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Abstract — The microflora of hypogean environments has been studied increasingly
worldwide. However, some sites have hardly been examined or not studied at all; this is the
case for the Giant Cave, a Karst show cave located near Trieste, Italy. In the present study
we began characterizing the Giant Cave Lampenflora by using a polyphasic approach,
focusing, in particular, on three Leptolyngbya-like strains named GR2, GR4, and GR13. Light
and electron microscopic observations were carried out and the water-soluble pigment
composition was analysed. Phylogenetic reconstruction, based on the 16S rRNA gene and the
16S-23S ITS region, was performed to better understand the taxonomic position of these
strains, complemented by 16S-23S ITS secondary structure analysis. Ecological and
geographical data for the investigated strains and for the other cyanobacterial strains grouping
with them in the phylogenetic reconstructions were also considered. Based on the results,
strain GR2 was ascribed to the species Heteroleibleinia purpurascens (Hansgirg) Anagnostidis
& Komarek; strains GR4 and GR13 were attributed to a new genus of the family
Leptolyngbyaceae, Timaviella Sciuto & Moro, gen. nov., and represented two distinct species:
Timaviella circinata Sciuto & Moro and Timaviella karstica Sciuto & Moro.

16S rRNA / 16S-23S ITS / Heteroleibleinia purpurascens /| hypogean environment /
Lampenflora | Timaviella

INTRODUCTION

Caves are hypogean environments that can be considered extreme since the
conditions are life-limiting, the most important factors being low nutrient input and
scarcity/absence of light. A high relative humidity and a broadly constant temperature
throughout the year are typical of caves (Mulec et al., 2008; Lee et al., 2012; Saiz-
Jimenez, 2012). In caves the microflora colonizes different ecological niches,
including water bodies and aerophytic habitats; the latter are represented by
sediments, rocky surfaces, and artificial material. Substrate types play an important
role in the selection of taxa (Mulec et al., 2008).

The delicate equilibrium among the different biotic components (plants,
animals, and microbes) of a cave is altered in show caves by visitors, who can bring
organic input, and by the installation of associated infrastructure, like lamps (Mulec
et al., 2008; Saiz-Jimenez, 2012; Lamprinou et al., 2014). In particular, artificial
lighting favours the growth of microflora, the so-called Lampenflora (Dobat, 1963),
even in the cave depths, where it otherwise would not develop.
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While at the cave threshold several types of organisms (e.g., microalgae,
bryophytes, ferns) compete for sunlight, in the deepest recesses cyanobacteria are
usually the only phototrophs. In show caves, these prokaryotes constitute most of
the Lampenflora on calcareous surfaces, representing both the base of food chains
and a possible threat to the cultural heritage (Smrz et al., 2013; Lamprinou et al.,
2014).

Studies on microorganisms isolated from caves have highlighted that the
particular conditions of these environments often lead to the selection of unusual
taxa (Mulec et al., 2008; Lee et al., 2012); several new cyanobacterial genera and
species were reported from caves and, more generally, from low light environments
(e.g., Sant’Anna et al., 1991; Hernandez-Mariné & Canals, 1994; Asencio et al.,
1996; Lamprinou et al., 2011, 2012a, 2012b, 2013; Zammit et al., 2012; Saw et al.
2013; Hauer et al., 2015; Miscoe et al., 2016).

Recently, many caves have been thoroughly investigated worldwide (Lee
et al., 2012; Saiz-Jimenez, 2012; Hauer et al., 2015), whereas some others have
hardly been studied or are completely unknown; this is the case for the Giant Cave
(Sgonico, Trieste, Italy). Over time, the artificial lighting has favoured the proliferation
of microflora near the lamps, mostly represented by cyanobacteria. Part of the
microflora could have already been present in the cave due to geological changes
over time, while some could have been introduced by the traffic of people in the
Giant Cave. Human transportation of microorganisms is often an underestimated
factor, but people can bring new taxa into the cave, move taxa through the cave, and
export taxa from the cave, thus altering the composition of the Lampenflora. In
February 2012, a survey was started to study the Lampenflora of the Giant Cave
with the collection of numerous samples and the isolation of different cyanobacterial
and microalgal strains.

In this paper we report the characterization of three Leptolyngbya-like
cyanobacteria isolated from this environment and temporarily named GR2, GR4,
and GR13. The genus Leptolyngbya Anagnostidis & Komarek is a character-poor
taxon that, based on molecular data, has undergone several revisions with the
detection and separation of new genera (e.g., Perkerson et al., 2011; Zammit et al.,
2012; Vaz et al., 2015; Sciuto & Moro, 2016). The three isolated strains were
investigated using a polyphasic approach, including morphological, ecological,
biochemical, and molecular data. The molecular analyses were based on the 16S
rRNA gene and the 16S-23S ITS region; moreover, the study of 16S-23S ITS
secondary structures was also carried out. Strain GR2 was attributed to the species
Heteroleibleinia purpurascens (Hansgirg) Anagnostidis & Komarek and the genus
Timaviella Sciuto & Moro was erected for strains GR4 and GR13, which represent
two distinct species: Timaviella circinata Sciuto & Moro and Timaviella karstica
Sciuto & Moro.

MATERIALS AND METHODS

Study site

The Giant Cave (“Grotta Gigante” in Italian) is a Karst show cave located
in the alpine area (Oriental Alps), in the municipality of Sgonico, Trieste, North-
Eastern Italy; the main entrance coordinates are 45°42°35.62”N; 13°45°52.33”E.
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The cave has an estimated age of around 10 million years. In 1995, it entered the
Guinness Book of Records as the world’s largest tourist cave, because of its central
hall that reaches 98.5 m in height, 76.3 m in width, and is 167.6 m long. Several
large stalactites and stalagmites are present in the cave and many of them have been
named (e.g., the highest stalagmite, 12 m high, is “Colonna Ruggero” and a 7 m
high stalagmite, famous for its form resembling a palm tree, is “Palma”). Stalagmites
have a typical “pile of dishes” appearance due to water dropping from up to 80 m
above and depositing calcium carbonate over a wide area. The temperature, constant
throughout the year, is about 11°C and the relative humidity is 96% (http://www.
grottagigante.it/).

Sampling, strain isolation, and culture setup

In February 2012, different samples of the microflora growing near the
artificial lighting were collected by scratching the lithic surface with a stainless steel
spatula and placed in Falcon tubes (50 mL). The light intensity at the exact position
of each sampling, measured with a HD 9221 photoradiometer (Delta OHM S.r.1.,
Padova, Italy), ranged from 2 to 5 pmol photons m2 s~!. Strain isolation was
accomplished by streaking each natural sample across an agar plate containing BG11
medium (Rippka et al., 1979); after streaking, the agar plates were incubated and
kept in a growth chamber at a constant temperature of 16°C, under a continuous
light of 2-5 pmol photons m2 s~!, until colonies of cells appeared. Developed
colonies were removed from the agar plate by a platinum loop under an inverted
microscope (Leitz Diavert, Wetzlar, Germany). Cells were re-streaked on a new agar
plate or, if the single colonies were unialgal/unicyanobacterial, they were rinsed in
liquid BG11 medium to free the cells. Finally, liquid cultures of each isolated strain
were set up with BG11 medium under the above reported culture conditions.

Among the isolated organisms, three cyanobacterial strains, named GR2,
GR4, and GR13 (where the acronym “GR” stands for the Italian word “GRotta”,
cave), were the subject of this investigation. The three strains were deposited in the
BCCM/ULC Cyanobacteria collection (Centre for Protein Engineering, University
of Li¢ge, Belgium), where they can be found under the following accession numbers:
ULC400, ULC401, ULC402. Resin-embedded samples of strains GR2, GR4, and
GR13 were obtained following Moro ef al. (2010) and deposited at the Herbarium
Patavinum (PAD), the herbarium of the Botanical Garden — University of Padova,
under the following deposition numbers: A000628, A000629, A000630.

Amplification and sequencing of the 16S rRNA gene and 16S-23S ITS region

Culture aliquots of the three strains were ground in a mortar with liquid
nitrogen and genomic DNA was extracted using the Genomic DNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions.

The 16S rRNA gene was amplified using the primer pair 16S1-16S2
(Ceschi-Berrini et al., 2004), while the 16S-23S ITS region was amplified with the
primer pair 322F-340R (Iteman et al., 2000); the expected sizes for the amplicons
were about 1450 bp for the 16S rRNA gene and from 650 to 950 bp for the 16S-23S
ITS region. The PCR protocols were performed in 50 pl aliquots with the Taqg DNA
polymerase (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s recommendations. Approximately 80 ng of template DNA was used
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per reaction. The thermocycling conditions were the same as reported in Moro et al.
(2007), for the 16S rRNA gene, and in Sciuto & Moro (2016), for the 16S-23S ITS
region.

After observing the expected band on the electrophoretic gel, the
corresponding amplification product was purified with the QIAquick PCR Purification
kit (Qiagen, Hilden, Diisseldorf, Germany) prior to sequencing. DNA sequencing
was performed at the BMR Genomics Sequencing Service (University of Padova)
with the same primer pairs used in the amplification reactions. For the 16S rRNA
gene, four additional internal primers were used as reported in Ceschi-Berrini et al.
(2004).

The final consensus sequences were assembled using the SeqMan II
program from the Lasergene software package (DNAStar©, Madison, WI, USA)
and then compared with the sequences available at the INSD (International Nucleotide
Sequence Database) using the BLAST tool (Altschul et al., 1990).

The final 16S rRNA consensus sequences were 1343 bp for strain GR2,
1403 bp for strain GR4, and 1416 bp for strain GR13; the final 16S-23S ITS
consensus sequences were 863 bp for strain GR2, 694 bp for strain GR4, and 675
bp for strain GR13. The obtained sequences were deposited in the INSD, through
the ENA (European Nucleotide Archive) platform, with the following accession
numbers: LT634148, LT634149, LT634150, for the 16S rRNA gene, and LT634151,
LT634152, LT634153, for the 16S-23S ITS.

Phylogenetic analyses

Separate datasets were created for the 16S rRNA gene and 16S-23S ITS
region, using the sequences of strains GR2, GR4, GR13, sequences found through
the BLAST search, and other published sequences of strains belonging to genera of
the family Leptolyngbyaceae. A sequence of the genus Tapinothrix (HQ132936),
assigned to the family Heteroleibleiniaceae by Komarek et al. (2014), was also
added to the 16S rRNA dataset. The 16S rRNA dataset included 100 sequences and
the final alignment contained 713 aligned positions; sequences of strains belonging
to the genus Gloeobacter were used as outgroup. For the 16S-23S ITS, 33 sequences
were included in the dataset for a final alignment of 787 positions; due to the higher
variability of this locus, representative sequences of the genera Haloleptolyngbya
and Nodosilinea, which were at the base of the family Leptolyngbyaceae in the 16S
rRNA tree, were used to root the phylogenetic reconstruction.

The obtained 16S-23S ITS sequences and the sequences retrieved from the
INSD were checked for the presence of tRNAs with tRNAscan-SE (Lowe & Eddy,
1997; Schattner et al., 2005) and the conserved domains/variable regions (D1, D1°,
D2, D3, D4, V2, boxB, boxA, D4, and V3) of this locus were detected following
Iteman et al. (2000). A genomic region from the beginning of the D1 domain to the
end of the D4 domain was considered in the ITS region phylogenetic analyses.

The 16S rRNA and 16S-23S ITS multiple alignments were generated with
MUSCLE (Edgar, 2004) and are given as Supplementary Data (Figs S3 and S4, see
doi/10.7872/crya/v38.iss4.2017.Suppl.Mat.).

Phylogenetic analyses based on Neighbor Joining (NJ) and Maximum
Parsimony (MP) methods were performed with MEGA version 5 (Tamura et al.,
2011). The 16S rRNA dataset had 185 parsimony-informative sites in 713 aligned
positions, and the 16S-23S ITS dataset had 343 parsimony-informative sites in 787
aligned positions. Maximum Likelihood (ML) analyses were performed with
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PHYML version 3.065 (Guindon & Gascuel, 2003) and Bayesian Inference (BI)
analyses were carried out using MrBayes version 3.1.2 (Ronquist & Huelsenbeck,
2003).

For ML and BI analyses, the models that best fit our data were found using
jModelTest version 0.1.1 (Posada & Crandall, 1998; Posada & Buckley, 2004;
Posada, 2008) under the BIC criterion (Schwarz, 1978). For the 16S rRNA dataset,
the model that best fit the data was TrN + I + G and the following parameters were
implemented: nucleotide frequencies as freqA = 0.2624, freqC = 0.1875, freqG =
0.3137, freqT = 0.2363; substitution rate matrix with A-C substitutions = 1.0000,
A-G=2.3871, A-T = 1.0000, C-G= 1.0000, C-T = 3.6598, G-T = 1.0000; proportion
of sites assumed to be invariable = 0.5350; gamma shape = 0.5230. For the 16S-23S
ITS dataset, the model that best fit the data was TPM2uf + G and the following
parameters were implemented: nucleotide frequencies as freqA = 0.3148, freqC =
0.1609, freqG = 0.2394, freqT = 0.2849; substitution rate matrix with A-C
substitutions = 2.1211, A-G = 4.4077, A-T = 2.1211, C-G= 1.0000, C-T = 4.4077,
G-T = 1.0000; proportion of sites assumed to be invariable = 0; gamma shape =
0.3440.

The nexus files for the BI analyses were generated with Mesquite version
2.71 (Maddison & Maddison, 2009). The analyses included two separate concurrent
MCMC runs, each composed of four chains (three heated and one cold). Each
Markov chain ran for 10 x 10° generations for the 16S rRNA dataset and 5 x 10°
generations for the 16S-23S ITS dataset, with trees sampled every 100 generations.
At the end of each run, we considered the sampling of the posterior distribution to
be adequate if the average standard deviation of the split frequencies was < 0.01.
The first 25000 trees for the 16S rRNA locus and 12500 trees for the 16S-23S ITS
were discarded as burn-in, as determined by the stationarity of the InL assessed
using Tracer version 1.5 (Rambaut & Drummond, 2007). Consensus topologies and
posterior probabilities (PP) values were calculated from the remaining trees.
Nonparametric bootstrap (BT) re-sampling (Felsenstein, 1985) was used to test the
robustness of the NJ, MP, and ML tree topologies (1000 BT replicates). Final images
of the phylogenetic reconstructions were prepared for publication with CorelDRAW
X4.

Secondary structure prediction

The hypothetical secondary structures of the 16S-23S ITS region were
estimated as reported in Sciuto & Moro (2016), using the program RNAstructure
version 5.6 (Reuter & Mathews, 2010) with default conditions (absolute temperature
for structure prediction = 37°C; maximum loop size = 30 unpaired nucleotides;
maximum % energy difference = 10; maximum number of structures = 20; window
size = 0). In some cases, the predictions obtained with RNAstructure were constrained
in some parts to make the structures more congruent and comparable among them.
The obtained secondary structures were visualized with VARNA version 3.9 (Darty
et al., 2009) and depicted with CorelDRAW X4.

Microscopy
Culture aliquots of the three strains were observed with a light microscope

(LM) Leica 5000 (Wetzlar, Germany), equipped with a digital image acquisition
system. Further aliquots of the three strains were fixed in 3% glutaraldehyde in
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0.1 M cacodylate buffer (pH 6.9) and prepared for electron microscopy analyses as
reported in Moro et al. (2010). Scanning electron microscope (SEM) observations
were carried out with a JSM-6490 JEOL (Akishima, Tokyo, Japan) microscope,
operating at 25 kV, and transmission electron microscope (TEM) observations were
performed with a FEI Tecnai G2 (Hillsboro, Oregon, USA) microscope, operating
at 100 kV. Micrographs of the three strains were prepared for publication with
Core]DRAW X4. Morphological classification of the strains was based on Komarek
& Anagnostidis (2005) and Komarek et al. (2014).

Capability of strain GR2 to attach to the substrate

To evaluate whether strain GR2 was able to attach to the substrate by one
end of the filaments, an experiment was carried out as follows. Small fragments of
calcareous rock were washed with a sodium hypochlorite solution, rinsed with
deionized water, and autoclaved; then each sterilized rock fragment was immersed
in BG11 liquid medium on a Petri dish and a small aliquot of strain GR2 pure
culture was added. The rock-containing Petri dishes were incubated under the culture
conditions used to cultivate strain GR2, as reported above. After a week of incubation,
each rock fragment was transferred to another Petri dish containing BG11 liquid
medium in the same culture conditions; this operation was repeated once to eliminate
filaments of strain GR2 that were not attached to the rock. Different rock fragments,
obtained in this way, were observed with an inverted microscope Leica DMI4000 B
(Wetzlar, Germany), equipped with a digital image acquisition system.

Phycobiliprotein analysis

Culture aliquots of the three strains (three replicates for each strain) were
ground in a mortar with liquid nitrogen and phycobiliproteins (PBPs) were extracted
by adding a phosphate buffer (0.01 M NaH,PO,, 0.15 M NaCl, pH 7) to the
homogenates and keeping them in the darkness, at 4°C, for 24h. The extract spectra
and absorbances were analysed with a DU530 Beckman Coulter spectrophotometer
(Fullerton, California, USA). Absorbance values at 562 nm (phycoerythrin), 615 nm
(C-phycocyanin), and 652 nm (allophycocyanin) were recorded and used to calculate
the concentration of PBPs following the formulae proposed by Bennett & Bogorad
(1973).

RESULTS

Phylogenetic results

Phylogenetic reconstruction based on the 16S rRNA gene (Figs 1 and S1
(see doi/10.7872/crya/v38.iss4.2017.Suppl.Mat.)) highlighted fifteen well-supported
clades inside the family Leptolyngbyaceae, eleven of which corresponding to
previously described genera: Thermoleptolyngbya Sciuto & Moro, Oculatella
Zammit et al., Trichocoleus Anagnostidis, Leptolyngbya Anagnostidis & Komarek,
Plectolyngbya Taton et al., Alkalinema Vaz et al., Phormidesmis Turicchia et al.,
Kovacikia Miscoe et al., Stenomitos Miscoe & Johansen, Pantanalinema Vaz et al.,
Halomicronema Abed et al., and Nodosilinea Perkerson & Casamatta. Of the four
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remaining clusters, two were made up by cyanobacteria isolated from Antarctica; the
first one included strains identified as Leptolyngbya frigida (Fritsch) Anagnostidis &
Komarek, and it was therefore named the “Leptolyngbya frigida” clade, the second
one contained strains attributed to Leptolyngbya antarctica (West & G.S.West)
Anagnostidis & Komarek, and it was therefore tagged as the “Leptolyngbya
antarctica” clade.

The other two lineages were clearly distinct from the other genera of the
family Leptolyngbyaceae with high statistical support; they were named clades A
and B.

Clade A included the sequences of strains GR4 and GR13 and 14 other
sequences of cyanobacteria detected during environmental surveys (Fig. 1); a few of
these strains were attributed to the genus Leptolyngbya, but the majority of them
were just labelled as “uncultured cyanobacterium”. Most of the cyanobacteria
included in clade A were isolated from Antarctica, and a few were from the Arctic
and alpine environments (Table 1, Fig. 1). The 16S rRNA gene sequences forming
clade A ranged from 95.83% to 100% identity, based on the alignment used for
the phylogenetic analyses (Fig. S2, see doi/10.7872/crya/v38.iss4.2017.Suppl.Mat.).
The 16S rRNA sequences of strains GR4 and GR13 were 98.70% similar based on
the longest possible alignment between them (1383 positions) and 98.65% based
on an alignment of 1119 positions, including other focus taxa (Fig. S5, see
doi/10.7872/crya/v38.iss4.2017.Suppl.Mat.).

Clade B included the sequence of strain GR2 and 16 other sequences of
cyanobacteria, mainly detected during environmental studies. Many of the
cyanobacterial strains belonging to clade B were not attributed to known taxa, while
others were tentatively identified as various genera: Heteroleibleinia (Geitler)
Hoffmann, Leptolyngbya, Phormidesmis, Plectonema Thuret ex Gomont, Pseudanabaena
Lauterborn, and Pseudophormidium (Forti) Anagnostidis & Komarek. More than
half of the clade B strains were isolated from Antarctica (Table 2, Fig. 1). Based on
the alignment used for the phylogenetic analyses, the 16S rRNA gene sequences of
clade B ranged from 95.24% to 100% similarity (Fig. S2, see doi/10.7872/crya/v38.
1ss4.2017.Suppl.Mat.). Strain GR2 had the highest 16S rRNA sequence identities
(97.84-98.27%) with three uncultured strains (clone BGC-Fr054, isolate OUT 00162,
strain QSSC8cya), with Phormidesmis priestleyi ANT.LPR2.6 (98.56%), and
with Heteroleibleinia fontana UCFM_HF (97.98%). H. fontana UCFM_HF and
P, priestleyi ANT.LPR2.6 shared a sequence identity of 98.27%.

The alignment used for phylogenetic analyses was constrained in length
because the sequence of H. fontana UCFM_HF (KF264596) was only 694 bp long.
Strain GR2 and P, priestleyi ANT.LPR2.6 had an identity of 97.32% on the longest
alignment that could be obtained between their 16S rRNA sequences (1343 positions).
Focusing on the sequences of GR2, H. fontana UCFM_HF, and P. priestleyi ANT.
LPR2.6, the fragment of 16S rRNA common to all the three strains corresponded to
the central part of the alignment achievable between the sequences of strain GR2
and P, priestleyi ANT.LPR2.6 (Fig. S6, see doi/10.7872/crya/v38.iss4.2017.Suppl.
Mat.). Inside this alignment, 26 nucleotide substitutions were in the portion common
only to strain GR2 and P, priestleyi ANT.LPR2.6, and 17 were in the portion common
to all the three strains. Of the nucleotide differences falling in the common portion
of the alignment, strain GR2 and H. fontana UCFM_HF had identical nucleotides
in 3 positions, strain GR2 and P. priestleyi ANT.LPR2.6 showed identical nucleotides
in 7 positions, and H. fontana UCFM_HF and P. priestleyi ANT.LPR2.6 had identical
nucleotides in 5 positions. In the 2 remaining positions different nucleotides were
observed among the three strains (Fig. S6).
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Fig. 1. Phylogenetic reconstruction of Leptolyngbyaceae based on 16S rRNA gene analyses. The NJ
topology is depicted and the numbers associated with nodes indicate support values for NJ, MP, ML, and
BI analyses, respectively. Only bootstrap supports > 50% and posterior probabilities > 0.70 are reported.
Values for nodes that obtained support in only one of the performed phylogenetic analyses were omitted.
Horizontal bar represents expected number of nucleotide substitutions per site. Clades A and B are
highlighted by gray boxes; known genera, as well as the “Leptolyngbya frigida” and “Leptolyngbya
Antarctica” clades, are represented by grey triangles with the number of considered OTUs reported in
parentheses. Inside clades A and B, a symbol near each considered strain indicates if it was isolated from
a mountain habitat (black triangle), from Antarctica (black circle), from the Arctic (white circle), or from
a different environment (black square). The extended 16S rRNA tree is depicted in Fig. S1.
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Only one ribosomal operon, with both the tRNA!® and tRNAA2 genes
inside the ITS region, was recovered for each of the strains GR2, GR4, and GR13.
Few 16S-23S ITS sequences of the other cyanobacteria belonging to clades A and
B in the 16S rRNA phylogenetic reconstruction could be analyzed, because for
many strains sequences of this locus were not available or they were too short. Also,
fewer members of known genera were included in the phylogenetic analyses based
on the ITS region, given the higher variability of this locus and the consequent
difficulty to obtain reliable alignments with distantly related taxa. The phylogenetic
tree based on the 16S-23S ITS is depicted in Fig. 2 and allowed the detection of
ten well-supported clades, seven of which corresponding to known lineages
(Alkalinema, Phormidesmis, Kovacikia, Oculatella, Trichocoleus, Plectolynbgya,
and Leptolyngbya). As found with the 16S rRNA analysis, the “Leptolyngbya
frigida” clade had high statistical support, as did clades A and B, which were again
clearly distinct from the other known taxa inside the family Leptolyngbyaceae. The
well-supported group formed by Haloleptolyngbya alcalis KR2005/106 and a
representative of the genus Nodosilinea was used to root the tree.

16S-23S ITS secondary structure data

Hypothetical secondary structures of the 16S-23S ITS region (containing
both tRNA genes) were estimated for the D1-D1° domain (Figs 3 and 6), boxB
domain (Figs 4 and 7), and V3 domain (Figs 5 and 8) of the cyanobacterial strains
belonging to clades A and B in the ITS region tree.

Clade A: Only one hypothetical secondary structure was generated by the
program RNAstructure for the D1-D1’ domain of each of the strains belonging to
clade A. The obtained structures are reported in Fig. 3 and described in detail in
Table 3; they showed a variable length ranging from 63 to 85 residues. All the
inferred structures were comparable in the first portion, which was composed by a
5-residue basal stem (GACCU-AGGUC) followed by a 8 residue right bulge
(CAYCCCAA). The remaining part of the D1-D1’ structure varied greatly among
the clade A strains, with similarities found between strain pairs. In particular, the D1-
D1” helices of strains GR4 and GR13 showed the same length (85 residues) and had
several features in common (Fig. 3, Table 3); in the terminal part one compensatory
base change (CBC, i.e. a nucleotide substitution in both the side of a paired region
in order to keep the structure) and two hemi-compensatory base changes (hCBCs,
i.e. nucleotide substitutions in one of the sides of a paired region in order to keep
the structure) were observed between the structures of the two organisms (Fig. 3).

Also for the boxB domain, only one hypothetical secondary structure was
predicted by the program RNAstructure for each strain of the clade A. The obtained
structures are represented in Fig. 4 and thoroughly described in Table 3; they ranged in
size from 35 to 61 residues. The first part of the boxB helix was identical for all the
investigated strains, while the remaining portion varied greatly (indicated by two dotted
line arrows in Fig. 4). In the basal part of the boxB helix, common to all the considered
strains, one hCBC was observed between the structures of strains GR4 and GR13 (Fig. 4).

The hypothetical secondary structures of the V3 domain could be predicted
only for four strains included in clade A, since for the other three strains the available
16S-23S ITS sequences were too short. Only one V3 secondary structure was
generated by the program RNAstructure for each of the considered strains. The
obtained structures (Fig. 5) ranged in size from 59 to 61 residues and are described
in detail in Table 3. The major part of the predicted V3 secondary helices was
congruent among the investigated strains. In the central portion, one CBC and four
hCBCs were observed between the structures of strains GR4 and GR13 (Fig. 5).
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Fig. 2. Phylogenetic reconstruction of Leptolyngbyaceae based on the 16S-23S ITS region analyses. The
NI topology is depicted and the numbers associated with nodes indicate support values for NJ, MP, ML,
and BI analyses, respectively. Only bootstrap supports > 50% and posterior probabilities > 0.70 are
reported. Values for nodes that obtained support in only one of the performed phylogenetic analyses
were omitted. Horizontal bar represents expected number of nucleotide substitutions per site. Genera are
indicated by vertical bars and clades A and B are highlighted by gray boxes.
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Fig. 3. Hypothetical secondary structures of the 16S-23S ITS region D1-D1” helix for the cyanobacterial
strains forming clade A in the 16S-23S ITS phylogenetic reconstruction. In paired regions, A-U pairings
are represented with a single line, G-C pairings with a double line, and unconventional pairings with a
line interrupted by a circle. Nucleotide substitutions for a given structure are illustrated by double-
headed black arrows plus circles inscribing nucleotide symbols near the interested nucleotide positions.
Nucleotide changes between strains GR4 and GR13 are indicated as follows: white arrow heads = single
nucleotide changes not causing a change in the structure); black arrow heads = single nucleotide changes
causing a change in the structure; black arrow pairs = pairs of nucleotide changes causing a change in
the structure; black squares = hCBCs; black rectangles = CBCs.
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Fig. 4. Hypothetical secondary structures of the 16S-23S ITS region boxB helix for the cyanobacterial
strains forming clade A in the 16S-23S ITS phylogenetic reconstruction. In paired regions, A-U pairings
are represented with a single line, G-C pairings with a double line, and unconventional pairings with a
line interrupted by a circle. Nucleotide substitutions for a given structure are illustrated by double-
headed black arrows plus circles inscribing nucleotide symbols near the interested nucleotide positions.
The start of boxB helix terminal portion that varies among the considered strains is highlighted by two
dotted line arrows. In the boxB helix portion common to all the considered strains, nucleotide changes
between strains GR4 and GR13 are indicated as follows: white arrow heads = single nucleotide changes
not causing a change in the structure; black squares = hCBCs.



The new genus Timaviella (Leptolyngbyaceae) 301

Fig. 5. Hypothetical secondary structures of the 16S-23S ITS region V3 helix for the cyanobacterial
strains forming clade A in the 16S-23S ITS phylogenetic reconstruction. In paired regions, A-U pairings
are represented with a single line, G-C pairings with a double line, and unconventional pairings with a
line interrupted by a circle. Nucleotide substitutions for a given structure are illustrated by double-
headed black arrows plus circles inscribing nucleotide symbols near the interested nucleotide positions.
Nucleotide changes between strains GR4 and GR13 are indicated as follows: white arrow heads = single
nucleotide changes not causing a change in the structure); black arrow heads = single nucleotide changes
causing a change in the structure; black arrow pairs = pairs of nucleotide changes causing a change in
the structure; black squares = hCBCs; black rectangles = CBCs.
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Since in both the 16S rRNA and 16S-23S ITS region trees clade A was
sister taxon to “Leptolyngbya frigida” clade, the ITS region secondary structures of
this lineage were also investigated. The two L. frigida strains (ANT.LMA.1 and
AY493643) included in the ITS phylogenetic reconstruction had identical ITS region
sequences. Only one structure was generated by the program RNAstructure for each
of the considered ITS region domains of the “Leptolyngbya frigida” clade; they are
depicted in Fig. S7 (see doi/10.7872/crya/v38.iss4.2017.Suppl.Mat.). The DI-DI’
helix was 75 residues long; it was composed as follows: 5-residue basal stem
(GACCU-AGGUC) + 10-residue asymmetrical internal loop (A-CCAUCCCAA) +
2-residue stem region + 2-residue symmetrical internal loop + 4-residue stem region
+ 4-residue symmetrical internal loop + 4-residue stem region + 6-residue symmetrical
internal loop + single base right bulge (U) + 2-residue stem region + 4-residue
symmetrical internal loop + 4-residue stem region + 4-residue terminal hairpin loop.
The box B secondary structure of “L. frigida” clade was 39 residues long; it appeared
as a straight helix, interrupted by two 2-residue symmetrical internal loops and with
a S-residue terminal hairpin loop. The V3 helix of “L. frigida” clade was 94 residues
long; it was composed as follows: 4-residue basal stem (UGUC-GACA) + 3-residue
asymmetrical internal loop (AG-A) + 5-residue stem region + 3-residue left bulge
(AAC) + 15-residue stem region + 14-residue symmetrical internal loop + 5-residue
stem region + 6-residue symmetrical internal loop + 3-residue stem region +
4-residue terminal hairpin loop.

Clade B: The program RNAstructure produced one hypothetical D1-D1°
secondary structure for strain GR2, Phormidesmis priestleyi ANT.LACVS.1, and
Leptolyngbya cf. fragilis ANT.L52.1, and three hypothetical structures for
Heteroleibleinia fontana UCFM_HF and Pseudophormidium sp. ANT.LPE.3; in the
second case the hypothetical structure with the lowest free energy was chosen. The
obtained secondary structures are depicted in Fig. 6 and thoroughly described in
Table 4. All the helices (63-65 residues long) were characterized by the same basal
stem structure of 5 residues (GACCU-AGGUC), except for H. fontana UCFM_HF
that showed a nucleotide substitution causing a shorter basal stem (Fig. 6). Also for
the remaining part of the helix, H. fontana UCFM HF had the most different
structure, whereas the structures of all the other strains of clade A were more
homogeneous among them, with differences in the length of the three last internal
stems and of the terminal hairpin loop (Fig. 6, Table 4). The final part of H. fontana
UCFM_HF helix was identical to those of strains GR2 and ANT.LPE.3 (Fig. 6,
Table 4).

Only one hypothetical secondary structure was generated by the program
RNAstructure for the boxB domain of each of the strains forming clade A; they are
illustrated in Fig. 7 and described in detail in Table 4. The boxB hypothetical
structures had a more variable length than those found for the D1-D1’ helix, with a
size ranging from 41 to 69 residues; strain GR2 and H. fontana UCFM_HF showed
the longest boxB helices (Fig. 7). All the boxB helices of clade B strains shared a
common structure in the first part, with strain L. cf. fragilis ANT.L52.1 showing
some differences (Fig. 7, Table 4). The remaining part of the boxB helices mirrored
the relationships found inside clade B with the 16S-23S ITS phylogenetic
reconstruction; the structures of strain GR2 and H. fontana UCFM_HF were very
similar, while the structures of the three remaining strains were more comparable
among them, with a high similarity between the helices of strains ANT.LACVS5.1
and ANT.L52.1 (Fig. 7, Table 4).

The 16S-23S ITS sequence of Pseudophormidium sp. ANT.LPE.3 was too
short, resulting in a partial V3 domain; thus the V3 helix could not be predicted for
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this strain. The program RNAstructure predicted only one V3 hypothetical secondary
structure for each of the four remaining strains included in clade A; they are depicted
in Fig. 8 and thoroughly described in Table 4. The obtained secondary structures
mirrored the relationships highlighted by the 16S-23S ITS tree, with the helices of
strain GR2 and H. fontana UCFM_HF sharing higher similarity between them than
with each of the other two strains (P. priestleyi ANT.LACVS.1 and L. cf. fragilis
ANT.L52.1). In particular, the V3 helices of strains ANT.LACVS5.1 and ANT.L52.1
were longer (93-96 residues) than those of strains GR2 and UCFM_HF (77 residues)
and also very different in structure, except for the same, very short, basal stem
(Fig. 8, Table 4).

Fig. 6. Hypothetical secondary structures of the 16S-23S ITS region D1-D1” helix for the cyanobacterial
strains forming clade B in the 16S-23S ITS phylogenetic reconstruction. In paired regions, A-U pairings
are represented with a single line, G-C pairings with a double line, and unconventional pairings with a
line interrupted by a circle.
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Fig. 7. Hypothetical secondary structures of the 16S-23S ITS region boxB helix for the cyanobacterial
strains forming clade A in the 16S-23S ITS phylogenetic reconstruction. In paired regions, A-U pairings
are represented with a single line, G-C pairings with a double line, and unconventional pairings with a
line interrupted by a circle.

Morphological, cytological and biochemical features

Strain GR2: In culture, strain GR2 was a red-brownish in colour, with
some parts of the colony occasionally greenish. Analyses with LM and SEM of this
strain highlighted + curved, densely aggregated filaments (Figs 9 and 12), sometimes
twisted to form ropes (Fig. 10). Trichomes were unbranched and constricted at the
cell cross walls, without heterocytes (Figs 11-13). The moniliform trichomes were
made up by barrel-shaped cells, wider than long (1.2-1.5 pm wide, 0.6-0.9 um long),
and ending with rounded apical cells (Figs 11 and 13). The individual trichomes
were surrounded by a sheath (Fig. 9) and frequently the abundant extracellular
polysaccharides tightly aggregated the filaments (Fig. 13). Trichome fragmentation
occurred without necridia and led to the development of short hormogonia (Fig. 11).

TEM observations evidenced the multilayered structure of the thick sheath
(about 300-400 nm thick) (Figs 14-15), cyanophycin granules, and the presence of
5-6 parietal thylakoids arranged in parallel (Figs 14-15). Cell division was
symmetrical and perpendicular to the long axis of the trichome (Fig. 15).
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Fig. 8. Hypothetical secondary structures of the 16S-23S ITS region V3 helix for the cyanobacterial
strains forming clade A in the 16S-23S ITS phylogenetic reconstruction; the V3 domain of
Pseudophormidium sp. ANT.LPE.3 was incomplete and therefore the corresponding helix was not
inferred. In paired regions, A-U pairings are represented with a single line, G-C pairings with a double
line, and unconventional pairings with a line interrupted by a circle.

In the presence of a hard surface, like a calcareous rock, strain GR2 was
able to attach to the substrate by one of the filament ends (Figs 16-18).

Spectrophotometric analyses showed the presence of phycoerythrin
(41.59 £ 2.33%), C-phycocyanin (38.10 £ 1.99%), and allophycocyanin (20.30 +
0.92%).
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Figs 9-15. Strain GR2. 9-10. Light microscope images showing unbranched trichomes constricted at the
cell cross walls, sometimes forming ropes. 11. Trichome fragmentation with the development of short
hormogonia (arrows). 12-13. Scanning electron micrographs showing unbranched trichomes constricted
at the cell cross walls and ended with rounded apical cells (arrows). 14-15. Transmission electron
microscope images highlighting a trichome with barrel-shaped cells (arrow head), surrounded by a thick
sheath (arrow). 15. Particular of cell in division, characterized by parallel parietal thylakoids (t).
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Figs 16-18. Micrographs highlighting
strain GR2 capability to attach to the
substrate with one of the filament
ends. 16. Overall view of a
calcareous stone fragment showing
GR2 attachment to the rock surface
(arrow). 17-18. Details at different
magnifications of attached GR2
filaments (arrows).
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Strain GR4: Strain GR4 cultures were red-brown in colour. Using the LM
this non-heterocytous strain exhibited flexuous curved filaments (Fig. 19), surrounded
by a colourless sheath and with false branching (Figs 20-21). Trichomes, slightly
constricted at the cross wall, consisted of cells from isodiametric to longer than wide
(1.7-4.4 pm long, 1.2-1.8 um wide) (Fig. 21); apical cells were rounded (Fig. 20).
Also in strain GR4 the cell division was symmetrical and perpendicular to the long
axis of the filament, but occasionally it was oblique (Fig. 20), forming branches.
Observed by SEM, the sheaths, individually surrounding the filaments, were
sometimes anastomosed and fused (Figs 22-23). Observations with TEM showed the
trichomes to be slightly constricted at the cell cross wall and the presence of
multilayered sheaths, thicker than 500 nm (Figs 24-26). Moreover, the isodiametric

Figs 19-26. Strain GR4. 19-21. Light micrographs showing flexuous trichomes, characterized
by branching (arrows). Note in 20 the oblique cell division, giving rise to branching (arrow head).
22-23. Scanning electron microscope images of trichomes surrounded by a conspicuous sheath. Note
the presence of a branch (arrow). 24-25. Transmission electron microscope images showing lightly
barrel-shaped cells, characterized by parietal thylakoids (t), sometimes arranged in circular way (arrow).
26. Particular of a multilayered sheath, surrounding the filaments.
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cells showed 5 parietal thylakoids, which in some areas appeared to be organized in
a circular arrangement (Figs 24-25).

Water-soluble pigments were phycoerythrin (53.52 £+ 1.59%), C-phycocyanin
(40.86 = 1.57%) and allophycocyanin (5.61 + 0.74%).

Strain GR13: Strain GR13 cultures were red-brown in colour, darker than
those of strain GR4. With LM strain GR13 appeared non-heterocytous and formed
by very long, flexuous, and curved trichomes (Fig. 27), surrounded by a colourless
sheath, and characterized by the presence of different types of false branching
(Figs 28-29); the first type of branching occurred for trichome fragmentation and
lateral protrusion through the sheath (Fig. 28), the second one was a Scytonema-type
false branching (Fig. 29). Each trichome was composed by longer than wide cells,
3.2-4.2 um in length and 1.2-1.4 pm in width, and showed constrictions at the cell

Figs 27-33. Strain GR13. 27-29. Light microscope images showing curved trichomes, branched (arrows)
and surrounded by a colorless sheath (arrow head). 30-31. Scanning electron micrographs of trichomes
surrounded by a conspicuous sheath. Note in (31) the presence of a three-forked branching (arrow).
32-33. Transmission electron microscope pictures of ultrastructure of trichomes. Note in the cells the
parietal arrangement of the parallel thylakoid (t) and the presence of the multilayered sheath (arrow).
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cross wall (Fig. 29); apical cells were rounded (Fig. 29). The cell division was
symmetrical and perpendicular to the long axis of the filament; however occasionally
it was oblique, giving rise to branches (Fig. 28).

SEM observations highlighted conspicuous sheaths surrounding each
filaments, sometimes anastomosed (Fig. 30), and the presence of branching.
Occasionally, the Scytonema-type branching was characterized by a branch shorter
than the other, appearing three-forked like a trident (Fig. 31). TEM analyses showed
that the sheath was multilayered and 4-6 thylakoids, arranged in parallel at the
periphery of the cells (Figs 32-33).

Strain GR13 exhibited a dominance of phycoerythrin (64.68 + 6.82%) over
C-phycocyanin (30.89 + 8.79%) and allophycocyanin (4.44 + 1.99%)).

Published data on the other strains included in clade A

In the case of clade A, morphological data and LM pictures were available
for the strains Leptolyngbya sp. CYN64 and Leptolyngbya sp. CYNG68 (Martineau
et al., 2013). Strain CYNG64 is a blue-green, non-heterocytous cyanobacterium, with
cells longer than wide (1.2-2.1 um wide, 1.6-4.1 pm long), and rounded apical cells.
Martineau et al. (2013) initially attributed this strain to the genus Pseudanabaena
Lauterborn, since they did not observe a sheath surrounding the trichomes; however
the phylogenetic analyses carried out by the same authors showed the relatedness of
strain CYN64 with other Antarctic strains ascribed to the genus Leptolyngbya.
Moreover, by observing the image of CYN64 LM (Fig. 1A in Martineau et al., 2013)
we clearly detected a sheath surrounding the trichomes. Strain CYNG6S is a blue-
green, non-heterocytous cyanobacterium, forming a dense tangled mat; it was
morphologically attributed to the genus Leptolyngbya by Martineau et al. (2013),
but it did not match with any known cyanobacterial taxa based on the molecular
analyses carried out by these authors. Cells of the trichomes of strain CYN68 are
longer than wide (1.3-1.9 um wide, 1.1-4.3 pm long) and the apical cells are tapered;
a sheath surrounding CYNG6S trichomes is clearly visible in the LM picture of this
strain (Fig. 1E in Martineau et al., 2013). Strains CYN64 and CYNG68, both sampled
from benthic mats in shallow melt-water ponds in Antarctica, clustered with high
statistical support in the 16S rRNA phylogenetic tree reported by Martineau et al.
(2013). Morphological data were not available for the other strains included in clade
A; the available ecological and geographical data are reported in Table 1.

Published data on the other strains included in clade B

For clade B, morphological data and/or pictures were available for more
strains. A complete description, including several pictures, is available for H. fontana
UCFM_HF, an epilithic cyanobacterium isolated from the Kaituna river, Banks
Peninsula, New Zealand (Merican, 2013). It is a blue-green, filamentous, non-
heterocytous cyanobacterium, ascribed to the genus Heteroleibleinia for its ability
to attach to the substrate with one end of the filaments. In strain UCFM_HF, the
heteropolar trichomes are ensheathed, constricted at the cross-walls, and composed
of barrel-shaped cells, isodiametric or shorter than wide (2.4-3.0 um wide, 0.8-
1.6 um long); the apical cells are obtusely rounded (Merican, 2013). Another strain
for which a complete description was available is Plectonema sp. F3 (Wilmotte,
1991); this is a coastal marine, blue-green, filamentous, non-heterocytous
cyanobacterium, with trichomes constricted at the cross-walls and surrounded by a
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thin colourless sheath. Trichomes are composed of isodiametric to shorter than wide
cells (1-2 um wide, 0.8-1.6 um long) and the apical cells are rounded or conical.
False branching was rarely observed in strain F3 (Wilmotte, 1991). Some ecological
and morphological data are available also for strain FBP256 (De la Torre et al.,
2003), isolated from a cryptoendolithic community in Antarctica and cultivated in
laboratory, showing optimal growth at 4°C and 15°C and preferring oligotrophic
media. De la Torre ef al. (2003) described it as a coccoid cyanobacterium, with 5 pm
wide cells, although their phylogenetic reconstruction related strain FBP256 with
filamentous cyanobacteria attributed to the genera Phormidium and Plectonema
(Fig. 2 in De la Torre et al., 2003). Indeed, the LM picture of strain FBP256 (Fig. 6
in De la Torre et al., 2003) shows short moniliform trichomes and a large number
of hormogonia.

For Phormidesmis priestleyi ANT.LACVS.1 and Leptolyngbya cf. fragilis
ANT.L52.1, LM pictures are available for the BCCM/ULC cyanobacterial collection
(http://bcem.belspo.be/catalogues/ulc-catalogue-search). Strain ANT.LACVS.1 is
deposited at BCCM/ULC under the accession number ULCO035, where it is kept at
a temperature of 12°C; it is a blue green filamentous cyanobacterium, characterized
by long moniliform trichomes, constricted at the cross-walls, composed of
isodiametric cells (0.8-1.5 pm wide, 0.9-2.9 um long) and with rounded or pointed
apical cells; each trichome is surrounded by a thin colourless sheath. Strain ANT.
L52.1 is deposited in BCCM/ULC under the accession number ULC004, where it is
maintained at a temperature of 18°C; it is an olive-green filamentous cyanobacterium,
lacking heterocytes, and made up of moniliform trichomes, about 2 pm wide,
distinctly constricted at the cross-walls and surrounded by a colourless sheath. Inside
trichomes the cells are isodiametric; the apical cells are rounded and sometimes
enlarged. There are no further morphological data for other cyanobacterial strains
forming clade B; data regarding the habitat and the collection sites data are reported
in Table 2.

DISCUSSION

Based on 16S rRNA and 16S-23S ITS phylogenetic reconstruction, our
Giant Cave cyanobacteria belong to two distinct and well-supported lineages: strains
GR4 and GR13 are in clade A, while strain GR2 is placed in clade B. The high
statistical support for these two clades, as well as the 16S rRNA similarities inside
the two groups, suggest that they represent two lineages distinct from the existing
genera of the family Leptolyngbyaceae with sequences to date. In particular, both
clades A and B 16S rRNA percent identities are above the threshold (95%) proposed
by Stackebrandt & Goebel (1994) to assign two prokaryotes to the same genus.
Although fewer strains were included, these two newly detected lineages were also
indirectly found in previous investigations, most of which were ecological surveys
of particular environments. A group corresponding to clade A is shown by Arp et al.
(2010) and Taton et al. (2006a); highly supported clades equivalent to clade B are
reported in De la Torre et al. (2003), Lamprinou et al. (2012b), Taton et al. (2006b),
Olsson-Francis ef al. (2010), and Taton ef al. (2011).

Over the last few years, the analysis of 16S-23S ITS secondary structures,
associated with the 16S rRNA phylogenies, has become a useful tool for detecting
cyanobacterial taxa and for identifying new genera and species (e.g., Johansen et al.,
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2011; Perkerson et al., 2011; Zammit et al., 2012; Osorio-Santos et al., 2014; Dvorak
et al., 2015; Vaz et al., 2015; Miscoe et al., 2016; Sciuto & Moro, 2016). However,
in this study the interpretation of the 16S-23S ITS secondary structure results was
not straightforward. In clade A, the D1-D1” helix, usually one of the most conserved
ITS region domains (Iteman et al., 2000; Perkerson et al, 2011; Osorio-Santos
et al., 2014; Vaz et al., 2015; Sciuto & Moro, 2016) and recently proposed as a tool
to distinguish between different genera (Sciuto & Moro, 2016), is highly variable,
except for strains GR4 and GR13 which had similar D1-D1’ secondary structures.
Conversely, the boxB helix and, in particular, the V3 helix, usually considered more
variable (Iteman et al., 2000; Perkerson et al., 2011; Osorio-Santos et al., 2014;
Vaz et al., 2015; Sciuto & Moro, 2016), were more congruent and thus indicated
that clade A strains belong to the same genus. It is worth underlining that other
studies have shown a high D1-D1’ helix variability among species belonging to the
same cyanobacterial genus (e.g., Dvorak er al., 2015) or at least in one or a few
species belonging to a given genus (e.g., Johansen et al., 2011; Osorio-Santos et al.,
2014).

For clade B, the interpretation of the 16S-23S ITS secondary structure data
was complicated as well. In fact, the inferred D1-D1’ helices are compatible with
the hypothesis that clade B strains belong to the same genus, thus supporting the
16S rRNA and ITS region phylogenetic analyses. This is partially suggested also by
the boxB helix, which recently has been suggested for drawing distinctions both at
the genus and species levels (Sciuto & Moro, 2016). However, the boxB helix, and,
in particular, the V3 helix results indicate separation among the clade B strains, with
strain GR2 more related to H. fontana UCFM_HF and showing several differences
with respect to the other cyanobacteria included in this phylogenetic lineage.

With regard to ecology and geography, some general trends can be seen for
both clade A and clade B strains. The cyanobacteria clustering in these two
phylogenetic lineages were mainly sampled from aerophytic or subaerophytic
habitats, and even when found in aquatic habitats they were generally isolated from
benthic mats; most of them are epilithic or endolithic (Tables 1 and 2; e.g., Smith
et al., 2000; De la Torre et al., 2003; Olsson-Francis et al., 2010; Perkerson et al.,
2011; Chong et al., 2012; Merican, 2015; Arp et al. 2016; Strunecky et al.,
unpublished) like Lampenflora strains GR2, GR4 and GR13 that were isolated from
calcareous rocks.

Clade B cyanobacteria also seem to have a wide salinity tolerance; there
are cyanobacteria reported from hyposaline lakes (e.g., Taton et al. 2006a) or
classified as “non-halophilic” (Smith et al., 2000), cyanobacteria found in transitional
environments (Taton et al, 2003; Chong et al, 2012), and coastal marine
cyanobacteria, which undergo periods of immersion and emersion according to the
tidal cycles (Wilmotte, 1991; Olsson-Francis et al., 2010). Among clade A strains,
only the cyanobacterial clone Fr094 is reported from a brackish lake (Taton et al.,
2003), while the others were detected in freshwater, soil, or subaerophytic habitats
(Table 1).

Both clade A and clade B cyanobacteria seem to tolerate low temperatures;
this is underlined by the fact that most of the strains were reported from Antarctica
and from mountain environments (Fig. 1, Tables 1 and 2) and, in the case of clade
A, there were also two Arctic cyanobacteria. A lineage very probably corresponding
to clade A was previously reported by Chrismas ef al. (2012) in a study concerning
the relationship between polar and alpine cyanobacteria; this clade (clade J of Fig. 3
in Chrismas et al., 2012) is one of the lineages predicted to have a most recent cold-
tolerant common ancestor.
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Another interesting feature is the tolerance to UV radiation by the clade A
cyanobacterium Leptolyngbya sp. OU_6 shown by Olsson-Francis et al. (2010); in
the Giant Cave the Lampenflora is routinely exposed to UV lamps, which are used
during the night with the aim of preventing its growth.

Returning to the investigated Giant Cave cyanobacteria, the data obtained
in this study as a whole highlight the relatedness between strains GR4 and GR13
and their belonging to a new genus represented by clade A. Interestingly, a previous
study by Martineau ef al. (2013) suggested that strain CYN6S, here included in
clade A, could belong to an undescribed cyanobacterial taxon and Arp et al. (2010)
considered strain WBI1.10, here likewise part of clade A, as belonging to an
unidentified lineage. The genus represented by clade A is a cryptogenus, i.e. “a
genus that can be only detected based on molecular and phylogenetic analyses, not
showing distinctive morphological and/or ecological features” (Komarek et al.,
2014). Besides the above discussed evidence based on the 16S rRNA gene, the
analysis of the ITS region secondary structures also supports the hypothesis that
clade A represents a new genus. This is evident by comparing the ITS region
secondary structures of clade A with those of “Leptolyngbya frigida™ clade, the
lineage that is more related to clade A in both phylogenetic analyses. Although the
DI1-D1’ and boxB helices of clade A showed a certain variability, they were
comparable in the basal part; the D1-D1’ and boxB helices of “L. frigida” clade are
different from those of clade A even in the basal portion. The V3 helices of clade A
strains were, instead, very congruent; the V3 helix obtained for “L. frigida” clade is
completely different from those of clade A and this is further highlighted by the
presence of an asymmetrical internal loop and of a left bulge near the base that make
the “L. frigida” V3 helix curve to the right. We compared the ITS region secondary
structures of clade A also with those published for the genus Leptolyngbya (Sciuto
& Moro, 2016), the type genus of the family Leptolyngbyaceae. Indeed, the
51-residue structures predicted for the D1-D1’ helix of the genus Leptolyngbya
(Figs 6C and 6D in Sciuto & Moro (2016)) are very different from those found for
clade A. The same can be said for the boxB helices, 33 residues long (Figs 10C and
10D in Sciuto & Moro (2016)), and for the very short V3 helix (Fig. 9C in Sciuto
& Moro (2016)) of the genus Leptolyngbya.

The position of strains GR4 and GR13 in the phylogenetic reconstructions
and the percentage identity between their 16S rRNA sequences suggest that they
belong to different species. In particular, strains GR4 and GR13 shared a 16S rRNA
percent identity of 98.65% based on an alignment of 1119 positions and the
interspecific ranges of 16S rRNA percent identities, calculated on the same alignment,
were 98.47-99.73% for the genus Leptolyngbya, 96.95-99.10% for the genus
Oculatella, and 99.46% for the genus Thermoleptolyngbya (Fig. S5, see doi/10.7872/
crya/v38.iss4.2017.Suppl.Mat.).

The differences detected in the 16S-23S ITS secondary structures of strains
GR4 and GR13 also lead us to suppose they belong to separate species. In particular,
the central part of D1-D1’ helix and the second part of the boxB helix were very
variable between the two strains; moreover, in the D1-D1’ helix a CBC and two
hCBCs were found in the conserved terminal portion and in the boxB helix two
hCBCs were present in the first conserved part. The hypothetical structures obtained
for the V3 helix of strains GR4 and GR13 were very congruent, with two structural
differences only in the terminal part; however one CBC and four hCBCs were
observed in the conserved portion of V3 helix. In eukaryotes, if two organisms differ
for even a CBC in given conserved regions of their ITS2 secondary structures, the
two organisms belong to different species with a probability of 93% (Miiller et al.,
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2007; Coleman, 2009; Wolf et al., 2013). Obviously, here we are dealing with
prokaryotes and this rule cannot be applied, but it is worth underlining that strains
GR4 and GR13 have accumulated enough evolutionary distance to generate CBCs
in the conserved portions of their ITS region helices.

A morphological feature allows the distinction between strains GR4 and
GR13 kept under the same culture conditions and observed at the same time of their
life cycle. Several cells of strain GR4 always had thylakoids organized concentrically,
while strain GR13 cells did not. To our knowledge this particular thylakoid formation
has so far been observed only in Plectolyngbya hodgsonii Taton et al. (Taton et al.,
2011). We consider the circular arrangement of thylakoids to be a diagnostic character
that further supports the separation of strains GR4 and GR13 into two different
species of the new genus Timaviella.

Regarding strain GR2, based on 16S rRNA available data, it is most closely
related to three uncharacterized cyanobacteria (clone BGC-Fr054, isolate OUT
00162, strain QSSCS8cya), P. priestleyi ANT.LPR2.6, and H. fontana UCFM_HF.
The 16S rRNA percent identities calculated on the alignment used for the phylogenetic
analyses suggest a stronger relationship both between strain GR2 and P. priestleyi
ANT.LPR2.6 and between H. fontana UCFM_HF and P. priestleyi ANT.LPR2.6
than between strain GR2 and H. fontana UCFM_HF. However, we cannot exclude
the possibility that the calculated 16S rRNA identity values are due to the short
alignment used; indeed, the longer 16S rRNA alignment between GR2 and
P. priestleyi ANT.LPR2.6 gave a slightly lower percentage identity, because of the
higher number of nucleotide substitutions in the first portion of the 16S rRNA gene,
which was not available for H. fontana UCFM_HF (Fig. S6, see doi/10.7872/crya/
v38.iss4.2017.Suppl.Mat.). Phylogenetic reconstruction and secondary structure
analysis of the 16S-23S ITS locus suggest that strain GR2 is more related to
H. fontana UCFM_HF than to the other cyanobacteria included in clade B;
unfortunately, the 16S-23S ITS region sequence was not available for P. priestleyi
ANT.LPR2.6. Based on the available molecular data, we can conclude that strain
GR2, H. fontana UCFM_HF, and P. priestleyi ANT.LPR2.6 are strongly allied and
that they very probably belong to the same genus.

In the 16S rRNA tree, two cyanobacteria belonging to clade B were named
Plectonema sp. F3 and Pseudanabaena minima SABC031701. These two strains
had a 16S rRNA sequence identity of 100% (Fig. S2, see doi/10.7872/crya/v38.
1ss4.2017.Suppl.Mat.) and thus, very probably, they belong to the same taxonomic
unit. We have no morphological data for P. minima SABC031701, but information
is available for Plectonema sp. F3 and they are comparable with the morphological
and ecological data that we were able to retrieve for other clade B strains. Komarek
& Anagnostidis (2005) questioned the real existence of the genus Plectonema Thuret
ex Gomont, the main diacritical feature of which is the obligatory presence of
tolypotrichoid or scytonematoid false branching, with trichomes usually 8-25 pum
wide. This taxon underwent several revisions during years, with the re-attribution of
many species to other genera, in particular to the genera Leptolyngbya and
Pseudophormidium (Komarek & Anagnostidis, 2005; Komarek et al., 2014). For
these reasons, we exclude the possibility that strain F3 belongs to the genus
Plectonema and that clade B can coincide with this taxon.

In both the performed phylogenetic analyses, besides the above reported
genera Heteroleibleinia and Phormidesmis, some clade B strains were tentatively
attributed also to Leptolyngbya and Pseudophormidium; all these different genera
show overlapping morphological features (Table S1, see doi/10.7872/crya/v38.
iss4.2017.Suppl.Mat.). The genus Pseudophormidium (Forti) Anagnostidis &
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Komarek is always richly pseudobranched (Komarek & Anagnostidis, 2005) and it
was recently attributed to the family Microcoleaceae (Komarek et al., 2014). This
genus, as originally described, is very probably composed of more than one taxon
and it needs a revision (Komarek et al., 2014). For these reasons, we exclude that
clade B can coincide with the genus Pseudophormidium as currently intended.

Cyanobacteria regarded as genuine representatives of the genera
Leptolyngbya Anagnostidis & Komarek (e.g., Moro et al., 2010; Johansen et al.,
2011; Osorio-Santos et al., 2014; Sciuto & Moro, 2016) and Phormidesmis Turicchia
et al. (Komarek et al., 2009; Turicchia et al., 2009) were included in the phylogenetic
analyses and formed two different lineages that, in both the phylogenetic
reconstructions, were placed far from clade B. Therefore, clade B cannot match
either of these taxa as well.

The remaining cyanobacterium of clade B that was taxonomically
determined is H. fontana UCFM_HF, to which strain GR2 is phylogenetically
strongly related. The genus Heteroleibleinia (Geitler) Hoffmann originally belonged
to the family Pseudanabaenaceae, subfamily Heteroleibleinioideae (Komarek &
Anagnostidis, 2005), but it was recently transferred to the family Heteroleibleinaceae,
together with the genus Tapinothrix Sauvageau (Komarek et al., 2014). According
to Komarek et al. (2014), the family Heteroleibleinaceae is strongly allied with the
family Leptolyngbyaceae, from which it can be distinguished only for the attachment
to the substrate by one of the filament ends. However, the authors state that “more
evidence is needed to establish the family as independent from Leptolyngbyaceae”
(Komarek et al., 2014).

As other features, the heteropolar attachment to the substrate is usually lost
in laboratory culture conditions (Merican, 2013; Komadrek et al., 2014) and we did
not observe the habit of strain GR2 in the environment where it was sampled. It is
also worth underlining that, for some Heteroleibleinia species like H. epiphytica
(Wille) Komarek in Anagnostidis, strains with attached heteropolar trichomes and
strains characterized by isopolar trichomes with both ends free have been described
(Komarek & Anagnostidis, 2005). However, we carried out a laboratory experiment
that highlighted the ability of strain GR2 to attach to hard surfaces with one end of
the filaments, thus further suggesting its belonging to the genus Heteroleibleinia. Of
the species listed within this genus, based on the morphological, biochemical, and
geographical data, strain GR2 probably represents the species H. purpurascens
(Hansgirg) Anagnostidis & Komarek. Besides the cell sizes, which are 1.5-2 pm
wide and 0.5 times as long as wide to isodiametric, other features of H. purpurascens
description match the habit of strain GR2. In particular, the densely aggregated
filaments, most of which very short (30-60 um) and each surrounded by a colourless
sheath, macroscopically form a thin membranaceous, purple to brownish violet
thallus. With LM, the trichome colour of H. purpurascens can vary from purple, to
violet, to blue-green or olive-brownish, as in the case of strain GR2. Also, the
sampling site of strain GR2 fits with the habitat and the geographical distribution of
H. purpurascens: this is a freshwater species, able to live in subaerophytic habitats,
that was reported from central-European mountains, including the Austrian Alps
(Komarek & Anagnostidis, 2005), from Northern American mountain environments
(Johansen et al., 2007), and from New Zealand streams (Bray et al., 2008).

The 16S rRNA phylogenetic reconstruction included also the sequence of
Tapinothrix clintonii GSE-PSE06-07G (HQ132936), the only member of this genus
for which molecular data are available so far. The genus Tapinothrix was placed in
the family Heteroleibleiniaceae by Komarek et al. (2014) with Heteroleibleinia,
based on the heteropolar attachment of the filaments to the substrate. Bohunicka
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et al. (2011) showed that Tapinothrix clintonii Bohunickd & Johansen was closely
related to the genus Leptolyngbya, at that time still included in the family
Pseudanabaenaceae. Our molecular results confirm this relationship and show the
alliance of T. clintonii with the genus Plectolyngbya as well. We did not find a strong
relationship between 7. clintonii and the two species of Heteroleibleinia (H. fontana
and H. purpurascens) considered in our analyses. Therefore, the present data, as
well as the findings by Bohunicka et al. (2011), do not support the existence of the
family Heteroleibleinaceae; however, further investigations, including more strains
and species of the genera Tapinothrix and Heteroleibleinia, are required in this
regard.

CONCLUSION

This study represents the first survey on the Lampenflora of the Giant Cave
based on a polyphasic approach. The data collected suggest that clade A corresponds
to a new genus within the family Leptolyngbyaceae and that the Giant Cave strains
GR4 and GR13 represent two distinct species of this new taxon. Therefore, we
propose the taxonomic treatment reported below.

The obtained results also suggest that clade B represents a distinct lineage
of the family Leptolyngbyaceae; however we could directly describe only a strain
inside this group, while for the other cyanobacteria included in clade B we could
only analyse the available published data. The fact that many clade B strains have
been attributed to different taxa (Heteroleibleinia, Leptolyngbya, Phormidesmis,
Plectonema, and Pseudophormidium) by experienced authors underlines, once again,
the difficulty of identifying and distinguishing certain cyanobacterial taxa,
characterized by few diagnostic characters and/or with overlapping morphologies.
We will not propose a new genus corresponding to clade B nor state that the entire
clade B represents the genus Heteroleibleinia based only on the present study; in
this regard further investigations are necessary. Nevertheless, considering the above
reported data, we attribute strain GR2 to Heteroleibleinia purpurascens (Hansgirg)
Anagnostidis & Komarek; this strain is the second member of the controversial
genus Heteroleibleinia for which molecular data are available (the other is H. fontana
UCFM_HF) and the first Heteroleibleinia strain to be available in a public culture
collection.

Taxonomic treatment

Timaviella Sciuto & Moro gen. nov.

Phylum: Cyanobacteria

Order: Synechococcales

Family: Leptolyngbyaceae

Description: Long flexuous and curved filaments, red-brown in colour. Trichomes,
often false branched, slightly constricted at the cross wall, surrounded by a
multilayered colorless sheath. Cells from isodiametric to longer than wide, 1.1-
4.4 pm long and 1.2-2.1 pm wide, with parietal thylakoids. Apical cells rounded or
tapered. Reproduction by fragmentation of trichomes in short hormogonia, without
necridic cells. Distributed in mountain and polar environments; occurring in
freshwater and subaerophytic habitats, such as wet soils and wet rock surfaces.
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Diagnosis: circumscribed by molecular and phylogenetic analyses based on the 16S
rRNA gene and the 16S-23S ITS region. The 16S-23S ITS region with distinctive
boxB and V3 helices.

Etymology: the generic name “Timaviella” (fem. noun.) was derived from the
mysterious river Timavo, which is part of the Reka-Timavo hydrogeological complex,
in turn included in the Italian-Slovenian Karst system (Civita et al., 1995; Cucchi
et al., 2015). This generic name was chosen because the Timavo river is involved
in the formation of Karst caves, but also for the parallelism between the hidden
nature both of this river and of the genus Zimaviella.

TBype species: Timaviella circinata Sciuto & Moro.

Timaviella circinata Sciuto & Moro sp. nov. Figs 19-26

Description: Filaments long, flexuous and curved, red-brownish, characterized by
the presence of false branching. Sheaths colourless, multilayered, thick. Trichomes,
without heterocytes, slightly constricted at the cross wall. Cells from isodiametric to
longer than wide (1.7-4.4 um long, 1.2-1.8 um wide), with 5 parietal thylakoids,
frequently organized in a circular arrangement. Apical cells rounded. Cell division
symmetrical and perpendicular to the long axis of the filament, but occasionally
oblique, forming branches. Water-soluble pigments: phycoerythrin, C-phycocyanin,
and allophycocyanin.

Diagnosis: detected by molecular and phylogenetic analyses based on the 16S rRNA
gene and 16S-23S ITS region. 16S-23S ITS region with distinctive boxB and V3
helices. Distinguished from the only other species so far described under the genus
Timaviella for the particular arrangement of the thylakoids that frequently appear
concentric.

TBype locality: The Giant Cave (“Grotta Gigante” in Italian) located in the alpine area
(Oriental Alps), in the municipality of Sgonico, Trieste, North-Eastern Italy
(45°42°35.62°N; 13°45°52.33”E).

Etymology: the specific epithet circinata (fem. adj.) refers to the arrangement of
thylakoids, which are frequently concentric.

Holotype: resin-embedded sample of strain GR4 deposited at PAD (A000629).
Living cultures: a living culture of strain GR4 is available at the BCCM/ULC
Cyanobacteria collection (Centre for Protein Engineering, University of Liége,
Belgium), under code ULC401.

DNA sequences available: LT634149 (16S rRNA gene), LT634152 (16S-23S ITS
region).

Timaviella karstica Sciuto & Moro sp. nov. Figs 27-33

Description: Long flexuous and curved trichomes, non heterocytous, red-brownish,
surrounded by a multilayered colourless sheath. False branched trichome, occasionally
appearing as three-forked. Filaments slightly constricted at the cross wall. Cells
longer than wide (3.2-4.2 pm long, 1.2-1.4 um wide), with 4-6 peripherally arranged
thylakoids. Apical cells rounded. Cell division symmetrical and perpendicular to the
long axis of the filament, but occasionally oblique, forming branches. Pigments
phycoerythrin-rich.

Diagnosis: detected by molecular and phylogenetic analyses based on the 16S rRNA
gene and 16S-23S ITS region. 16S-23S ITS region with distinctive boxB and V3
helices.

Type locality: The Giant Cave (“Grotta Gigante” in Italian) located in the alpine area
(Oriental Alps), in the municipality of Sgonico, Trieste, North-Eastern Italy
(45°42°35.62”°N; 13°45°52.33”E).
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Etymology: the specific epithet karstica (fem. adj.) means of Karst.

Holotype: resin-embedded sample of strain GR13 deposited at PAD (A000630).
Living cultures: a living culture of strain GR13 is available at the BCCM/ULC
Cyanobacteria collection (Centre for Protein Engineering, University of Licge,
Belgium), under code ULC402.

DNA sequences available: LT634150 (16S rRNA gene), LT634153 (16S-23S ITS
region).
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