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Revision of the Synechococcales (Cyanobacteria) through recognition of four
families including Oculatellaceae fam. nov. and Trichocoleaceae fam. nov. and six
new genera containing 14 species
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Abstract

A total of 48 strains of thin, filamentous cyanobacteria in Synechococcales were studied by sequencing 16S rRNA and
rpoCl sequence fragments. We also carefully characterized a subset of these by morphology. Phylogenetic analysis of the
16S rRNA gene data using Bayesian inference of a large Synechococcales alignment (345 OTU’s) was in agreement with the
phylogeny based on the 7poC1 gene for 59 OTU’s. Both indicated that the large family-level grouping formerly classified
as the Leptolyngbyaceae could be further divided into four family-level clades. Two of these family-level clades have
been recognized previously as Leptolyngbyaceae and Prochlorotrichaceae. Oculatellaceae fam. nov. and Trichocoleaceae
fam. nov. are proposed for the other two families. The Oculatellaceaec was studied in greater detail, and six new genera
containing 14 species were characterized and named. These new taxa are: Pegethrix botrychoides, P. olivacea, P. convoluta,
P indistincta, Drouetiella lurida, D. hepatica, D. fasciculata, Cartusia fontana, Tildeniella torsiva, T. nuda, Komarkovaea
angustata, Kaiparowitsia implicata, Timaviella obliquedivisa, and T. radians.

Keywords: Pegethrix, Drouetiella, Cartusia, Tildeniella, Komarkovaea, Kaiparowitsia, Timaviella, Oculatellaceae,
Leptolyngbyaceae, Prochlorotrichaceae, Trichocoleaceae, 16S rRNA phylogeny, rpoC1 phylogeny, 16S rRNA synapomorphy,
cyanobacteria taxonomy

Introduction

Cyanobacteria currently contain eight orders supported by molecular sequence data: Gloeobacteriales, Synechococcales,
Spirulinales, Chroococcales, Pleurocapsales, Oscillatoriales, Chroococcidiopsidales, and Nostocales (Komarek et al.
2014). There are over 300 genera, with over 50 described since 2000. Despite the rapidly growing number of genera
and species in recent years, relatively little revisionary work has occurred at the family level. Less than a third of
the genera have 16S rRNA gene sequence data for the generitype (Komarek et al. 2014), so most families contain a
preponderance of un-sequenced and unverified genera based primarily on morphology. Families of cyanobacteria are
thus not confirmed as lineages, and researchers consequently have been reluctant to revise this middle tier of higher
level taxonomy.

The Synechococcales is especially problematic. This group used to contain only coccoid and bacilloid unicellular
and colonial genera, with the related Pseudanabaenales containing simple filamentous forms. Phylogenetic analyses
demonstrated that the genera of the two families are phylogenetically intermixed. Consequently, all of the genera in
the order were consolidated into Synechococcales (Komarek et al. 2104), which currently contains 11 families. Of
these, the families containing simple filamentous forms with peripherally arranged thylakoids are Pseudanabaenaceae,
Leptolyngbyaceae, Romeriaceae, Heteroleibleiniaceae, and Schizotrichaceae. However, even a casual phylogenetic
analysis of these families reveals problems. Representatives of Romeria (type genus of Romeriaceae), Schizothrix (type
genus of the Schizotrichaceae), and Tapinothrix (member of Heteroleibleiniaceae) are all phylogenetically positioned
within the Leptolyngbyaceae (see fig. S1 in Osorio-Santos et al. 2014), although none of these sequences are of the
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type species of these genera (Table 1). Consequently, these families may disappear if it is found that the type species
and other sequenced species are in the same generic clade (e.g. if Tapinothrix bornetii Sauvageau (1892: 123) is found
to be phylogenetically related with the molecularly characterized 7. clintonii Bohunicka et Johansen in Bohunicka
et al. (2011: 130 in Leptolyngbyaceae). Alternatively, the families based on these genera will be retained if the type
species are outside of other described family-level groupings (e.g. if 7. bornetii is found to be very distantly related to
T. clintonii and is well outside of Leptolyngbyaceae), and the current existing sequences will need to be assigned to
other genera. In all recently published trees of the Leptolyngbyaceae, there appears to be stable phylogenetic structure
that suggests the family as currently constructed could be further divided (Johansen et al. 2008, 2011, Miihlsteinova
et al. 2014, Osorio-Santos et al. 2014, Song et al. 2015, Vaz et al. 2015, Li & Li 2016, Miscoe et al. 2016). Thus, the
families in the Synechococcales require revision that combines some families and creates new families for monophyletic
clusters of genera.

Leptolyngbyaceae, as the largest family in the Synechococcales has received significantly more study in recent
years than any other group in the order. Leptolyngbya has repeatedly been shown to be polyphyletic, and numerous
genera have been split out from the genus. The revisionary work has been facilitated by availability of sequence
data for the type species, L. boryana (Gomont 1899: 36) Anagnostidis & Komarek (1988: 391), which provides a
clear benchmark against which morphologically similar taxa can be evaluated (Johansen et al. 2008, 2011). Recently
described genera in the Leptolyngbyaceae include Planktolyngbya, Prochlorothrix, Trichocoleus, Halomicronema,
Phormidesmis, Plectolyngbya, Nodosilinea, Haloleptolyngbya, Oculatella, Pantanalinema, Alkalinema, Scytolyngbya,
Kovacikia, Stenomitos, Thermoleptolyngbya, Pinocchia, Onodrimia, Chamaethrix, Elainella, Timaviella, and
Limnolyngbya (Table 1). All of these new genera and a few previously described genera in the family (Geitleribactron
Komarek 1975: 265, Tapinothrix, Schizothrix, Romeria) have sequence data, making the Leptolyngbyaceae one of the
better taxonomically resolved families in the cyanobacteria.

Despite the progress made in the Leptolyngbyaceae, the family still requires considerable a-level taxonomy.
Many strains have been sequenced having only the simple epithet “Leptolyngbya species”. However, these strains
are clearly phylogenetically distant from the group of Leptolyngbya containing the generitype, which has been called
Leptolyngbya sensu stricto (Bohunicka et al. 2011, Johansen et al. 2011, Perkerson I1I ez al. 2011, Miihlsteinova et al.
2014, Osorio-Santos et al. 2014). The problem lies in the fact that Lepfolyngbya is broadly circumscribed by a very
small number of morphological characters (Komarek & Anagnostidis 2005). Many of the species in the group are
also phenotypically plastic, making identification of species (and genera) very difficult based on morphology alone.
Despite the morphological limitations of the genus, it is evident that taxa closely related to Leptolyngbya sensu stricto
need to be described as new genera so that Lepfolyngbya can eventually become a monophyletic genus (see fig. S1
in Osorio-Santos et al. 2014). Adding to this problem is that many (if not most) of the more than 100 species in this
genus are poorly characterized, often without illustrations, and possess overlapping morphological traits. Most of these
species have not been sequenced, and are very infrequently reported in the literature. Many of them likely belong in
other, yet-to-be-described genera. Thus, a-level taxonomy will include incorporating some historical species names
into new genera, as well as describing species truly new to science that cannot be assigned to any existing taxa.

With the availability of the 16S rRNA and the ITS regions, a-level taxonomy and revision of existing taxa are
rapidly progressing at the species and generic levels. However, 16S rRNA alone is considered insufficient to resolve all
taxonomic questions (Komarek 2006). At the family level, 16S rRNA is ambiguous and ITS sequences and secondary
structures are highly variable. Higher level taxonomy thus requires more information from other regions of the genome.
Currently, with the introduction of novel and high-quality whole-genome amplification methods that facilitates whole-
genome comparisons (Naushad et al. 2014), better broad-range primers designed for conserved regions (Hunt et al.
2006), and the continually falling cost of whole genome sequencing, many genomes are becoming available in public
databases. A time may soon come when 16S rRNA-based taxonomy will be replaced by multi-locus or whole genome
characterization. However, considering that high throughput sequencing technologies are still relatively costly and
restricted in accessibility, and high quality downstream assembly requires time and effort, the use of 16S rRNA and
marker genes still has some future for large scale taxonomic studies. Additional marker genes that may prove helpful
include, but are not limited to, the 23S rRNA gene containing a large fragment called the Universal Plastid Amplicon
(UPA), that can easily be sequenced (Sherwood et al. 2007, 2015); several protein coding genes, for example the 7poB
and 7poC1 loci of the rpo gene family encoding for different beta subunits of DNA-dependent RNA polymerase (Case
et al. 2007, Gaget et al. 2011, Fergusson & Saint 2000, Wilson ef al. 2000); rbcL, a gene encoding the large subunit of
RuBisCO, a critical protein in CO, fixation (Tomitani et al. 2006; Andersen 2013); cpcA-cpcB (phycocyanin subunit
A and B) intergenic spacer (IGS) (Bittencourt-Oliveira et al. 2009) that performs taxonomic placement at the species
level; and many more.




A number of strains of Leptolyngbyaceae were isolated and morphologically described as part of a study of the
aquatic and subaerial cyanobacterial flora of the Grand Staircase-Escalante National Monument (Krautova 2008).
They are currently housed within the Cyanobacterial Culture Collection at John Carroll University, and were the
focus of this study. The collection also has numerous other strains in the order Synechococcales, from diverse sites
and habitats including desert soils in North and South America, the Great Smoky Mountains National Park, Hawaii,
and Europe. Within this broader collection are many Leptolyngbyaceae sensu lato, for which 16S rRNA data already
exist. Our objective was to taxonomically study these thin filamentous strains in Synechococcales using a polyphasic
approach including data on morphology, ecology, 16s rRNA and 7poC1 phylogeny, and secondary structures of the
16S-238S ITS region. This manuscript begins the revisionary process for Leptolyngbyaceae by breaking the family
into four monophyletic families, describing Trichocoleaceae and Oculatellaceae, and redefining two older families,
Leptolyngbyaceae and Prochlorotrichaceae. The Oculatellaceae are more completely characterized through description
of six new genera and fourteen species (either previously described taxa or taxa new to science) based upon the strains
available in the JCU collection.

TABLE 1. List of genera with author citations and their family affinity within Synechococcales based on the 16S rRNA
phylogeny in this study. Annotations:—Type: Sequence of the type species/type specimen is available; Nontype: Sequence
of species other than the type is available; No Seq.: No molecular sequence is available for any species of the genus.

Taxon Status

Leptolyngbyaceae (Anagnostidis & Komarek 1988: 439) Komarek ez al. (2014: 316)

Alkalinema Vaz et al. (2015: 302) Type
Arthronema Komarek & Lukavsky (1988:32) Type
Kovacikia Miscoe & Johansen in Miscoe et al. (2016: 83) Type
Leptolyngbya Anagnostidis & Komarek (1988: 390) Type
Mpyxacorys Pietrasiak et al. 2015 provis. In Komarek ez al. (2014: 332) Type
Neosynechococcus Dvorak et al. (2013: 26) Type
Pantanalinema Vaz et al. (2015: 301) Type
Phormidesmis Turicchia et al. (2009: 179) Type
Plectolyngbya Taton et al. (2011: 184) Type
Planktolyngbya Anagnostidis & Komarek (1988: 394) Type
Romeria (Raciborski) Koczwara in Geitler (1932: 916) Nontype
Seytolyngbya Song & Li (2015: 74) Type
Stenomitos Miscoe & Johansen in Miscoe et al. (2015:84) Type
Tapinothrix Savageau (1892: 123) Nontype
Limnolyngbya Li & Li (2016: 479) Type
Pinocchia Dvoték et al. (2015: 114) Type
Onodrimia Jahodatova et al. (2017: 30) Type
Chamaethrix Dvotak et al. (2017: 270) Type
Oculatellaceae fam. nov.
Cartusia gen. nov. Type
Elainella Jahodatova et al. (2014: 4) Type
Drouetiella gen. nov. Type
Komarkovaea gen. nov. Type
Tildeniella gen. nov. Type
Kaiparowitsia gen. nov. Type
Oculatella Zammit et al. (2012: 352) Type
Pegethrix gen. nov. Type
Thermoleptolyngbya Sciuto & Moro (2016: 33) Type
Timaviella Sciuto et al. 2017 Type

Trichotorquatus Pietrasiak & Johansen 2015 provis. In Komarek ez al. (2014: 332) Type




TABLE 1. (Continued)

Taxon Status

Prochlorotrichaceae Burger-Wiersma et al. (1989: 255)

Haloleptolyngbya Dadheech et al. (2012: 272) Type
Halomicronema Abed et al. (2002: 59) Type
Nodosilinea Pekerson & Casamatta in Perkerson et al. (2011: 1404) Type
Prochlorothrix Burger-Wiersma et al. (1989: 255) Type
Trichocoleaceae Mai et al. 2016
Trichocoleus Anagnostidis (2011: 369) Nontype
Pseudanabanaceae Anagnostidis & Komarek (1988: 374)
Komvophoron subg. Alyssophoron Anagnostidis & Komarek (1988: 372) No Seq.
Limnothrix redekei Meffert (1988: 10) Type
Pseudanabaena Lauterborn (1915: 10) Type
Yonedaella Umezaki (1962: 323) No Seq.
Incertae familiae
Cyanocatenula Joosten (2006: 34) No Seq.
Dasygloea Thwaites (1848: pl. 2941) ex Gomont (1892: 346) No Seq.
Heteroleibleinia (Geitler 1932: 1035) Hoffmann (1985: 76) No Seq.
Jaaginema Anagnostidis & Komarek (1988: 395) Type*
Schizothrix Kiitzing (1843: 230) ex Gomont (1892: 292) Nontype
Tubiella Hollerbach (1935: 34) No Seq.
Wolskyella Claus (1963: 32) No Seq.

*Sequence of the type species of Jaaginema is J. subtilitissimum (Kiitzing 1847 ex De Toni 1907) Anagnostidis &
Komarek (1988: 396) and can be found on NCBI. However, identity of this sequence with cyanobacteria is uncertain.
Consequently, the phylogenetic position of Jaaginema is presently uncertain.

Material and methods

Molecular techniques:—Genomic DNA was extracted from selected strains (Table 2 and Table S1) located in the
Cyanobacterial Culture Collection of John Carroll University (JCU), using UltraClean Microbial DNA Isolation Kit
(MO BIO Laboratories, Inc., Carlsbad, CA, USA) or a CTAB (cetyl trimethylammonium bromide)-based extraction
following Burke ef al. (2006) when UltraClean Kit could not retrieve DNA successfully. PCR amplification of the
16S rRNA gene was performed using primers VRF1: 5°’-CTC TGT GTG CCT AGG TAT CC-3’ (Wilmotte et al. 1993,
Boyer et al. 2001) and VRF2: 5°-GGG GAA TTT TCC GCA ATG GG-3’ (Niibel et al. 1997, Boyer et al. 2001). All
PCR reactions contained 1X GoTaq® Flexi Buffer, 0.025 units/ul. GoTaq® Flexi DNA Polymerase, 3 mM MgCl,
(Promega, Madison, WI, USA.), 0.2 mM dNTPs, 0.5 pg/uL of BSA (NEB, Ipswich, MA, USA.) and 0.5 uM each
of primer VRF1 and VRF2, (NEB, Ipswich, MA, USA). Reactions were performed in a BioRad PCR Thermocycler
(Bio-Rad Laboratories, Inc., France) with a 3 minute incubation at 94°C to minimize non-specific DNA amplifications.
Subsequently, reactions underwent 35 cycles of 94°C (30 s), 53°C (30 s) and 72°C (60 s), followed by an incubation
at 72°C (300 s) to complete synthesis. A representative of each genus was selected for PCR amplification of DNA-
dependent RNA Polymerase subunit Gamma (7poC1). Primer sequences for rpoC1 were rpc/MF: 5'-GGT GAR GTN
ACN AAR CCA GAR AC-3" and rpc/CR-1: 5'-CCA GAR TAG TCN ACC CGT TTA CC-3" (Seo & Yokota 2003).
The cycling conditions followed those described in the above-cited publications. For the 16S rRNA gene which occurs
as multiple copies across genomes, PCR products were cloned using the StrataClone PCR cloning kit according to
manufacturer instructions (La Jolla, CA, USA). Plasmid purification proceeded with QIAPrep Miniprep Spin Kit
(Qiagen, Carlsbad, CA, U.S.A.) prior to EcoRI digestion to select successful clones. For each strain, 4 plasmids were
sent out for sequencing. For PCR products from rpoC1 gene, mono-product reactions were directly purified, whereas
multi-product reactions (the primers lack specificity) were excised from an agarose gel (choosing amplifications of
correct size) and purified using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). All
plasmid DNA and purified PCR products were sent to Functional Biosciences, Inc. (Madison, WI) for sequencing,
and processed with Sequencher v. 4.10.1 software (Gene Codes Corp, Ann Arbor, MI, USA.). Sequencing primers for




sequencing of the cloned products included primer M13 forward, M13 reverse, primer 5 (5’-TGT ACA CAC CGG
CCC GTC-3’) (Wilmotte et al. 1993), primer 7 (5’-AAT GGG ATT AGA TAC CCC AGT AGT C-3’) and primer 8
(5’-AAGGAGGTGATCCAGCCACA-3’) (Niibel et al. 1997).

TABLE 2. List of sequences from our database used in this analysis, with accession numbers. Sequences available on
NCBI marked as such. Annotations:—F. (Family): L=Leptolyngbyaceae; O=Oculatellaceae; Pr=Prochlorotrichaceae;
T=Trichocoleaceae; Ps=Pseudanabaenaceac. NCBI Accession Number: N/A=Sequences not available; Accession number
(regular) = Single bold) = Multiple sequence with single accession number on NCBI; Unpublished=Sequence available,
pending submission. Collection site: JTNP=Joshua Tree National Park; GSENM=Grand Staircase-Escalante National
Monument; GSMNP=Great Smokey Mountain National Park; EYNF=EI Yunque National Forest.

NCBI Accession Numbers

Strain names Collection site
16S rpoCl

Scytolyngbya HA4215-MV 1 L Laie Falls, Oahu. HI, USA. KF307599 KY498296
“Myxacorys” ATA2-1-KO14 L Atacama Desert, Chile. NCBI KY498278
Plectolyngbya WIT66-NPBG17 L Mojave Desert. CA, USA. NCBI KY498279
Plectolyngbya HA4277-MV3 L Honolulu, Oahu. HI, USA. NCBI KY498280
Leptolyngbyaceae WOS-LAB13 L GSMNP. TN, USA. KY078761 KY498298
Leptolyngbya (ct.) HA4303-MV7 L Maunawili stream, Oahu. HI, USA. NCBI KY498299
Leptolyngbya (cf.) HA4237-MV2 L Taro fields, Oahu. HI, USA. NCBI KY498300
Phormidesmis WIT36-NPBG15 L JTNP, Mojave Desert. CA, USA. NCBI KY498266
Phormidesmis WJT36-NPBG12 L JTNP, Mojave Desert. CA, USA. NCBI KY498267
Phormidesmis WIT24-NPBGS8 L JTNP, Colorado Desert. CA, USA.  NCBI KY498301
Phormidesmis TAA2-2HA3 L JTNP, Mojave Desert. CA, USA. NCBI KY498301
Leptolyngbyaceae EY07-AM2 L EYNF, Puerto Rico. KU161656 KY498308
Leptolyngbyaceae GSE-TBD9-6B L GSENM. UT, USA. KYO078757 KY498289
Leptolyngbyaceae GSE-TBD7-7G L GSENM. UT, USA KYO078758 N/A
Leptolyngbyaceae GSE-UNK-8H L GSENM. UT, USA KY078759 N/A
Arthronema africanum CCALA20 (SAG 1.89) L Wau en-Namus, Fezzan. Libya. NCBI KY498294
Stenomitos rutilans HA7619-LM?2 L Kauai. HI, USA. NCBI KY498295
Oculatella atacamensis ATA3-4Q-CV5 (0] Atacama Desert. Chile. NCBI KY498276
Oculatella kauaiensis HA4348-LM1 (6] Kauai. HI, USA. NCBI KY498277
“Trichotorquatus” ATA2-1-CV25 O  Atacama Desert. Chile NCBI KY498284
“Trichotorquatus” SMER-A O NA Unpublished KY498293
Pegethrix convoluta GSE-PSE-MK38-07D (0] GSENM. UT, USA. KY078763 KY498281
Pegethrix convoluta GSE-PSE-MK22-07D (0] GSENM. UT, USA. KYO078764 N/A
Pegethrix indistincta GSE-TBC-7GA O  GSENM. UT, USA. KY078765 N/A
Pegethrix indistincta GSE-TBD1-7G O  GSENM. UT, USA. KY 078766 N/A
Pegethrix indistincta GSE-TBC-7GB O  GSENM. UT, USA. KY078767 N/A
Pegethrix bostrychoides GSE-PSE-MK47-15B° O GSENM. UT, USA. KY078768 N/A
Pegethrix bostrychoides GSE-TBD4-15B (0] GSENM. UT, USA. KY078769 N/A
Drouetiella fasciculata GSE-PSE-MK29-07A (0] GSENM. UT, USA. KY078770 KY498282
Timaviella obliquedivisa GSE-PSE23-08B (0] GSENM. UT, USA. KY078772 KY498309



TABLE 2. (Continued)

NCBI Accession Numbers

Strain names Collection site
16S rpoCl1

Timaviella obliquedivisa GSE-PSE28-08A (0] GSENM. UT, USA. NCBI KY498310
Timaviella radians GSE-UNK-7R O  GSENM. UT, USA. KY078773 KY498288
Timaviella radians GSE-TBD6-7R (6] GSENM. UT, USA. KY078774 N/A
Tildeniella torsiva Hubel 1974/223 O  Bay Barther Bodden, Germany KY498227 N/A
Tildeniella torsiva Hubel 1974/235 Pr  Bay Barther Bodden, Germany NCBI KY498290
Tildeniella torsiva Uher1998/13d O SPNP, Slovakia. KY498228 N/A
Tildeniella nuda ZEHNDER 1965/U140 (6] Stansstaad, Switzerland. NCBI KY498291
Komarkovaea angustata EY01-AM2 (6] Puerto Rico. NCBI KY498308
Kaiparowitsia implicata GSE-PSE-MK54-09C (6] GSENM. UT, USA. KYO078776 KY498286
Kaiparowitsia implicata GSE-TBC-9CA2 (0] GSENM. UT, USA. KYO078777 KY498285
Kaiparowitsia implicata GSE-TBC-9CA (0] GSENM. UT, USA. KYO078778 KY498287
Nodosilinea GSE-PSE-MK27-15A Pr  GSENM. UT, USA. KY078779 KY498306
Nodosilinea GSE-PSE-MK55-09B Pr  GSENM. UT, USA. KY078780 KY498307
Nodosilinea nodulosa UTEX 2910 Pr  South China Sea NCBI KY498292
“Xeronema” WIT66-NPBG5 Pr  JTNP, Mojave Desert. CA, USA. NCBI KY498305
Trichocoleus desertorum ATA4-8-CV3 T Atacama Desert. Chile. NCBI KY498274
Trichocoleus desertorum ATA4-8-CV12 T Atacama Desert. Chile. NCBI KY498275
Pseudanabaena GSE-PSE-MK21-19D Ps  GSENM. UT, USA. Unpublished KY498297

Phylogenetic analysis:—After sequencing, all four clones per strain were inspected for number of tRNAs in the
ITS region. Only operons with 2 tRNA genes were chosen to reduce error introduced by sequence differences between
multiple paralagous operons. Orthologous operons were aligned with ClustalW to create one consensus sequence per
strain (Larkin et al. 2007). 16S rRNA sequences were then submitted to MUSCLE in MEGAG. In addition, we also
looked into the conserved regions of the 16S that have secondary structure (identified by Rehdkova et al. 2014) to
make sure that they were aligned correctly, i.e. different nucleotide sequences fold into the same secondary structures.
The alignment was submitted to MrBayes on XSEDE (3.2.6) available on CIPRES Science Gateway v.3.1 (Miller
et al. 2011) with the following parameters: NST=6, Rates=equal, MCMC Ngen=50,000,000. All other parameters
were left as defaults. The BA had a mean estimated sample size (ESS) exceeding 270 for all parameters (ranging 271-
16,086), above the average of 200 typically accepted as sufficient by phylogeneticists (Drummond et al. 2006). The
final average standard deviation of split frequencies was <0.03. The potential scale reduction factor (PSRF) value for
all the estimated parameters in the Bayesian analysis was 1.00, indicating that convergence of the MCMC chains was
statistically achieved (Gelman and Rubin 1992).

The 16S-23S rRNA internal transcribed spacer regions (ITS) were not aligned, but secondary structures including
D1-D1’, Box B, V2 and V3 helices were identified and predicted using the Mfold web server (Zuker 2003). Additional
conserved domains (all helices plus D2, D3, Box A, D4, and D5) were identified for comparison of lengths. All
structures were redrawn in Adobe Illustrator in the CS5 software package (Adobe Systems Incorporated, San Jose, CA,
USA.). Descriptions of secondary structures were based on nomenclature set forth by Bevilacqua and Blose (2008).
For rpoC1, sequences were blasted in the NCBI protein database using BLASTX to identify the start codon. DNA
alignments of 55 rpoCI sequences composed of data from our selected strains and strains available on NCBI (from
single PCR or from genomes) were submitted to JModelTest2 2.1.6 (Darriba et al. 2012) on XSEDE (2.01) to find the
appropriate empirical evolutionary models and obtain the appropriate parameters for those models (values for Revmatpr,
Pinvarpr and Shapepr). Tree topology with the rpoCI gene was constructed with MrBayes using model TrN+I+G with
the following parameters: NST=6, Nucmodel=codon, Rates=invgamma, Revmatpr=fixed (1.0000, 4.0631, 1.0000,
1.0000, 6.4511, 1.0000), Pinvarpr=0.3400, Shapepr=0.6700; MCMC Ngen=10,000,000. Tree topology with rbcLX



was constructed using model TPM1uf+I+G with the following parameters specified by JModelTest2 2.1.6. (Darriba
et al. 2012): NST=6, Nucmodel=codon, Rates=invgamma, Revmatpr=fixed (1.0000, 2.4878, 0.8459, 2.4878, 1.0000),
Pinvarpr=0.0930, Shapepr=0.7740; MCMC Ngen=15,000,000. The rpoC1 BA had a mean estimated sample size
(ESS) exceeding 250 for all parameters (ranging 274-1418). The final average standard deviation of split frequencies
was <0.011. The potential scale reduction factor (PSRF) value for all the estimated parameters in the Bayesian analysis
was 1.00, indicating that convergence of the MCMC chains was statistically achieved (Gelman and Rubin 1992).

Since the tree topology for rbcLX is in critical disagreement with 16S rRNA and rpoC1 phylogenies, we decided
to gather more information on this gene in anticipation of a future study, but do not include the analysis in this
manuscript. Calculation of uncorrected p-distance in 16S rRNA and the 16S-23S ITS regions was done with PAUP
4.0 (Swofford 2002) and used to calculate sequence identity (100*(1-p)) for 16S rRNA data and percent dissimilarity
(100*p-distance) for ITS data.

Microscopy:—Cyanobacteria were cultured in solid Z8 media (Carmichael 1986), or liquid Z8 medium when
necessary, over the course of approximately 8 months. Microscopic images were taken when growth started to occur in
a new transfer to represent exponential phase after 2—3 months, and after 6-8 months to represent stationary phase. All
images were taken with an Axio Scope HBO 50 (Carl Zeiss AS, Norway) and processed when necessary with Adobe
Photoshop in the CS5 software package (Adobe Systems Incorporated, San Jose, CA, USA). For each phase of growth,
at least three cells in ten different filaments were measured, but also a search was made for maximum and minimum
dimensions.

Type materials preparation:—All strains were cultured in liquid Z8 medium until biomass was sufficient to
prepare three dried preparations. Liquid cultures were vacuum filtered on to sterile glass fiber filters, which were
allowed to dry at room temperature in covered glass petri dishes for a week. These filters were then placed in wax-paper
envelopes, mounted on a card, and placed in protective covers. A portion of the type materials were also preserved
in 4% formaldehyde. All materials were deposited in the Herbarium for Nonvascular Cryptogams, Monte L. Bean
Museum, Brigham Young University, Provo, Utah, USA.

Results

Phylogenetic results based on 16S rRNA phylogeny:—Our 16S rRNA analyses of 324 OTUs belonging within
the Synechococcales with Gloeobacter violaceus Rippka et al. (1974: 436) (Gloeobacteriales) as outgroup indicated
the existence of five distinct family-level clades (Figs 1-3). The Leptolyngbyaceae (Fig. 1) contains Leptolyngbya
sensu stricto, and several newly described and revised taxa of Plectolyngbya, Tapinothrix, Romeria, Planktolyngbya,
Alkalinema, Phormidesmis, Stenomitos, Neosynechococcus, Arthronema, Pantanalinema, Limnolyngbya, Pinocchia,
Onodrimia, Chamaethrix, and Scytolyngbya (Table 1). The family contains many strains that are incorrectly placed
taxonomically, mostly either in Leptolyngbya or Phormidesmis (see genera in quotation marks, Fig. 1). “Myxacorys”
is the name of a large clade of soil species that have been discussed in the literature (Komarek ez al. 2014), but have
not yet been validly published.

In a sister phylogenetic relationship to Leptolyngbyaceae is another large, highly supported clade, containing
diverse subaerophytic taxa from both wet rocks and soils, some of which were separated from Leptolyngbya sensu
lato (Fig. 2). The clade is referred to in this work as Oculatellaceae fam. nov., a new family based on Oculatella,
the first genus to be described in this group, and contains nine additional genera: Thermoleptolyngbya, Elainella,
Timaviella, Pegethrix gen. nov., Tildeniella gen. nov., Drouetiella gen. nov., Cartusia gen. nov., Kaiparowitsia gen.
nov. and Komarkovaea gen. nov. The Oculatellaceae also has a number of strains that are incorrectly placed (e.g.
“Leptolyngbya” and “Phormidium”). Two genera lacking valid descriptions appear in this family. “Marsacia
ferruginose” is a manuscript name for a characterized strain discussed in the literature (Brown et al. 2010), and
“Trichotorquatus” represents a set of soil strains which may be described in the future (Komarek et al. 2014).

At the basal position to Leptolyngbyaceae and Oculatellaceae is a group we refer to as Prochlorotrichaceae,
containing Nodosilinea, Halomicronema, and Prochlorothrix, as well as a number of taxa of uncertain generic identity
(Fig. 3). Of the three described genera, Prochlorothrix is the oldest name, and at the time of its description it was placed
in its own family, Prochlorotrichaceae (Burger-Wiersma et al. 1989). Prochlorothrix hollandica Burger-Wiesma et al.
(1989: 256) and Prochlorotrichaceae were described under the International Code of Nomenclature of Bacteria, but are
valid under the International Code of Nomenclature of Plants, Algae and Fungi (McNeill ez al. 2012), Art 45.1. The
fourth family-level clade contains two species in the genus Trichocoleus (Fig. 3). Although low in diversity, this clade



cannot be included in any of the above three groups without creating paraphyletic families. We consequently establish
the name Trichocoleaceae fam. nov. for this group of taxa. At the base of the Synechococcales (defined by its proximity
to the outgroup taxon Gloeobacter) is the Pseudanabaenaceae, a family containing Pseudanabaena Lauterborn (1915:
437) and Limnothrix Meffert (1988: 269) (Fig. 3). Three representatives of the order Oscillatoriales were included
in our analysis, and they fall between the Pseudanabaenaceae and the other families of the Synechococcales. If this
position is stable in more extensively samples phylogenies, it could indicate that the order Pseudanabaenales may be
narrowly defined and distinct from Synechococcales, in which it was recently subsumed (Komarek et al. 2014). In
the phylogenomic study by Mare§ (2017) the Synechococcales consisted of four clades at the base of the phylogenetic
tree (rooted by Gloeobacteriales) that were paraphyletic to all other cyanobacteria. His tree supported the recognition
of Pseudanabaenales as a separate order from Synechococcales, and indicated much more revision in the higher level
taxonomy of simple filamentous forms is needed.
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FIGURE 1. 16SrRNA Bayesian Inference analysis of the filamentous group of Synechococcales cyanobacteria, showing Leptolyngbyaceae.
Black polygons represent genera that have been described or are named in provision (e.g., “Myxacorys "), with length corresponding to the
distance from the most basal OTU to the most diverged OTU of the genus. Posterior probabilities for the BI analysis are given above the

nodes. Taxa which we consider to be incorrectly named in NCBI or requiring revisionary work are in quotation marks.
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FIGURE 2. 16S rRNA Bayesian Inference analysis of the filamentous group of Synechococcales cyanobacteria, showing Oculatellaceae.
Black polygons represent genera that have been validly described or are named in provision (e.g., “Trichotorquatus’), with length
corresponding to the distance from the most basal OTU to the most diverged OTU of the genus. Posterior probabilities for the BI analysis
are given above the nodes. Taxa which we consider to be incorrectly named in NCBI or requiring revisionary work are in quotation

marks.

Phylogenetic results based on rpoCI phylogeny:—Analysis of 55 sequences of the rpoC1 gene shows the
Oculatellaceae to be the most divergent and cohesive group of genera in the Synechococcales (Fig. 4, OTUs marked
by yellow squares). The group is stable in the phylogenetic analysis, and would be monophyletic if Tildeniella nuda
was excluded from the analysis. Leptolyngbyaceae is shown as the sister taxon to Oculatellaceae, which agrees with
the analysis based on 16S rRNA gene sequence. Most taxa belonging to Leptolyngbyaceae in the 16S rRNA analysis



were also shown to be related in the rpoCI analysis (Fig. 4, clades marked with black hollow circles). This group
contains Leptolyngbya sensu stricto and related taxa: Plectolyngbya, “Myxacorys”, Arthronema, Phormidesmis and
Stenomitos. However, the inclusion of 7. nuda within this group and the exclusion of several “Leptolyngbyaceae”
which fall outside of the clade make the family polyphyletic when only the rpoC1 data are considered (Fig. 4).
Trichocoleus taxa are shown to be at a position distinct from other taxa, but in this analysis appear to be more related
to Oculatellaceae and Leptolyngbyaceae, while in the 16S rRNA analysis Prochlorotrichaceae was more related to the
Oculatellaceae + Leptolyngbyaceae clade than the Trichocoleaceae (Fig. 3). The group of Prochlorotrichaceae splits
into three clades, with Prochlorothrix hollandica in an unresolved position at the base of the tree and Nodosilinea with
a number of Prochlorotrichacean OTUs aggregating to form a large group sister to the clade containing Oculatellaceae
+ Leptolyngbyaceae + Trichocoleaceae. The group of Pseudanabanaceae is poorly sampled, with only two strains of
Pseudanabaena (Fig. 4). Compared to the 16S rRNA phylogeny, there are major position changes in the rpoCl tree,
although the families maintain their structure at least to some degree.
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FIGURE 3. 16S rRNA phylogeny of the filamentous group of Synechococcales cyanobacteria, showing Prochlorotrichaceae,
Trichocoleaceae and Pseudanabaenaceae. Black polygons represent genera that have been described, with length correspond to the distance
from the most basal OTU to the most diverged OTU of the genus. Posterior probabilities for the BI analysis are given above the nodes.
Taxa which we consider to be incorrectly named in NCBI or requiring revisionary work are in quotation marks.

Analysis of 16S rRNA dissimilarity for family separation:—Mean percent dissimilarity in 16S rRNA gene
sequence among genera of different families is 8.2—11.8% (Table 3). This is broader than the mean percent difference
between genera of the same families (6.7-8.5%). However, there is considerable overlap in the range between percent
difference between genera of the same family and different families, making it not realistic to utilize a specific range
or value for family recognition.



TABLE 3. Percent difference in 16S rRNA within and between families. Bold font: between genera within the same family,
regular font: between genera in two different families; values are mean (range). Trichocoleaceae currently has only one
genus, so no between-genus comparison is possible for this family.

Family Leptolyngbyaceae ~ Oculatellaceae Prochlorotrichaceae  Trichocoleaceae Pseudanabaenaceae
Leptolyngbyaceae 8.5 (4.0-13.1)
Oculatellaceae 9.4 (5.2-25.7) 6.7 (2.8-8.5)
Prochlorotrichaceae 10.8 (7.1-15.7) 10.3 (6.9-17.3) 8.4 (4.8-15.5)
Trichocoleaceae 8.2 (4.9-11.2) 7.7 (6.9-8.8) 9.15 (6.8-13.1) NA
Pseudanabaenaceae 11.3 (8.3-14.2) 10.4 (8.4-12.7) 11.8 (9.4-15.9) 9.1 (8.6-9.7) 8.5(7.2-10.4)
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FIGURE 4. rpoCl Bayesian Inference analysis of the filamentous Synechococcales cyanobacteria with representatives of family
Leptolyngbyaceae, Oculatellaceae. Prochlorotrichaceae and Pseudanabaenaceae. OTUs demonstrated to be within specific families
defined in 16S rRNA phylogenies are anotated accordingly. The Oculatellaceae (top clade) has the same composition as the family in the
16S rRNA gene phylogeny, except for Tildeniella nuda, which is in the Leptolyngbyaceae clade in this analysis. Several OTUs previously
listed under Leptolyngbyaceae and Prochlorotrichaceae have changed their positions with respect to the 16S rRNA gene phylogeny. Taxa
which we consider to be incorrectly named in NCBI or requiring revisionary work are in quotation marks.

Molecular diagnosis of families in Synechococcales:—Of 440 sites in the 16S rRNA sequence that were
considered parsimony-informative, we identified 8 nucleotide positions in 5 different helices that were considered
consistent indicators of the family-level clades (Table 4). In all cases, secondary structure of the helices was conserved
among sequences (see examples in Fig. 5). These distinctive nucleotides were found in more than 87% of the
OTUs compared. In some cases, these distinctive nucleotides are shared between two families (e.g: Helix 18 with
T in Leptolyngbyaceae, Oculatellaceae and Gloeobacteraceac and G in Prochlorotrichaceae, Trichocoleaceae and
Pseudanabaenaceae, see Table 4).
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FIGURE 5. Molecular diagnosis of the families proposed or described in this study. Only helices 23 and 27 are shown as they are

considered to be the most straightforward and useful for family distinction.

Taxonomic descriptions:—Families of Synechococcales are characterized on the basis of their 16S rRNA
phylogenetic position and morphological features. We describe two new families in which monophyletic status is
strongly supported. Genera of Oculatellaceae fam. nov. are separated based on a combination of the 16S rRNA threshold
of 94.5 % (below 94.5% sequence similarity is strong evidence for different genera, see Table 5 for genera separated
by this criterion), shapes and sequences of the ITS secondary structures (Figs. 69, and S1) as well as morphological
features (Figs. 10-23). Species of Oculatellaceae fam. nov. are separated based on the 16S rRNA threshold of 98.7
% (below 98.7 % sequence similarity is strong evidence for different species), the 16S-23S ITS percent similarity
threshold of less than 96%, the configuration, sequence (Figs. 6-9), and length (Table 6) of the ITS conserved domains,
as well as morphological features (Figs. 10-23). Using these criteria, we recognize in this work six new genera of
Oculatellaceae: Pegethrix gen. nov., Drouetiella gen. nov., Cartusia gen. nov., Tildeniella gen. nov., Komarkovaea
gen. nov., and Kaiparowitsia gen. nov, and a total of 14 named species belonging to these genera and the recently
described Timaviella.

Class: Cyanophyceae
Subclass: Synechococcophycidae

Order: Synechococcales



TABLE 4. Nucleotides variable between families but consistent within families of the Synechococcales (relevant nucleotides

in bold font). [UPAC code letters are given for those nucleotides that vary within the consensus sequences.

Family Helix Sequence Percent presence in family
Leptolyngbyaceae 18 TGCCAGCAGCCGCGGTAATA 93%
Oculatellaceae 18 TGCCAGCAGCCGCGGTAATA 99%
Prochlorotrichaceae 18 TGCCAGCAGCCGCGGTAAGA 87.5%
Trichocoleaceae 18 TGCCAGCAGCCGCGGTAAGA 100%
Pseudanabaenaceae 18 TGCCAGCAGCCGCGGTAAGA 100%
Gloeobacteraceae 18 TGCCAGCAGCCGCGGTAATA 100%
Lep