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Cyanobacteria are major contributors to global biogeocherncal cycles. The genetic
diversity among Cyanobacteria enables them to thrive acreasmany habitats, although
only a few studies have analyzed the association of phylog@emic clades to specic

environmental niches. In this study, we adopted an ecogenoias strategy with the
aim to delineate ecological niche preferences of Cyanobaetia and integrate them
to the genomic taxonomy of these bacteria. First, an appropate phylogenomic
framework was established using a set of genomic taxonomy ghatures (including
a tree based on conserved gene sequences, genome-to-genomedistance, and

average amino acid identity) to analyse ninety-nine public available cyanobacterial
genomes. Next, the relative abundances of these genomes werdetermined throughout
diverse global marine and freshwater ecosystems, using magenomic data sets. The
whole-genome-based taxonomy of the ninety-nine genomes &wed us to identify 57 (of
which 28 are new genera) and 87 (of which 32 are new species)fiierent cyanobacterial
genera and species, respectively. The ecogenomic analysiallowed the distinction of
three major ecological groups of Cyanobacteria (named as Low Temperature; ii. Low
Temperature Copiotroph; and iii. High Temperature Oligaiph) that were coherently
linked to the genomic taxonomy. This work establishes a hewaixonomic framework for
Cyanobacteria in the light of genomic taxonomy and ecogenoiiz approaches.

Keywords: microbial ecology, ecological niches, charting b
metagenome, high-throughput sequencing technology

iodiversity, genome-based microbial taxonomy,

INTRODUCTION

Earth is home to nearly one trillion (#8) microbial species that have evolved over billion years
(Locey and Lennon, 20).8Cyanobacteria emerged3 billion years ago, ushering Earth's transition
from anoxygenic to oxygenic conditions through photosyrsiseSchirrmeister et al., 201)La
Throughout their evolution, Cyanobacteria became one efrtiost diverse and widely distributed
Prokaryotes, occupying many niches within terrestrial, gtanic, and benthic habitats. Their long
history evolved in a broad heterogeneity comprising unidaiand multicellular, photosynthetic
and non-photosynthetic (i.e., Melainabacteri&chirrmeister et al., 2011a; Di Rienzi et al., 2013;
Soo et al., 20)4free-living, symbiotic, toxic and predatory organisnizo( et al., 20)5with
genomes sizes ranging from 1 to 10 M&h(h et al., 200)3Here we consider Cyanobacteria phylum
as consisting only of oxygenic phototrophs.
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Cyanobacteria (also known as the Cyanophyceae, Recommendations that nomenclature should agree with
Cyanophyta, cyanoprokaryota, blue-green algae or blueagreand re ect genomic information were stated during the pre-
bacteria) share similar metabolic features with eukaryatgae genomic era \(Vayne et al., 1997 due nothing describes an
and have been named according to the Botanical Catei(  organism better than its genome. Sequence-based methods to
and Budel, 201 The inclusion of Cyanobacteria in taxonomic delimit prokaryotic species have emerged to de ne and to
schemes of Bacteria was only proposed in 1978thayier et al. improve cut-o s criteria during the genomic ereGgvers et al.,
(1978) and through time the bacterial taxonomic names have2005; Konstantinidis and Tiedje, 2005a,b; Konstantinatisil.,
come into con ict with the botanical nomenclaturéfen, 2004; 2006; Goris et al., 2007; Richter and Rossello-Mora, 2009;
Oren and Garrity, 2014 More than two decades passed beforeAuch et al., 2010a; Thompson et al., 2013a,b; Varghese et al.,
a Note to General Consideration 5 (1999) was published fo2015, demonstrating a greater discriminatory power. Inexoeabl
Cyanobacteria to be included under the rules of the Inteiovel  advances in methodologies will incorporate genomics inte th
Committee on Systematic Bacteriology (ICSB)/Internagion taxonomy and systematics of the prokaryotes, boosting the
Committee on Systematic of Prokaryotes (ICSPh(all, 1999; credibility of taxonomy in the current post-genomic el@adenye
De Vos and Truper, 2000; Labeda, 2)0laxa nomenclature et al., 2005; Chun and Rainey, 2).1dp-to-date, while several
within this group has long been a topic of discussion, butgroups have been analyzed through a genomic-wide Vizwp(a
currently there is no consensusi@ mann et al., 2005; Oren et al., 2015; Adeolu et al., 2016; Hahnke et al., 2016; Ahn
and Tindall, 2005; Oren et al., 2009; Oren and Ventura, P017et al., 2017; Amin et al., 2017; Waite et al., J0h¥any others
As a result, more than 50 genera of Cyanobacteria have bebave faced hurdles, such as Cyanobacteria. However, a gegnom
described since 2000, and many of them remain unrecognized taxonomy approach has successfully been applied to elucidate
the List of Prokaryotic Names with Standing in Nomenclature the taxonomic structure of the two cyanobacterial genera,
LPSN, http://www.bacterio.neP@rte, 201Yor in databases (e.g., Prochlorococcuand Synechococcy§hompson et al., 2013a;
NCBI). Coutinho et al.,, 2016a)b As genomic taxonomy postulates

The Cyanobacteria form a challenging group for thenumeric, non-subjective, cut-o s for taxa delimitationtrains
microbiologists. Their traditional taxonomy based onwere considered to belong to the same species when share at
morphologic traits does not re ect the results of phylogeneticdleast 98.8% 16S rRNA gene sequence similarity, 95% of AAI, and
analyses Rippka et al.,, 1979; Boone and Castenholz, 20070% GGD Konstantinidis and Tiedje, 2005a; Thompson et al.,
Gugger and Ho mann, 2004; Schirrmeister et al., 2011b2013a,l while species from the same genus form monophyletic
Hugenholiz et al., 2036 The predominance of morphology branches{arza et al., 2008; Qin et al., 201K is in agreement
assembled unrelated Cyanobacteria into polyphyletic speci@sth the concept of species as a discrete, monophyletic and
and genera and higher taxonomic categories which requirgenomically homogeneous population of organisms that can
revisions in the future Komarek et al., 2094 The polyphyly be discriminated from other related populations by means
is an indicative of the taxonomic mislabeling of many taxaof diagnostic properties Rossello-Mora and Amann, 2001;
The 16S rRNA gene sequences were useful in charting ar®lackenbrandt et al., 200ZThe availability of whole-genomes
characterizing microbial communitie«¢zlov et al., 200)6but  opened the doors for an in-depth knowledge in microbial
this molecule lack sensitivity for evolutionary changestibccur  diversity and ecology, where the entire genomic pool may be
in ecological dynamics, where microbial diversity is oligad applied to understanding the forces that govern community
by physicochemical parameterSioudoir et al., 2012; Becraft structure. The use of ecogenomic analysis postulates aleeliab
et al., 201pr Hence, the processes that shape cyanobacteriahd scalable approach to delineate species and genera in
communities over space and time are less known. A recent studyder to reconstruct their evolution and to draw a global
proposed that there should be 170 genera of Cyanobacterid bagscture of possible ecological determinantsi (Rienzi et al.,
on 16S rRNA sequences onljdzlov et al., 2006 Farrant et al. 2013; Soo et al.,, 2014; Spang et al., 2015; Thompson et al.,
(2016) delineated 121Prochlorococcuand 15 Synechococcus 2015; Anantharaman et al., 2016; Garrity, 2016; Hug et al.,
ecologically signi cant taxonomic units (ESTUS) in the lggd 2016; Hugenholtz et al., 20160ur hypothesis is that a
ocean using single-cogyeB sequences (encoding cytochromephylogenomic framework will re ect ecologic groups found in
b6) and environmental cues. nature.

High Throughput Sequencing (HTS) have revolutionized the To test this hypothesis, we rst established a phylogenomic
practice of microbial systematics, providing an informative framework, using genomic signatures (i.e., a tree based on
reproducible, and portable tool to delineate species, recocist conserved gene sequences, average amino acid identity, and
their evolutionary history, and infer ecogenomic featui@svers genome-to-genome distance), with the circumscription of
etal., 2005; Konstantinidis and Tiedje, 2005a,b; Garrnity@ren, species and genera. We then classi ed the genomes in three
2012; Gribaldo and Brochier-Armanet, 2012; Shih et al. 3201 major groups according to their ecological traits as infdrre
Sutclie et al., 2013; Hugenholtz et al., 201@his approach through metagenomics and environmental metadata. Finally
allows both cultured Al-saari et al., 2015; Appolinario et al., we correlated the three disclosed ecogenomic groups (i. Low
2016 and uncultured microorganismslerson et al., 2012; Temperature; ii. Low Temperature Copiotroph; and iii. High
Brown et al., 2015; Hugerth et al., 2016 be studied. The latter Temperature Oligotroph) with the circumscribed species and
is especially important because the cyanobacterial cultivéh ~ genera. We observed that the taxonomic delineation of specie
laboratory is another hurdle in the study of this group of bx@.  and genera is coherent with the ecogenomic groups.
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MATERIALS AND METHODS best- tting nucleic acid substitution models were caldelh
. through the MLModelTest feature. Models were ranked based on
Genome Election

. ) ) ) their Bayesian Information Criterion (BIC) scores as dése
Cyanobacterial genomes publicly available in January 2@té w by Tamura et al. (2013)The model with the lowest BIC

retrievedk frorg RefSeq (NCBI.Referenlce S(;equefnce DaFaba ore was selected and used for further phylogenetic aralysi
GenBank and GEBA (Genomic Encyclopedia of Bacteria an1jhe phylogenetic inference was obtained using the Maximum
Archaea) databases. Genome completeness was assessed E’ng]ihood method based on the Kimura 2 parameter method
CheckMo Parks et al., 203> and the_genome_s that were at i the Gamma distributed rate variation (KZ5) as the
least 90% complete and assembleckii00 contigs were used ,cjaotige substitution model, which was estimated frone th

for flrj]rther _anglyses. (;\linhety-nine lg_]en(ém_es t\)/;/ere szl;c_ted(lba data. The support branches of tree topology were checked by
9? that _crlterlon, lan they are listed iable 1 (additional 1,000 bootstrap replicates. The 16S rRNA gene alignments were
information on'Table S3. used to estimate the degree of genetic distance betweensstrai

Annotation and Genomic Taxonomy through the Tajima-Nei methodTajima and Nei, 1984
All genomes were annotated using Prokka version 1.11 Gloeobacter violacelBCC 7421 was set as the outgroup

(Seemann, 20)4 with default settings, in order to avoid |n4b20th trrtsjes.t 'I;)eesDwerte _V|suaI|z|e<t;i with I?ngree, version
any possible bias. Genomic taxonomy of the ninety-ninel' -2 Rambaut, 201f Due to incomplete or partial sequences,

cyanobacterial genomes was performed accordingtompson gly/nekc;h:)hcgccw. CBtog\h(\)/,lq \(/:V?(z Zg‘éﬁed frolzn gllesitatﬂa.lyses.
et al. (2013a)and Coutinho et al. (2016aand are briey anktothrix mougeot j as well asanktotnrix

described here. Average Amino acid Identity (AAI) and Gergm proli ca NIVA-CYA 540 were not included in the phylogenetic_
to-Genome Distance (GGD) were calculated as describeaawalyses because 16S rRNA sequences are not currently lavailab

previously Konstantinidis and Tiedje, 2005a; Auch et al. for these strains (.and not retrievable from their genomes).
2010a,b; Meier-Koltho et al., 20).3GGD were calculated using . The type-strams or the type'SpeC'eS of each taxa were
the Genome-to-Genome Distance Calculator tool, versidh 2_|ncluded inthe 16S phylogenetic tree to con rm the phylogeaet

under recommended settingsigier-Koltho et al., 2013 http:// relatedness of the cyanobacterial genomes. Designatidgpe

ggdc.dsmz.de/), whereas AAIl values were carried out tHrougStraln or type species were not available fehaemaesiphon

GenTaxo as previously describedoutinho et al., 2019aThe minutus PCCE60S, Pleurogapsasp. PCC73.19’ R|vula_r|a
species cut-o s delimitation were 95% AAl and 70% GGD sp. PCC7116,Synechocystisp. PCC7509,Tnchodesmm_m
and 70% AAI for genus delimitation " erythraeumIMSO01, Xenococcusp. PCC7305, cyanobacterium

The Manhattan distances were calculated based on th%SFC'l’ and cyanobgctenum J.SCGéltlgrlnemasp.. PCC7105
%the reference strain for marine speciesGxitlerinemaand

percentage AAIl values of every genome (genome-genonis ) .
matrix) and was used as the input for making the hierarchica CC73106 is the reference strain @ioeocapsgbarma, 2012

clustering using the hclust() function in RR( Development ~gnserved Marker Genes

Core Team, 20)1 This distance is able to indicate how o (ree was generated using 31 conserved gene sequences

far/close the genomes are located from each other. The h’*"’3‘”2§?/aviously validated as phylogenetic markers for (cyano) iacte

was produced by heatmap.2 {gplots} package in R, Wity ang Eisen, 2008and recently used bghih et al., 2013
background color of each panel mapping to percentage AAL.4 komarek et al., 2094 The sequences of these proteins

values. were mined using the AutoMated Phylogenomic infeRence
Application—AMPHORAZ2 tool (Vu and Scott, 2012 through
default settings for the Bacteria option, and with a cut-o
value of 1.e10. Individual alignments were performed for

Cyanobacteria, phylogenetic trees were constructed usin .
the 16S rRNA gene sequences and the concatenated aIignme(r%l%Ch of the 31 gene sets through MUSCLE v. 3.8 with default

. . S¢ tings Edgar, 200) All alignments were then concatenated.
of a set of conserved genes, most of which encode nbosoma :
proteins nly genomes which present all the set of conserved genes

were used in the phylogenetic analysis. A Maximum Likelihood
Ribosomal RNA Sequences tree was constructed using RaxML v. Btgmatakis, 2006

The small subunit ribosomal RNA (16S rRNA) sequences fror@"d the DayhoCG likelihood model. One thousand bootstrap
all cyanobacterial strains for which whole genome sequencgPlications were calculated to evaluate the relative suppiort o
data are publicly available (exception see below, M3 97), the branches. Trees were visualized with FigTree, versi2 1
as well as 16S rRNA gene sequences from additional typ€:ambaut, 2015

strains availableN D 14) were all analyzed. The sequences wer .

retrieved from the ARB SILVA databasEr(iesse et al., 2007; ﬁ‘bundance Of Cyan_ObaCte“al Genomes
Quast et al., 20)3Whenever sequences were not available, thef\CTOSS Aquatic Environments and

were retrieved directly from the genomes using RNammer 1.Ecological Correlations

Server (agesen et al., 20D7Sequences were aligned throughMarine and freshwater metagenomes were retrieved to déterm
MUSCLE v. 3.8Kdgar, 200 with default settings, and Gblocks the abundance of ninety-nine cyanobacterial genomes acros
0.91b Castresana, 2000; Talavera and Castresana) wa8used the Earth. A set of 191 marine metagenomes from the Tara
for alignment curation. Using MEGA 6Tamura et al., 203 Ocean project were retrieved for analysis along with their

Phylogenetic Analysis
To establish the phylogenetic structure of the phylum
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€Lyngbya aestuarii PCC8106 is also called L. aestuarii CCY9616, and ew the former name Oscillatoria limosa PCC8106.

fMoorea producens 3L is also called Moorea producta 3L.
90scillatoria sp. PCC 6407 is also called Kamptonema formosum PCC 6407,ral even O. formosa PCC 6407.

¢Coleofasciculus chthonoplastes PCC 7420 is also called Microcoles chthonoplastes PCC 7420.
"Outgroup used in the phylogenetic analysis.

d| eptolyngbya sp. PCC 7104 is also called Nodosilinea nodulosa PCC 7104.
Number of contigs, total length and GC content values were obtained usg QUAST tool.

New taxonomic classi cation proposed by Thompson et al. (2013a)
Values using CheckM tool.

New taxonomic identi cation proposed by Coutinho et al. (2016a,b)

b Arthrospira platensis is also called Spirulina platensis.

*

associated metadat&((nagawa et al., 2015ample-associated
environmental data were inferred across multiple depths at
global scale of Taras metagenomics sampling: (i) surfaterwa
layer (5m, s.dD 0); and (ii) subsurface layer, including deep
chlorophyll maximum zone (71 m, s.®. 41 m) and mesopelagic
zone (600m, s.dD 220m) Sunagawa et al., 2015Eight
freshwater metagenomes were retrieved for analysis froen th
Caatinga biome microbial community project along with their
associated metadatadpes et al., 20)6

Metagenome reads were mapped to a database containing the
ninety-nine analyzed cyanobacterial genomes through Bx#wti
(Langmead and Salzberg, 2D18ing verysensitivdocaland -
aoptions. Abundance of genomes across samples was calculated
based on the number of mapped reads as describelddagon
et al. (2012)Metagenomes were compared based on the relative
abundances of the ninety-nine analyzed genomes within them
using non-metric multidimensional scaling (NMDS).

Spearman correlation coe cients (R, or Spearman’s rho) were
calculated for the abundance of each genome and the levels
of measured environmental parameters across samples. Next,
a dissimilarity matrix of Manhattan distances was calculate
based on the Spearman correlation values of every genome.
All correlations were used by this analysis regardless of
the correctedp-value, as non-signi cant correlations are still
ecologically informative as they indicate weak associatio
between microorganisms and environmental parametersllyina
this dissimilarity matrix was used as input for hierarchical
clustering using the complete linkage method within the hqust
function in R. The resulting dendrogram was visually inspdcte
to de ne groups (i.e., ecogenomic groups) of organisms with
similar correlation patterns which were named based on thexma
correlated feature.

The classi cation reassessment was made integrating the
results of genomic taxonomy, phylogenomic analysis and
ecogenomic signals through an accurately comparison.

RESULTS

Phylogenomic Framework Reconstruction

The tree based on conserved marker gertéguie 1) revealed

the topology with the presence of well-de ned nodes in general
with bootstrap support values greater than 50% over 1,000
replicates. The phylogenomic tre&igure 1) gave a higher
resolution than the 16S rRNA phylogenetic analy&igygre S1
andTable S), in the means that strains were better discriminated
in the conserved marker genes tree (eRgarasynechococcus
group, Figure 1 and Figure S). The species assignations were
considered correct when organisms located on the same
phylogenetic branch as the corresponding type strains or type
species presented the 16S rRNA sequence similarity higher than
98.8%, such a8rinalium epipsammun$AG22.89 (Figure S)
andCrinalium epipsammurRCC9333Figure SlandFigure 1).

Genomic Diversity of Cyanobacteria

In total, we found 57 branches corresponding to genera based
on the AAl and GGD analysesFigure 2. The genus and
species cut-o delimitation were 70% and 95% AAI similarity
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100 Anabaena cylindrica PCCT122"  F
Anabaena sp. PCCT108 / Anabaena mossi PCC7108" M
Cylindrospermum stagnale PCCTA1T" S

Nostoc sp. PCC7107 I Nostoc reyesi PCCT107"  F

Nostoc sp. PCC7524 I Nostoc amparaii PCC7524"  F

100[— Fischerella sp. PCC431 / Fischerella wehwii PCC84317  §

Fischerella sp. PCCE339 / Fischerella hapalii PCC0339"  §

Fischerella sp. JSC-11 / Fischerella sesquii JSC-11"  §

i sp. PCCOB05 / Fi dasii PCCOB0S" S

Rivularia sp. PCC7116 / Rivularia bajacalifornii PCC7116" M
Galotrix sp. PCC7103 / Galotrix wisconsii PCC7103"  F

sp. PCC7428/ Z 7428 T

switzii PCC7500" S

minutus PCC6605"  F

sp. PCC7305/ Iajolaii PCC7305" M
sp. PCC7319/ penascus PCC7316" M
Stanieria sp. PCC7437 | Stanieria cyanosphaera PCC7437"  F
100 L sp. PCCT376 / i is PCC7376" M
PCC70027/ PCC7002"  §

Cyanobacterium stanieri PCC7202 / Geminocystis stanieri PCC7202" F
" i ii PCCB308" F

sp. 1 sphagnus PCC73108"  F
100—— Daclylococcopsis salina PCC8305"  F

——— Halothece sp. PCC7418 I Dactylococcopsis halotolerans PCC7418"  F
ium ESFC-1/ valenium ESFC-1" M

Spirulina subsalsa PCC445" I Paraspirulina subsalsa PCCO445"  §
Moorea producens3L"  §

PCC7420° M

18

sp. PCC7113/ PCC7T13" S
Plankdothrix mougeotii NIVA-CYA-405 / Plankfothrix agardhii NIVA-CYA-405 F
Plankdothrix prolifica NIVA-CYA-540 | Planktothrix agardhii NIVA-CYA-540 4
88 | pranktothrix agardhii NIVA-CYA56-3  F
Planklothrix agardhii NIVA-CYA-15  F

B /A-CYA-407 | ix agardhii NIVA-CYA-407 P
100/ | Plankdothrix profifica NIVA-CYA-88 / Planktothrix agardhii NIVA-CYA-88 F
Planktothrix profiica NIVA-CYA4408 / Planktothrix agardhii NIVA-CYA406  F
Planktothrix agardhii NIVA-CYA-126 | Planktothrix stereotis NIVA-CYA-128"  F

PCC8005/. ira nitrilium PCC8005"  §

Arthrospira platensis str. Paraca
Arthrospira platensis NIES-33
100[— Lyngbya aestuanii BL-)  §
Lyngbya sp. PCC8108 / Lyngbya limosa PCC8106™ M
4 N roM

100[ Arthrospira platensis C1/ Arthrospira sesilensis C17  F
100| ir

100 Oscillatoria sp. PCC6407 | Toxinema oscilatii PCC6407" F
Oscillatoria sp. PCC6506 / Toxinema oscilatii PCC6506 §

100/ i i 112/ Mi is PCC7112" S
L Microcoleus vaginatus FGP-2" S
<50) ia sp. 1 it c10802" §
i CCE304" S
sp. PCCT105/ catellasis PCC7105"  §
<50, 100 L sp. Adonisia PCCT7375" M
100| PCCT7335" 1 C¢ issimili PCCT335" M
100/ L PCC7104 / Arhinema longislandicus PCCT104" M
100, Leptolyngbya sp. PCC8406 / Euryforis eilemai PCC6406" F
Lyngby: ides BDU it ides BDU" §
100 boryana PCCE306" F
_{77 { ISC-12/1 colecalium JSC-12"
sp. PCC7407 / inema shalloid PCCT407"  §
C6312"/ is californii PCC6312" F
— 100 isholmii AS9801" / i i i M
Z i ponticus MIT301" M
100 MITE215/ jum nereus MITO215 M
18202/ nereusMITo202" M
100 i il jum neptunius MIT9312" M
is CCMP1086" / storis CCMP1986" M
isii MITO515" / tefisi MITE515T M
iy 1A7 profeus NATLIA M
1247/ proteus NATL2A™ M
MP1375" M
= Toom
100 Prochlorococcus swingsii MITS303 / Thaumococcus swingsii MITS303 M
L ingsii MITG313" / swingsii MITE313" M
Parasynechococcus marenigrum WH8102" M
100~ Parasynechococcus chilensis CC9902° M
Parasynechococcus nordiatianticus BL107" M
—— 100 100 Parasynechococcus africanus CC9605" M
WHS108" M
WH7805" / WH7805" M
pacif ] pacificus WHT803" M
93117/ benguelii CCE311" M
1 fpacificus WHB016" M
an 1 gyusRSE916" M
RS9917"/ 2 17T M
" | Magnic BO1DTT M
100 - i CB0205" / Magnic indicus CB0205" M
WH5701" i antarcticus WH5701" M
307"/ i RCC307" M
100/ elongatus PCCE301" F
Synechococcus elongatus PCC7942  F
62 ii PCC7502" / Leptovivax bogii PCC7502" P
95 sp. PCCB802/ jum PCCE802" F
100 " r F Ecogenomic groups:
sp. PCC7367 / Leptolatis gracile PCC7367" M Low Temperature group
100 ii JA33AD" /L iiJA33AL" T Low Temperature Copiotroph group
ml—i ingii JA23Ba213 | L ‘springii JAZ3Ba213" T High Temperature Oligotroph group

berkleyi PCC7336" / Brevicoccus berkleyi PCC7336" M

Gleobacter violaceus PCC7421" S

Results section are in bold.

FIGURE 1 | Phylogenomic tree of the Cyanobacteria phylum with the propsed new names. Tree construction was performed using 100 geomes (ninety-nine used
in this study plus the outgroup), based on a set of conserved rarker genes. The numbers at the nodes indicate bootstrap vakes as percentages greater than 50%.
Bootstrap tests were conducted with 1,000 replicates. The wit of measure for the scale bars is the number of nucleotideubstitutions per site. TheGloeobacter
violaceusPCC 7421 sequence was designated as outgroup. Capital lettes indicate environmental source: F, freshwater; M, marind> peat bog (sphagnum); S, soil;
T, thermal; and §, other habitat. New names are highlightedhired. Overwritten T indicates type strain or type species. &genomic groups are depicted in different
colors as indicated in the legend: Low Temperature group; Le Temperature Copiotroph group; and High Temperature Oligimoph group. Cases depicted in the
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Leptovivax bogii PCC 7502
Pseudanabaena biceps PCC 7429
Arthrospira platensis NIES-39
Arthrospira platensis str. Paraca
Atthrospira sesilensis C1
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Fischerella peptidasii PCC 9605
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Somacatellium hydroxylic PCC 10802
Lyngbya aestuaril BL-J
Lyngbya limosa PCC 8106
Toxinema oscillati PCC 6407
Toxinema oscillati PCC 6506
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FIGURE 2 | Heatmap displaying the AAI levels between cyanobacterialemomes. The intraspecies limit is assumed as 95%, whereas genera delimitation is
assumed as 70% (dashed lines) AAI. Clustering the genomes by AAI simiigrwas done using a hierarchical clustering method in R (he$t), based on Manhattan
distances. The AAl values are associated with the respectthermal color scale located at the bottom left corner of thegure. The proposed new genera and species
names were adopted in this gure.

respectively. Thirty-three new genera and 87 species (oftwhigenera (from a total of 33) and 38 species (from a total of 69¢we
28 are new species) were circumscribed. From a total of ninetyaxonomically reclassi ed and/or re-named. Thus, we fouinalt
nine genomes used in this study, 69 were previously classi edl of all analyzed genomes required reassignment at one ag mor
to the species level, whereas the remaining 30 had incompletanks to reconcile existing taxonomic classi cations witlr aew
taxonomic classi cation (i.e., only sp. or unclassi ed).tbtal, 13  genomic taxonomyKigure 2andFigure SJ.
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Over the next section, we highlight four specic casesvariables of their habitatsF{gure 3). The ecogenomic analysis
to exemplify cyanobacterial taxonomic issues that werelustered genomes based on their proles of correlations to
resolved through our genome-driven approach (Bégure S3.  environmental parameters. Three major ecogenomic groups
These cases illustrate how the use of genomic taxonomy imere found: (a) Low Temperature; (b) Low Temperature
Cyanobacteria provides relevant informatiobdta Sheet1l Copiotroph; and (c) High Temperature OligotroptFigure 4
Formal description of new genera and species). and Figure S3. Closely related species of the same genus

Case |.Oscillatoriagroup. Analysis of the ve genomes of showed tight associations with environmental parameters,
Oscillatoriadistinguished four genera, based on the genomigrouped to the same ecogenomic group, suchAahirospira
signatures (i.e., GGD, AAl, 16S, and conserved marker gensssilensi€1" and A. nitrilium PCC 8003, Eurycolium pastoris
tree): (i) Oscillatoria acuminats®CC 6304 type strain formed CCMP1986 andE. tetisiiMIT9515", and Pseudosynechococcus
a separate group; (iiDscillatoriasp. PCC 10802 formed a subtropicalisWH7805 and P. paci cuswH7803 (Figure 3.
separate divergent group, corresponding to a new genus naméd a few cases, closely related species showed dierent
Somacatellium(S. hydroxylicPCC 10802); (iii) Oscillatoria ecogenomic groups® agardhiiNIVA-CYA-407 andP. agardhii
nigroviridis strain PCC 7112 (closest related wilicrocoleus NIVA-CYA-540 compared to otherPlanktothrix strains, and
vaginatusFGP-2 type strain) belongs to the genMicrocoleus betweenLyngbya aestuariBL-J andL. limosa PCC 8108)

(M. nigroviridisPCC 7112); and (iv) Oscillatoriastrains PCC  (Figure 3.
6407 and PCC 6506 formed a new genus namexinema(T. Members of the Low Temperature group were characterized
oscillatiPCC 6407 andT. oscillatiPCC 6506). by positive correlations with the concentration of nitrogen

Case Il.Leptolyngbyagroup. The ve Leptolyngbyastrains and phosphorus sources; weak positive correlations with
were polyphyletic, forming dierent phylogenetic branches.minimum generation time, silicate and depth; and by negative
Thus, (i) Leptolyngbya boryanRCC 6308 type strain forms correlations with temperature, microbial cell abundanceygen
a separate group with cyanobacterium JSC-12, while the reavailability, and salinity Kigures 3 4). Meanwhile, members
of the Leptolyngbyastrains cluster apart; (ii) strain PCC 7376 of the Low Temperature Copiotroph group were characterized
forms a new genus namefinugrolinea(E. bermudensi®CC by strong positive correlations with the concentration of
7376); (iii) strain PCC 7375 forms a new genus nanfdbnisia  nitrogen and phosphorus; positive correlations (stronger than
(A. splendidu>CC 7375); (iv) strain PCC 7104 forms a new those presented by Low Temperature group) with minimum
genus namedllonema(A. longislandicu®CC 71034); and (v)  generation time, silicate and depth; and by negative cdiozia
strain PCC 6406 forms a new genus naniadyforis(E. eilemai (also stronger than those presented by Low Temperature
PCC 6408). group) with temperature, microbial cell abundance (in

Case |lIl. Arthrospira group. Examination of the four particular with autotroph cell density), oxygen availabilignd
Arthrospirastrains indicated that (i)A. platensisC1 should be salinity (Figures 3 4). Finally, members of High Temperature
considered a new species, nanfedsesilensié\. sesilensi§1’);  Oligotroph group were characterized by negative correfatio
(ii) strain PCC 8005 belongs to a new species, nafedtrilium  with the concentration of nitrogen and phosphorus and positive
(A. nitrilium PCC 800%); and (iii) the type strain ofArthrospira  correlations with temperature and autotroph cell abundance
platensigPCC 7345) formed a tight cluster along with NIES-39(Figures 3 4).
and Paraca. As suggested by correlation analyseggres 4C,D, NMDS

Case IV.Synechococcgmup. The nineSynechococcssains  revealed the Low Temperature Copiotroph group to be more
split in (i) S. elongatuPCC 6301 type strain forms a separate abundant in cold and eutrophic waters, while the High
group with S. elongatuPCC 7942; (ii) strain PCC 6312 forms Temperature Oligotroph group exhibited the opposite pattern
a new genus name8tenotopigS. californiiPCC 6312); (i)  and was more abundant in warm and oligotrophic environments
strain PCC 7335 belongs to a new genus na@edcusdissimilis (Figures 4A,B. In turn, Low Temperature was more abundant at
(C. mexicanu$CC 7335); (iv) strains JA23Ba213 and JA33Abintermediate conditions between these polar opposites and was
formed a new genus nameaptococcug.. springiiJA23Ba218  shown to be more abundant in samples with higher cell densities
and L. yellostoniJA33AH); (v) strain PCC 7336 formed a new and NO, concentrations.
genus name€urycoccuE. berkleyPCC 7338); (vi) strain PCC We also investigated the abundance of the ecogenomic groups
7502 belonged to a new genus nantegbtovivax(L. bogiiPCC in freshwater environments. Unfortunately, there is no cutig
7507); and (vii) Synechococcus euryhaliR@C 7002 represents available large-scale dataset of freshwater metagenoritles w

a new genus namegnugrolinedE. euryhalinu$CC 7002). associated metadata comparable to the Tara Oceans dataset. T
. . de ne freshwater ecogenomic groups we chose to extrapolate

Charting Ecological Groups of the classi cation obtained from the analyses of the marine

Cyanobacteria dataset. In freshwater metagenomes, the Low Temperature

Our phylogenomic analysis was complemented by an ecologic@opiotroph was the dominant group in all the analyzed samples
characterization of the analyzed strains, providing esaknt (Figure S4A. NMDS of freshwater samples suggested that Low
insights into relations between taxonomy, phylogeny, andemperature group displayed a preference for higher pH and
ecological role Beiko, 201p Correlating the relative genome DOC, nitrite and total nitrogen concentrations whereas tigh
abundances with environmental parameters measured at Tafeemperature Oligotroph group has a preference for habitath wit
Oceans sampless(nagawa et al., 201fevealed associations higher concentrations of POC, phosphorus, ammonia and nitrate
between Cyanobacteria and physical, chemical and biologicéfigures S4B,
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FIGURE 3 | Correlations between Cyanobacteria and environmental viables. Heatmap displays Spearman correlation scores beteen the abundance of
cyanobacterial genomes and measured environmental paranters at TaraOcean sampling sites. Correlations that showed ¢ correctegh < 0.05 are marked with
stars. Variables were grouped through the complete linkagelustering method using Manhattan distances as input. The posed new genera and species names

were adopted in this gure.

DISCUSSION studies have obtained dozens of new metagenome-assembled
genomes from complex environmental sampl@&ofvn et al.,

The use of HTS technologies and environmental surveys have15; Hugerth et al., 2015; Almstrand et al., 2016; Haroal. et

allowed studies that link phylogenomics and ecogenomics af016; Pinto et al., 20).6The abundance of these genomes across

Cyanobacteria. High-throughput genome sequence techimegsog di erent environments can now be inferred from metagenomics

are causing a revolution in microbial diversity studies. €&&c including their metabolic and ecological potential. It is clea
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FIGURE 4 | Ecogenomic analysis of Cyanobacteria in global marine emehments. (A) Distribution of the dominant ecogenomic groups (Low Tempeature group; Low
Temperature Copiotroph group; and High Temperature Oligobph) along theTara Ocean transect sampling from surface layer (5 m{B) Distribution of the dominant
ecogenomic groups along theTaraOcean transect sampling from subsurface layer>(5 m). (C) Non-metric multidimensional scaling (NMDS) analysis oféhmarine
metagenomes and environmental parameters. Ordination ptaf physicochemical parameters. Dots indicate the metageomes samples. Distances were calculated
based on the Bray-Curtis Method. NMDS stress valu® 0.15. (D) Non-metric multidimensional scaling (NMDS) analysis oféimarine metagenomes and
environmental parameters. Ordination plot of ecogenomiclasters. Dots indicate the metagenomes samples. Distancewere calculated based on the Bray-Curtis
Method. NMDS stress valueD 0.15.

that a new system is required to allow for precise taxonomiof environmental metagenomes and microbiomes have shown

identi cation of these new genomes. that microbial communities consist of genotypic clusters of
. . . closely related organisms-drrant et al., 2006 These groups

WGS as the Basic Unit for Cyanobacteria display cohesive environmental associations and dynamass th

Genomic Taxonomy (CGT) di erentiate them from other groups co-existing in the same

Comparative genomic studies allow for identi cation of seqee  environment. In light of new concepts, restlessness is maognt
groups with high genotypic similarity based on variation inwith the inability to de ne the microbial species itself. Evtibn
protein coding genes distributed across the genomes. Aeslysstudies on closely related bacteria show rapid and highlialober
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gene uxes in evolving microbial genomes, suggesting that The identi cation of specic features responsible for
extensive gene loss and horizontal gene transfer leading te ning niche occupancy among these organisms depends on
innovation are the dominant evolutionary processBsiit et al., extensive experimental data focusing on both physiological
2014; Puigho et al., 2014CGT will solve the often-observed and morphological features, which is outside of our scope.
issue that even closely related genomes contain high gerterto  Nevertheless, we speculate that some features are likelpglayi
variation, that gives phenotypic variation. CGT is completelyrole in this process:

adjusting to the genomics era, addressing the needs of i
users in microbial ecology and clinical microbiology, in ewn
paradigm of open acces®¢iko, 201xr CGT will provide a
predictive operational framework for reliable automated and
openly available identi cation and classi cationT{lompson
etal., 201p

ﬁ) Transcriptional patterns: The way in which Cyanobacteria
regulate gene expression in response to changing
environmental conditions is likely to play a role in
de ning which habitats are better suitable for growth of
di erent species.

(2) Nutrient uptake and utilization: Throughout the aquatic
Proposals for Cyanobacterial Taxonomy environment a myriad of gradients of nutrient abundance
A main gap exists and is growing each day between the &' formed Giockerand Seymour, 2017he cyanobacterial
formal taxonomy of Cyanobacteria and the forest of acronyms ~ Capacity for uptake and utilization of limiting nutrients
and numbers in the di erent databases. Indeed, the nameless (€-9~ P. N and Fe) is associated W'th their ecological
operational taxonomic units (OTUs), strains, isolates anG®/ niches occupancyliompson et al._, 20,133' Cout!nhp etal,
sequencesBeiko, 2015; Kozlov et al., 2Q1form the great 2016b; Farrant et al., 201L6Considering that signi cant
majority of data in private and public databases. There is associations were detected betvyeen the abundance of the
a need to re-examine the Cyanobacteria prokaryote species, analy;ed genomes and the nutrlents_ sources (phos_phorus
taking into account all recently developed concepts, e.@, th and nlltroge.n), we assume that the dlvgrsny ar!d e ciency
gene ow unit, OTU, ESTU and Candidate taxonomic unit of their nutrient t_ransp_or'Fers plays a major role in de ning
(CTU) in the context of a pragmatic genome-based taxonomic the cyanobacterial a liation to the proposed ecogenomic

scheme. The type species or strain can be a culture, DNA or groups.

a WGS. The CGT system should maintain all of the existings) Photosynthetic machinery and e ciency: Cyanobacteai@
information, integrating it with new data on DNA, genomes,  'emarkably diverse when considering their photosynthetic
isolates/strains, cultured and uncultured, “Candidateases and physiology. Species dier with regard their preferred
reconstructed genomes from metagenom@so(vn et al., 2015; light |ntenS|t.|es a_lnd wavelengths - which a_ects their
Hugerth et al., 2016 The international initiatives of GEBA are ~ Photosynthetic e ciency (oore et al., 1998; Ting et al.,
currently working on determining the WGS of all type straifis o~ 2009- They also can be dierentiated regarding their
known microbial species to shorten this gap (more than eleven Carboxysomes, sub-cellular structures where carbon xatio
thousand genomes). takes plage\(eates et al., 2008ro our knowledge, no study
We strongly recommended that the modern taxonomy should has con'S|stentIy compared the photosynthetic yields of .aII
be based on WGS. The enormous amount of unique gene _the strains analyzed here, _therefore we cannot d_eterm_lne
sequences (e.g., 165 rRNA gene) databases should be alwayd! € Proposed ecogenomic groups dier regarding this
compared to the available genome-based phylogeny. Studies parameter. Nevertheless, d|st|nct|qns rggardllng their
focusing on one specic taxa/group cannot be disregarded reqwrements forguent photosynthesis are likely linked to
the phylogenetic analysis for the whole major taxa. It will  tNeirpattems of niche occupancy.
avoid the inclusion of the previously erroneous taxa on the ]
analysis. Furthermore, the anxiety to give a new name shoulgcogenomics, Global Changes, and
be reconsidered. Proposes of new taxa where the phylogene@yanobacterial Communities
relationship was not rmly established are frequently feli@.g., Over the past two centuries, human development has

Rajaniemi et al., 2005 aected aquatic ecosystems due to nutrient over-enrichment
. . . (eutrophication), hydrologic alterations, global warmingdan

Ecogenomics and the Delineation of the ocean acidi cation. Temperature is one of the most important

Ecological Niches of Cyanobacteria factors determining the taxonomic composition of marine

Correlation analysis allowed us to characterize how thenicrobial communities funagawa et al., 201®ur data shows
abundance of the analyzed genomes is associated withat temperature is central for regulating the compositiordan
environmental parameters at both marine and freshwatefunctioning of cyanobacterial communities. Global warigyican
habitats. These associations shed light on ecologicahbictiens a ect growth rates and bloom potentials of many taxa within this
taking place within aquatic habitats that are responsible fophylum (Fu et al., 2007; Paerl and Huisman, 2008; Flombaum
delineating the ecological niches of Cyanobacteria. Osulte et al., 2013; Pittera et al., 201Niche based models predict an
showed that taxonomic aliation and niche occupancy areincrease in the absolute levels of organisms formerly ctabssi
coherently linked, i.e., closely related species of the sanas Prochlorococcuand Synechococcukie to global warming
genus often shared correlation patterns, and consequerghg w (Flombaum et al., 20)3Consequently, the functioning of the
assigned to the same ecogenomic group. biogeochemical cycles in which these organisms are indolve
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will also be a ectedfu et al., 200)7 Nevertheless, much less isOur results show that closely related genomes often share a

known regarding how global warming could a ect communitiesniche and can be assigned to the same ecogenomic group.

of Cyanobacteria aside from these two groups of organisms. End-users of Cyanobacteria taxonomy may benet from a
The ecogenomic groups identi ed and their associations withmore reproducible and portable taxonomic scheme. Future

environmental parameters shed light into the potential chesg studies are needed to expand the evolutionary and physiologica

that communities of Cyanobacteria will undergo following basis for the cyanobacterial niche occupancy, integratihgro

global climate changes. Our results indicate that an irsgeéa  important ecological variables such as phage susceptilligjht,

temperature will lead to decreases in the relative abundancetilization strategies, horizontal gene transfer, anceirgpecies

of Low Temperature and Low Temperature Copiotroph groupsinteractions.

while that of High Temperature Oligotroph group increases,

especially those of speci&urycolium neptunisg. ponticus

E. chisholmiand E. nereusOne major impact of this alteration AUTHOR CONTRIBUTIONS
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7420 is also calledMicrocoleus chthonoplastesPCC 7420. Gloeobacter violaceus
PCC 7421 sequence was designated as outgroup.

Figure S2 | Heatmaps based on GGD metrics of speci ¢ cases.(A) Heatmap of
GGD values betweenOscillatoriagroup (case 1), whereMicrocoleus vaginatus
FGP-2 type strain was included to show the closest relatiortsip with the PCC
7112 strain; (B) Heatmap of GGD values betweerLeptolyngbyagroup (case Il);
(C) Heatmap of GGD values betweerArthrospiragroup (case Ill); andD)

Heatmap of GGD values betweernSynechococcus group (case 1V). The
intraspecies limit is assumed as 70% GGD. The GGD values are associated with
the respective thermal color scale located at the bottom leéfcorner of the gure.
The proposed new names were adopted in this gure.

Figure S3 | Abundance and distribution of ecogenomic clusters across pbal
marine metagenomes. Relative abundance of Low Temperaturgroup; Low
Temperature Copiotroph group; and High Temperature Oligooph group at the
global scale.

Figure S4 | Abundance and distribution of ecogenomic clusters across
freshwater metagenomes.(A) Relative abundance of ecogenomic clusters in
Caatinga biome (metagenomesN D 8). (B) Non-metric multidimensional scaling
(NMDS) analysis of the freshwater metagenomes and envirorental parameters.
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