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Abstract: Cyanobacteria, known for their remarkable adaptability, are a diverse group of oxygenic
photoautotrophic organisms found in various habitats worldwide. While their presence in aquatic
ecosystems has been extensively studied, research on terrestrial and aerophytic cyanobacteria remains
relatively limited, particularly concerning their taxonomic diversity and molecular characteristics.
In this study, utilizing morphological and molecular data derived from the 16S rRNA gene, we un-
veiled and described two new species of filamentous cyanobacteria growing epiphytically on Laurus
novocanariensis in the laurel forest (laurisilva) of the Canary Islands. The first species, Brasilonema
novocanariensis sp. nov., belongs to a genus of aerophytic and subaerophytic nostocalean cyanobacte-
ria. The second, Rhizonema melkonianarum sp. nov., belongs to the genus Rhizonema. The discovery of
a new species of Brasilonema from the Canary Islands related to species initially found on the opposite
side of the Atlantic Ocean, and recently in Asia, Europe, and Portugal, raises questions about their
dispersal mechanisms, whether through natural means or human-mediated processes, prompting
the need for future studies to investigate these propagation patterns. In the case of Rhizonema melkoni-
anarum sp. nov., the transition from adapting to a basidiolichen host to inhabiting the phyllosphere
of angiosperms raises ecological and evolutionary adaptation questions regarding cyanobacterial
adaptability and their ecological roles in diverse habitats. This research expands our understanding of
the diversity and geographic distribution of these terrestrial phyllosphere-associated cyanobacteria.

Keywords: Atlantic region; molecular systematics; new species; Nostocales; phyllosphere; 16S
rRNA gene

1. Introduction

Cyanobacteria, pivotal organisms in various ecosystems, are currently undergoing
taxonomic transformations due to the accessibility of 16S rRNA gene sequencing and
refined protocols for taxon characterization [1]. Despite these advancements, traditional
morphological taxonomy continues to exert influence in the categorization of the majority
of cyanobacterial taxa [2,3]. The diversity of cyanobacteria in tropical regions, especially in
extreme habitats, remains inadequately explored [4,5]. While cyanobacteria are commonly
associated with aquatic environments, they also fulfill crucial functions in terrestrial and
aerophytic habitats, including soil, rocks, and aerial surfaces such as plant rhizosphere,
bark, and phyllosphere [6–8].

Although terrestrial and aerophytic cyanobacteria are ecologically significant, they
have received less attention compared to their aquatic counterparts [7,9,10]. Recent method-
ological advances that integrate morphological and molecular techniques (i.e., polypha-
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sic approach) have facilitated the discovery of new cyanobacterial taxa over the past
decades [9,11,12].

The Nostocales, heterocytes, forming cyanobacteria, stand out as one of the most
diverse groups within the cyanobacteria phylum. This order represents a substantial portion
of the overall generic diversity, accounting for at least one-third of the total genera within it
(108 out of 300 genera; [13]). In his studies, Komárek [11,12] identified 12 families within
the order Nostocales, a classification also upheld by Strunecky in 2023 [1]. Phylogenetically,
the Nostocales constitute a monophyletic lineage, supported by analysis of their 16S
rDNA sequences [11,14]. Morphologically characterized by filamentous morphology and
adept nitrogen fixation abilities [1,15], they serve as crucial contributors to global carbon
dioxide fixation [16]. The Nostocales order, named according to the International Code
of Nomenclature for Algae, Fungi, and Plants (ICN or ICNafp; [17]), is recognized as
displaying a diverse thallus, that includes unbranched and isopolar forms, as well as false-
branched or true-branched types [1,11]. They possess specialized cells, such as heterocytes,
for nitrogen fixation, and akinetes [1,11].

Within the order Nostocales, the Scytonemataceae family, which consists of approxi-
mately 24 taxonomically accepted genera [1] and up to 39 genera according to Guiry and
Guiry in 2024 [13], plays a notable role, thriving across various terrestrial, aerial, and soil
habitats [7,8,18]. These habitats include caves and sporadically, the surfaces of higher
plants, albeit with less frequency in freshwater bodies [9].

This study focuses on two genera, Brasilonema Fiore et al. and Rhizonema Lücking
and Barrie, within the Scytonemataceae and Rhizonemataceae family, respectively, in the
Canary Island laurel forest (Laurisilva, Figure 1A).

A B

Figure 1. The Tenerife laurel forest is the endemic evergreen forest of the archipelago. (A) Laurisilva
forest on the island of Tenerife; Anaga Rural Park. (B) Leaf of Laurus novocanariensis, as a habitat
revealed by cyanobacteria.

Brasilonema, a genus notably found in subtropical, tropical, and temperate regions,
comprises 40 species [7,19–24], characterized by cylindrical trichomes, not or very slightly
constricted at cross walls and not attenuated towards ends. Heterocytes are solitary,
intercalary, and cylindrically diskoid, more long than wide [21]. However, their occurrence
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and diversity in regions such as the Canary Islands remain underexplored. Rhizonema,
another notable genus, comprises a single species of lichenized cyanobacterium, Rhizonema
interruptum Lücking and Barrie. Described in 2014 [25], this genus is distinguished by
cylindrical trichomes with intercalar heterocytes and occasional true branching, sharing
morphological similarities with many members of the Scytonemataceae family, but Lücking
and Barrie reintroduce the genus into the novel Rhizonemataceae family [25].

The Canary Islands laurel forest is one of the most biologically distinctive ecosystems
in the Canarian archipelago [26]. This dense forest thrives in areas of orographic cloud
formation, with towering trees reaching up to 30 m in height, reflecting a rich and complex
biogeographic history. This unique ecosystem is mainly restricted to the semi-humid mid-
elevations of the mountainous western islands, especially on the windward slopes [26,27].
Among these islands, Tenerife, the largest of the archipelago, hosts a wide variety of
protected areas and natural habitats. Tenerife’s laurel forests have their largest presence in
the Anaga Rural Park and the Teno Rural Park. The Anaga Rural Park (Figure 1) is located
in the northeast of the island and covers an area of more than 14,000 hectares, the largest
area of laurel forest on the island, which has been preserved in part due to its rugged terrain
and challenging foot access in various areas [27].

This study investigated the taxonomic identity of Brasilonema and Rhizonema species
discovered during an opportunistic sampling of laurel tree leaves in the Canary Island
Laurisilva (Figure 1).

2. Materials and Methods

Sampling site, isolation, and culturing: Leaves, representing the phyllosphere of the
targeted cyanobacteria, were collected from the laurel tree Laurus novocanariensis Rivas-Mart.,
et al. The laurel leaves were collected in March 2012 from the Laurisilva within the Anaga rural
Park (28◦32′57′′ N–16◦11′09′′ W (Figure 2); altitude: 727 m), Tenerife; Canary Islands, Spain.
The collected leaves were individually placed in plastic zip-loc bags and labeled. Sampling
was conducted under a permit Sigma 415/2012, granted by the Department of Environment,
Territorial Sustainability, and Water of the Cabildo de Tenerife.

The leaves were meticulously dissected under sterile conditions on a laminar flow
bench, resulting in small, uniform pieces of 1 × 1 cm2, and placed in Petri dishes with
specific sterile culture medium BG11-H with and without a source of combined nitrogen
BG11-Ho (Modified by Naumann in 2004) for a twin-layer culture system based on [28].
Enrichments were incubated at 25 ◦C, with a light intensity of 2–20 µmol photons m−2 s−1,
and a light/dark cycle of 14/9 h for a minimum of 3 months. Enrichment cultures were
checked regularly, every 2 weeks, using an inverted Olympus microscope equipped with
phase contrast optics (CK-41, Olympus, Hamburg, Germany). Upon detecting heterocytes-
forming cyanobacteria, clonal cultures were initiated. To obtain unialgal cultures, isolation
of single cells, short filaments, or hormogonia was performed using the micropipette
technique according to [29] from the same leaf enrichment for both strains.

Maintenance of clonal cultures: Isolated single cells were transferred to microtiter
plates (24 wells, filled with 1 mL of BG11-Ho) and maintained in a growth chamber at
the Spanish Bank of Algae Culture Collection (BEA) under controlled conditions (20 ◦C,
light intensity of 5–20 µmol photons m−2 s−1 and a light/dark cycle of 14/9 h). The
cultures were maintained in BG11-Ho in 50 mL Erlenmeyer flasks and on agar slants, with
regular transfers every 16–20 weeks. Back-up cultures were kept in Petri dishes (35 mm in
diameter). Deposed strains established clonal cultures were assigned collection numbers
BEA 1759B–1761B.

Morphological analyses: Every two weeks, morphology and development observa-
tions of isolated strains were performed using a Nikon 90i (Nikon, Tokyo, Japan) micro-
scope equipped with phase-contrast optics. Quantitative evaluations were carried out with
three-week-old cultures. Defined characters were counted in at least 20 different specimens.
Size measurements, conducted at least 20 times, were performed utilizing the built-in tools
of the Nikon 90i.
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5 km

Figure 2. Map of the Canary Islands; the sampling site is highlighted in the Anaga Rural Park, in the
laurel forest of the island of Tenerife. White circle indicates the coordinates of the sampling.

Molecular Analyses: DNA extractions were carried out using a Qiagen DNeasy plant
mini kit following the manufacturer´s instructions, with some modifications; to harvest the
cells, 1.5 mL of algal culture was centrifuged for 10 min at 10,000× g in a 2 mL microcentrifuge
tube, and the supernatant was discarded afterward. To mechanically disrupt the cells, they
were first frozen at −20 ◦C for at least one day. After that, sterile glass beads (∅ 5 mm)
were added to the 20 µg frozen pellet. All further steps were performed according to the
manufacturer´s protocol until the elution step, where DNA was eluted in a twice-heated
50 µL elution buffer (65 ◦C) instead of 100 µL, which led to a significant increase in the final
DNA concentration of the eluate. The DNA content was quantified via NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA), and DNA was stored at −20 ◦C
afterwards. DNA was amplified with a Hot Start PCR and High Fidelity DNA Polymerase
Thermo Scientific® Phusion. High-Fidelity DNA Polymerase offers both high fidelity and ro-
bust performance and thus can be used for all PCR applications. The primers designed by [30]
were used to generate cyanobacteria-specific primers to avoid accidental amplification of bacte-
rial DNA Operon (as all cultures contained bacteria). The specific positions at the 3′ ends were
incorporated into ptLSU C-D-rev (5′-GCCGGCTCATTCTTCAAC-3′) and ptLSU B19-forw (5′-
CACGTGRAATYCCGTGTGAATCWGC-3′). In the PCR reactions, these primers were paired
with universal SSU rRNA primers (SSU-4-forw, 5′-GATCCTKGCTCAGGATKAACGCTGGC-
3′). The sizes of the bands are about 1500 bp for the SSU. To compare the obtained bands the
DNA ladder (Molecular Weight Marker) of NIPPON Genetics was used.

Sequencing was performed by Macrogen Company (Amsterdam, The Netherlands;
www.macrogen.com) The resulting sequences were deposited in GenBank under the ac-
cession numbers PP409594–PP409596. Consensus sequences were generated in Mesquite
v3.02 (build 681) [31] and aligned in SeaView 5.0 [31]. Newly obtained rDNA sequences
were integrated with sequences from existing databases to construct an alignment that
includes genes for SSU rRNA, tRNA-Ile, and tRNA-Ala. The conserved secondary struc-

www.macrogen.com
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tures of rRNA and tRNA, as elucidated on https://crw2-comparative-rna-web.org/ and
https://rnacentral.org/search?q=has_secondary_structure, played a key role in deter-
mining the architecture of the alignment. SSU sequence lengths from the three clonal
cultures of heterocytes cyanobacteria varied between 1357 and 1420 nucleotides. The
16S rRNA alignment contained a total of 55 cyanobacteria sequences, including three
new ones from the laurel forest, 51 relative sequences from GenBank, in addition to one
non-heterocytes-forming cyanobacteria as the outgroup. If any uncertainty regarding sec-
ondary structure arose, the sequences were reassessed in Mesquite [32]. Hypervariable
gene regions were analyzed on “the Mfold Web Server” [33]. In all datasets, a mask was
applied, which was manually adjusted and excluded those positions/hypervariable regions
that could not be unambiguously aligned and were thus not taken into consideration for
phylogenetic analyses.

Phylogenetic Analyses: The analysis involved the alignment of a total of 104 16S
rRNA sequences, comprising 1428 base pairs (bp). This alignment included publicly
available sequences from both Brasilonema and Rhizonema, as well as sequences from related
genera such as Scytonema and Rivularia, and some other Nostocales closely related to
both clades. Gloeobacter violaceus PCC 7421 was selected as the outgroup, and additional
Nostocales, including Calothrix sp. UAM 374 strain and HA4292 MV4 Scytonematopsis
contorta M.A.Vaccarino and J.R. Johansen, were included in the analysis. The dataset was
phylogenetically analyzed using both Maximum Likelihood (ML) and Bayesian Posterior
Probabilities (BPPs) methods.

Phylogenetic reconstructions were performed using both maximum likelihood (ML)
and Bayesian inference (BI) methods. For both the ML and BI analyses, the model
GTR + I + Γ was used. ML analyses were conducted using the PTHREADS version of
RAxML 7.2.6 [34]. BI was performed in MrBayes v.3.1.2 [35] with two Markov-chain Monte
Carlo (MCMC) chains for 50 M generations, using default options with the covarion model
and autocorrelation. Trees were sampled every 1000 generations, and the burn-in was
determined by the convergence criterion. Statistical support for branches was calculated by
bootstrapping with 1000 replicates using ML [36]. All supporting values, including poste-
rior probabilities (BIs), were plotted onto the best ML topology if the respective branches
were present (ML: ≥70, BI: ≥0.95). The tree was rooted with Gloeobacter violaceus Rippka,
J.B. Waterbury, and Cohen-Bazire, a member relating to the closest genus relative to our
study group.

The secondary structures of the 16S–23S rRNA ITS region were analyzed for our
isolates and compared with previously published sequences. We used the Mfold web
server [33] to delineate and fold the secondary structures. After folding, the structures were
downloaded from the web server and edited with Affinity Designer 1.5.4 Serif Europe Ltd.
Apple, West Bridgford, UK.

3. Results
3.1. Phylogenetic Analyses

Two novel 16S rRNA sequences obtained from cyanobacteria growing epiphytically
on laurel leaves in the laurel forest of Tenerife (Canary Islands) were identified as belonging
to the genera Brasilonema and Rhizonema (see Figure 3).

The resulting ML tree topology is presented in Figure 3, showing support for both
methods. Maximum likelihood support is shown as bootstrap (BS), and Bayesian support
is shown as BPP.

The dataset of the genus Brasilonema shows the presence of all currently accepted
species, 71 sequences from Brasilonema species, available on Genbank. Those marked with
an asterisk (*) on the tree (Figure 3) belong to the new species described in this manuscript.
These species belong to the family Scytonemataceae as classified by Rabenhorst ex Bornet
and Flahault, characterized by sheathed false-branched filaments with predominantly
intercalary heterocytes. Notably, sequences for B. epidendron Fiore et al. and B. ornatum

https://crw2-comparative-rna-web.org/
https://rnacentral.org/search?q=has_secondary_structure
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Fiore et al. are currently unavailable [21]. As has been seen in previous studies, Brasilonema
forms a rather strongly supported clade (100% BS–100% BPP).

83/−

0.0 3

OR210246 Brasilonema corcovadense CR09 11F (subaerophytic Costa Rica)

OR210313 Brasilonema sp. RKST 3191 (subaerial rock mosses Costa Rica)

OR210270 Brasilonema incudis P801A (subaerophytic asphalt Puerto Rico)

GQ443308 Brasilonema roberti-lamii (rocks walls Mexico)

KY365506Brasilonema mombasense KEN MK50 (epiphytic bark Baobab Kenya)

KY407663Scytonema hyalinum WJT32NPBG5 PS15B (desert soil California USA)

EF150855 Brasilonema octogenarum UFV OR1 (Eucalyptus grandis phyllosphere Brazil)

OR210249 Brasilonema cubense TH05 T14 (subaerial concrete Czech Republic)

KY365507 Brasilonema villosum M31 F20B II (muddywall Philippines)

MT986911 Rhizonema andinum (cyanobiont Cora canoelephas Colombia)

AF027655Nostoc punctiforme PCC 73102 (rootMacrozamia sp. Australia)

OR210228 Brasilonema bambusaeCR06 5F_1 (epiphytic bamboo trunk Costa Rica)

KR137603 Brasilonema sp. CENA382 (Euterpe edulis phyllosphere Brazil)

HQ847566 Brasilonema angustatum (moss USA Hawaii)

OR210272 Brasilonema incudis P715A (subaerophytic metal guard rail Puerto Rico)

OR210275 Brasilonema kauaiense HA4401 MV4a (epiphytic tree Hawaii USA)

OR210254 Brasilonema elongatum FM05 MK46 (subaerial Czech Republic)

OR210273 Brasilonema incudis P715A (subaerophytic metal guard rail Puerto Rico)

HQ847561 Scytonematopsis contorta HA4292 MV4 (wet wall Hawaii USA)

MN656995 Neowestiellopsis sp. KHW5 (freshwater India)
AJ344560Fischerella sp. SAG 2027 (rice field India)

OR210225 Brasilonema amethysteum CR10 2F 1 (subaerophytic wood Costa Rica)

MF423481 Brasilonema lichenoides CDV2 (cyanobiont USA)

AF132788 Fischerella muscicola PCC7414 (hot spring N.Zealand)

LC455661 Scytonematopsis crustaceaNIES 266 (marine Hokkaido Japan)

OR228886 Brasilonema villosum M29 F12 (subaerial calcite Philippines)

OR210304 Brasilonema xilitlae MX3 (subaerial wetwall Mexico)

KF359678 Rhizonema sp. (cyanobiont Coccocarpia sp. Kenya)

KY365504Brasilonema bambusae CR6 5A (Bamboo trunk Costa Rica)

EF150854 Brasilonema octagenarum (Eucalyptus grandis phyllosphere Brazil)

AY069954Scytonema sp. U 3 3 (N.A.)

KY365508 Brasilonema mata-atlanticum P09 MK13 (aerophytic Brazil)

MG674086 Brasilonema geniculatum (rock wall cementery Florida USA)

HF911525Scytonema javanicum U41 MK36 (N.A. Brazil)

OR210229 Brasilonema bambusicola CR06 5A 2 (epiphytic bamboo trunk Costa Rica)

MT986923 Rhizonema neotropicum (cyanobiont Acantholichen pannarioides Costa Rica)

MT396512 Brasilonema fioreae (terrestrial soil USA)

OR210256 Brasilonema epiphyllum P722A (epiphyllous Puerto Rico)

OR210292 Brasilonema palmarum CR06 4B 1 (epiphyllous cocconut palm Costa Rica)

OR210243 Brasilonema calcareum CR12 6A 2 (subaerial limestone Costa Rica)

DQ486055 Brasilonema bromeliae SPC 951 (Bromeliaceae Brazil)

KR137581 Brasilonema sp. CENA360 (Garcinia macrophylla phyllosphere Brazil)

KY365510 Brasilonema stuposum PT5 MK70 (granite Portugal)

MH260366 Scytonema pachmarhiense 10A1 PS (freshwater India)

p MT986977 Rhizonema sp. (cyanobiont Dictyonema sp. Canary Islands Spain)

MT986904 Rhizonema interruptum (cyanobiont Dictyonema sp. Brazil)

HQ847562 Brasilonema octagenarum HA4186 MV1 (log scraping Hawaii USA)

OR228884 Brasilonema elegans CR06 4C 1 (epiphyllous cocconutpalm Costa Rica)

EF490447 Brasilonema terrestre CENA116 (subaerophytic concrete Brazil)

NR114995 Dulcicalothrix desertica PCC 7102 (desert soil Chile)

OR210259 Brasilonema fatamorganorum FM06 MK55 (subaerophytic Czech Republic)

OR210269 Brasilonema incudis P801A (subaerophytic asphalt Puerto Rico)
OR210247 Brasilonema corcovadense CR09 11B (subaerophytic Costa Rica)

OR210230 Brasilonema bambusicola CR06 5E 2 (epiphytic bamboo trunk Costa Rica)

OR210290 Brasilonema ohuense JK05 148 (subaerial wetstone Papua New Guinea)

OR210231 Brasilonema bambusicola CR06 5B 1 (epiphytic bamboo trunk Costa Rica)

OR210283 Brasilonema mata-atlanticum LBR MK68 (subaerial calciterock Philippines)

KJ636963 Brasilonema sp. NQAIF325 (water hole Australia)

OR210281 Brasilonema lyngbyoides CCALA 175 (subaerial granite Nepal)

EF117246 Brasilonema sennae CENA114 (Bromeliaceae Brazil)

MT396507 Brasilonema santannae (terrestrial soil USA)

HM751856 Calothrix sp. UAM 374 (rock surface Spain)

KJ768871Fischerella ambiguaUTEX 1903 (N.A.)

KR137582 Brasilonema sp. CENA361 (Garcinia macrophylla phyllosphere Brazil)

OR210274Brasilonema incudis P834A subaerophytic rock Puerto Rico)

MK209099 Scytonema sp. CHAB3651 (periphytic rock China)

OR210282 Brasilonema lyngbyoides SAG 40 90 (subaerial granite Nepal)

OR210286Brasilonema muscicola P811B (epiphytic moss Puerto Rico)

KY365512 Brasilonema calidum H04 (Ema dump Czech Republic)

MT986918 Rhizonema neotropicum (cyanobiont Cora rubrosanguinea Ecuador)

PP409594 / PP409596Brasilonema novocanariensis (L. novocanariensis phyllosphere Canary Islands, Spain)

OR210284 Brasilonema mombasense KEN MK53 (epiphytic tree bark Kenya)

OR210232 Brasilonema bambusicola CR06 5E 1 (epiphytic bamboo trunk Costa Rica)

OR210234 Brasilonema brancoi RKST 3291 (subaerophytic rockCosta Rica)

MT396510 Brasilonema tolantongense BLCC T51 (terrestrial soil subaerophytic wall Mexico)

OR210257 Brasilonema fatamorganorum FM01 MK42 (subaerophytic Czech Republic)

OR210301 Brasilonema verawernerae FL15 MK94 (subaerophytic wood Florida USA)

AM230700 Calothrix sp. PCC 7103 (N.A. USA)

OR210245 Brasilonema cataractarum JK04 144 (subaerial wet stone Papua New Guinea)

MT986902 Rhizonema interruptum (cyanobiont Dictyonema sp. Puerto Rico)

FR798919Rivularia sp VP4 08 (concrete fountain Italy)

AB093489 Chlorogloeopsis fritschii PCC 6912 (soil India)

O BA000045Gloeobacter violaceus PCC 7421 (rock Switzerland)

KY296608 Rivularia halophila PUNA NP3 PCI185B (rock Argentina)

PP409595Rhizonema melkonianarum (phyllosphere L. novocanariensis Canary Islands Spain)

MG641914 Tolypothrix distorta CAU3 (soil crust Spain)

OR210302 Brasilonema verawernerae FL15 MK94 (subaerophytic wood Florida USA)

MT396508 Brasilonema wernerae (terrestrial soil USA)

AY034793 Hapalosiphon welwitschii (soil Australia)

OR210233 Brasilonema brancoi RKST 3291 (subaerophytic rockCosta Rica)

KY365485 Scytonema hyalinum HAF2 B2 c1 (soil N. Mexico USA)

OR210278 Brasilonema komarekii FM02 MK44 (subaerial Czech Republic)

KU161665 Brasilonema burkei (cave wall Hawaii USA)

EU009149 Calothrix sp. UAM 305 (N.A. USA)

OR210253 Brasilonema elegansCR11 11B 1 (subaerophytic rock Costa Rica)

KY365462 Scytonema arcangelii THH60 (soil Nambia Africa)

KF359680 Rhizonema sp. (cyanobiont Coccocarpia sp. Kenya)

MT152271 Brasilonema octagenarum (bromeliaceae Ukraine)

OR210241 Brasilonema calcareum CR12 6B 1 (subaerial limestone Costa Rica)

OR210303 Brasilonema verawernerae FL15 MK94 (subaerophytic wood Florida USA)

OR210260 Brasilonema fatamorganorum FM06 MK55 (subaerophytic Czech Republic)

OR210268 Brasilonema hortense SAG 67 81 (subaerophytic Germany)

OR228883 Brasilonema calcareum CR12 6A 1 (subaerial limestone Costa Rica)

MT986909 Rhizonema andinum (cyanobiont Cora canoelephas Ecuador)

74/−

90/−

98/99

78/−

100/99
100/99

100/99

100/99

−/99

70/95

99/99

76/99

90/−

78/100

73/−

97/93

99/97

78/99

71/100

71/−

84/98

89/99

95/100

73/−

92/99

91/90

97/99

87/−

80/95

89/−

89/99

95/−

98/91

82/95
73/−

71/95

87/99

75/−

74/−

83/96

97/−

− /99

86/−

86/100

93/−

76/−

77/−

94/−

96/−

96/98

100/99

89/−

74/−

97/−

79/94

88/−

97/91

94/100

*

*

Plant phyllosphere / epiphyte
Cyanobacteria symbiont/substrate:

Basidiolichen

Moss

Bromeliaceae (as epiphyte)

Rock wall

Terrestrial soil

B
rasilonem

a
clade

R
hizonem

a
clade

O
ctagenarum

group
B
rom

eliae
group

Figure 3. Maximum likelihood (ML) tree topology, constructed using the GTR + I + Γ evolution model,
contains 104 sequences (1428 bp) of 16S rRNA. Bootstrap (BS) values ≥ 70 for ML and Bayesian
inference posterior probability values ≥ 90 are displayed on each branch. Full support for both
methods is denoted by black bold lines. The new sequences presented here of each species are marked
with * and in bold letters, and the gray box indicates the placement of the new sequences presented in
this work. Right-side blue bar “Octagenarum group” or right-side beige bar “Bromeliae group” named
following Bohunicka et al. [24].

The Canarian strains of Brasilonema, BEA 1760B and BEA 1761B (Acc. nº PP409594
and PP409596), isolated from a laurel leaf in the Laurisilva forest of Tenerife (Canary
Islands, Spain), are closely related to Brasilonema bambusae (OR210228; KY365504) and B.
palmarum (OR210292) as described by Bohunicka et al. [24]. This clustering is supported
by 75% bootstrap (BS) on the phylogenetic tree. The pairwise divergences were 0.007
between B. novocanariensis and B. bambusae, and 0.006 with B. palmarum (see Supplementary
Material, Table S1). Notably, B. bambusae was recently described as growing epiphytically
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on bamboo trunks, while B. palmarum was found growing on coconut palms, with both
species occurring in Costa Rica.

In comparison, sequences from B. calcareum (OR210241; OR228883; OR210243), a
strain isolated from subaerial limestone in Costa Rica, form a sister clade, showing a 73%
supported relationship in maximum likelihood when compared to the Brasilonema strains
from the Canary Islands (pairwise divergence: 0.009, Table S1). Other species of the genus
Brasilonema also appear as sister clades in the phylogenetic tree (Figure 3). According to a
recent publication by Bohunická et al. [24], the Canarian Brasilonema species belong to the
Octagenarum group, defined as the clade within the genus that contains B. octagenarum, with
16S rRNA gene similarities above 98.7%. This group currently includes B. octagenarum, B.
amethysteum, B. bambusae, B. bambusicola, B. brancoi, B. calcareum, B. corcovadense, B. elegans, B.
epiphyllum, B. fatamorganum, B. fioreae, B. geniculatum, B. incudis, B. lichenoides, B. mombasense,
B. muscicola, B. palmarum, B. roberti-lamii, and B. verawernerae.

The placement of the sequence from the other cyanobacteria isolated from the laurel
phyllosphere of the Canary Islands positioned within a fully supported clade of genus
Rhizonema, by both methods (100% BS and BPP), related to lineages labeled as R. interrup-
tum. It appears that only the species R. interruptum has a valid name in Algaebase [13].
However, two additional sequences, R. andinum and R. neotropicum, are available in Gen-
Bank (positioned within a clade with moderate BS support in the ML tree and BPP support
in the Bayesian tree (79 and 94, respectively). However, when considering its association
with environmental basidiolichen sequences of Rhizonema sp. from Tenerife (Supplemen-
tary Material [37]), it is crucial to note that the species is represented by a relatively short
sequence, mainly 211 base pairs (bp) for 16S rRNA and 454 bp for ITS. In contrast, our
sequence is 1410 bp in length, including both the SSU and the ITS regions. Importantly,
these sequences lack substantial clade support when compared to R. interruptum from
South America, as reported in [37,38]. It is important to emphasize that strain BEA 1759B,
the sequence (PP409595) newly presented here has a unique feature: it was identified
from the population of free-living cyanobacteria, isolated growing epiphyllous on an
L. novocanariensis leaf, a phenomenon not previously observed on this genus.

3.2. 16S–23S rRNA Internal Transcribed Spacer (ITS) Secondary Structure

The B-Box and D1-D1’ helices of the 16S–23S ITS secondary structure region were
examined across 13 Brasilonema isolates, representing 10 species, as well as other published
sequences. The D1-D1’ helices (Figure 4) showed identical structures in B. octagenarum
BLCC-T71 (Figure 4D) and BLCC-T74 (Figure 4C) but varied in sequence and length with
B. octagenarum H44186-MV1 (Figure 4B). B. novocanariensis (Figure 4A) had a length similar
to BLCC-T71 and BLCC-T74 but differed in nucleotide sequence and structure, showing
an extra loop. The B-Box region displayed similar lengths and configurations, though the
sequences varied among the strains (Figure 5). Strains of (Figure 5A) had a structure similar
to B. octagenarum (Figure 5B–D), with only a few base pairs differing (At this time, the
authors are unable to compare the secondary structure of Brasilonema with the new species
in Bohunicka et al. [24], as their publication remains ahead of print and the Supplementary
Material has not yet been made available from the Journal).

For Rhizonema melkonianarum, the B-Box and D1-D1’ helices of the 16S–23S ITS sec-
ondary structure region (Figure 6) could not be compared to other species, as this is the
first instance of secondary structure analysis for this genus.
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Figure 6. Secondary structures of the D1-D1’ and B-Box regions from the 16S–23S rRNA ITS re-
gions of Rhizonema melkonianarum; there are not more 16S–23S rRNA ITS sequence data available:
(A). R. melonianarum D1-D1’ region; (B). R. melkonianarum B-Box region.

3.3. Morphological Examination

One of the species presented here belongs to the family Scytonemataceae as classified
by Rabenhorst ex Bornet and Flahault, characterized by sheathed false-branched filaments
with predominantly intercalary heterocytes [1]. One of them fits the generic morpholog-
ical description of the Brasilonema genus. To comprehend the distinctions among each
species within the genus and ensure consistency, a table was compiled (Supplementary
Material Table S2 [39,40]) detailing all morphological differences observed in accepted
species. Following these criteria and aided by phylogenetic analysis (Figure 3), it is pos-
sible to establish the isolate from the Canary Islands as a novel species, described here
as B. novocanariensis sp. nov. Table 1 shows the morphological differences between the
closest relative species. The four Brasiolonema species—B. novocanariensis, B. bambusae, B.
palmarum, and B. calcareum—share key morphological characteristics but exhibit distinct
differences, with B. novocanariensis displaying unique features that support its classification
as a new species. While all species generally possess cylindrical cells, B. novocanariensis is
distinguished by the presence of lenticular (lens-shaped) cells, a trait absent in B. bambusae,
B. palmarum, and B. calcareum, which all have consistently cylindrical cells. In terms of
filament diameter, all species fall within a similar range (7–21 µm), but B. novocanarien-
sis tends to have slightly narrower trichomes. Thallus coloration also helps differentiate
these species: B. novocanariensis typically exhibits violet coloration, while B. bambusae, B.
palmarum, and B. calcareum present more dark-black–brown tones, with B. calcareum leaning
toward olive-green. Cell color in the Costa Rica species is rarely violet and more commonly
brown or green, whereas the Canarian species typically exhibit violet cells, rarely appearing
green or brown. Additionally, all four species have intercalary heterocytes, but the structure
of terminal heterocytes is always present in the Canarian species. Heterocytes also vary
in size. The Canarian species exhibits spherical terminal heterocytes and lenticular to
sublenticular intercalar heterocytes, whereas the three Costa Rica species show cylindrical
heterocytes following the description by Bohunicka et al. [24].



Diversity 2024, 16, 625 11 of 21

Table 1. Morphological comparison of the new Brasilonema novocanariensis sp. nov. versus B. bambusae;
B. palmarum and B. calcareum described by [24]; and also with B. octagenarum described by [19].

B. novocanariensis
sp. nov. B. bambusae B. palmarum B. calcareum B. octagenarum

Filament width (µm) 17–19 10–22 11–19 13–23 9.8–18.5
Trichome diameter

(µm) 10–17 (7) 10–17 (21) 11–19 8–20 9.5–14.9–18.4

Cells colors Brownish to violet to
grayish green

Gray–brown; (pale)
blue–green; (pale)

brown; dull purple;
olive-brown or

olive-green; green;
yellow–green or gray

Brown; gray–purple;
olive-green;
gray–green

Olive-green,
gray–green or green

Brownish,
olive-green, rarely

violet

Cell shape Lenticular to
sublenticular

Cylindrical to
disk-like Cylindrical Cylindrical to

disk-like Cylindrical

Cell length (µm) 5–9 2–20 2–12 2–17 (20) 1.5–13.3

Thallus form
Heteropolar rarely

isopolar free
filaments

N.A. N.A. N.A. Isopolar

Thallus color Brownish-violet Black, brown, to
olive-green Olive-black Black; brown–black;

black-green

Dirty-green,
brownish or

blackish-green

Heterocytes form

Terminal: Spherical
to subspherical;

Intercalar: lenticular
to sublenticular

Terminal: N.A.
Intercalar: cylindrical

Terminal: N.A.
Intercalar: cylindrical

rounded

Terminal:
hemispherical

Intercalar: cylindrical
rounded

Discoid or +/−
cylindrical

Heterocytes
(wide × long µm) 7–10 × 7–9 10–16 × 5–15 7–16 × 6–12 7–20 × 3–14 5.4–15.6 × 10–17.6

Young trichomes
shape Straight N.A. N.A. N.A. Lightly curved

Hormogonia
development

Subcubic cells
without constriction

at the cross wall,
movement without

heterocyst

Cylindrical cells,
narrowing towards

the growing tips
Short cells

Cylindrical cells,
often with terminal

heterocytes
Present

Ecology

Subaerophytic,
epiphytic on living

leaves of Laurus
novocanariensis

Subaerophytic,
forming black mat on

bamboo trunks in
bamboo grove

Subaerophytic, on a
Palm leaf

Subaerophytic, on
limestones

Epiphytic on
damaged leaves,

stems, and buds of
Eucalyptus grandis

Type locality
Spain, Canary

Islands (Tenerife
laurel forest)

Costa Rica,
Puntarenas

(Costa Ballena)

Costa Rica,
Puntarenas

(Costa Ballena)

Costa Rica,
Guanacaste

(Barra Honda)
Brazil (MG), Timoteo

Acc. Number PP409594/PP409596 KY365504; OR210228 OR210292 OR210241; OR228883;
OR210243

Reference This publication [24] [24] [24] [19]

N.A.: no data available.

The other species presented here belongs to Rhizonema. The genus is known as a
cyanobiont of basidiolichens within the genus Dictyonema, as originally described by
Lücking and Barrie in 2014. In that study, they validated and reintroduced a nomen nudum
family [41] as Rhizonemataceae, characterized by lichenized cyanobacterium [1] with the
only species being Rhizonema interruptum. To better understand the morphology of the
genus, a comparative table of the morphological characteristics of the species known to
date was prepared (Table 2). However, it is noteworthy that all their descriptions and
16S rRNA sequences were derived from environmental samples. R. interruptum exhibits
cylindrical trichomes with intercalar heterocytes (12–18 µm wide and 4–8 µm long) and
occasional true branching [25]. In contrast, the Canarian species also display terminal
heterocytes (subcubic shaped) and intercalar heterocytes (lenticular to sublenticular shape),
with longer ones measuring 6–13 µm in length and narrower heterocytes ranging from
9 to 12 µm in width. The former species described by Lücking and Barrie [25] features
low rectangular vegetative cells (15–20 µm wide and 9–10 µm long), whereas the newly
discovered free-living Rhizonema from the laurel forest exhibits lenticular to sublenticular
cells with varying sizes (6–13 µm long and 9–12 µm wide). The Canarian species was
studied as outlined in the Materials and Methods section, with observations conducted
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biweekly, and it never exhibited true branching as observed in R. interruptum [25]; instead,
false branching was frequently observed.

Table 2. Comparison of generic and specific morphological characteristics of the species within the
genus Rhizonema. (N.A.: not available in the publication).

Rhizonema
melkonianarum sp. nov Rhizonema interruptum Rhizonema andinum Rhizonema neotropicum

Filament width (µm) 9–12 15–20 10–12 10–15
Trichome diameter (µm) 10–14 N.A. N.A. N.A.

Sheath morphology Thin, firm, closed at one
end of the filament Thin N.A. N.A.

Sheaths color Hyaline Hyaline N.A. N.A.
Cells colors Green Blue–green Olive to blue–green Yellowish green
Cell shape Lenticular to sublenticular Low rectangular Flattened rectangular Flattened rectangular

Cell length (µm) 6–13 5–10 5–10 5–10

Thallus form Heteropolar and isopolar Isopolar Isopolar filamentous to
chroococcoid

Isopolar filamentous to
chroococcoid

Thallus color Green to rare red
coloration Blue–green Olive to blue–green Yellowish green

Heterocytes form
Terminal: spherical to

subspherical; Intercalar:
lenticular to sublenticular

N.A. N.A. N.A.

Heterocytes
(wide × long µm) 9–12 × 6–13 12–18 × 3–7 8–10 × 4–6 8–12 × 4–7

Heterocytes positions Terminal and intercalar Intercalar Intercalar Intercalar
False branching type Double or single N.A. N.A. N.A.
True branching type N.A. Rare Rare Rare

Young trichomes shape Not constricted at the
cross wall N.A. N.A. N.A.

Trichomes Slightly curved N.A. N.A. N.A.
Tapering Slightly tapering N.A. N.A. N.A.

Hormogonia development
Subcubic cells without

constriction at the
cross–wall

Rare Not observed Not observed

Ecology

Subaerophytic, epiphytic
on living leaves of Laurus

novocanariensis
(free-living)

Lichen–forming by
Dictyonema spp.

Lichen—forming by
Dictyonema huaorani;

Acantholichen sorediatus
and Cora elephas

Lichen—forming by
Dictyonema sericeum; D.
haptiferum; Corella ap.

Type locality Spain, Canary Islands
(Tenerife; laurel—forest)

Killarney, Turk Cascade
(Ireland)

Ecuador, Costa Rica,
Colombia

Guatemala, Bolivia;
Colombia

Acc. Number PP409595 N.A.
MT987440 (Ecuador);

MT987460 (Costa Rica);
MT987398 (Colombia)

MT987477 (Guatemala);
MT987478 (Bolivia);

MT987494 (Colombia)
Reference This publication [24] [36] [36]

3.4. Habitat

The genus Brasilonema was originally described in tropical and subtropical regions of
Brazil [19–23]. To date, 24 new species have been identified and documented, establishing it
as a pantropical genus [24]. According to Bohunicka et al., it also thrives in artificial environ-
ments such as tropical greenhouses, power-plant cooling towers, and other microhabitats
that replicate subtropical to tropical conditions in non-native climatic regions. The authors
also concluded that the widespread distribution of Brasilonema supports its classification as
a pantropical genus with few geographical barriers to its dispersal. Its absence in natural
habitats within temperate and polar zones may be attributed to its intolerance of desiccation
and freezing winter conditions [24]. The type species, Brasilonema bromeliae, is epiphytic
on bromeliads, and the first time the authors described it was from Brazil; that time was
a novel description of the genus for the first time [21]. Other species show preferences
for environments such as moist wood or stone (Table S2) as B. tolantogense, among others.
For the first time, the genus has been discovered in the phyllosphere of the Macaronesian
geographic region, growing epiphyllous on the leaves of L. novocanariensis from the Parque
Rural de Anaga close to Reserva Natural El Pijaral, a special area within the laurel forest
of the island of Tenerife in the Canarian archipelago. It is designated here as Brasilonema
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novocanariensis sp. nov., identified as a free-living cyanobacterium, alongside the newly
described Rhizonema melkonianarum sp. nov. in this study. Until the present study, the
Rhizonema genus was found exclusively within the consortium of basidiolichens (Table 2).
This work broadens the understanding by showing the possibility of encountering it also
as a free-living cyanobacterium colonizing the phyllosphere of L. novocanariensis tree.

3.5. Taxonomic Description

Class: Cyanophyceae
Order: Nostocales
Family: Scytonemataceae

Brasilonema. novocanariensis N.M.Rancel-Rodríguez, C.W.Vieira, and M.Sansón sp. nov.
Diagnosis: Brasilonema novocanariensis differs significantly from B. bambusae, B. pal-

marum, and B. calcareum from Costa Rica in several key morphological and ecological traits.
B. novocanariensis is characterized by its narrower filament width and trichome diameter, as
well as differences in cell shape and color. In particular, its cell length varies notably from
those of the other three species. Brasilonema novocanariensis exhibits a more heteropolar thal-
lus, in contrast to the isopolar thalli observed in B. bambusae, B. palmarum, and B. calcareum.
Additionally, the heterocytes of B. novocanariensis show unique differences in both shape
and size compared to those of the Costa Rican species (see Table 1). Ecologically, while all
four species exhibit subaerophytic characteristics, B. novocanariensis is found exclusively
in the phyllosphere, growing on the undamaged leaves of Laurus novocanariensis in the
Canary Islands. In contrast, B. bambusae thrives on bamboo trunks, B. palmarum on coconut
palms, and B. calcareum on limestone substrates. Overall, B. novocanariensis is set apart by its
lenticular cell shape, narrower trichomes, violet thallus coloration, and specific ecological
association with L. novocariensis, underscoring its status as a distinct species.

Description: Thallus-dense, prostrate, or erect red–brown filaments in culture. Fila-
ments with sheath closed at one end, fasciculate, straight, with Scytonemataceae-type false
branching. Filaments 17–19 µm wide. Sheath thin, firm, hyaline. Trichomes cylindrical,
straight, not constricted at cross-wall, slightly tapering, 10–17 µm wide. Heteropolar rarely
isopolar-free trichomes. Cells lenticular to sublenticular (wider than long), brown–red
to green in color, granulated, vacuolated, 5–9 µm long × 10–17 µm wide. Apical cells
rounded; calyptra not present. Heterocytes common, terminal (spherical to subspherical),
and intercalar (lenticular to sublenticular), 7–10 µm wide × 7–9 µm long. Akinete not
present. Reproduction by motile hormogonia (subcubic cells without constriction at the
cross wall) (Figure 7).

Holotype: TFC-Phyc 16969 (Herbario TFC Universidad de la Laguna, Tenerife, Canary
Island, Spain).

Type locality: The Anaga Rural Park, located on the island of Tenerife in the Canary
Islands, Spain; 28◦32′57′′ N–16◦11′09′′ W.

Habitat: Colonizing the phyllosphere of the laurel tree Laurus novocanariensis.
Etymology: “novocanariensis” (L.) is derived from the discovery substrate, the leaf of

the L. novocanariensis tree.
Reference strain: BEA 1760 B (Banco Español de Algas, Gran Canaria, Canary Islands, Spain).
Isotypes: TFC-Phyc 16970; BEA 1761 B; CCAC 7000 B and CCAC 7001 B
GenBank accession numbers: 16S rRNA: PP409594 (BEA 1760B); PP409596 (BEA1761B).

Class: Cyanophyceae
Order: Nostocales
Family: Rhizonemataceae
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Figure 7. Photographic documentation of Brasilonema. novocanariensis sp. nov. BEA 1760B and 1761B
(PP409596 and PP409594, respectively). (A) Isopolar filament (arrow) and lenticular to sublenticular
vegetative cells (arrowhead). Intercalar heterocyte with sublenticular shape. (B) Heteropolar filament
(arrow). Terminal heterocyte (arrowhead). (b) Hormogonia are characterized by subcubic cells.
(C) Formation of a hormogonium within the sheath (arrow). Empty sheath (arrowhead). (D) Filament
showing lenticular to sublenticular vegetative cells (arrow). Intercalar heterocytes exhibiting lenticular
to sublenticular morphology (arrowheads). (E) Short filament (arrow). Necrotic cells (arrowheads).
(F) False branch arising next to a necrotic cell distant from an intercalar heterocyte (arrow). Intercalar
heterocytes (arrowheads). (G) False-branch (arrow). Intercalar heterocyte (arrowhead). (H) Green,
uniseriate filament (arrow). False branch arising next to a necrotic cell, initial steps (arrowhead). Scale
bar: 20 µm (A,B,E,F,G,H), 50 µm (C,D).
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Rhizonema melkonianarum N.M.Rancel-Rodríguez, C.W.Vieira and M.Sansón sp. nov.
Diagnosis: Rhizonema melkonianarum sp. nov. differs from Rhizonema interruptum in

several morphological and ecological characteristics. R. melkonianarum is described by
a distinct width and trichome diameter, along with variations in cell shape and color.
In particular, consistent cell size in the terminal parts of the trichome, and cell length
show differences between both species. Furthermore, R. melkonianarum presents longer
heterocysts compared to the wider ones in R. interruptum. Ecologically, R. melkonianarum
was identified from a population of free-living cyanobacteria isolated from the phyllosphere
of L. novocanariensis, a phenomenon not previously observed in this genus. Hence, we
consider this fact to be significant, underscoring the importance of using a free-living
population as the type species for the genus.

Description: Thallus-dense, prostrate, or erect green filaments in culture. Filaments
with sheath closed at one end, fasciculate, straight or slightly bent, with Scytonemataceae-
type false branching (true branching type not shown). Filaments 9–12 µm wide. Sheath
thin, firm, hyaline, close at one end. Trichomes cylindrical, straight, not constricted at
cross-wall, slightly tapering, 10–14 µm wide. Heteropolar and isopolar free trichomes.
Cells lenticular to sublenticular (wider than long), green in color, granulated, 6–13 µm
long × 4–12 µm wide. Apical cells rounded; calyptra not present. Heterocytes common,
terminal (spherical to subspherical) and intercalar (lenticular to sublenticular), 9–12 µm
wide × 6–13 µm long. Akinete not present. Reproduction by motile hormogonia (subcubic
cells without constriction at the cross wall) (Figure 8).

Holotype: TFC-Phyc 16968 (Herbario TFC Universidad de la Laguna, Tenerife, Canary
Island, Spain).

Type locality: The Anaga Rural Park, located on the island of Tenerife in the Canary
Islands, Spain, 28◦32′57′′ N–16◦11′09′′ W.

Habitat: Colonizing the phyllosphere of the laurel tree Laurus novocanariensis.
Etymology: “melkonianarum” (L.) is an epithet that honors the couple Michael and

Barbara Melkonian.
Reference strain: BEA 1759B (Banco Español de Algas, Gran Canaria, Canary Islands, Spain)
Isotypes: CCAC 6999B
GenBank accession numbers: 16S rRNA: PP409595.
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Figure 8. Photographic documentation of Rhizonema melkonianarum sp. nov. BEA 1759B (PP409595).
Heteropolar as well as isopolar, uniseriate, straight filaments. (A) Hormogonium with subcubic
cells (arrow). (B) Hormogonium (arrow) Vegetative cell transforming into a intercalary heterocyste
(arrowhead). (C) Necrotic cell (arrow). Hormogonium falling separating from the apex (arrow-
head). (D) Hormogonia (arrow). Intercalar heterocytes showing different morphologies (arrowhead).
(E) Firm sheath (arrow). False branch initial step development (arrowhead). (F) Necrid cell (arrow).
False branch formation (arrowhead). (G) Green filament growth into the sheath (arrow). Subcubic
terminal heterocyte at one end of the filament (arrowhead). (H) Filaments are composed of lenticular
to sublenticular vegetative cells (arrow). Scale bar: 20 µm (A,B,H), 50 µm (C,D,E,F,G).
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4. Discussion

This study unveils two novel cyanobacterial taxa from the laurel forest (laurisilva) of
the Canary Islands, expanding our understanding of cyanobacterial diversity and their
ecological roles. The findings include Brasilonema novocanariensis sp. nov., a newly doc-
umented cyanobacterium in the Macaronesian region, and Rhizonema melkonianarum sp.
nov., which marks a significant ecological transition within the genus Rhizonema. Below,
we discuss the taxonomic, geographic, and ecological implications of these discoveries.

4.1. Brasilonema novocanariensis sp. nov.
4.1.1. Taxonomic Insights

Brasilonema novocanariensis sp. nov. represents a significant addition to the genus
Brasilonema, known for its adaptability to diverse environments [7,8,19–24,39,40]. It is
characterized by unique features, including vertical fascicles of trichomes, false branching,
and a sub-aerophilic habitat [19–24]. Morphologically, this species fits within the character-
istics of the genus but also presents unique features that warrant its classification as a new
species (Table 1; Table S2), based on morphological traits that do not perfectly match with
Brasilonema octagenarum described from Brazil by Aguiar et al., [19], or with B. bambusae and,
B. palmarum by [24]. Although genetically related to these species (Figure 3. OR210228; KY
365504; OR210292), B. novocanariensis is not identical. According to Bohunicka et al. [24],
in the group division, the novel species belongs to the Octagenarum group (Figure 3, in-
dicated by the blue bar on the right side). A comparison between B. novocanariensis from
the Canaries and the species documented by [24], collected from Costa Rica, based on
the results presented in Table 1, reveals notable differences in measurements and some
morphological characters. The use of 16S rRNA gene sequencing and the 16S–23S rRNA
ITS region secondary structure (Figures 4 and 5) have confirmed its distinctiveness from
other Brasilonema species, solidifying its taxonomic status [19–23].

4.1.2. Geographic Distribution

The discovery of B. novocanariensis in the Canary Islands marks the first documentation
of this genus in the Macaronesian region. Previously, Brasilonema species were predomi-
nantly recorded in tropical and subtropical regions of Brazil [21] and other parts of North
and South America [8]. Recently, 24 new species have been identified by [24], including
some from temperate regions such as the Czech Republic and Germany. This novel finding
significantly extends the known geographic range of the genus, indicating its potential for
wider distribution than previously understood.

4.1.3. Ecological Adaptations

Brasilonema has been described in a wide variety of habitats, hosting several species/lineages.
These include subaerophytic concrete, cave walls, terrestrial soil, temporary water holes, moss,
epiphytes on Bromeliaceae, the phyllosphere of angiosperms, periphytic rocks, cyanobionts, and
rock walls, underscoring their adaptability to various ecological niches (Table S2) [19,21,24,39]. Of
particular interest is our focal species, B. octagenarum, which was primarily documented inhabiting
the phyllosphere of angiosperms [19], recorded mainly in Brazil, with additional sightings in
the USA (Hawaii) and Ukraine [7,8,22]. Brasilonema novocanariensis thrives epiphyllously on the
leaves of Laurus novocanariensis within the laurel forest of Tenerife. The phyllosphere, or leaf
surface, serves as a unique habitat that supports its growth. This species was first described
from the phyllosphere of E. grandis in Brazil as B. octagenarum, where it was found on damaged
leaves [19]. In contrast, the species found in the Canary Islands was never observed on damaged
leaves, but on healthy ones. This discovery of a new tree leaf colonization highlights the
ecological flexibility of Brasilonema, which has been documented in various habitats, including
sub-aerophytic concrete, cave walls, and the phyllospheres of other angiosperms. The potential
introduction routes of B. novocanariensis, possibly linked to historical Eucalyptus imports from
Brazil [42,43], highlight the intricate pathways of cyanobacterial dispersal and colonization.
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4.2. Rhizonema melkonianarum sp. nov.
4.2.1. Taxonomic Insights

Rhizonema melkonianarum sp. nov. is a newly described species within the family
Rhizonemataceae. This species is distinguished by its lack of true branching and its unique
morphological traits, which differ from other Rhizonema species traditionally associated
with basidiolichens (Table 2). Molecular analysis, particularly the 16S rRNA gene sequenc-
ing, has been pivotal in confirming its taxonomic placement and distinctiveness from other
known Rhizonema species. An interesting commonality of all species in this genus is their
role as photobionts for various basidiomycetes [25,37,38]. The newly isolated sequence
from the L. novocanariensis phyllosphere appears to be related to a photobiont species
described by Lücking, associated with a basidiolichen from Tenerife within the genus
Dictyonema, although the cyanobacteria-specific species are identified directly from the
basidiolichen association as Rhizonema interruptum with a short sequence and only in the
supplementary material of [37]. The authors [25] described the species type of this genus as
R. interruptum from a waterfall in Ireland, not from the Canarian archipelago, as the typical
photobiont from the lichen-forming fungi Dictyonema coppinsii Lücking and Barrie, but the
accession number of the cyanobacteria was not available on their publication or Genbank.
Comparing the morphology of the free-living isolate on the laurel leaf with the original
description reveals differentiating morphological characteristics (Table 2). Additionally,
the only available sequence for the 16S rRNA gene in Genbank is just 211 bp [37], which
limits the comparison. However, it is important to emphasize that, as mentioned in their
publication [25], the description was not based on clonal cultures. Similarly, in [37], for R.
neotropicum or R. andinum, the sequences of the photobiont belong to the environmental
lichen-forming and not from a cyanobacteria clonal culture. This paper is also the first
record of the 16S–23S rRNA ITS region secondary structure (Figure 6) for the genus.

4.2.2. Geographic Distribution

The identification of R. melkonianarum sp. nov. in the Canary Islands represents a
notable geographic extension for the genus Rhizonema, primarily known from another
European island (Ireland), Central and South America, and some parts of Africa [37,38].
The presence of this species in the Canary Islands emphasizes the region’s role as a hotspot
for cyanobacterial diversity and biogeographic dispersal.

4.2.3. Ecological Adaptations

Rhizonema melkonianarum sp. nov. exhibits a significant ecological shift from its genus
counterparts by inhabiting the phyllosphere of Laurus novocanariensis, rather than its usual
association with basidiolichens [25,37,38]. This adaptation highlights the species’ ecological
flexibility and the potential for cyanobacteria to transition between different ecological
niches. The ability of R. melkonianarum sp. nov. to colonize the phyllosphere underscores
its potential role in the ecosystem dynamics of the laurel forest.

4.3. Future Research Directions and Conclusions

This research highlights the importance of investigating cyanobacterial diversity in
unique habitats like the laurisilva of the Canary Islands. Future studies should further
investigate the cyanobacterial diversity associated with the laurisilva phyllosphere, as well
as focus on elucidating the ecological roles and interactions of Brasilonema and Rhizonema
species with their host organisms and the broader ecosystem. Investigating the potential for
natural or human-mediated dispersal of these cyanobacteria will provide valuable insights
into their colonization capabilities and evolutionary adaptations.

In conclusion, the discovery of Brasilonema novocanariensis sp. nov. and Rhizonema
melkonianarum sp. nov. broadens our understanding of cyanobacterial diversity and their
ecological roles in terrestrial environments. These findings underscore the adaptability of
cyanobacteria in diverse habitats and highlight the significance of the Canary Islands as a
region of interest for future cyanobacterial research.
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