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Abstract: A total of 96 strains of Nostocales (Cyanobacteria) were established from the phyllosphere
of the laurel forests in the Canary Islands (Spain) and the Azores (Portugal) using enrichment
media lacking combined nitrogen. The strains were characterized by light microscopy and SSU
rRNA gene comparisons. Morphologically, most strains belonged to two different morphotypes,
termed “Nostoc-type” and “Tolypothrix-type”. Molecular phylogenetic analysis of 527 SSU rRNA
gene sequences of cyanobacteria (95 sequences established during this study plus 392 sequences
from Nostocales and 40 sequences from non-heterocyte-forming cyanobacteria retrieved from the
databases) revealed that none of the SSU rRNA gene sequences from the phyllosphere of the laurel
forests was identical to a database sequence. In addition, the genetic diversity of the isolated strains
was high, with 42 different genotypes (44% of the sequences) recognized. Among the new genotypes
were also terrestrial members of the genus Nodularia as well as members of the genus Brasilonema. It
is concluded that heterocyte-forming cyanobacteria represent a component of the phyllosphere that
is still largely undersampled in subtropical/tropical forests.

Keywords: biodiversity; clonal culture; epiphyllous; heterocyte-forming cyanobacteria; rRNA
sequence comparison

1. Introduction

The Canary Islands belong to the biogeographic region of Macaronesia (together
with the Azores, Madeira, Salvajes, and Cabo Verde). The laurel forest is one of the
most characteristic ecosystems of Macaronesia [1]. Associated with the orographic cloud
formation zone, with trees that can reach 30 m in height, it has a complex biogeographic
history [2]. The laurel forest is largely confined to the semi-humid mid-elevations of
the mountainous western Canary Islands, especially on windward slopes [3,4]. These
altitudinal limits also correspond to the area of the so-called “sea of clouds”, formed by
the thermal inversion of the predominant NE trade winds [5]. One of the most striking
aspects of subtropical and tropical rain forests, including the laurel forest of the Canary
Islands, is the amount and diversity of organisms living on the surface of leaves, comprising
the phyllosphere. The phyllosphere is a dynamic and stressful environment, subjected
to variations in temperature, humidity, and incidence of UV radiation [6,7]. Despite
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these restrictions, it harbors a diverse and largely understudied community of organisms
(e.g., bacteria, fungi, algae, lichens, and bryophytes (e.g., [8-10])) that play an important
role in nutrient cycling in forest ecosystems [11,12].

There have been a large number of studies on cryptogamic biota in the Canarian
laurel forest focused on bryophytes, ferns, fungi, and lichens (e.g., [13-18]), but none on
the biodiversity of microalgae.

In humid tropical regions, leaves are frequently colonized by microalgae, predomi-
nantly cyanobacteria. In tropical and subtropical forests, terrestrial cyanobacteria, along
with other organisms, compose extensive biofilms, which grow on a wide variety of sub-
strates such as wood, soil, and rocks [19-22]. Such biofilms play important roles in these
ecosystems, especially as carbon sinks and sources of soil fertility, mainly due to nitrogen
(N3) fixation of cyanobacteria [23-27]. Epiphyllous cyanobacteria have been reported from
different tropical regions [28-32], and their morphological richness in this biome [21,33,34]
has led to the description of several novel genera and species in recent years [35-43].
Although the diversity of cyanobacteria in the phyllosphere of tropical forests has been
studied by culture-independent techniques [37,44], isolation is still crucial for characterizing
unknown cyanobacteria. Here, we describe the isolation of 96 clonal strains of heterocyte-
forming cyanobacteria (Nostocales) from the phyllosphere of laurel forests in the Canary
Islands and Sao Jorge, the Azores. We sequenced the 16S rRNA gene of 95 strains and
discovered an unexpected genetic diversity of Nostocales from the phyllosphere of the
laurel forests.

2. Materials and Methods
2.1. Sampling and Enrichment

This study was conducted in defined areas of the islands Tenerife, La Palma, La
Gomera, and Gran Canaria (Figure 1); the main focus was on Tenerife and La Palma for the
Canary Islands and Sao Jorge for the Azores (Table 1). Samples were collected randomly in
different seasons (wet and dry seasons) throughout the sampling period.
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Figure 1. Sampling sites of laurel forests in the Canary Islands and Sao Jorge (the Azores). Numbers
refer to sampling sites (localities) in Table 1.
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Leaves, representing the phyllosphere of the cyanobacteria to be isolated (Figure 2A-D),
were collected mainly from members of Lauraceae (Juss), i.e., Laurus novocanariensis,
Appolonias barbujana, Ocotea foetens, and Laurus azorica, and for comparison, leaves were
collected from members of Aquifoliaceae (Bercht and J.Presl), i.e., llex canariensis, and
Adoxaceae (E. Mey), i.e., Viburnum rigidum. A total of 215 samples were taken from a
variety of potential habitats: the bark of laurel trees, soil and rain puddles close to the trees,
bryophytes, wet walls, and particularly from leaves. Trees of different ages were probed.
For each tree, young and mature leaves were cut and the leaf size and the position of the
leaf on the tree (including the position on the branch and its distance from the ground)
were recorded. Leaves with different surface appearances were collected: clean surfaces,
rough surfaces, and surfaces covered with epiphylls.

Figure 2. (A-D) Photographic documentation of sampling of leaves and set-up of enrichment cultures.
(A) A typical view of the laurel forest of La Gomera (Canary Islands). The tree trunks are heavily
colonized by epiphytes. (B) Two sampled leaves of different sizes from Laurus novocanariensis, with
their upper surfaces partially covered by epiphylls. (C) Leaf material being prepared for enrichment
cultures in a laminar flow hood. (D) Inoculated leaf disks in Petri dishes containing culture media for
enrichment of heterocyte-forming cyanobacteria.
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Table 1. Sampling areas of leaves from laurel forests by island, along with their locality, geographic
coordinates, altitude levels, and date of sampling.

Geographic Coordinates

Island Locality and Altitude Date of Sampling
28°32/57"" N-16°11'09" W 17 October 2010
1 *
Tenerife Anaga National Park (1) 727 m 11 March 2012
0an/nQl N_16°1-/ 5!
Pedro Alvarez forest (2) * 2873228 %Olri 187657 W 23 December 2012
Los Tilos National Park (3) * 28°48/00" N-17°49'00" W 4 March 2011
La Palma Cubo de la Galga (4) * 28°45/28" N-17°46'34" W 5 March 2011
Barranco del Agua (5) * 28°48'46" N-17°49'47" W 14 August 2012
. . 3 December 2010
* ogq/ 1" N_17°14/ "
La Gomera Garajonay National Park (6) 28°8'3.73" N-17°14'27.53" W 7 December 2013
14 October 2010
; : * ona/53!N N_15028/53!
Gran Canaria Los Tilos de Moya (7) 28°04'53" N-15°35'53" W 17 November 2013
Sao Jorge Parque Natural de Sao Jorge (the 38°40'13" N-28°81'54" W 18 April 2012

Azores) Reserva (8) *

* Numbers in parentheses refer to sampling sites in Figure 1.

For comparison, fallen leaves were collected, and additional samples were taken from
the soil around the trees and the bark of the trees. All samples were kept separately in
individual zip plastic bags. They were stored in a dry place at room temperature (20 °C) in
darkness until they were used for the enrichment of heterocyte-forming cyanobacteria. The
natural samples were processed approximately three months after exposing the leaf cuts
to three different culture media (see below). After this time, the first heterocyte-forming
cyanobacteria were detected in the enrichment samples.

2.2. Establishment of Clonal Cultures

Fresh leaves were treated under sterile conditions in a laminar flow bench (Figure 2A-D).
Briefly, 1 cm? pieces were cut under a stereo microscope (Nikon, SMZ1500, Tokyo, Japan).
Each leaf cut was incubated in a Petri dish (60 mm in diameter) in one of three different
culture media (BG11-H, BG11 0-H, and NDC; composition of media: Supplementary
Tables S1 and 52). The enrichments were grown in an incubator under the following
conditions: 25 °C, light intensity of 2-20 pmol photons m~2 s~! (white LED tube Osram
ST8V-1200 MM 16.2 W and daylight LED tube Osram 240713 ST8V-1200 MM 16.2 W;
Osram, Munich, Germany), and a light/dark cycle of 14 h/10 h for a minimum of three
months. A total of 179 leaves were collected, yielding 537 different enrichment cultures. The
enrichment cultures were checked regularly (every 2 weeks) using an Olympus inverted
microscope equipped with phase contrast optics (CK-41, Olympus, Hamburg, Germany).
After the detection of heterocyte-forming cyanobacteria, the establishment of clonal cultures
was initiated. Isolation of single cells, short filaments, or hormogonia was performed with a
micropipette under the inverted microscope. Algae were transferred into 24-well microtiter
plates (filled with 1 mL of BG11 0-H) and maintained in tubes/flasks in a growth chamber.

The cultures have been deposited in the Spanish Bank of Algae (Banco Espafiol de
Algas, https:/ /marinebiotechnology.org/es/) and the Central Collection of Algal Cultures
at the University of Duisburg-Essen, Germany (CCAC, https:/ /www.uni-due.de/biology/
ccac/). A list of strains and their strain numbers are provided in Supplementary Table S3.

2.3. Light Microscopical Analyses

Light microscopical investigations of isolated clones were performed with a Nikon 90i
(Nikon Japan) microscope equipped with phase contrast optics. Quantitative evaluations
were carried out with three-week-old cultures. Measurements were made on at least
20 different filaments.
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2.4. DNA Extraction and Sequencing

DNA was extracted using a DNA extraction kit (Qiagen DNeasy plant mini kit, Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s instructions, with the following
modifications: To harvest the cells, 1.5 mL of algal culture was centrifuged for 10 min
at 10,000 x ¢ and the supernatant was discarded. To mechanically disrupt the cells, they
were first frozen at —20 °C for at least one day. Sterile glass beads (diameter of 5 mm)
were added to 20 pg of frozen pellets. All further steps were performed according to the
manufacturer’s protocol until the elution step when DNA was eluted twice with 50 pL
of heated elution buffer (65 °C) instead of 100 uL, which led to a significant increase
in the final DNA concentration of the eluate. The DNA content was quantified via a
NanoDrop 2000 spectrophotometer (Thermo Scientific; Rockford, IL, USA), and the DNA
was stored at —20 °C until amplified using the Polymerase Chain Reaction (PCR) process as
described in [45]. In this study, DNA was amplified with Hot Start PCR and High-Fidelity
DNA Polymerase Thermo Scientific® Phusion. DNA was amplified using a FlexCycler
thermocycler (Analytik Jena, Jena, Germany). Fragment size and the amount of DNA
can be estimated by comparison with a standard size marker. The sizes of the bands are
about 1500 bp for the 165 rDNA region. Sequencing reactions were performed according
to instructions of Macrogen Company (www.macrogen.com). In order to increase the
sequenced region for each strain, four different primers were used per 16S region. The
primers were designed based on DNA sequence alignments described in [46,47]. The
sequences and names of the primers used for PCR amplification and sequencing of the 165
rDNA are shown in Table 2.

Table 2. PCR primers and sequencing primers used for amplification of the nuclear-encoded 16S
rRNA gene (according to [46,47]).

PCR Primer Primer Sequence (5’ to 3')
16S_SG1_short_forw GCAGAGAGTTYGATCCTGGCTCAGG
16S H4_forw GATCCTKGCTCAGGATKAACGCTGGC
SG2_rev CACGGATCCAAGGAGGTGATCCANCCNCACC
ptLSU C-D_rev GCCGGCTCATTCTTCAAC
Sequencing primer Primer sequence (5’ to 3')
Seq_165_H4_forw TKGCTCAGGATKAACGCTGGC
Seq_16S_pos874_forw ACTCAAAGGAATTGACG
Seq_165_1040_rev ACTTAACCCRACATCTCACGACACG
Seq_16S_49_rev TACGGCTACCTTGTTACGACTTC

The required concentration of primers was 5uM, and the minimum concentration
of DNA was 50 ng/pL. At 4 °C, PCR components and primers 165_SG1_short_forw and
ptLSU C-D-rev were added for a primary PCR. As no detectable PCR products were
achieved, 0.5-2 mL of the primary PCR was added to a second PCR with 165 H4_forw and
the reverse primer SG2 (Figure 3).

The annealing temperature was calculated using an application associated with Phu-
sion Polymerase (https://www.thermofisher.com/es/es/home/brands/thermo-scientific/
molecular-biology/molecular-biology-learning-center /molecular-biology-resource-library /
thermo-scientific-web-tools.html, accessed on 1 November 2024). Consensus sequences
were read in Mesquite v3.02 (build 681) DNA sequence editor [48]. The newly sequenced
165 rDNA were aligned manually in SeaView 4.5.3 [49] as an alignment editor. rDNA operon
alignments were constructed manually, guided by rRNA and tRNA secondary structures
according to conserved rRNA secondary structure information obtained from the European
Ribosomal RNA database (http://bioinformatics.psb.ugent.be/webtools/rRNA/).


www.macrogen.com
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Figure 3. Overview of PCR and sequencing strategies for cyanobacterial 165 rRNA genes. The
position of the primers used for amplification and sequencing of the 16S rRNA gene and the primary
and secondary PCR products are shown. The general structure of the ribosomal rDNA operon with
the 16S rRNA gene, two tRNA genes, and 23S rDNA gene is depicted schematically at the top of the
figure. The primer sequences are shown in Table 2. Abbreviations used for the primers in the figure
refer to the following primer designations and sequences in Table 2: 165_SG1_short_forw (SG1),
16S H4_forw (H4-forw), ptLSU C-D_rev (PtL CD R), SG2_rev (SG2), Seq_165_H4_forw (SeqH4),
Seq_16S_1040_rev (1040R), Seq_16S_pos874_forw (874F), and Seq_165_49_rev (Seq H49R).

2.5. Phylogenetic Analyses

The SSU rDNA from 95 heterocyte-forming cyanobacterial strains varied in length
between 1357 and 1448 nucleotides (Supplementary Table S3 with accession numbers). The
165 DNA alignment contained 527 cyanobacterial sequences, of which 95 are new sequences
of heterocyte-forming cyanobacteria from the laurel forest; the other 392 heterocyte-forming
cyanobacterial sequences and 40 non-heterocyte-forming cyanobacterial sequences were
retrieved from the NTH genetic sequence database GenBank® ([50], https://www.ncbi.
nlm.nih.gov/genbank, accessed on 1 September 2022). Hypervariable gene regions were
analyzed on “The Mfold Web Server” [51]. Prior to phylogenetic analyses, sequences were
confirmed by BLAST searches (Basic Local Alignment Search Tool); [52]. Several datasets
for phylogenetic analyses in due consideration of the BLAST search results were created. In
all datasets, a manually adjusted mask was applied, excluding the positions/hypervariable
regions that could not be unambiguously aligned. The 16S rDNA dataset, containing
527 sequences and 1448 positions, was analyzed with maximum likelihood (RAXML). The
model GTR + I + I' and the parameters were estimated by RAXML. ML analyses were
performed using the PTHREADS version of RAXML 7.2.6 [53]. To determine the best
tree topology, 100 distinct ML trees were computed, starting from 20 distinct randomized
maximum parsimony starting trees. Trees were sampled every 100 generations, and
the “burn-in” (1,500,000 generations) was determined by the convergence criterion. The
statistical support for branches was calculated by bootstrapping with 1000 replicates using
ML [54]. Bootstrap values (B) > 50 are depicted on the tree branches. The RAXML tree
was rooted with Gloeobacter violaceus, Synechococcus sp. JA 2-3B, and Synechococcus sp. JA 3
3 AB. Adobe Illustrator CS5 (Adobe Systems, Miinchen, Germany) was used to convert
tree files and for graphical tree design. A 165 rDNA “genotype sequence” was defined as
differing by at least 3 bases from all other sequences in the dataset. Given the accuracy of
our sequencing strategy (error rate < 0.1%), we expected few, if not no sequencing errors to
have affected the designation of genotypes.
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3. Results
3.1. Isolation of Strains

From the 215 samples, a total of 102 strains (96 still surviving) of heterocyte-forming
cyanobacteria were isolated from a total of 38 leaves, a bryophyte sample, a soil sample, a
sample of the bark of Laurus novocanariensis, and leaves of aquatic plants (Supplementary
Table S3). The nonaxenic clonal strains of the heterocyte-forming cyanobacteria from the
phyllosphere of the Macaronesian laurel forest have been deposited in two public culture
collections (see Section 2 and Supplementary Table S3) and are available for further study.

3.2. Light Microscopical Observations

The morphology of heterocyte-forming cyanobacteria from 95 clonal cultures was
investigated by light microscopy under identical controlled cultivation conditions. To stim-
ulate heterocyte-formation, BG11 0-H (without combined nitrogen) was used for cultivation.
For all strains, the development from single cells, short filaments, or hormogonia to mature
filaments was documented. Images of all strains, highlighting the developmental sequence
from hormogonia to mature filaments, have been presented in [55]. For the purpose of this
study, it may be sufficient to illustrate only the two dominant morphotypes of Nostocales en-
countered in the strains isolated from the laurel forests, provisionally termed “Nostoc-type”
(Figure 4A-H) and “Tolypothrix-type” (Figure 5A-H) here. Both represent adaptations to a
terrestrial habitat and comprise the great majority of the heterocyte-forming cyanobacteria
on leaves in the laurel forest: Among the 102 isolates, 53 strains belong to the “Nostoc-type,
36 belong to the “Tolypothrix”-type, and the remaining morphotypes belong to the genera
Nodularia, Brasilonema, and Scytonema.

3.3. Molecular Phylogeny Using 165 DNA Gene Sequence Comparisons

One of the aims of this study was to determine the phylogenetic position of the
heterocyte-forming cyanobacteria in the strain collection derived from the laurel forests.
The goal of using this gene was to obtain first insights into the phylogenetic affiliation of
the organisms under study and to evaluate their genetic diversity rather than to identify
species since this would require additional markers. The final phylogenetic tree obtained
by 16S rDNA sequence comparison is shown in Figure 6 (split tree; the merged tree is
depicted in Supplementary Figure S1). As expected, the resolution obtained was limited,
and many internal branches received no support. Heterocyte-forming cyanobacteria (Nos-
tocales), however, represented a relatively well-supported (BV 87%) clade in this SSU rRNA
phylogeny (Figure 6).

In total, 42 different genotypes could be distinguished (Figure 6). In the following sec-
tion, the more prominent genotypes will be described briefly. The most abundant genotype
is represented by 12 identical sequences derived from seven leaves of three plant species,
four different sampling areas, and two islands (represented in the tree by CCAC 7010 B
[LO68] in Figure 6). Another prominent group of identical sequences, phylogenetically
related to the previous group, is represented by seven strains from five leaves of two plant
species, three sampling areas, and two islands (represented by CCAC 7008 B [L066] in
Figure 6). Both groups of sequences belong to a larger assembly of sequences that include
terrestrial species of genus Nostoc typically identified as N. commune, N. punctiforme, and
N. edaphicum (Figure 6). Together with 19 further sequences representing 13 genotypes,
these strains represent Nostoc s. str. [56]. The sequences comprised about 40% of the total
sequences obtained in this study, and all strains exhibited the “Nostoc-type” morphotype
(Figure 4A-H). Most of the database sequences in this assemblage were derived from
symbiotic associations between Nostoc and fungi or plants. Isolates of Nostoc s. str. were
obtained from the phyllosphere of six different plant species and were also recovered
from a soil sample and a bryophyte sample. A second prominent group of sequences
belonged to a moderately supported (BV 71%) clade (with a “Tolypothrix-type” phenotype;
Figure 5A-H). It includes species mainly belonging to the genera Tolypothrix, Hassallia,
and Rexia (Figure 6) and represents the family Tolypotrichaceae [56]. Together, isolates
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in Tolypotrichaceae represented 10 distinct genotypes (31 sequences) and about 33% of
the total number of sequences obtained. The remaining 27% of the sequences, mostly
of the “Nostoc-type” morphotype, could not be assigned to either of the two previously
described assemblages/clades. Interestingly, four sequences represented strains that dis-
played neither a typical “Nostoc”- nor a “Tolypothrix-type” morphotype: The strains CCAC
7043 B (L097) and CCAC 7044 B (L098) were closely affiliated with the genus Nodularia,
thus representing terrestrial members of this genus, and strains CCAC 7000 B (L058) and
CCAC 7001 B (L059) belong to genus Brasilonema (Figure 6).

Figure 4. (A-H) Photographic documentation of the “Nostoc”-type morphotype (L066/CCAC
7008B/BEA 1768B) in a developmental sequence. (A) Several hormogonia (black arrows) characterized
by barrel-shaped cells. Scale bar = 10 um. (B) Differentiated filaments show lenticular to sublenticular
vegetative cells (black arrowheads). Spherical to subspherical terminal heterocytes (white arrows)
first appear on both ends of a filament, followed by a lenticular to sublenticular intercalary heterocyte
(white arrowhead). Scale bar = 10 um. (C) A common sheath develops surrounding the filament
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(black arrowhead). Within the sheath, vegetative cells continue to divide, expanding the sheath, with
the filament eventually forming a globular structure (black arrow). Scale bar = 10 pm. (D) Terminal
heterocytes (white arrows) and the initial intercalary heterocyte (white arrowhead) lack a sheath.
Scale bar = 10 um. (E,F) Curled filaments within expanded sheaths (black arrows) held together by
intercalary heterocytes (white arrowheads). Scale bars = 10 pm. (G) When the flexible sheath (black
arrowheads) breaks open, hormogonia (black arrows) emerge from the globular structures and start
the developmental cycle again. Scale bar = 10 um. (H) Filaments with intercalary heterocytes (white
arrowheads) derived from a broken globular structure. Scale bar = 10 pum.

Figure 5. (A-H) Photographic documentation of the “Tolypothrix”-type morphotype (L088/CCAC
7034B/BEA 1790B) in a developmental sequence. (A) Hormogonia are characterized by lenticular

to sublenticular cells (black arrow): note the slight polarity of the filament. Scale bar = 10 pum.
(B) An older filament with lenticular to sublenticular vegetative cells (black arrowhead) and a
spherical to subspherical terminal heterocyte (white arrow). Scale bar = 10 um. (C) A firm sheath
(black arrow) surrounds the straight filament. Early developmental stages of differentiation of
intercalary heterocytes from vegetative cells (white arrowheads). Scale bar = 10 um. (D) Lenticular to
sublenticular differentiated intercalary heterocytes (white arrowheads; the left arrowhead depicts
two adjacent intercalary heterocytes). The intercalary heterocytes remain enclosed in the firm sheath
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(unlike the situation in the “Nostoc”-type morphotype). A yellowish firm sheath surrounds vegetative
cells of an older filament near a terminal heterocyte (black arrow). Scale bar = 10 um. (E) Very
early stage of the formation of a false branch. A vegetative cell adjacent to an intercalary heterocyte
dissociates from the heterocyte and starts to bulge the sheath (black arrow). The intercalary heterocyte
of the filament thus becomes a new terminal heterocyte. Scale bar = 10 um. (F) A false branch attached
to a heterocyte (black arrow). Scale bar = 10 um. (G) Several false branches arising from vegetative
cells adjacent to intercalary heterocytes (white arrowheads) or a necrotic cell (white arrow). Scale
bar = 20 um. (H) A primary (black arrow) and a secondary (black arrowhead) false branch share the

same firm sheath (white arrowhead). Scale bar = 10 um.

KF704324 Nostoc sp. (Reunion; Parmeltella mpfophyfb:des)
EF174212 Nostoc sp. (New Zealand; P: aff. leproloma)
DQ185259 Nostoc sp. (USA; Snclalullgtmsa)

AF506263
EF174219 Nosmcsp (Chile; Pamnania tavaresi)
EF174217 Nostoc sp. (New Zealand; Pannaria euphyiia)
EF536021 Nostoc sp. (Chile; Pannaria andina)
EF536024 Nostoc sp. (Chile; Pannaria rubiginella)
EF174223 Nostoc sp. (Chile; Pannaria isabeling)
HQ591523 Nostoc sp. (Chile; Nephroma parie)
KMO019941 Nostoc pruniforme SAG 6279 (na)
KC350452 Nostoc commune MUB 2917 (Spaln)
CCAC 6966 B (L019 Tenerife:
HQ591516 Nostoc sp. (Finland; Boreal forest; Nephlomabeﬂwn)
KF704327 Nostoc sp. (Reunion; Parmeliella polyphyliina)
HQ591520 Nostoc sp. (Finland; Boreal forest; Nephroma parie)
HQ591515 Nostoc sp. (Finland; Boreal forest; Nephorma bellum)
DQ185250 Nostocsp. SAG 2990 (Brazil Cycas cirinals)
AB251864 Nostoc commune (Japan; terrestrial)
EU178144 Nostoc sphaeroides (China)
HE974996 Nostoc sp. CCAP 1453/31 (Antartica)
KY283065 Nostoc minutum ACSSI 167 (na)
KY283055 Nostoc minutum ACSSI 155 (na)
AJB30449 Nostoc edaphicum (Czech Republic; field)
HQ700837 Nostoc edaphicum ACCSI 059 (Russia; River plankton sample)
cghe %&’W T
86249 Nostoc commune NIES 3990 (Japan)
KC31 1849 Nostoc sp. (Chile; soil)
KY283059 Nostoc é)unctlfom)e ACSSI 160
KY887478 Nostoc IlnckJaA SSI 271 (Crimea; soil)
KY887479 Nostoc sphaeroides S1 150 (Crimea; soil)
67— DQ185210 Nostoc sp. Moilenhauer (USA; Pettigerasp.)
AB251863 Nostoc commune (China)
EU178143 Nostoc flagelliforme IMGA 0408 (China)
KM019931 Nostoc sp. SAG 3592 (na)
e &%45}\/05”06 Nostoc sp. PCC 9229 (photobiont)
1 Sp. (Norway; Blasia pusilla)
CCAC 7025 B/ocfémsmmmumm

%5

R e e

AF027654 Nostoc sp. PCC 9709 (Pettigera membranacea)
KM019934 Nostoc sp. SAG 57 79 (Switzerland; Pettigera aphthosa)
CCAC 7011 B (L069; Azores; phyllosphere; Laurus azoricus)
CCAC 7012 B (L070; Azores; Laurus azoricus))
KF359699 Nostoc sp. (Finiand; Peltigera leucophiebia)
KMO019932 Nostoc sp. SAG 39 87 (Switzeriand; Pettigera aphthosa)

e KX638486 Nostoc commune CCIBT 3485 (Brazil; soil)
DQ185223 Nostoc commune (USA; soil)
AJ630447 Noswc calacola (Czeoh Repmnc; soil)

T CORG 7015 B CORC 7093 B s, La e Ot cters
77; La
%1 9936 Nostoc caeruleum SAG 52 79 (na)
» KF359684 Nostoc sp. (Finland; Protopannaria pezizoides)
KF704345 Nostoc sp. (Reunion; KmsmaaystalMe:a)
KF359686 Nostoc sp. (Finland; Nephroma arcticum)
KY283042 Nostoc punctiforme ACSSI 037 (na)

51

/AB933330 Nostoc commune (Japan; soil)

KY283047 Nostoc sp. ACSSI 082 (na)
KY283044 Nostoc sp. ACSS| 047 (na)
AF062637 Nostoc sp. (USA; Peltigera membranacea)
NCO10628 Nostoc punctiforme PCC 73102 (Australia)

KX424445 Nostoc punctiforme CALU 1286 (na)
AM711542 Nostoc sp. (Chile; Gunnera tinctoria)
DQ185234 Nostoc sp. (USA; Lobaria hall)

ECAC 6958 B (L010/L011; La Paima; Spring water wet wall)

91, CCAC 6957 gl

[ COAG 71 Bt s Lans roarrrss

KF359710 Nostoc sp. (Finland; Peltigera extenuata)

KT951672 Nostocsp LEGE 07365 (Portugal; estuarine epilithic)
DQ185226 Nostoc: membranacea)

SP. (USA; Peltigera
DQ185225 Nostoc sp. (Peltigera canina)
HM217059 Nostoc edaph:cum LEGE 07299 (Portugal; estuarine epilithic)
DQ185218 Nostoc sp. (Germany; Peltigera ufescens)
AY218833 Nostoc commune UTEX 584 (Brazil; river)

KF359709 Nostoc sp. (Finalnd; Peltigera rufescens)
DQ185222 Nostoc sp. (Gemany; Petiigera canina)
DQ185221 Nostoc sp. (Germany; Peltigera rufescens)
CCAC 7008 B (L066; L081; L003; L032; L045; L067; L047:Tenerite; L
JX181775 Nostoc sp. (Pettigera membranacea)
KMO019937 Nostoc punctiforme SAG 68 79 (Germany; Gunnera manicata)
KMO019938 Nostoc calcicola SAG 1453 (Netherdands, soil)
AF062638 Nostoc sp. ATCC 53789 (Scottiand; lichen)
EF174230 Nostoc sp. (New Zealand; Pannaria elixi)
110 B (L068; L041:L031,L021,L022,L060,L0431L044,L051,L0531L054.072; L
KF359711 Nostoc sp. (USA; Collema
EF174232 Nostoc sp. (Australia; Pannaria obscura)

:
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KF704333 Nostoc sp. (Thailand; Pannaria sp.)
KF704331 Nostoc sp. (Reunion; Parmeliella stylophora)
KF704329 Nostoc sp. (Reunion; Staurolemmasp.)
LC013478 Nostoc commune NIES 3991 (Japan; terrestrial)
EF174233 Nostoc sp. (Peru; Pannaria andina)
KR137577 Nostocsp. CENA356 (Brazil; phyllosphere; Merostachys neesi)
KF704335 Nostoc sp. (Reunion; Leptogiumsp.)

HF678494 Nostocsp. CCAP 1453 /25 (Aldabra Isiands; soi)
KX424473 Nostoc sp. (Czech Republic; Trebon wet-land plants)

KY283071 Nostoc commune ACSSI 035 (na)
|— KY283050 Nostoc commune ACSSI 030 (na)

KF359705 Nostoc sp. (USA; Polychidium muscicola)
KY283056 Nostoc edaphicum ACSSI 156 (na)

97 5902 Nostoc sphaericum (Peru, market; MAC0910)
KF287120 Nostoc sp. LEGE 04357 (Morocoo; river water)
JX219483 Nostoc sp. (Canada; Peltigera didactyia)

KF359706 Nostoc sp.(Fnland; Peltigera leucophlebia)
KMO019940 Nostoc commune var. flagelliforme CCAP 1453 /33 (China; soil)
KM019989 Nostoc punctiforme SAG 71 79 (France; soil)

toc Sp. (Japan; Pettigera sp)
KF41 7634 Nostoc sp. SAG 24 14 (Gemany; freshwater biofilm)
KX424439 Nostoc sp. CALU 907 (na)
AM711528 Nostoc sp. (Canada; soil)
AF506247 Nostoc sp. (Finland; Pemgerapraeoextam)

_'— KF7( Nostocsp (Reunm Physma byrsaeum)

OCACMBIOCACMBWLM La Palma; Laurus novocanariensis)
04336 Nostoc sp. (Thailand; Physma radians)

_[: KH04328 Nostoc sp. (Reunion; Leptogium sp.)
KF359718 Nostoc sp. (na; Peltigera scabrosa)
AF506245 Nostoc sp. (Finland; Peltigera cdllina)

KF359714 Nostoc sp. (Scotland; Peltigera collina)

KF359716 Nostoc sp. (Argentina;Peltigera frigida)

KF359715 Nostoc sp. (Peltigera evansiana)

DQ185253 Nostoc sp. SAG 41 87 (Switzerland; Pettigera aphthosa)

97

KT867181 Stigonema anomalum (China; uncuttured)
KT867159 srlganema turfaceum (China; uncultured)
KT867109 Stigonema ocellatum (China; uncultured)
KJ786940 Stigonema dinghuense (China; uncultured)
KT867100 Stigonema panniforme (China; uncultured)
KT867113 Stigonema ocellatum (China; uncuttured)
KT867120 nema hormoides (China; uncultured)
KMO047011 Stigonema acellatum (China; uncultured)
KT867213 Stigonema spectabile (China; uncuttured)
KT867161 ema anomalum (China; uncuttured)
®2 KT867196 Stigonema tuberculatum (China; uncuttured)
KT867195 Sﬂgonema SP. (China; uncuitured)

JIN714978 Nostoc sp. (USA; soi)

CCAC 7031 B (L0853 Pame; ; Ocotea foetens)
KMO019942 Nostoc parmelioides SAG 58 79 (Germany; spring water)
FJ977116 Uncultured Nostocales (Canada; uncultured)

CCAC 6981 B (Lo3s; Laurus iensi
NR125682 Cylindrospermum alatosporum CCALA 988 (Canada; soi)
KX014846 Cylindrospermum licheniforme UTEX B/ ATCC 29412
CP003642 Cylindrospermum stagnale PCC 7417 (Stockholm; soil)
GQ287650 Cylindrospermum alatosporum SAG 43 79 (France; soil)
KY283070 Cylindrospermum sp. ACSSI 028 (na)

KY283076 Q/Iindmspemum skujae ACSSI 112 (na)
KF052604 Cylindrospermum catenatum CCALA 991 (Czech Republic; soil)
KMO019946 Cylindrospermum muscicola SAG 44 79 (France; soil)
CP003943 Calothrix sp. PCC 7507 (Switzerland; Sphagnumbog)
DQ897365 Cylindrospemmum sp. (na)
NR125689 Cylindrospermum marchicum CCALA 1001 (USA; seep wall)

NR125686 Cylindrospermum licheniforme CCALA 995 (USA; prairie soil)

NR125685 Cylindrospermum moravicum CCALA 993 (Czech Republic; cave sediment)
NR117352 cwndé?spermum siamensis SAG B 11 82 (Thailand; paddy fields)
HG004582 Desmonostoc sp. PCC 6302 (na)
HM623782 Nostoc sp. UAM 307 (Spain; river rock)
KMO019927 Nostoc insulare SAG 54 79 (na; soil)
KMO019926 Nostoc calcicola SAG 1453/1 (Netherlands; soil)
'AJ630451 Nostoc muscorum (Czech Repubﬂc field)
KY887477 Desmonostoc muscorum ACSSI 149
KR137584 Desmonostoc sp CENA 363 (Brazil; phyllosphere; Garcinia macrophyl)
BL KR137583 Desmonostoc sp. CENA362 (Brazil: phyllosphere; Garcinia macrophyle)
KR137601 Desmonostoc sp. CENA 380 (Brazil; phyllosphere; Euterpe edlulis)
KF7, Nostoc sp. (Thailand; Parmeliella sp.)
KMO019925 Nostoc sp. SAG 34 92 (Thailand; rice field soil)
HG004585 Desmonostoc sp. PCC 9230 (na; Cycas sp.)
AY742452 Nostoc sp. PCC 9231 (New Zealand; Gunnera dentata)
Bl pa34ses 5 Dolichospermum flos aquae UTEX LB 2557 (USA; Lake)

MF642332 Desmonostoc persicum (Iran; rice field soil)
AAB074503 Nostoc linckia (na)
HG004586 Desmonostoc sp. PCC 7422 (Sweden; Cycas sp.)
— HM573458 Nostocsp PCC 7120 (na; confidential)
& 776 Desmonostoc muscorum SERB 54 (Thailand)
HM573462 Nostoc muscorum (India; paddy fields)
KP686054 Nostoc cameum (India; soil and water)
CP012036 Nostoc piscinale CENA 21 (Brazil, wet sediments)
630454 Trichormus azollae (na)
KP09627 Calothrix dolichomeres (India)
P003548 Nostoc sp. PCC 7107 (USA; water pond)
LC322125 Nostoc sp. NIES 2111 (Japan; terrestrial)
GQ287649 Nostoc'sp. SAG 2306V (Egypt; dlay soi)
KY550450 Nostoc pruniforme (Australia; freshwater epilithic biolfilm)
KX424443 Nostocsp (Egypt; desert soil)

CCAC 6952 B (Loos;
HQ847570 Fomea Ia:ens:s (USA 1r%hwater fall)
NZ KB235930 Fortiea contorta PCC 7126 (USA; freshwater aquarium)
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KT818636 Dol iroi ABDU 607 (India; rice fields)
AP017295 Nostoc sp. NIES 3756 (Japan; terrestial)
CCAC 6972 B/ CCAC 7003 B (L0251.061; L
KP701037 Nostoc sp. CENA 219 (Brazil; freshwater)
KY283062 Nostoc sp. ACSSI 164 (na)
MF622942 Nostoc sp. UIC 10366 (USA; soil)
B (L012; La Paima; phylloshpere; spring water wall)

KF417636 Nostoc sp. PCC 7120 (USA; na)

CP000117 Trichormus variabilis ATCC 29413 (USA;
KR709123 Rohottiella fluviatilis SN 435 (India; freshwater)
KP8907¢

67 Trichormus variabili RB 45 (Thailand;
CP003552 Nostoe sp. POC 7524 (inda; hot spring)
%  EUB18954 Scytonema sp (Costa Rica; Dyctionema glabratum)
[EUB18959 Scytonema sp. (Costa Rica; Dyctionema glabratum)
EU818966 (Cos(a Rlcs Dictyonema sericeurn)

(Costa Rica; C ia paimicole)
EU818958$monemasp (Costa Rica; Didtyonema glabraturm)
Coccocarpia_s

Sp. (Kenya; )
EU818952$Lymnemasp (CoslaFlm na)
5 LE SD. (Kenya; mtxzrnasm

HM751850 Tolypothrix sp. UAM 335 (Spain; Vreshwa(er sweam)
KM268888 Roholtiella edaphica CCALA 1060 (Russia; soil)

B KM268886 Roholiella bashkiriorum CCALA 1059 (Russia; soi)
KM268885 Roholtiella fluviatilis CCALA 1058 (Russia; soil)
KM268891 Roholtiella mojaviensis CCALA 1052 (USA; soil)
HF91 2386 C: CALA 1012 (Costa Rica; soil)
KT818635 Tolypothrix tenuis MBDU 609 (Inda freshwater lake)
KPOSGZZBA%?)IgmnX linearis MBDU 005 (India; na)

3486 Tolypothrix sp. IAM M 259 (na)
KU213647 Scytonema bohneri MBDU 104 (India; rice field)

KU213651 Calothrix brevissima MBDU 801 (India; rice field)
KX913927 Calothrix dolichomeres MBDU 502 (India; freshwater river)
KM019945 Calothrix anomala SAG 1410 4 (India; soil)
IN385292 Camtylonemopsis sp. (USA; Moleka stream)

KT818631 Calothrix brevissima MBDU 613 (India; rice field)
KMO019943 Scytonema mirabie SAG 83 79 (Spain; Mallorca; cemented wall)
ixsp. PCC 7504 (Sweden; freshwater aquarium)

Al
AB325535 Calothrix sp. PCC 7101 (Bomeo; soil sample)
AB32! Nostoc carneum IAMM35/NIES 2107 (na)
FJ661002 Tolypothrix sp. PCC 7504 (Sweden; freshwater aquarium)
LN997859 Mi (Arabia Saudi;
KMO019924 Calothrix membranacea SAG 1410 1 (india?; soil)
6963 B (L052, L016; Tenerife/ La L

OO0 B A S B e ks U] e o oo
La ; 3

CCAC 7047 B/CCAC 7048 B (101 /L102:La Paim G oetr

CCAC 6955 B/ CCAC 6956 B (L008/.009; La Paima; spring water wall)

KX638484 Komarekiella atlantica CCIBT 3481 (Brazil; cemented wall)
EF088341 Komarekiella atlantica CENA 107 (Brazil; waste pond)
HE797731 Microchaete tenera ACOI 2161 (Portugal; tank)
KM019922 Microchaete sp. SAG 47 93 (Gemany; freshwater)
AY577534 Mojavia pulchra (USA; desert soil)
MF002044 Mq:)tg:sp (Spain; soil crust)

KX458491 Nosfocsp CENA 547 18raz:l saline Iake)
KIM368256 De

all)

rice field soi)
KR137609 Nc ium CENA 388 (Brazi phyllosphere; Guapuaopposih)
L KR137579 Der jum phyllosphericurmCENA358 (grazi;
toc ellit im (Czech ic; field)
T @ KY283052 Nostoc op. ACSSI1 14 ow)
AM711529 Nostoc calcicola (Thaiiand; rice fied sof)
KR137597 Nostocaceae ium CENA 376 (@rezi Euterpe ecuis)
1.C228976 Nostoc minutum NIES 26 (japan; tetestral)
KU200355 Nostoc BDU 707 (inda; Cycas oicinal
KR137578 Atlanti is CENA 357 (Brazi; Garcinia

KX424440 Nostoc calcicola (Czech Republic; soill fallow)

KR137594 Nostocaceae cyanobacterium CENA 373 (Brazil; pnyllospheve Euterpe edulis)
KC695875 Halona longlspora CENA 184 (Brazil; marine coastal watt

95877 Halona branconii CENA 186 (Brazil; manne coastal soil)

KC695852 Halotia 158 (Brazil;
DQ185207 Nostoc sp. (USA; Pemgemdaaayf
AY452533 Rexia erecta (USA; terrestrial)
KF934181 Rexia erecta (USA;
NR117191 Hassallia andreassenii CCALA 954 (Antartica; lake)

6 OCACMB/OCACWBM: L

KF017617 Hassallia littoralis (Mexico; supralittoral marine mat)
KU161667 ix carrinoi (USA; cave soil)
ocAcmsB/ccAcmsB(mswm- L

CCACBMB/OCACWB mwwuw L

HG970652 T ix distorta ACOI 731 (Portugal; Madeira; flowing water)
'_[[L KNM199732 Daciyiohamnos antarcticus GENA 410 anaic: bifim
Hi

CCAC7004 B OGAC7WS (Lowl.u&;
IM751854 n;
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6949 B (100210041023 Tenerite; W llex canariensis)
GQ287651 Tolypothrix distorta SAG 93 79 (Spain; Mallorca; wal)
HE797728 Hassallia byssoidea CCALA 841 (Czech Repubiic; moss)
7 Tolypothrix sp. CNP3 B1 C1 (USA; sandy loan)
HM751846 Tol thrix sp. UAM 357 (Spain; Teruel; Matarrana calcareous river)
(L0141L015:L
L

CCAC 6973 B (L025; L
KF417633 Tc thrix sp. AH48 (Germany; freshwater biofilm on rock)

HG970653 Tt fasciculata ACOI 3104 (Portugal; Coimbra; Botanical garden wall)
HG970655 Tolypothrix tenuis CCALA 197 (Czech Republic; Botanical garden pond)
JX088105 Tolypothrix sp. CAWBG 76 (New Zealand: freshwater lake)

1132 Hassalia sp. (USA; soil)
KJ566947 Dapi icaliramis CCIBt 3318 (Brazil, wook)
KC463187 Tolypothrix sp. (southem A'rx:a soil crust)

KY283049 kaa ACSSI 038 (na)
KY283057 cf. psem-amostssmaACSSI 158 (na)
1702 Coleodesmi

AF334 ium wrangelii (na; ard soi
LC215279 Tolypothrix sp. NIES 515 (Japan; mmemen
HG970654 T SP. (na; reswater pond)

ENA 338 (Brazil;
KY508607 Klyplousla mluulep:s CENA 329 (Brazil; phyllosphere; Avicennia schaueniana)
&l KY508611 A 343 Avicennia

KR137575 Klyptousa m:croleps:s CENA 354 (Bfazll phyllosphere; Merostachy sneesi)

ccAceswé e e

1695681 Toxopsis calypsus (Greece; mve)
_r_'?mwss B (ot
HQO012539 Godleya alpina (New Zealand; na)
JN385268 Goleter apudmare (USA; Hawaii; cave wall)

GBwaumwa:emmm

KC912774 Nodulari 5079 (France;

'AJ133181 Nodularia ’CC 7804 (France;
KC912767 Nodularia
KC912781 Nodularia harveyana (Sovakia; soi)

LN877213 Nodularia harveyana (india; soil crust)
KC912770 Nsdulanacf harveyana (Russia; salty sand)
CCAC 7043 B/CCAC Ocotea

KC912780 Nodularia moravica %AU{W; (Czech stbicnlak“e")*w fosens

KX086284 Nodlularia sp. (Turkey; mine)
AJ133179 Nodularia spumigena (Australia; coastal water)
P007203 Nodlularia (Denmark;

AY038033 Anabaenopsis sp. P009215 (Spam Valencia; coastal lagoon)
252 80 (Africa;

KM020015
038036 Cyanospira rippkae PCC 9501 (Africa; Kenya; Soda lake)
KC912766 Nodularia cf. harveyana (Africa; Kenya; soi)
DQ185231 Nodularia harveyana (Gemany; Baltic sea)
KM199731 Nodularia sp. CENA 399 (Antartica; brackish water)
KX086285 Nodularia sp. (Turkey; mine)
KX765290 Anabaena vailabd

lS(Irsiand na)
KT753325 Nodularia sp. (Ant
KMO019929 Nodiilaria harveyanaCCAP 1452 1 (United kingdom; brackish water)
LN846957 Chrysosporum ovalisporum (Tanzania; lake)
AY335547 Aphanzomenan ovaltsmmm (Israel; lake)

‘saudi; freshwater)
amzmienonﬂosaquaePMC%1 (Fvame lake)
A1296130AphantzomenonﬂosaquaePMC9707
e LC190505 Dolichospermum planmn‘oum NlES 814 (Japan; freshwater lake)
LC190501 Dolqpuéscpermum;)lanmmmm NIES 817 (Japan; freshwater lake)

AJ133154
9948 Aphanizomenon gracie SAG 31 79 (Germany; freshwater)
AJ293131 Aphanizomenon flos aguae NIES 81 (Japan; freshwater lake)
CCG7 sp. NIES 3732 (Japan; freshwater lake)
LC190503 1906 (Japan; freshwater lake)
CP003284 Anabaenasp. enANAO(FnIam freshwater lake)
83, LN871469 Doli
KU668919
; freshwater lake)

AJ680414 Anabaena cylindrica XP6B (Fnland Batic sea)
———— GU434227 Anabaena sedovii ACCS| 058 (Russia;
LC190500 Dolichospermum compactum NIES 506 1Unlred kingdom; freshwater lake)
23]

KX( . MBDU 624 (India; rice field)
KX458485 Nostoc sp. CENA 524 (Brazil saiine lake)
KU213650 Nostoc linckia MBDU 623 (India; rice fiekd)
KX458492 Nostoc sp. CENA 548 (Brazil; saline lake)
KX458490 Nostoc sp. CENA 544 (Brazil; saline lake)
KY403996 Alinostoc NOS (India;

57 India; freshwater)
= KY550443 Nostoc linckia ANQC NOSOO1 (Australia; freshwater epilithic biofilm)
67, meaeaz Nostoc calcicola MBDU 537 (india; freshwater pond)
KT818633 DU 013 (india; freshwater lake)
Kx913933 Calothrix marchica MBDU 407 (ndia; freshwater pond)
818634 Nostoc entophytum MBDU 679 (india; rce field)
% KC695867 Nostoc'sp. CENA 175 Brazi soi)
KT818632 DU 629 (India; freshwater lake)
KY379895 Cre jasp. SB2 13 ; Baltc sea)
B AJB30456 Trichormus variabilis (Russia; soil)
b KY283054 Tnchonnus variabilis ACSSI 154 (Russia; na)
® Y0521 IGCY 298 (Iran; rice field)
%1 pa23ags2 Tnchormus variabilis KCTC / AG 10180 (na)
& KX424435Anabaenasp Korz14 (France; Corsica; desert)
PCC 7108 (USA; C
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‘@— KY056820 Trichormus sp. MGCY 826 (ran; rice field)

e; Atacama desert soi)
HF678491 Calothrix sp. C AP 1410/13 llraq Southem Marshes)
KM019918
& [~ CP003659 Anabaena cylindrica PCC 7122 (Urited Kingdom; pond)
EF583857 Anabaena sp. BECID 19 (Finiand; Balic sea)
AM230702 Calathnxsp BCID 18 (Fintand; Baltc sea; sediment sublitoral)
KX424449 Anabaena torulosa SAG 26 79 (France; soi)
r HG942524 ie ki MM 67 (Newzealam na)
L HGI42525 ic 69 (N
KF287101 Raphidiopsis raciborskii CCMP 1973 (USA; river water)
EUS52069 Raphiciopsis sp. DS (razk 1 Biling reseron)
CS 505 (A
L {Cloos0s RSP

land; na)

pond)
KT583657 \?hae/ospemps@sp CHAB«OGwma Lakemg;ao)
MK953014
LC190499 iformi 1941 1 lapan;

L Ing46954 z i CYAB14
MG921181 le CIBt 3622 (Brazi;
KJB36962 NQAIF

KC854772 Tndvorzmus ;p (USA; Mavi; stream)
C

KX424491 Anabaena sp. (Czech Repubic; mud)
0 Nostoc azollae 0708 (ra; Azola ficuioides)
630428 Anabaena Oscr/bmides\lce\and Baltic sea; epiphytic)
KT290076 Anabaena sp. HBU10 (t
773 Anabaena spme
KX424475 Wollea ambigua

KX424448

_|: KX91396| Tnchomus vanaMs MBDU 209 (inda; lreewvawr lake)
6358 Cronbergia samensis (Egypt; wetland)
KM019958 abmnxsp SAG 38 79 (Spain; Mallorca; stone)
KM019957 Cal 36
AF132779 Calothrix d&i‘emca FOC 7102 (Chile; desert soil)
KMO! 19960 Calothrix desertica SAG 35 79 (Chile; desert soi)
KMO19959 Calothrix sp. PCC 7715 (France; thermal spring)

ALVJ01000041 Calothrix sp.PCC 7103 (USA; Herbarium specimen of Anacysns montana)
KP83553| Calothrix sp. CENA 127 (Brazil; Satio Grande reservoir)

32 92 (Spain; Lanzarote; Playa Mujeres; phycobiont of Placynthium nigrurm)
HM751856 Calulhrlxsp UAM 374 (Spain; Madrid; Tejada stream)

1751842 Calothnxsp UAM 34 (Spain; Murcia; Brackish water)

NZI_M'Izo Ma 008 (Puerto Rico; marine shell fragment)
& KR137581 0
KR137603 : Euterpe
NR115956 Brasil
HOK%\41735765232 Brasilonema octagenarum | HAM&S MV1 (USA; Hawaii; Moleka rai)
KR137602 Brasionema CENA381 uarazi phylosphere; Euterpe eduis)

CCAC 70008 /CCAC 7001 B
KT731163
HQB847566
KR137587
GQ443308 Brasilonema roberti-amii (Mexico; Los Manantiles)
KM019951 Sqttonemasp SAG 67 81 (Germany:| Emanmlgardengreemouse)

K
KC854780 Scytonemasp. 0(55700001 (USA; Hawaii; vsmank)
NR116034 terrestre CENA 116
— EF117246 CENA 114
L DQ486055 Brasilor i 951
HM748317 Iphir 0281

is sp. VAPOR 1

L NR112180 Soy
KX620756

347
lonemaangustamm HA4187 MV1 (USA; Hawaii; moss bank; Moleka trai)
CENA 366

AAB694929 Scytonema sp. YK 02 (Japan; crust)
AB694934 Scybnemasp HK 05 (Japan; cust)
psis repens PCC 10914 e)

& AMT0S634 Fischerola musacol SAG 2027 (rda:a)
61 llasp. NQAIF 323 (Austraia; QAeenslanu temporary water)
% KM01 9952 Wesriellopsts sp. SAG 19 93 (Thailand; soil)
PCC I3 (1)

/ALVX01000020 Fischerella 9431 (na; grown m shaded ight)
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Figure 6. Phylogeny of heterocyte-forming cyanobacteria (Nostocales) from the phyllosphere of the
laurel forests in the Canary Islands and the Azores using 165 rDNA sequence comparisons. The split
tree (shown in 6 sections) was constructed with a database of 527 sequences, including 95 sequences
generated during this study. The 16S rDNA dataset, with 1448 positions, was analyzed with maxi-
mum likelihood (RAXML). The model GTR + I + I and the parameters were estimated by RAXML
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(for further details, see Section 2). The sequences generated during this study are highlighted
by a grey background and strain numbers (CCAC) in bold (strains with identical sequences are
provided with their L numbers as well as the location and plant host in parentheses). Bootstrap
values > 50% are shown; the bold value with an asterisk denotes support for the monophyly of the
Nostocales. All tree branches in bold received maximal support. The complete merged tree is shown
in Supplementary Figure S1.

4. Discussion

The present report is the first systematic analysis of heterocyte-forming cyanobacteria
(Nostocales) from the phyllosphere in the laurel forests of the Macaronesian islands. We
chose an enrichment procedure using culture media lacking combined nitrogen to establish
96 clonal strains of heterocyte-forming cyanobacteria. No significant differences were ob-
served regarding the development of heterocyte-forming cyanobacteria in the two culture
media lacking combined nitrogen (BG11 0-H and NDC). Comparative light microscopical
analyses of the strains identified two principal morphotypes, which we termed “Nostoc-
type” and “Tolypothrix-type”. The first one is mostly equivalent to the genus Nostoc (s. str.),
while the second one refers to species in Tolypotrichaceae. These represent the large ma-
jority of the strains isolated. In addition, we report the isolation of strains belonging to
the genera Nodularia and Brasilonema. Surprisingly, none of the SSU rRNA gene sequences
obtained for the 95 strains is identical to any database sequence, suggesting that the phyllo-
sphere, especially in subtropical/tropical forests, is still largely undersampled with respect
to heterocyte-forming cyanobacteria. The large number of unique genotypes recovered
from the phyllosphere (42 out of 95 strains) supports this notion. It is clear that many of
the new genotypes discovered during this study represent new taxa (genera or species)
that need to be formally described, a process that has been initiated [57]. These findings re-
garding cyanobacteria from terrestrial habitats are not without precedent. Pham et al. [58]
isolated 13 Nostoc strains from paddy soils in Vietham and reported seven morphotypes and
five genotypes associated with them. Similarly, Nguyen et al. [59] isolated 143 cyanobac-
terial strains of terrestrial cyanobacteria from man-made substrates on the campus of the
University of the Ryukyus, Okinawa (Japan). They established 105 partial SSU rRNA gene
sequences representing 30 generic types (including six types of Nostocales); almost all
strains had no identical matches in GenBank. Sherwood et al. [60] collected 50 samples of
cyanobacteria from Hawaiian freshwater and terrestrial habitats. Although many Hawaiian
samples of cyanobacteria appeared to correspond to well-known genera morphologically,
characterization with molecular techniques revealed that they are distinct taxa. Using a
culture-independent approach, Rigonato et al. [44,61] reported a high genetic diversity of
cyanobacteria (mostly Nostocales) from the phyllosphere in a Brazilian mangrove ecosys-
tem and a Brazilian Atlantic forest. In consequence, in recent years, several studies have
described new taxa (at the genus and species levels) of heterocyte-forming cyanobacteria
from aerophytic/subaerophytic habitats in the pantropics (e.g., [35,36,38,39,41-43,62-68]).
None of the newly described genera, except Brasilonema (see above), was represented in
the isolated strains from the phyllosphere of the Macaronesian laurel forests (Figure 6).
The two strains of Brasilonema (L058 and L059) were molecularly related to B. octagenarum,
a species that causes serious damage to the leaves of Eucalyptus spp. [69,70]. Since the
two strains of Brasilonema were isolated from the leaves of Laurus novocanariensis, a typical
representative of the Macaronesian laurel forests, it is conceivable that extensive growth of
Brasilonema spp. may also damage these leaves. However, given that we used an enrich-
ment procedure to isolate Nostocales from the phyllosphere, we have no information on
the extent of colonization of leaves by heterocyte-forming cyanobacteria or their ecological
significance. Provisional analysis of laurel leaves using scanning electron microscopy failed
to differentiate cyanobacterial filaments on the leaf surface from the other microorganisms
present, such as fungi, bacteria, and green algae (Phycopeltis sp.; unpubl. observ.). This,
as well as the long lag time (three months) encountered in enrichment cultures before
heterocyte-forming cyanobacteria could be recognized, may indicate that dormant stages
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(i.e., akinetes) prevailed on the leaves, at least in the dry seasons. It is also possible that
heterocyte-forming cyanobacteria on the laurel leaves are engaged in early lichenization
processes, given that many isolates are closely related to genotypes known to be derived
from lichenized Nostocales (Figure 6). Although we did not study the host specificity of
the Nostocales in the phyllosphere in detail, it appears that both the “Nostoc”-type and the
“Tolypothrix”-type strains displayed no host specificity, colonizing six and five out of seven
tree species sampled, respectively. It is worth noting, however, that the “Tolypothrix”-type
morphotypes seem to be confined to leaves, whereas the “Nostoc”-type morphotypes are
distributed more widely, having been found on bark, among bryophytes, and on wet walls
(Supplementary Material Table S3).

Cyanobacteria growing on leaf surfaces in tropical rainforests can fix atmospheric
nitrogen [71]. Rates of fixation are strongly influenced by the presence of nutrients leached
from the leaf as well as by light intensity, desiccation, and co-occurrence of epiphyllous
lichens and bryophytes [12,23,24,29,72-75]. Cloud forests have been shown to lose more
nitrogen in stream discharge than they gain from atmospheric deposition. In a study of epi-
phytes (bryophytes and lichens) that harbor N,-fixing cyanobacteria on Quercus costaricensis
Liebm. in the Cordillera de Talamanca, Costa Rica, Markham and Otarola [76] determined
the overall nitrogen input from Nj-fixation to be 6.1 kg N ha~! year! during the wet
season, mostly in understory branches. These results show that tree epiphytes constitute
a significant source of nitrogen for these forests, due to the trees” large surface area, and
can make up for nitrogen lost from these ecosystems. It has also recently been reported
that asymbiotic nitrogen fixation in the phyllosphere can be significantly higher than in
rhizospheric soil [27,75]. It is therefore conceivable that heterocyte-forming cyanobacteria,
especially during the wet season, also play a significant role in balancing the nitrogen
budget in the laurel forests of Macaronesia, a notion that deserves further study.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /microorganisms12122625/s1, Figure S1: 16S rRNA phy-
logeny of Nostocales (merged tree); Table S1: Composition of the BG 11 0-H culture medium; Table S2:
Composition of the NDC culture medium; Table S3: List of isolated strains and strain numbers.
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