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Abstract

The Amazon region contains a great diversity of species, and the Amazon River basin accounts for almost 20% of all the
freshwater in the world. Despite the favorable environmental conditions in this region, little is known about the cyanobacte-
rial diversity of this waterbody, especially at the mouth of the river. In this paper, we used the polyphasic approach to identify
14 cyanobacterial strains isolated in the Amazon River on the inlet site from a drinking water supply located close to the
river mouth. The isolated strains were characterized based on morphology, behavior in culture, 16S rRNA gene sequencing,
phylogenetic analysis and potential for toxin production. The isolated strains belong to seven different genera, namely, A/-
kalinema, Cephalothrix, Limnothrix, Leptolyngbya, Phormidium, Pseudanabaena and an unidentified Nostocales taxa that
may represent a new genus. Strikingly, there were no new species, nor detection of gene clusters associated with cyanotoxin
production. However, the phylogenetic placements of the Amazonian strains of Limnothrix and Pseudanabaena provide new
insight into the taxonomy of these genera, reinforcing the need for taxonomic revision.
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Introduction

Cyanobacteria are among the most important organisms on Earth. In the past, the photosynthetic ability of cyanobacteria
altered the atmosphere from reduced to oxygenic, helping the development of aerobic respiration and multicellular
life (Soo et al. 2017). Cyanobacteria inhabit a diverse range of terrestrial and aquatic habitats, including extreme
environments with high salinity and high levels of ultraviolet radiation (Whiton & Potts, 2012), and cyanobacterial
biomass increases in warmer climates (Kosten et a/. 2012) due to the high optimal temperature for the growth of many
cyanobacteria (Whiton & Potts, 2012).

Currently, cyanobacteria have many useful utilizations, such as in cosmetics, human and animal food, in wastewater
treatment, industrial CO, fixation, and soil fertilization (Grewe & Pulz, 2012). In addition, some cyanobacterial
applications that are currently being studied are not yet economically feasible. Cyanobacteria are a good source of new
products (e.g. Grewe & Pulz, 2012, Ramos et al. 2018), but to explore its full biotechnological potential, it is essential
to better know their diversity, richness and distribution, which Grewe & Pulz (2012) consider to be understudied.

The Amazon region and its watershed form an ecosystem with a megadiversity of plants and animals (Tundisi
et al. 2014). In addition, the species richness tends to increase toward the Equator line, where the study area from
this work is located (Gaston, 2000). Despite this biodiversity, knowledge of cyanobacteria from this region is scarce
compared to that from other regions in Brazil and countries of the northern hemisphere (Menezes et al. 2015, Genuario
et al. 2017, Rigonato et al. 2017).
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FIGURE 1. Map of the study area with an aerial view of the sampling sites: raw and treated water. Coordinate System: UTM zone 22N,
SIRGAS 2000.

The search for nitrogen-fixing strains from the sediments of the Amazon and Solimdes rivers, and from tributaries
in Western Amazon was one of the first investigations on Amazon cyanobacteria (Fiori e al. 2005). In that work, several
strains from the genera Nostoc, Calothrix, Cylindrospermum, Fischerella and Anabaena were isolated. Likewise,
Vieira et al. (2005) isolated strains from the genera Aphanizomenon, Aphanocapsa, Hapalosiphon, Microcystis,
Nostoc, Oscillatoria, Planktothrix, Radiocystis from two drinking water reservoirs in Para, Eastern Amazon. Later,
Dall’Agnol et al. (2012) used a culture-independent approach to study the diversity of Synechococcus in the Tucurui
Hydroeletric Power Station Reservoir, in Pard. More recently, by using the same approach, Doherty et al. (2017)
studied the biogeography of Bacteria in the Amazon River mainstream and tributaries. They detected that cyanobacteria
were mainly represented by Synechococcus and Merismopedia species, which showed higher proportion during low
discharges. In turn, Satinsky ez al. (2017) used culture-independent methods to study the Bacteria diversity in Amazon
waters. They detected the dominance of Synechococcus at the Tapajos River, and of Microcystis aeruginosa in Belém
(Pard). In another survey through the Amazon River and tributaries, 11 homocytous strains were isolated, belonging
to the genera Alkalinema, Cephalothrix, Pantalinema, Planktothrix and Pseudanabaena (Genuario et al. 2017). Only
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recently novel cyanobacteria species were described in the Amazon region: Cronbergia amazonensis from the Solimoes
River (Genuario ef al. 2018a), and Amazoninema brasiliense from the Amazon and Solimdes River (Genuario et al.
2018b).

The cyanobacteria diversity of the Amazon region is also being described through the use of morphological-based
studies (Aprile et al. 2013, Cunha et al. 2013, Sena et al. 2015, Silva et al. 2018, Silveira-Junior, 2012). However, it
is nowadays recognized that morphological-based data are not sufficient for the proper identification of cyanobacteria
taxa (Komarek, 2016). Currently, the recommended methodology for cyanobacteria studies is the polyphasic approach
(Sciuto et al. 2012, Komarek, 2016). This approach consists of combining data derived from molecular sequencing and
phylogenetic analysis with those obtained using other methods such as morphological, ecological and ecophysiological
analyses (Komarek, 2016). In the last few years, many studies have used the polyphasic approach to elucidate the
taxonomy and phylogenetic relationships of cyanobacteria (Furtado et al. 2009, Sciuto ef al. 2012, Andreote ef al.
2014, Yu et al. 2015, Bravakos et al. 2016, Genudrio et al. 2017). In the present study, we isolated cyanobacterial
strains from the Amazon River, near the inlet site from a drinking water supply located close to the river mouth (in front
of Macapa city—Fig.1), and characterized them by studying their morphology, behavior in culture, 16S rRNA gene
sequences, phylogenetic placement and their potential for toxin production. The phylogenetic relationship between the
isolates from this study with other species of similar genera was also discussed.

Materials and methods

Study area and sampling:—The Amazon River is the main source of drinking water for the city of Macapa. The
incoming raw water is extracted at 500 m from the river margin in the city downtown, a densely populated and
commercial area where it is possible to see the punctual and diffuse discharges of sewage directly into the river. The
study was conducted at the drinking water treatment plant (DWTP) of Macapa (Fig. 1). Samples were taken from raw
and treated water from April 2015 to April 2016, as part of a larger project to study the cyanobacteria composition and
population dynamics, and their relation to environmental data. Thus, a comprehensive information on data from these
samples should be made available in a subsequent publication. In this work, some subsamples were taken in order to
isolate cyanobacterial strains and characterize them, which is the focus of this paper.

Environmental characterization:—The physical and chemical parameters of the study sites were analyzed.
Water temperature, pH, conductivity, dissolved oxygen and total dissolved solids were measured in situ using a YSI
multiparameter probe. Samples were collected in amber glass bottles and stored in the dark for laboratory analysis of
chemicals and metals (NH*, NO*, PO.*, SO,*, CI', AI’*, Fe*") by spectrophotometry with a DR 3900 spectrophotometer
(Hach, Colorado, USA). Turbidity was measured with a AP2000iR turbidimeter (PoliControl, Brazil) as recommended
by the American Public Health Association (APHA) (2005), and water transparency was measured in the field with
a Secchi disk. Solar irradiation and insolation data for Macapa were provided by the National Institute of Space
Research (CPTEC/INPE, 2016), while precipitation and air temperature data were provided by the National Institute
of Meteorology (INMET).

Isolation and morphology:—Water samples for bacterial isolation were collected in sterilized 500 ml amber glass
bottles to simulate the dark color of the Amazon River. Two main strategies were adopted to isolate the strains: the
streak plate method (Rippka ef al. 1981) and the separation of individual trichomes by micromanipulation (Waterbury,
2000). In the latter method, a drop of each sample was placed on a microscope slide and examined under a microscope.
Several trichomes were selected, extracted with the help of drawn-out Pasteur pipettes (Jacinavicius et al. 2012)
and transferred to fresh liquid medium. The culture media used for the isolation procedures and for growth were
BG11, BG11(Rippka et al. 1979) or Z8 (Kotai, 1972). All the procedures were performed aseptically, using sterile
materials. Cultures were maintained at 23°C in constant light exposure. The isolates were deposited in the LEGE
Culture Collection at CIIMAR, Portugal (Ramos et al. 2018), under the codes LEGE 15484-LEGE 15497.

The morphological identification of cyanobacterial isolates was conducted by standard light microscopy and with
the aid of a specialized bibliography, which included but was not limited to Komarek & Anagnostidis (2005), Komarek
(2013), Sant’ Anna et al. (2006; 2012), and Lamparelli et al. (2014). Some recent taxonomic literature describing new
genera was also consulted (e.g., Malone et al. 2015, Vaz et al. 2015).

DNA extraction, PCR amplification of the 16S rRNA gene, and sequencing:—Genomic DNA (gDNA) was
extracted with the PureLink Genomic DNA Kit from Invitrogen using the lysis protocol for gram-negative bacteria,
following the manufacturer’s instructions. Then, the genomic DNA was amplified by PCR with a Biometra TProfessional
gradient thermocycler (Biometra, Gottingen, Germany).
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TABLE 1. Primers used to amplify the 16S rRNA gene and the genes involved in the production of cyanotoxins.

Target Primer set Primer sequence 5’ 3’ Expected size (bp) Reference
CYA106F CGGACGGGTGAGTAACGCGTGA

16S rRNA 675 Niibel et al. (1997)
CYA781R GACTACTGGGGTATCTAATCCCATT

16S rRNA CYA359F GGGGAATYTTCCGCAATGGG 1135 Niibel et al. (1997)

r

CYA1494R TACGGCTACCTTGTTACGAC Neilan et al. (1997)
CDIF AAAATTAAAAGCCGTATCAAA .

mcyA 297 Hisbergues et al. (2003)
CDIR AAAAGTGTTTTATTAGCGGCTCAT
HEPF TTTGGGGTTAACTTTTTTGGGCATAGTC .

mcyE 472 Jungblut; Neilan (2006)
HEPR AATTCTTGAGGCTGTAAATCGGGTTT
SXTI682F GGATCTCAAAGAAGATGGCA

sxtl 100 Lopes et al. (2012)
SXTI877R GCCAAACGCAGTACCACTT
anaCF TCTGGTATTCAGTCCCCTCTAT .

anaC 366 Rantala-Ylinen et al. (2011)
anaCR CCCAATAGCCTGTCATCAA
M4 GAAGCTCTGGAATCCGGTAA .

PKS® 535/540 Schembri et al. (2001)
M5 AATCCTTACGGGATCCGGTGC
MI13 GGCAAATTGTGATAGCCACGAGC i

PS® 511/534 Schembri et al. (2001)
M14 GATGGAACATCGCTCACTGGTG

2 PKS and PS are genes directly associated with the ability to produce cylindrospermopsin (Schembri et al. 2001).

PCRs were performed in a final volume of 20 pl. The reaction mixture contained 5 x Green GoTaq® Flexi buffer,
25 mM MgCl,, 10 pmol of forward and reverse primers (Table 1), 187.5 uM of ANTP mix, bovine serum albumin (BSA)
and 0.5U of GoTaq® DNA polymerase. PCR conditions for the amplification of 16S rRNA gene fragments (Table 1)
were: an initial denaturation step for 2 min at 95°C, followed by 35 cycles, each consisting of a denaturation step of 1
min at 95°C, an annealing step at 55°C for 45s, and an extension step for 1 min at 72°C. PCR products were examined
by agarose gel electrophoresis in 1.5% agarose gels stained with SYBR® Safe. The PCR products were then purified
with a NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer’s
instructions. Purified products were sequenced bidirectionally by Sanger sequencing by GATC Biotech (Germany).
The 16S rRNA gene sequences from each isolate were then visually inspected and assembled using Geneious (version
8.1.8). The sequences obtained in this study were compared with those deposited in GenBank by using the BLASTN
algorithm, and the best hits obtained for each one of our sequences were recorded. Sequences were deposited in NCBI
GenBank under the accession numbers MF629801-MF629814.

Sequence similarities and phylogenetic analysis:—Sequences from the 14 strains obtained in this study, from
a selection of strains that comprised reference strains included in the online database CyanoType (Ramos et al. 2017),
and from the best hits retrieved from BLASTN searches were aligned with the ClustalW algorithm, by using the
MEGAT package (Kumar et al. 2016). The outgroup Chloroflexus aurantiacus J-10-fl (NR _074263) was also added
to the alignment, which totaled 95 sequences. A subset of sequences in the alignment were then selected in order to
generate a similarity matrix of 16S rRNA gene sequences. Three different methods were employed to reconstruct tree
topologies, using the total alignment: Maximum Likelihood (ML), Bayesian Inference (BI) and Maximum Parsimony
(MP). Alignment sites with ambiguities, missing data or gaps were excluded from phylogenetic analyses, which led
to a final dataset composed of 871 positions in total. The MrBayes (version 3.2.6) plugin in Geneious (version 8.1.8;
Biomatters) was used to compute the BI tree, while ML and MP trees were computed in MEGA7 (Kumar et al. 2016),
the same software that allowed us to choose the general time-reversible model (GTR+G+I) as the best model of
evolution according to the corrected Akaike information criterion. In this way, a discrete Gamma distribution was used
to model evolutionary rate differences among sites (4 categories (+G, parameter = 0.3133)), with some sites allowed
to be evolutionarily invariable ([+1], 29.62% sites). For the ML and MP trees, the robustness of the nodes was assessed
by 1000 bootstrap resamplings. The subtree-prune and regraft (SPR) tree rearrangement operation was applied for MP
tree searches. For the BI tree, a Markov Chain Monte Carlo (MCMC) analysis was ran with the following settings:
bayesian searches were performed using a random starting tree, with one cold and seven incrementally heated chains
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(temperature = 0.2), the number of cycles for the MCMC algorithm was set to 1,100,000 generation, with a burn-in
length of 100,000, and with a tree sampling frequency of 200.

FIGURE 2 Microphotographs of the Amazonian cyanobacterial strains: A) Alkalinema aff. pantanalense LEGE 15484, B) Limnothrix
cf. planctonica LEGE 15485, C) Leptolyngbya boryana LEGE 15486, D) Cephalothrix lacustris LEGE 15487, E) Phormidium sp. LEGE
15488, F) Pseudanabaena cf. galeata LEGE 15489, G) P. cf. galeata LEGE 15490, H) P. cf. galeata LEGE 15491, 1) Cephalothrix
lacustris LEGE 15492, J) C. lacustris LEGE 15493; K) unidentified Nostocales LEGE 15494, L) unidentified Nostocales LEGE 15495,
M) unidentified Nostocales LEGE 15496, and N) Limnothrix cf. planctonica LEGE 15497.
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Potential for cyanotoxin production:—The toxic potential was studied by using primer sets targeting the gene
clusters involved in the production of microcystin, saxitoxin, anatoxin, and cylindrospermopsin (Moreira et al. 2014),
as indicated in Table 1. PCR conditions for the amplification of the mcy4 gene were: the first step was at 95°C for 2
min, followed by 35 cycles consisting of 95°C for 1 min 30s, 56°C for 30s, and 72°C for 50s. For the mcyE gene, the
first step was at 92°C for 2 min, followed by 35 cycles consisting of 92°C for 20s, 52°C for 30s, and 72°C for 1 min. The
strain Microcystis aeruginosa LEGE 91339 was used as positive control for the mcyA4 and mcyE gene amplification.
For the amplification of the sxt/ gene, the first step was at 94°C for 3 min, followed by 35 cycles consisting of 94°C
for 10s, 60°C for 20s, and 72°C for 1 min. The strain Aphanizomenon gracile LMECYA 040 was used as positive
control for the sxt/ gene amplification. For the amplification of the anaC gene, the first step was at 94°C for 2 min,
followed by 35 cycles consisting of 94°C for 30s, 58°C for 30s, and 72°C for 30s. The strain Anabaena sp. LEGE X-
002 was used as positive control for the anaC gene amplification. Lastly, the first step for the PS and PKS genes was
at 95°C for 2 min, followed by 35 cycles consisting of 95°C for Imin 30s, 55°C for 30s, and 72°C for 50s. The strain
Cylindrospermopsis raciborskii LEGE 97047 was used as positive control for this amplification.

Results

Environmental characterization:—The study site parameters are described in Table 2. The Amazon River water at
Macapa is turbid (19.8-122 NTU), the Secchi depth ranges from 12-36.5 cm, and the pH is approximately 7. There
is a high concentration of dissolved solids (20—30 ppm) in the water, and the electrical conductivity (EC) mean is
approximately 50 ud cm'. Moreover, with regard to the climate, the air temperatures range from 22.7 to 35.3°C, and
there is a high amount of monthly rainfall (mean 205.9 mm) distributed over rainy and dry seasons.

Isolated strains—morphology and behaviour in culture:—Fourteen strains were isolated (Fig. 2), thirteen of
which were from the Amazon raw water, at the drinking water inlet, and one was from the treated water. All the strains
isolated in this study were filamentous cyanobacteria, and most of these strains were non-heterocytous. The polyphasic
examination demonstrates that they belong to the orders Synechococcales, Oscillatoriales, and Nostocales (Table 3).

TABLE 2. Physical and chemical parameters of the study sites.

Raw water Treated water
Parameters

Medium Minimum Maximum Medium Minimum Maximum
Secchi depth (cm) 25.11 12 36.5 - - -
Electrical conductivity (ud cm™) 50.35 40 60 68.3 50.0 80.0
Total dissolved solids (ppm) 24.00 20 30 31.1 20.0 40.0
Dissolved oxygen (mg 1) 597 4.86 6.8 4.4 3.9 6.3
Water temperature (°C) 28.82 25 30.3 28.6 24.4 30.7
pH 6.58 6 7.2 6.0 5.4 6.7
Turbidity (NTU) 54.70 19.8 122 7.5 1.4 20.4
Cl (mgI'") 8.72 1.6 25.8 3.8 1.8 6.8
Fe** (mg 1'") 2.18 0.89 5.46 0.7 0.1 39
AP (mg 1) 0.10 0.03 0.31 0.1 0 0.2
PO.* (mg 1) 0.30 0.02 1.66 0.1 0.1 0.4
NH, (mg I 0.65 0.05 1.67 0.1 0 0.2
NO, (mg 1) 0.43 0 2.5 0.9 0 4.5
SO (mg 1) 1.75 0 4 14 9 21
Monthly Precipitation (mm) 205.9 0 528.2 205.9 0 528.2
Maximum air temperature (°C) 33.13 28.9 353 33.13 28.9 353
Minimum air temperature (°C) 243 22.7 25.7 24.3 22.7 25.7
Insolation (h) 7.44 1.3 10.6 7.44 1.3 10.6
Irradiation day (W m™) 238.65 86.6 3123 238.65 86.6 312.3

274 « Phytotaxa 387 (4) © 2019 Magnolia Press DE OLIVEIRA ET AL.



Nostoc sp. PCC7107 (CP003548) Nostocales
100/1.00f100 [ Nostoc punctiforme PCC73102 (CP001037) Nostoc spp. sensu stricto
Nostoc commune EV1-KK1 (AY577536) (Genuério et al. 2015)
Cylindrospermum sp. PCC7417 (AJ133163)
Nostoc ellipsosporum CCAP 1453/15 (HE975023)
Desmonostoc muscorum Lukesova 2/91 T (AM711524)
/1.04}100| Halotia wernerae CENA160 (KC695854)
Halotia branconii CENA392 T (K1843312)
Mojavia pulchra JT2-VF2 T (AY577534)
Anabaena sp. PCC7108 (AJ133162)
Nostoc minutum NIES-26 (LC228976)
Nostocaceae cyanobacterium CENA358 (KR137579)
Nostoc sp. CYN73 (JF925315)
Nostoc sp. Cam2S01 (AM711543)
unidentified Nostocales LEGE 15494 (MF629811)
unidentified Nostocales LEGE 15495 (MF629812)
unidentified Nostocales LEGE 15496 (MF629813)
Chroococcidiopsis thermalis PCC7203 (AB039005)
Lyngbya sp. PCC8106 (AAVU01000018) Oscillatoriales
0f/100| Microcoleus vaginatus FGP-2 (AFJC01000029)
Oscillatoria nigro-viridis PCC7112 (AB074509)
/1.00/100| Lyngbya sp. JW-2010b (HQ419206)
Phormidium sp. LEGE 05292 (GU085101) PRoridium|Spp: sensu stricto
Phormidium sp. LEGE 15488 (MF629805) (e.g. Komérek 2017)
84/1.00/95 ARy AP .
Phormidium irriguum f. minor ETS-02 (FN813342)
Phormidium irriguum CCALA 759 (7 (FN813343)
Aerosakkonema funiforme NIES-2861 T (NR 114306)
Cephalothrix komarekiana CCIBt 3277 T (K1994514)
[ °*+°%%|_} phormidium sp. KS (AB510147)
100/1.00/97} Cephalothrix komarekiana CMAA1558 (KY873317)
Cephalothrix lacustris CMAA1561 (KY873320)
Cephalothrix lacustris LEGE 15493 (MF629810)
Cephalothrix lacustris LEGE 15487 (MF629804)
Cephalothrix lacustris LEGE 15492 (MF629809)
Cephalothrix lacustris CCIBt 3261 (NR 137272)
Pleurocapsa sp. PCC7319 (AB039006)
Stanieria cyanosphaera PCC7437 (™) (AF132931)
Xenococcus sp. PCC7305 (AF132783)
Spirulina subsalsa PCC9445 (NZ JH980292)
filamentous cyanobacterium ESFC-1 (NZ KB904821)
Halothece sp. PCC7418 (AJ000708)
Rubidibacter lacunae KORDI 51-2 T (EF126149)
" Gloeothece membranacea PCC6501 (X78680)
Microcystis aeruginosa PCC7941 (AJ133171)
-/0.93/-  Limnothrix planctonica KLL-C0O01 (KP726240) Synechococcales
Limnothrix cf. planctonica LEGE 15497 (MF629814)
Limnothrix sp. CENA545 (KF246506)
Limnothrix sp. PItGTmp21 (KM438179)
10071007100} i o thrix sp. CENA111 (EF088336)
Limnothrix planctonica CHAB763 (JQ004026)
Limnothrix cf. planctonica LEGE 15485 (MF629802)
Limnothrix planctonica KLL-C001 clone a (KP726241)
Limnothrix planctonica KLL-C001 clone c (KP726239)
Leptolyngbya sp. KSU-AQIQ-6 (LN997856)
Leptolyngbya sp. KSU-AQIQ-12 (LN997861)
Leptolyngbya boryana LEGE 15486 (MF629803)
Leptolyngbya sp. NIES-504 (LC319755)
Leptolyngbya boryana NIES-2135 (LC215287) grauze;tLaeIptg:Jylnsg)by a clade
Leptolyngbya sp. CENA104 (EF088333) )
Leptolyngbya boryana dg5 (AP014642)
Leptolyngbya boryana IAM M-101 (AB245143)
Leptolyngbya boryana PCC6306 (EF429290)
Alkalinema pantanalense CENA528 T (KF246494)
Alkalinema pantanalense CENA529 (KF246495)
100/1.0077 élkalinema pantanalense CENA531 (KF246497)
Alkalinema sp. CMAA1554 (KY873313)
Alkalinema sp. CMAA1562 (KY873321)
Alkalinema aff. pantanalense LEGE 15484 (MF629801)
Synechococcus sp. PCC6312 (AF448081)
Synechococcus elongatus PCC6301 (AP008231)
100/1.00/100 | Synechococcus elongatus PCC7942 (AF132930)
 Limnothrix redekei NIVA-CYA 227/1 T (AB045929)
-/-/72\ Pseudanabaena biceps PCC7429 (ALWB01000102)
Pseudanabaena catenata UAM 412 (JQ070064)
Pseudanabaena catenata SAG 254.80 (KM020004)
73/-4- Pseudanabaena sp. PCC7408 (AB039020)
Pseudanabaena catenata SAG 1464-1 (KM020005)
LA \ Pseudanabaena sp. CMAA1555 (KY873314)
P m/m'n’i\“w“ Pseudanabaena cf. galeata LEGE 15489 (MF629806)
T cf. galeata LEGE 15490 (MF629807)
0/1.00/74| M | Pseudanabaena cf. galeata LEGE 15491 (MF629808)
Pseudanabaena galeata CHAB732 (KM386854)
Pseudanabaena galeata CHAB2916 (KM386853) Pseudanabaena spp. sensu
T 100/1.00/p01 pseudanabaena galeata PB (LCO85885) ceciol(Boldkiet al.12015)
‘{Pseudanabaena mucicola CHAB7002 (KM386851)

100/1.

-/4.99/-

9

11.00/100
70/1.00/- —F 9p/1.00/100

98/-/- }

78/t |

-/1.00f-7

100/1.00/100

97/1.

et Pseudanabaena sp. 0901-3A (AB936779)

1do/1.00/087] ' Pseudanabaena mucicola PM201405 (KR912197)
( Pseudanabaena sp. PCC6903 (AF132778)
[[Pseudanabaena galeata SAG 13.83 (KM020003)

70/-/- 72/-/79| Pseudanabaena foetida var. subfoetida PS1306 (LC016779)
83/1.00/99! pseudanabaena foetida NIES-512 (LC153790)

L— Pseudanabaena sp. PCC6802 (AB039016)
Pseudanabaena sp. PCC7367 (AB039018)

Gloeobacter violaceus PCC7421 T (AF132790)

A
0.1 no. of
substitutions per site

FIGURE 3. ML phylogenetic tree based on 16S rRNA gene sequences showing the placement of the Amazonian cyanobacterial strains
(in bold). Bootstrap values >70% or Posterior Probabilities >0.90 are indicated below the clade nodes (ML/BI/MP). Each strain sequence
is identified by its accession number. The tree was rooted with the outgroup Chloroflexus aurantiacus J-10-fl (NR_074263), which was

pruned from the tree for clarity. (*) refers to type strains according to CyanoType (Ramos et al. 2017).
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TABLE 3. Cyanobacterial isolates from the Amazon River obtained in this study.

Order Strain Site Accession number  Culture media
Alkalinema aff. pantanalense LEGE 15484 raw water MF629801 BGl1, Z8
Limnothrix cf. planctonica LEGE 15497 raw water MF629814 BGl1, Z8
Limnothrix cf. planctonica LEGE 15485 raw water MF629802 BGl1, Z8
Synechococcales  Leptolyngbya boryana LEGE 15486 treated water MF629803 BGl1, Z8
Pseudanabaena cf. galeata LEGE 15489 raw water MF629806 BGl1, Z8
Pseudanabaena cf. galeata LEGE 15490 raw water MF629807 BGl1, Z8
Pseudanabaena cf. galeata LEGE 15491 raw water MF629808 BGl1, Z8
Cephalothrix lacustris LEGE 15487 raw water MF629804 BGl1, Z8
Oscillatoriales Cephalothrix lacustris LEGE 15492 raw water MF629809 BGl1, Z8
Cephalothrix lacustris LEGE 15493 raw water MF629810 BGl1, Z8
Phormidium sp. LEGE 15488 raw water MF629805 BGl1, Z8
unidentified Nostocales LEGE 15494 raw water MF629811 BG11,
Nostocales unidentified Nostocales LEGE 15495 raw water MF629812 BGl1,
unidentified Nostocales LEGE 15496 raw water MF629813 BG11,

Alkalinema aff. pantanalense Vaz et al. (2015: 305) (Fig 2A)
Strains:—LEGE 15484 (MF629801)

Description:—The cultures are pale to bright blue-green, composed either of free-floating trichomes or of mats
that float in the culture flask. Trichomes are short, straight, immotile, deeply constricted with a hyaline, thin, diffluent
mucilage and without necridia. The cells are longer (1.2—4.0 um) than wide (1.7-2.9 um). Trichomes with round or
narrow apical cells. The cell content is homogeneous and pale blue-green and lacks gas vesicles.

Phylogeny and polyphasic identification:—The 16S rRNA gene sequence of the isolate LEGE 15484 shares more
than 99% identity with sequences from four Alkalinema spp. Vaz et al. (2015: 302) strains, including 4. pantanalense
CENA 531 and CENA 529 (Table 4 and Table S1). Indeed, as illustrated in Table 4, the sequence of 4. pantanalense
LEGE 15484 shares a very high similarity value with that of the type strain 4. pantanalense CENA 528 (99.6%) and
with Alkalinema sp. CMAA 1554 (99.8%). All those strains form a strong cluster (Fig. 3), with node support values
of 100% (ML and MP) or 1.00 (BI). Even though LEGE 15484 seems to be more closely related to two Alkalinema
sp. CMAA strains, the phylogenetic distance between all the strains constituting the clade is minimal (Fig. 3). The
polyphasic evaluation of LEGE 15484 allowed the identification of this strain as Alkalinema aff. pantanalense (Vaz et
al. 2015).

Limnothrix cf. planctonica (Woloszynska) Meffert (1988: 269) (Figs 2B, 2N)
Strains:—LEGE 15485 (MF629802) and LEGE 15497 (MF629814).

Description:—In culture, groups of trichomes might float, indicating gas-vesicle-driven buoyancy. Trichomes
are arranged in fascicles, which are bright blue-green in color and may form thin to thick biofilms at the air-medium
interface on the walls and at the bottom of the culture flask. If detached from the bottom, the culture becomes a floating
mass. Long trichomes, almost-straight, non-constricted and non-attenuated with facultative, fine, diffluent mucilage-
visible in the apical cells (Fig. 2B, 2N). The trichomes exhibited a slow gliding motility. The cells are cylindrical, pale
blue-green, 1.6-2.6 um wide and 2.9—8.6 um long with small facultative gas vesicles localized to the cell poles and
with facultative granules. The morphology of these strains resembles those of Limnothrix redekei (Goor 1918: 258)
Meffert (1988: 274) and Limnothrix planctonica (Woloszynska 1912: 530) Meffert 1988: 269. However, the LEGE
strains share more morphological attributes with the latter than with the former (Komarek & Anagnostidis, 2005).

Phylogeny and polyphasic identification:—The 16S rRNA gene sequences of the Limnothrix Meffert (1988:
274) LEGE isolates share more than 99% of identity with the sequences from Limnothrix sp. CENAS545 and from other
strains identified as L. planctonica or Limnothrix sp. (Table 4 and Table S1). These sequences form a clade highly
supported by ML and BI methods, and exclusively composed by strains from the Limnothrix genus (Fig. 3). However,
this clade is placed distantly from that of the type strain L. redekei NIVA-CYA 227/1 (Suda et al. 2002), which shows
to be phylogenetically more related to Pseudanabaena Lauterborn (1915: 437) strains (Fig. 3). Based on all the data,
the strains LEGE 15497 and LEGE 15485 were identified as Limnothrix cf. planctonica (Meffert, 1988; Komarek &
Anagnostidis, 2005).
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Leptolyngbya boryana (Gomont 1899: 36) Anagnostidis et Komarek (1988: 391) (Fig 2C)
Strains:—LEGE 15486 (MF629803)

Description:—The filaments are entangled, forming a dark-green biofilm attached to the culture flask. In aged
cultures, a characteristic ferruginous color can be observed for this strain. Trichomes are flexuous, immotile and non-
attenuated. They are constricted at the cross-walls and have necridic cells and thin hyaline sheaths (Fig. 2C). The cells
are subquadratic, i.e., the cells are longer than wide (1.6-2.9 um long and 1.9-2.6 um wide), and pale blue-green in
color.

Phylogeny and polyphasic identification:—The strain LEGE 15486 shares 100% identity with the sequences
from four strains of Leptolyngbya Anagnostidis & Komarek (1988: 390), namely Leptolyngbya sp. NIES-504;
Leptolyngbya sp. KSU-AQIQ-12 and KSU-AQIQ-6; and Leptolyngbya sp. CENA104 (Table S1). The 16S rRNA gene
sequence of LEGE 15486 shares 99.4% similarity with L. boryana PCC 6306 (Table 4), a reference strain according to
Bergey’s Manual (Castenholz et al. 2015). These strains along with other Leptolyngbya boryana and Leptolyngbya sp.
strains clustered in a monophyletic clade with very good node support (ML/BI/MP = 100/1.00/100) (Fig. 3). Based on
the polyphasic evaluation of LEGE 15486, this strain was identified as L. boryana (Komarek & Anagnostidis, 2005).

Cephalothrix lacustris Malone et al. (2015: 3004) (Figs 2D, 21, 2J)
Strains:—LEGE 15487 (MF629804), LEGE 15492 (MF629809) and LEGE 15493 (MF629810).

Description:—In culture, the trichomes start growing at the bottom of the culture flask, forming a thin biofilm
towards the top, at the air-medium interface. Groups of filaments may float on the surface of the culture medium or
may stay attached to air bubbles at the bottom of the flask. Trichomes are straight or flexuous, slightly constricted at
the cell-cell joints and exhibit gliding motility and biconcave necridia. The trichomes are pale to olive-green and are
solitary or grouped in mats. In addition, the trichomes have facultative hyaline and firm sheaths that are either attached
to the trichome or are at a slight distance (Fig. 2D, 2I, 2J). Cells are wider (4.2—7.5 um) than long (1.4-3.8 um) and
have facultative gas vesicles. Apical cells might be rounded or capitate and have facultative calyptra.

Phylogeny and polyphasic identification:—The 16S rRNA gene sequences of LEGE 15487, LEGE 15493 and
LEGE 15492 showed similarity values equal or higher than 98.8% (Table 4) with the sequences from Cephalothrix
lacustris Malone et al. (2015:3004) CCIBt 3261 (98.8-99.5%) and C. lacustris CMAA 1561 (98.9-99.5%). Concerning
the phylogenetic tree, only the ML method was able to give support to a subgroup formed by the abovementioned
strains plus C. komarekiana Malone et al. (2015: 3003) CMAA 1558 and Phormidium sp. KS (Fig. 3, see also Fig.
S1 and Fig. S2). Still, the three inference methods support a major clade (ML/BI/MP = 100/1.00/97) that encloses the
abovementioned group of sequences and also the sequence of Cephalothrix komarekiana CCIBt 3277, the type strain
of the genus (Fig. 3). Based on the morphology, ecology and molecular data, these LEGE strains can be identified as
Cephalothrix lacustris.

Phormidium (Kiitzing 1843: 190) Gomont (1892: 156) (Fig. 2E)
Strains:—LEGE 15488 (MF629805)

Description:—In culture, dark-green groups of filaments grow in fascicles all over the flask walls and at the
interface between the air and the culture medium. The strain produces air bubbles that are visible at the bottoms
of culture flasks. Trichomes are long, olive-green to dark-green. The trichomes are isopolar, straight to curved or
even coiled, immotile, non-constricted or slightly constricted at the cross-walls, non-attenuated at their ends, and
have necridia and facultative sheaths (Fig. 2E). The cells are wider (5.6-8.8 um) than long (1.7-3.8 pm) and have
granules.

Phylogeny and polyphasic identification:—The 16S rRNA gene sequence of LEGE 15488 shares 98% identity
with the sequences of three strains identified as Phormidium, Lyngbya Agardh ex Gomont (1892: 118) and with an
unidentified cyanobacterium (Table S1). The sequence of LEGE 15488 (Table 4) shows higher similarity values with
the sequences from the strains Phormidium sp. LEGE 05292 (98.2%) and Lyngbya JW-2010b (98.1%), and to a less
degree with that of Phormidium irriguum (Kiitzing ex Gomont) Anagnostidis & Komarek (1988: 405) CCALA 759
(96.9%). As shown in Fig. 3, LEGE 15488 is placed in a robust clade (ML/BI/MP = 100/1.00/100) with the strain P.
irriguum CCALA 759, at the base of the clade, which is an isolate that was proposed as epitype for this species and
also for the genus (Sciuto er al. 2012). Based on the polyphasic evaluation of LEGE 15488, this strain was identified
as Phormidium sp. (Komarek & Anagnostidis, 2005, Sciuto ef al. 2012).
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Pseudanabaena cf. galeata (Figs 2F, 2G, 2H)
Strains:—LEGE 15489 (MF629806), LEGE 15490 (MF629807) and LEGE 15491 (MF629808).

Description:—Planktonic cyanobacteria with trichomes that are almost straight and are either solitary or form
mats in culture. Thin emerald-green mats float at the air-medium interface in the culture flask and grow on the walls
and bottom of the flask in clusters. The trichomes are deeply constricted at the cross-walls, are non-attenuated and have
facultative granules (Fig. 2F, 2G, 2H). The cells are pale blue-green or bright blue-green in color, 1.3-2.8 pm wide,
1.4-5.7 um long and cylindrical and are connected via hyaline bridges. The apical cells exhibit polar gas vesicles. The
strain LEGE 15491 exhibited a space between the cells similar to gas vesicles. The trichomes move forward slowly via
trembling motility. These strains are longer than Pseudanabaena mucicola (Naumann et Huber-Pestalozzi) Schwabe
(1964: 32) and exhibit a morphology that matches that of P. galeata Bocher (1949: 13) (Komarek & Anagnostidis,
2005).

Phylogeny and polyphasic identification:—The BLAST search results for the sequences from strains LEGE
15489 and LEGE 15490 were very similar, while the BLAST results for the sequence from LEGE 15491 was
comparable, although slightly different (Table S1). Despite this, Pseudanabaena LEGE strains share high similarity
values between themselves (99.1-100%), and between themselves and the strains retrieved from the BLAST searches:
Pseudanabaena sp. CMAA1555 (99-99.8%) and P. galeata CHAB 732 (98.8-99.9%) (Table 4). LEGE 15489 and
LEGE 15490 are clustered with Pseudanabaena sp. CMAA1555 in a clade with good support values (ML/BI/MP =
99/1.00/76), as illustrated in Fig. 3. On the other hand, these strains form a larger clade together with LEGE 15491 and
P. galeata CHAB732, even though in this case it is better supported by BI (1.00) than by ML (80%) and MP (74%)
methods. The closest branch of this clade is a cluster that includes P. galeata CHAB 2916 and P. galeata PB (Fig. 3).
Based on the morphological description, behavior in culture and phylogenetic information, the three LEGE strains
were identified as Pseudanabaena cf. galeata (see also Komarek & Anagnostidis, 2005).

Unidentified Nostocales (Figs 2K, 2L, 2M)
Strains:—LEGE 15494 (MF629811), LEGE 15495 (MF629812) and LEGE 15496 (MF629813).

Description:—Heterocytous cyanobacteria, typically belonging to the order Nostocales (Komarek, 2013). The
filaments grow at the bottom and walls of the culture flask and may produce air bubbles. These bacteria show flexuous
or coiled filaments with tight, diffluent, mucilaginous envelopes (Fig. 2K, 2L, 2M). Hormogonia are present and
exhibit gliding motility. The vegetative cells are oval or highly spherical, 2.8—4.6 um wide, and 2.0—4.0 um long. The
terminal heterocysts are 3.2 + 0.4 um wide and 3.3 £ 0.4 um long. The colonies are olive-green and rounded, flattened
or irregular in form.

Phylogeny and polyphasic identification:—BLAST results show that sequences from the filamentous,
heterocytous LEGE strains have more than 98% identity with sequences from several strains identified as Nostoc
Vaucher ex Bornet et Flahault (1888: 181) and with a sequence from an unidentified Nostocaceae cyanobacterium
(Table S1). Table 4 shows that the LEGE sequences have very high similarities to the sequence of Nostoc sp. Cam2S01
(ranging from 99.5% to 99.6%). Unlikely, LEGE strains sequences present lower similarity values when compared
with that of the reference strain Nostoc punctiforme PCC 73102 (95.9-96.1%) (Table 4). In fact, the Nostocales
LEGE strains are phylogenetically apart from the Nostoc clade sensu stricto (Genuario et al. 2015), which includes N.
punctiforme PCC 73102 (Fig. 3). Data from morphological, ecological, and phylogenetic analyses were not sufficient
to properly identify these strains at the species or genus level. However, these strains can be classified as belonging to
the order Nostocales.

Screening for cyanotoxins:—None of the genes associated with cyanotoxin production could be amplified.

Discussion

The chemical and physical characteristics observed in this study for the Amazon River are typical of whitewater
rivers: turbid, showing high levels of total dissolved solids, low Secchi depth, warm and near-neutral pH (Junk ef al.
2011, Ward et al. 2015). The climate was also typical of the Amazon forest with high air temperatures, precipitation
and insolation (Junk et al., 2011; Cunha & Sternberg, 2018). Some of the taxa identified in this study have been
previously recorded in the Amazon region (Cunha et al. 2013; Genuadrio et al. 2017). Some other represent first records
for the Amazon region and even for Brazil. These taxa include the species Alkalinema pantanalense and Limnothrix
planctonica, which to our knowledge, have been recorded in the Amazon region for the first time, considering modern
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taxonomic methods. Indeed, the “List of species from the Brazilian Flora (Cyanophyceae)” has no records of these
taxa for this region (Werner et al. 2015). Furthermore, Leptolyngbya boryana has never been reported previously from
Brazil (Werner et al. 2015).

With regard to Alkalinema aff. pantanalense LEGE 15484, the cell content of this strain is pale to bright blue-
green in color, while the color of the reference strain Alkalinema pantanalense CENA 528 is reddish to brownish
(Vaz et al. 2015). The type strain was isolated from a saline-alkaline lake in the Brazilian Pantanal wetlands (in the
central-west region of Brazil) from a water sample with unusual values for certain parameters, such as EC (ranging
from 1.1-4.7 ud cm™) and pH (ranging from 8.5 to 8.8) (Andreote et al. 2014; Vaz et al. 2015). A. aff. pantanalense
LEGE 15484 was also collected in Brazil but in the eastern part of the Amazon River basin, from water with pH values
ranging from 6 to 7.2 and EC values ranging from 40 to 60 pud cm’'. Despite the differences in color and ecology,
the morphological characteristics of the two strains are very similar. Therefore, the Amazonian strain isolated in this
work was identified as Alkalinema aff. pantanalense LEGE 15484. Three additional Alkalinema strains have been
recently isolated from other regions of the Brazilian Amazon basin: Alkalinema sp. CACIAM 70d (Lima et al. 2017),
Alkalinema sp. CMAA1554 and CMAA1562 (Genuario et al. 2017). Alkalinema sp. CACIAM 70d was also isolated
in the eastern Amazon, from the Tucurui hydroelectric power station reservoir in Pard, a state in northern Brazil. The
genome of this strain was recently sequenced, and it is the first publicly available whole-genome sequence of this
genus (Lima ez al. 2017). On the other hand, additional morphological or ecological information about this strain is
not yet available in the literature. Alkalinema sp. CMAA1554 is brownish and has conical/rounded apical cells, and
the cell dimensions are 1.0-2.3 pm (length) and 2.5-3.1 um (width) (Genuario et al. 2017). Thus, this strain exhibits
some differences from A. aff. pantanalense LEGE 15484 in terms of color and cell size (Fig. 2A). However, these
morphological differences are not reflected in the phylogenetic analysis, where the CMAA strains were seen to be
the closest relatives of A. cf. pantanalense LEGE 15484 (Fig. 3). The Alkalinema strains CMAA 1554 and 1562
were isolated from the Amazon and Solimdes rivers, in the western part of the Brazilian Amazon basin (Genuario
et al. 2017), under similar ecological conditions as those observed in Macapa. The genus Alkalinema was recently
identified in Amapé State in a morphological-based study of the phytoplankton of the Araguari River (Silva et al.
2018). Alkalinema pantanalense-like cyanobacteria are apparently widely distributed along the waters of the Brazilian
Amazon basin (which are normally acidic), although the name of the genus refers to the alkaline lakes from where it
was first isolated (Vaz et al. 2015). This finding demonstrates that this species exhibits excellent tolerance to a range of
pH values in the natural environment; this tolerance range has previously been demonstrated in laboratory experiments
(Vaz et al. 2015; Genuario et al. 2017). Notably, as far as we know, the geographic distribution of Alkalinema is
restricted to Brazil.

The morphologies of the Limnothrix isolates LEGE 15497 and LEGE 15485 (Fig. 2B, 2N) are more similar to
that of L. planctonica than to that of L. redekei. The morphologies of these strains differ from that of L. planctonica
only in that the gas vesicles occur solely at the cell poles and not in the middle of the cell (Komarek & Anagnostidis,
2005). However, LEGE strains show motility, while L. redekei trichomes are immotile. The LEGE cells are shorter
and form smaller gas vesicles, occupying less than 10% of the cell content compared with the maximum size of
aerotopes observed in L. redekei, which represent 10 to >50% of cell content (Komarek & Anagnostidis, 2005). The
molecular-based results are consistent with the morphological characterization; the 16S rRNA gene sequences of the
two LEGE strains were shown to be phylogenetically related to those from several L. planctonica and Limnothrix
sp. strains but not with the sequence from the type strain L. redekei NIVA-CYA 227/1 (Fig. 3, Table 4, Suda et al.
2002). L. redekei NIVA-CYA 227/1 is one of the strains that was used to describe the type species, i.e. the holotype
for Limnothrix (Meffert 1988). However, this strain grouped with Pseudanabaena spp. within the Pseudanabaena
clade (Fig. 3), which has also been observed in several previous studies (e.g., Suda et al. 2002, Gkelis ef al. 2005,
Willame et al. 2006, Zhu et al. 2012, Andreote et al. 2014, Yu et al. 2015). Moreover, some of these studies (e.g., Zhu
et al. 2012, Andreote et al. 2014, Yu et al. 2015) have shown that the same clade that contains two strains isolated
in this study, L. cf. planctonica LEGE 15497 and LEGE 15485 (Fig. 3), is composed exclusively of Limnothrix spp.
strains and is phylogenetically distant from L. redekei NIVA-CYA 227/1. Willame et al. (2006) had already reported
that Pseudanabaena spp. sequences were closely related to the Limnothrix “Meffert sequences”, highlighting the high
genotypic relationship of both genera and their unnoticeable differences in terms of phenotype. Therefore, Yu et al.
(2015) suggest that strain L. redekei NIVA-CYA 227/1 should be transferred to the genus Pseudanabaena, since this
genus was described before Limnothrix (Meftert, 1988, Komarek & Anagnostidis, 2005), and the abovementioned
clade should remain under the genus Limnothrix. Andreote et al. (2014) also agree with this taxonomic reevaluation
of Limnothrix and its holotype, an opinion that we share. Other authors (Gkelis et al. 2005, Zhu et al. 2012) believe
that the clade with the type strain should remain under the genus Limnothrix, while the well-supported clade of other
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Limnothrix spp. should be taxonomically revised and established as a novel genus. To make it even more intricate, Fig.
3 shows that Limnothrix redekei NIVA-CYA 227/1 is in the same clade as several strains assigned to the type species of
the genus Pseudanabaena, which is P. catenata. However, some authors (e.g., Yu et al. 2015) consider that polyphasic
studies on strains of P. catenata are still lacking and must be performed to re-evaluate the genus Pseudanabaena under
modern taxonomy. Earlier, when it was suggested that Limnothrix species constitute a polyphyletic group, there were
few strains available for phylogenetic studies. Currently, there are several available strains from Africa, America,
Asia, Europe, and Oceania (Bernard ef al. 2011, Zhu et al. 2012) that can help elucidate the phylogenetic relationships
within this genus. Considering the threshold values of 98.7-99% for species delimitation when using 16S rRNA
gene sequences (Stackebrandt & Ebers 2006, see also Kim et al. 2014), the two Limnothrix strains from this study
and Limnothrix sp. CENA 545 (99.7-100%, Table 4) should belong to the same species, in this case L. planctonica.
CENA 545 was also collected in Brazil, from a saline-alkaline lake in the state of Mato Grosso do Sul (in the Central-
West region of Brazil). Similarly as it was observed for Alkalinema aff. pantanalense, this result seems to indicate the
ecological versatility of Limnothrix cf. planctonica.

Leptolyngbya boryana LEGE 15486 is the only strain from this study that could be isolated from the treated water
stored in the reservoir. For instance, Leptolyngbya sp. CENA 104, one of the strains included in the same clade as L.
boryana LEGE 15486, was isolated from a chlorination baffle tank at the exit area of a waste stabilization pond system
during a no-chlorination operation (Furtado et al. 2009). Interestingly, both systems are closed, artificial (i.e., human-
made) environments where the presence of some chlorine in the water is expected. The morphological characteristics
of CENA 104, which was originally identified at only the genus level (Furtado et al. 2009), are similar to those of
L. boryana LEGE 15486. The trichomes of these strains are arranged in dense clusters and are attached to the glass
walls of the culture flasks. The color and size of the cells and other morphological traits of the two strains are also
very similar (Furtado et al. 2009). These two strains, which share common features and were collected from relatively
close geographic regions, are thus far the sole reported L. boryana strains from Brazil. Another characteristic that
might be common to strains from this species is the ability to grow in low light. For instance, in addition to the two
abovementioned strains (obtained from closed systems), L. boryana dg5 is a dark-adapted variant of IAM M-101 that
can grow heterotrophically in the dark (Fujita et al. 1996; Hiraide et al. 2015). Both strain dg5 and strain [AM M-101
are included in the Leptolyngbya true clade shown in Fig. 3.

Isolates from the genus Cephalothrix are morphologically very similar to the strains described in Malone et
al. (2015). Additionally, the ecology and life cycle of the isolates are comparable. During the isolation process, we
observed the existence of planktonic and benthic phases for the C. lacustris LEGE strains, which was also described
by Malone et al. (2015). The culture is sometimes attached to the bottom of the culture flask, while at other times, a
mass of trichomes may be found floating at the air-medium interface. Phylogenetically, the LEGE strains were grouped
with Cephalothrix lacustris CCIBt 3261 (Fig. 3)—the strain used to describe this species (Malone et al. 2015)—,
and with other C. lacustris strains and one C. komarekiana strain. However, the high 16S rRNA gene sequences
similarity values (>98.8%, see Table 4) of the LEGE isolates when compared to the type strain CCIBt 3261, along
with the morphological data, indicates that they belong to C. lacustris. Moreover, the similarity values in relation
to C. komarekiana CCIBt 3277 (98.0-98.6%) are always below the threshold value for being considered one single
species (Stackebrandt & Ebers, 2006, Kim et al. 2014). Phormidium sp. KS, that is included in the same clade (Fig.
3), most probably belongs to C. lacustris, something that was already suggested by Malone et al. (2015). Indeed, the
morphological characteristics and behavior in culture of the three C. lacustris LEGE strain isolates and the strain
Phormidium sp. KS are also very similar. At the macroscopic level, these strains all have similar colors, form spirals
on agar plates, and form air bubbles (Sato et al. 2014). To date, isolation of the recently established species C. lacustris
has been reported only from Brazil (Malone et al. 2015, Genuario et al. 2017) and most likely from Japan (Sato et
al. 2014). Thus, the strains C. lacustris LEGE 15493, 15487, and 15492 isolated in this study might help reveal the
global distribution of this taxon. C. lacustris was first isolated from a freshwater lake, Lago das Gargas (pH 7-8), in
southeastern Brazil (Malone et al. 2015). Genuario et al. (2017) isolated the strain C. lacustris CMAA1561 from a
sample collected in the western Brazilian Amazon region. Therefore, the LEGE strains represent the second record of
this taxon from the Amazon basin, this time from the Amapa State, in the eastern part of the Amazon.

The strain Phormidium sp. LEGE 15488 showed 98% identity with Phormidium irriguum f. minor ETS-02,
Phormidium sp. LEGE 05292 (Dias et al. 2017), and Lyngbya sp. JW-2010b (Table S1). According to Komarek (2017),
all these strains should be considered to be Phormidium spp. sensu stricto since they clustered together in a well-defined
clade that includes the strain P, irriguum CCALA 759 (Fig. 3). This strain was proposed by Sciuto et al. (2012) to serve
as an epitype of this species. Additionally, according to the authors, P. irriguum CCALA 759 should be considered
the holotype for the genus Phormidium, which is consistent with the new delimitation of this genus proposed by
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Komarek (2017). With regard to the behavior in culture, the strain Phormidium sp. LEGE 05292, previously isolated
from a freshwater aquarium wall in Porto, Portugal (Ledo et al. 2009), is very similar to Phormidium sp. LEGE 15488,
which was isolated from the Amazon River. Furthermore, LEGE 05292 is the strain that shows the higher sequence
similarity value (98.2%, see Table 4) with respect to the Phormidium strain isolated in this study. Both strains grow
while attached to the surface of the culture flask, forming a dense mat that is very resistant, and strong agitation is not
enough to detach the cyanobacterial trichomes (Ledo ef al. 2010). The mat of the Amazonian strain remains above the
culture media like a spider-net when the level of the liquid decreases. With regard to other closely phylogenetically
related strains (Fig. 3), P. irriguum f. minor ETS-02 was isolated from a thermal mud surface in Italy, from water
at a temperature of 45°C and with a pH of 6.8; and P. irriguum CCALA 759 was isolated from a lake in Bratislava,
Slovakia (Sciuto et al. 2012). In Amazonia, Phormidium sp. was recorded in the Amazonas, Para, Roraima (Werner et
al. 2015) and Amapa states (Cunha ef al. 2013). These findings reinforce the idea that the revised genus Phormidium
(Sciuto et al. 2012; Komarek, 2017) is cosmopolitan.

The features of the cells and trichomes, the behavior in culture and the ecology of the strains Pseudanabaena
galeata LEGE 15489, LEGE 15490, and LEGE 15491 (Fig. 2F, 2G, 2H) match the description of Pseudanabaena
galeata (Koméarek & Anagnostidis, 2005). This genus has been recorded in Amazonas and Tocantins states (Werner
et al. 2015). Moreover, P. galeata was identified by morphological observations in the Araguari River, in the Amapa
State (Cunha et al. 2013). The phylogeny of the LEGE Pseudanabaena strains (Fig. 3) supports their identification,
once these strains are clustered together in a large clade with several Pseudanabaena species. The most closely
phylogenetically related strain is Pseudanabaena sp. CMAA1555. This strain is also the most closely related in terms
of geographic origin; this strain was also collected from the Brazilian part of the Amazon River (Genudrio et al. 2017).
Unfortunately, the culture was lost, and there is no detailed morphological description of this strain (Genuario et al.
2017). Other closely related strains are P. galeata CHAB732, P. galeata CHAB2916, and P. galeata PB. The first two
strains were isolated in China from a pond and a lake, respectively, and these strains are morphologically similar to P
galeata LEGE 15491, exhibiting a bubble-shaped gap between the walls (Yu et al. 2015). P. galeata PB was isolated
at the Serikawa Dam in Japan and showed high ability to produce the odoriferous compound 2-methylisoborneol (2-
MIB) (Takahashi et al. 2016). This compound imparts a musty, earthy odor and flavor to the water (Takahashi et al.
2016).

The clade with the Pseudanabaena LEGE strains is a sister of a clade that includes P. galeata SAG 13.83, P,
subfoetida PS1306, and P. foetida NIES-512. The two latter strains were collected in Japan and are both 2-MIB
producers (Niiyama et al. 2016, Tuji & Niiyama, 2016). P. foetida NIES-512, previously identified as P. galeata, is
considered a model strain for studying 2-MIB-producing cyanobacteria (Tuji & Niiyama, 2016). According to Niiyama
et al. (2016), the production of 2-MIB should be considered a taxonomic characteristic of the genus Pseudanabaena.
Given these observations, the Pseudanabaena strains present in the incoming raw water of the Amazon River destined
for drinking purposes might be 2-MIB producers; this hypothesis warrants further examination using the P. galeata
LEGE strains. In fact, citizens of Macapa frequently complain about an earthy taste in the drinking water; this taste
might be due to the presence of this odoriferous compound or due to sediment that has not been entirely removed
during drinking water treatment. Notably, the Amazon River contains a considerable amount of sediment, which is
characteristic of whitewater rivers (Junk ez al. 2011, Ward et al. 2015).

The heterocytous, filamentous strains from the order Nostocales isolated in this study were grouped in a well-
supported clade together with Nostoc sp. Cam2S01 (Fig. 3), which was isolated from soil of volcanic origin in
Cameroon (Papaefthimiou et al. 2008). All these strains shows a high sequence similarity value among them (>98.7,
Table 4), however they fell outside the ‘Nostoc sensu stricto’ clade (Hrouzek et al. 2013, Genuario et al. 2015), as can
be observed in Fig. 3. This clade is currently used to phylogenetically define the genus Nostoc, and to better delimit
typical species such as Nostoc commune Vaucher ex Bornet & Flahault (1888: 203), N. calcicola, N. edaphicum and
N. punctiforme (Rajaniemi et al. 2005, Papaefthimiou et al. 2008, Hrouzek et al. 2013, Genuario et al. 2015) and
other strains related to N. commune (Papaefthimiou et al. 2008). According to Komarek (2013), cyanobacteria fitting
the description of Nostoc likely include specimens that produce macroscopic colonies with distinct morphologies, as
observed in the type species Nostoc commune. So, despite being placed in a clade with a strain identified as Nostoc sp.,
the Amazonian isolates clearly do not belong to this redefinition of the genus Nostoc; however, these strains possess
enough morphological and molecular biological traits to be unequivocally assigned to the order Nostocales. Also, the
LEGE Nostocales strains and Cam2S01 enclosed in such distinct, well-supported clade (Fig. 3) should deserve a more
exhaustive taxonomic study in the future, since they may represent a new genus.

None of the strains isolated in the present study were shown to possess genes associated with the production
of common cyanotoxins, indicating that these isolates may not have the potential to produce microcystin, saxitoxin,
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anatoxin, or cylindrospermopsin. This finding is noteworthy given that the water from the study area is used for
drinking purposes. However, other cyanobacteria that may be present at the sampling sites but could not be detected in
this study could still represent a risk.

Conclusion

This study has provided novel data on the cyanobacterial biodiversity of the Amazon region, especially at the mouth
of the Amazon River, places with few available studies about cyanobacteria. This study has additional importance as
a local basis for the development of monitoring and evaluation tools for multiple purposes, such as for sanitary and
public health risk assessments (e.g., studies on potentially toxic cyanobacteria and species from ballast water), for
drinking water for human consumption (e.g., studies on cyanobacteria that produce 2-MIB and/or geosmin) and for
river conservation (e.g., studies on invasive alien cyanobacteria, namely, bloom-forming species). The present study
is the first to use a polyphasic approach to study cyanobacteria in the eastern Amazon, combining morphological and
molecular characterizations of the isolates, phylogenetic analyses, examination of their behavior in culture, toxicity
evaluation, and ecological data. Most of the cyanobacterial strains obtained represent first records for the eastern
Amazon, particularly for the Amapa State, thus expanding the knowledge on the geographical distribution of the
species identified herein. Additionally, the results from this study provide new insight into the taxonomy of the genera
Limnothrix and Pseudanabaena, hence contributing to the general taxonomic revision of the group, a process that is
ongoing (Komarek, 2016). The fourteen cyanobacterial strains from the present study represent a small portion of the
culturable cyanobacterial biodiversity. Therefore, continued efforts to improve the knowledge about the cyanobacterial
biodiversity at the mouth of the Amazon River, either by obtaining new cyanobacterial strains or by employing culture-
independent techniques (e.g., high-throughput sequencing) are important.
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