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Polyphasic characterization of ITD–01, a cyanobacterium isolated from the 
Ischia Thermal District (Naples, Italy)
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Abstract: This paper deals with the characterization of a filamentous cyanobacterial strain, isolated from the 
microbial mats developing on the thermal muds of Ischia Thermal District (Naples, Italy). 
The survey was carried out by a polyphasic approach that includes morphological, ultrastructural, biochemical, 
and genetic analyses. For the molecular analyses the 16S rDNA gene and the rbcL gene were considered.
All results showed that this filamentous cyanobacterium belongs to the order Oscillatoriales, family 
Pseudanabaenaceae. Moreover, the phylogenetic reconstruction suggests that strain ITD–01 might represent the 
first described entity belonging to a new cyanobacterial genus, whose name might be Protolyngbya.
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Introduction

The thermal waters of Ischia Island (Naples, Italy) 
have been famous and used for their therapeutic 
properties since ancient times, in particular by 
Greeks and Romans, as attested by numerous 
archaeological findings. From the 17th to the middle 
of the 20th century, near the most famous thermal 
springs, numerous establishments were built, 
which nowadays persist constituting the Ischia 
Thermal District and being exploited by thousands 
of people for therapeutic purposes every year. In 
spite of this, information on the Ischia Thermal 
District are limited to few Italian publications, in 
particular regarding the history and geology of 
the island, a summary of which can be found at 
the sites http://www.terme.ischia.it/uk/ and http://
www.ischiaonline.it/. About the biodiversity of 
this environment, at our knowledge there is only 
one study by PitSchMann dating back to 1969.
Because of the different chemical composition of 
the grounds encountered during their way towards 
the surface, Ischia thermo–mineral waters can be 
distinct in bicarbonate–calcic waters, bicarbonate–
alkaline waters, transition waters, and sulphate–
chloride–alkaline waters (Fig. 1). Moreover the 
water temperature of the different establishments 
varies considerably, ranging from 15 °C to 86 °C. 

For these reasons various organisms can be found 
in the different Ischia sites, including bacteria, 
protozoa, microalgae, and cyanobacteria.
Cyanobacteria (phylum Cyanophyta) are a group 
of photosynthetic prokaryotes with both coccoid 
and filamentous forms. These microrganisms 
are able to live in a wide range of environments, 
including those considered extreme, such as 
deserts, alkaline waters, ipersaline pounds, 
glaciers, and hot springs (WaRd et al. 1998; PaeRl 
et al. 2000; lóPez–coRtéS et al. 2001; Jungblut et 
al. 2005; Sánchez–baRacaldo et al. 2005; taton 
et al. 2006a). 

Cyanobacteria are known for their ability to 
produce several bioactive compounds that can be 
exploited for different applications, among which 
medical therapies (Singh et al. 2005; eRikSen 
2008; geRWick et al. 2008; Sivonen & böRneR 
2008).

In particular, surveys carried out on 
Phormidium sp. ETS–05, a cyanobacterium 
isolated from the Euganean thermal District 
(Padova, Italy), another Italian thermal 
environment, have shown how this microrganism 
greatly contributes to the anti–inflammatory 
properties of the mud, thus representing an integral 
part of mud therapies (lalli et al. 2004; bRuno et 
al. 2005; MaRcolongo et al. 2006). Phormidium 
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sp. ETS–05 belongs to the order Oscillatoriales, a 
group whose members are able to produce nearly 
half of the bioactive cyanobacterial compounds 
noticed so far (geRWick et al. 2008).

In this study we characterize a 
cyanobacterium isolated from mats growing 
on the thermal mud surface of Ischia Thermal 
District. The organism, referred in the text as 
strain ITD–01 (where ‘ITD’ stands for ‘Ischia 
Thermal District’), has been characterized using a 
polyphasic approach, that includes morphological, 
ultrastructural, biochemical, and molecular 
analyses. For the molecular analyses the 16S rDNA 
gene, classically used as a molecular marker for 
cyanobacteria (iShida et al. 1997; WaRd et al. 1998; 
caSaMatta et al. 2005; PalinSka & MaRquaRdt 
2008; Wacklin et al. 2009), and the rbcL gene, 
only recently used (toMitani et al. 2006, MoRo 
et al. 2010), were considered. Currently, indeed, 
the polyphasic approach seems a must in order 
to correctly identify new strains belonging to the 
phylum Cyanophyta, as underlined by several 
authors (abed et al. 2002; koMáRek 2005; taton 
et al. 2006b; MoRo et al. 2010).

This survey would represent the first of a 
series concerning the cyanobacterial biodiversity 
of Ischia thermal District, with the aim to draw 
a parallel to the Euganean thermal environment 
and also in order to better understand the potential 
contribution of Ischia cyanobacteria to mud 
therapies.

Material and methods

Blue–green mats developing at the surface of 
sedimentary thermal muds of NH Ischia Thermal Spa 
Resort (Naples, Italy) (40°44′0″ North, 13°36′0″ East) 
(Fig. 1) were collected in April 2009. The temperature 
of the water in the tanks was about 30°C with a pH 
of 7. Axenic cultures were cultured in BG11 medium 
(RiPPka et al. 1979) in a growth chamber at 30 °C, 
with a light intensity of 35 µmol photons m–2 s–1 and a 
dark:light cycle of 12:12 hours. 

All morphological observations and biochemical 
analyses were carried out on cultures in exponential 
growth phase.

A living culture of the Ischia strain has been 
deposited at the Culture Collection of Autotrophic 
Organisms (CCALA) (Czech Republic) with the strain 
number 945.

Observations of cultured cells were made with 
a DMR Leica (Sweden) microscope equipped with a 
digital image acquisition system. The morphological 
identification of the strain was based on the diacritic 

traits proposed by koMáRek & anagnoStidiS (2005).
For scanning electron microscopy (SEM) cultured cells 
were fixed in 3% glutaraldehyde in 0.1 M cacodylate 
buffer (pH 6.9) for four hours at 4°C and further treated 
according to MoRo et al. (2007). For transmission 
electron microscopy (TEM), cells were fixed in 3% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 6.9) for 
four hours at 4°C. After being washed in cacodylate 
buffer, the specimens were post–fixed in 1% OsO4 
in the same buffer for two hours and dehydrated in a 
graded ethanol series followed by propylene oxide. 
The specimens were stained with uranyl acetate while 
undergoing dehydration in 75% ethanol. The samples 
were embedded in Araldite resin. Ultrathin sections 
were cut with an Ultracut S, Reichert ultramicrotome 
(New York, USA), post–stained with lead citrate, 
and examined with a HS9 Hitachi (Tokyo, Japan) 
transmission electron microscope operating at 75 kV.
Phycobiliproteins (PBPs) were extracted from pellets 
of cultured cells finely ground in a mortar with liquid 
nitrogen according to MoRo et al. (2007). The extract 
absorbance was measured with a DU530 Beckman 
Coulter spectrophotometer (Fullerton, California, USA) 
at 562 nm (phycoerithrin), 615 nm (C–phycocyanin) and 
652 nm (allophycocyanin), and PBPs concentrations 
were calculated using the extinction coefficients 
proposed by bennett & bogoRad (1973).

The chlorophyll a and carotenoid analyses 
were carried out by reversed phase high performance 
liquid chromatograph (HPLC) on cultured cell extracts 
according to koMáRek et al. (1999) and MoRo et al. 
(2010). 

Genomic DNA was extracted from cell pellets, 
using the Genomic DNA purification kit (Fermentas©, 
Burlington Ontario, Canada). The 16S rDNA gene 
was amplified from DNA extracts by PCR, using 
the primers and the conditions reported in MoRo et 

Fig. 1. Map of the Ischia Island showing the hydrogeochemical 
facies present in the island: (A) bicarbonate–calcic waters; 
(B) bicarbonate–alkaline waters; (C) transition waters; 
(D) sulphate–chloride–alkaline waters. The white asterisk 
indicates the sampling site.



al. (2007). The amplification of the rbcL gene was 
carried out with the primers reported in toMitani et 
al. (2006). The PCR products were visualized with 
ethidium bromide staining after electrophoresis in 
a 1% agarose gel, purified with the ExoSAP–ITTM 
kit (Amersham Biosciences, Piscataway, New York, 
USA) and directly sequenced. The sequencing was 
performed at the BMR–Genomics Sequencing Service 
(University of Padova) on automated DNA sequencers 
on both strands to ensure accuracy of the results. The 
final consensus sequences were assembled using the 
SeqMan II program from the Lasergene software 
package (DNAStar©, Madison, WI) and analyzed by 
similarity search using the BLAST program (altSchul 
et al. 1990), available at the NCBI web server (www.
ncbi.nlm.nih.gov/blast) and the ARB database (ludWig 
et al. 2004). After the similarity search, the most similar 
sequences were selected.

For each molecular marker a distinct dataset was 
created including, besides Ischia strain ITD–01, other 
isolates identified and described as members of the 
family Pseudanabenaceae. A group of sequences from 
heterocystic cyanobacteria was used as outgroup. 
The sequences were aligned for phylogenetic analyses 
using the ClustalW computer program (thoMPSon et 
al. 1994) and nucleotide positions containing gaps or 
missing data were deleted. 

To infer phylogenetic relationships among the 
taxa maximum parsimony (MP) method, using the 
MEGA version 4.0 software (taMuRa et al. 2007), and 
maximum likelihood (ML) method, with the PHYML 
2.4.4 program (guindon & gaScuel 2003) by applying 
the GTR+I+G evolutionary model (lanave et al. 
1984), were performed. Non parametric bootstrap re–
sampling (FelSenStein 2003) was carried out to test the 
robustness of the tree topologies (1000 replicates). 
Bayesian Inference method was applied too, using 
MrBayes version 3.1 (RonquiSt & huelSenbeck 
2003). The substitution model was the GTR+I+G, also 
in this case. The Bayesian analyses were performed 
with four search chains for 1,100,000 generations for 
the 16S rDNA gene and 1,000,000 generations for the 
rbcL gene, sampling trees every 100 generations. The 
first 2,500 trees were discarded as burn–in. Parameter 
stability was estimated by plotting log–likelihood 
values against generation time, and a consensus tree 
with posterior probabilities was produced. The nexus 
files for the Bayesian analyses were generated with 
the Mesquite 2.71 software package (MaddiSon & 
MaddiSon 2009). 

The phylogenetic trees were visualized through 
NJplot (PeRRiéRe & gouy 1996). The 16S rDNA and 
rbcL gene sequences of Ischia strain ITD–01 were 
deposited in DDBJ/GenBankTM/EBI Data Bank with 
the accession numbers FR716825 and FR716826 
respectively. 

Results and discussion

Ischia strain ITD–01 showed bright blue–green, 
long, very thin, not–branched filaments (Fig. 2). 
Moreover, the filaments were isopolar, densely 
packed and entangled, forming expanded blue–
green mats on the substrate. Each trichome was 
composed by longer than wide cells, ranging from 
0.8 to 1.5 µm in length and 0.7 to 0.9 µm in width 
and showed distinct constrictions at the cross 
walls (Fig. 3). Trichomes were surrounded by a 
colourless sheath and showed rounded apical cells 
(Fig. 4). Cell division took place perpendicularly to 
the longitudinal axis of the trichome. The daughter 
cells divided and grew to the size of the mother 
cell before the next division. Reproduction was 
by trichome fragmentation in short hormogonia 
without necridium formation (not shown). No 
heterocysts were observed.

Transmission electron microscope 
observations confirmed the presence of a sheath 
(about 0.15 µm thick) surrounding the trichomes 
and the presence of 3–4 thylakoids arranged in 
parallel at the periphery of the cells (Fig. 4). In 
the cytoplasm of most cells some inclusions were 
present. No gas vesicles were observed. 

The morphological and ultrastructural 
features observed in the Ischia strain ITD–01, 
in particular the not–branched filaments without 
heterocysts, place it into the order Oscillatoriales 
(koMáRek & anagnoStidiS 2005). In addition, 
the peripheral thylakoids arrangement (koMáRek 
& Čáslavská 1991) and the type of cell division 
are typical of the family Pseudanabaenaceae 
(koMáRek & anagnoStidiS 2005). More in depth, 
the isopolar trichomes surrounded individually 
by a sheath lead us to ascribe our strain to the 
sub–family Leptolyngbyoideae, while the packed 
and entangled aspect of the filaments, which form 
expanded blue–green mats on the substrate, is 
a feature common to the genus Leptolyngbya. 
Finally, the trichome cells, longer than wide, 
and the reproduction by trichome fragmentation 
without necridia suggest that strain ITD–01 can 
be ascribe to the subgenus Protolyngbya. In 
fact, in order to facilitate the identification of 
cyanobacterial strains belonging to this taxon, the 
current genus Leptolyngbya has been divided in 
two subgenera: Leptolyngbya and Protolyngbya, 
which differ mainly for the cell morphology and for 
the presence/absence of necridic cells (koMáRek 
& anagnoStidiS 2005; koMáRek 2007).

The genus Leptolyngbya is, indeed, one 
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separation of this taxon into distinct subgroups, 
according to molecular as well as ultrastructural 
and ecophysiological criteria (albeRtano & 
kováČik 1994; taton et al. 2003; caSaMatta et 
al. 2005; koMáRek 2007; bRuno et al. 2009; MoRo 
et al. 2010).

The spectrophotometric measurements of 
buffered saline PBP extracts of Ischia strain ITD–
01 showed the presence of C–phycocyanin (68%), 
allophycocyanin (28%), and phycoerythrin (4%). 
The high amount of C–phycocyanin (68%), 
known for its various medicinal as well as 
pharmacological properties (RoMay et al. 1998; 
vadiRaJa et al. 1998; bhat & MadyaStha 2001), 
suggests the possible contribution of this strain to 
the therapeutical properties of the mud. Of course, 
this hypothesis should be tested in the future, as 
it has been done for the Euganean cyanobacterial 
strain ETS–05 (lalli et al. 2004; bRuno et al. 
2005; MaRcolongo et al. 2006).

The HPLC analyses evidenced lipid–soluble 
pigment pattern corresponding to myxol–2’–
glycoside, nostoxanthin, caloxanthin, zeaxanthin, 
chlorophyll a, trans–β carotene, and cis–β carotene. 
Some of them, such as myxol–2–’glycosides, 
are characteristic carotenoids in cyanobacteria 
(takaichi & MochiMaRu 2007). The absence 
of echinenone, a pigment commonly present in 
cyanobacteria, has been already observed in other 
filamentous cyanobacterial strains, such as those 
belonging to the genus Halomicronema (abed et 
al. 2002).

The 16S rDNA and the rbcL gene datasets 
for ML phylogenetic analyses were constructed 
with the nucleotide sequences obtained in 
this study plus other sequences available in 
the DDBJ/GenBankTM/EBI Data Bank for 
other cyanobacterial strains assigned to the 
Oscillatoriales, focusing in particular on those 
belonging to the Pseudanabaenaceae family, 
to which strain ITD–01 could be assigned 
according to the morphological and ultrastructural 
observations. Unfortunately, for the rbcL gene a 
limited number of sequences were available in the 
public databases.

The phylogenetic analyses carried out 
according to the different methods gave similar 
results, except for the positions of some internal 
nodes. Anyway, as same clades were detected 
with all the methods, we depicted only the ML 
topologies, reporting the MP and ML bootstrap 
values and the posterior probabilities at the 
congruent nodes.

Figs 2–4. Ischia strain ITD–01: (2) light micrograph showing 
long, very thin, not–branched trichomes. Bar = 5 µm; (3) 
scanning electron micrograph of trichomes characterized 
by cylindrical cells and by distinct constrictions at the 
cross walls (arrow). Bar = 1 µm; (4) transmission electron 
micrograph showing a trichome characterized by cells with 
parallel thylakoids (t), arranged at the periphery of the cells, 
and surrounded by a sheath (s). A rounded apical cell can be 
seen (arrow). Scale bar  1 µm.

of the most systematically complex group of 
the phylum Cyanophyta. In fact, because of the 
simple morphology and very small dimensions 
of its members, the intrageneric taxonomic 
classification of this genus results quite difficult 
(koMáRek & anagnoStidiS 2005; koMáRek 
2007) and its heterogeneity has been highlighted 
by more and more authors, who advocate the 
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In the phylogenetic reconstruction based on the 16S 
rDNA gene different clades could be distinguished 
(Fig. 5). Strain ITD–01 grouped in clade B 
with several organisms named as ‛uncultured 
bacterium’ or ‛uncultured cyanobacterium’ and 
with a strain ascribed to the genus Leptolynbgya 
under the name Leptolyngbya sp. strain FYG, 
through a node supported by a MP bootstrap 
value of 96%, a ML bootstrap value of 98%, and 
a posterior probability of 100% (96/98/100% BT/
BT/PP). We are aware that the use of sequences 

belonging to non–identified and/or uncultured 
organisms in phylogenetic analyses is an incorrect 
practice, that can create confusion, but in this case 
we thought that could be worth to include this sort 
of sequences, which were found by BLAST as the 
most similar to our one. The majority of them, 
in fact, belong to microrganisms living in other 
famous thermal springs, the Yellowstone National 
Park (U.S.A.) hot springs. 

With a 57/94/99% BT/BT/PP of support 
clade B resulted sister taxon to clade C. This last 

Fig. 5. Phylogenetic tree based on the 16S rDNA gene sequences and reconstructed using the maximum–likelihood analysis. 
MP and ML bootstrap values (≥50%) and Bayesian posterior probabilities are provided for each node (MP in grey, ML in bold, 
and BI in normal font). GenBank accession numbers are indicated in brackets. Bar represents 0.02 nucleotide substitutions per 
site.
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Fig. 6. Phylogenetic tree based on the rbcL gene sequences, reconstructed using the maximum–likelihood analysis. MP and ML 
bootstrap values (≥50%) and Bayesian posterior probabilities are provided for each node (MP in grey, ML in bold, and BI in 
normal font). GenBank accession numbers are indicated in bracket. Bar represents 0.05 nucleotide substitutions per site. 

the Leptolyngbya genus, thus furtherly confirming 
the heterogeneity and polyphyly of this group as it 
is currently intended. Finally, clade D (95/83/85% 
BT/BT/PP) and clade F (52/98/100% BT/BT/PP) 
included different cyanobacteria attributed to the 
genus Pseudanabaena.

Clades A, B, C, D, E, and F together 
represented the Pseudanabenaceae family, which 
resulted sister taxon to clade G in the phylogenetic 

clustered different Leptolyngbya strains, most of 
which identified at the species level: L. boryana, 
L. foveolarum, L. tenerrima and L. angustata 
(99/100/100% BT/BT/PP). In particular, L. boryana 
is the type–species of the genus Leptolyngbya 
(koMáRek & anagnoStidiS 2005). Clade A 
(81/100/100% BT/BT/PP) and clade E (98/100% 
BT/PP), each one with evident subclusters inside, 
are formed by other cyanobacteria attributed to 
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tree, with a 100/100% BT/PP support. Clade 
G (73/90% BT/PP) included members of the 
Phormidiaceae and Oscillatoriaceae families.

Thus, also from the 16S rDNA 
phylogenetic reconstruction, strain ITD–01 results 
belonging to the order Oscillatoriales, family 
Pseudanabaenaceae, and to the current genus 
Leptolyngbya. However our analyses confirm 
that several distinct clades hide under the name 
Leptolyngbya and strain ITD–01 places outside 
clade C, which represents the actual Leptolyngbya 
species. Therefore, for its position in the 16S rDNA 
tree topology, its morphology corresponding to the 
description made for the subgenus Protolyngbya, 
and in absence of other public available sequences 
for the members of this subgenus, we think that 
ITD–01 can be the first sequenced strain of the 
current subgenus Protolyngbya. Moreover, our 
phylogenetic analyses, as well as its different 
morphological features, lead us to propose that 
this subgenus should become a genus separate 
from Leptolyngbya, as already suggested by 
koMáRek (2010, personal communication). 
This is confirmed by the identity percentages 
(88.6–89.2%) between ITD–01 16S rDNA gene 
sequences and those of clade C members, which 
are below the proposed threshold value in order 
to ascribe two cyanobacteria to the same genus 
(StackebRandt & goebel 1994).

Although based on a limited number 
of sequences, the rbcL gene phylogenetic 
reconstruction (Fig. 6) confirmed the belonging 
of strain ITD–01 to the order Oscillatoriales and 
Pseudanabaenaceae family (87/86/100% BT/
BT/PP), but, also in this case, it resulted clearly 
distinct from L. boryana.

In the light of our survey, we suggest that 
strain ITD–01 might represent the first described 
entity belonging to a new cyanobacterial genus, 
whose name might be Protolyngbya. However, in 
order to define a new genus further investigations 
should be carried out in the future, through the 
isolation and polyphasic characterization of other 
thin filamentous cyanobacteria belonging to this 
new taxon.
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