similarity), and L. antarctica (OTU26, 99.5%
similarity), 67 additional OTUs were detected by
HTS (Fig. S2 and Table S1). Unlike other samples,
novel phylotypes were also found at high abun-
dances (up to 13.8% of the reads). These were
highly related (≥98.1%) to diverse taxa such as Syne-
chococcus sp. (OTU10 and OTU52), P. murrayi
(OTU2), P. priestleyi (OTU21, OTU84, OTU90,
OTU132, and OTU135), P. lumbricale (OTU5), Geit-
lerinema carotinosum (OTU16), Coleodesmium sp.
(OTU30), Calothrix sp. (OTU35), Plectolyngbya hodg-
sonii (OTU38), and A. platensis (OTU73). As for the
Forlidas Pond and Lundstr€om Lake samples, several
phylotypes had low similarity with sequences from

cultured strains but were related to environmental
sequences. The same trend was observed for the
other studied samples. Overall, 14, 28, and 38 addi-
tional OTUs were found by HTS in the Macquarie
Island, Lake Rauer2, and Highway Lake samples,
respectively, in comparison to the results obtained
by DGGE (Fig. S2).

CONCLUSIONS

Altogether, this study shows that HTS is a valuable
tool for the assessment of cyanobacterial diversity in
Antarctic lakes, being able to detect several low-
abundance taxa that are normally missed by tradi-
tional methods. Chimeric sequences contributed to
a significant overestimation of cyanobacterial diver-
sity in artificial communities and recovered relative
abundances did not reflect the original abundance
of the taxa in the communities. Nevertheless, recov-
ered community structures were pipeline depen-
dent, with UPARSE being able to generate the most
accurate community structure information due to a
more efficient detection of chimeric sequences.
Still, although the results obtained with UPARSE
were more consistent with the expected results, we
recognize that this may not hold true for other stud-
ies (e.g., targeting different regions of the 16S rRNA
gene). More appropriately, these findings show the
benefits of using controlled artificial communities
to validate the experimental and bioinformatics
parameters used to characterize natural communi-
ties in HTS studies. These results show that HTS
data for cyanobacterial communities should be
interpreted with caution, as read abundances may
be prone to PCR amplification biases and, there-
fore, may not reflect the real abundance of taxa in
the environment.
Furthermore, our study corroborates the results

obtained with traditional techniques but, as
expected, revealed a much higher cyanobacterial
diversity in Antarctic aquatic samples. In agreement
with the current knowledge, samples were domi-
nated by phylotypes related to the filamentous
form-genera Leptolyngbya and Phormidium. However,
several additional phylotypes were detected at low
abundances, giving insights into a cyanobacterial
“rare biosphere.” The majority of these rare OTUs
had not been previously reported for the studied
samples, showing that other filamentous taxa such
as Geitlerinema and Pseudanabaena, unicellular taxa
such as Synechococcus and Chamaesiphon, and hetero-
cystous taxa such as Calothrix and Coleodesmium may
also be important components of Antarctic lacus-
trine communities. UPGMA analysis evidenced a
distinct cyanobacterial community in the aquatic bio-
film from Macquarie Island (Sub-Antarctic) and also
suggested that lake salinity, rather than geographic
location, is an important factor influencing the com-
munity structure of Antarctic lakes. These findings
are in line with the current knowledge on cyanobac-
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terial distribution in Antarctica, but additional
research comprising a larger number of samples
from different Antarctic provinces is needed to pro-
vide a more complete picture.

Another remarkable result was the high incidence
of OTUs unclassified at the genus level and with
low similarity to sequences from cultured strains
available in RDP. A large fraction of this unidenti-
fied diversity can be presumed to correspond to real
but not yet described cyanobacterial taxa, consider-
ing that many were similar to sequences reported by
other molecular studies. Nevertheless, the confirma-
tion of the biological authenticity of such unidenti-
fied diversity remains a challenge, and, in our
understanding, it is not a task that can be resolved
by HTS studies alone. As any other indirect molecu-
lar approach for the assessment of microbial diver-
sity, HTS results have to be scrutinized from an
ecological perspective, and additional work using
different techniques has to be carried out to con-
firm or discard ambiguous findings. In this sense,
the isolation and characterization of cyanobacterial
strains would be a useful complement. More appro-
priately, the improved coverage provided by HTS
might be particularly important for beta-diversity–
driven investigations such as bioregionalization and
temporal studies, allowing the investigation of com-
munity dissimilarities at a much deeper scale.
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Figure S1. Rarefaction curves for artificial com-
munities Art1 (a) and Art2 (b) after application
of each bioinformatics pipeline.

Figure S2. Neighbor-joining tree using the
Jukes-Cantor model and 1,000 bootstraps of
OTUs obtained by HTS (in bold), their best Seq-
Match isolate and uncultured hits, sequences
obtained by DGGE (in blue) and sequences
reported by Fern�andez-Carazo et al. (2011) for
the Forlidas Pond and Lundstr€om Lake samples
(in red). Bootstraps values >50% are indicated.
OTUs marked with an asterisk were flagged as
being potentially artifactual.

Figure S3. UPGMA clustering of the studied
cyanobacterial communities. Distances correspond
to community dissimilarities as computed by the
Bray–Curtis index. UPGMA analysis using Unifrac
distances yielded the same topology and is therefore
not shown.

Table S1. Distribution of cyanobacterial OTUs,
taxonomic assignment, and related SeqMatch iso-
late and uncultured sequences.

Appendix S1. Assessment of potential experi-
mental biases and additional information on the
bioinformatics procedures.
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