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Abstract

Species composition, distribution and ecology of cyanobacterial populations have been studied in hypogean ecosystems of three types: i) karst caves, ii) metal burdened mines and iii) early Christian Catacombs excavated in pumice stone. The cave of Nympholypton (Attica) is a small natural cave of archaeological value naturally lit through the entrance whereas the karst cave of Perama (Ioannina) has been touristically developed and artificial light facilities have been installed. The mines of Larymna and Lavrion are overburdened with heavy metals e.g. Ni, Cu, Pb, Cr, Zn, and Fe. The early Christian Catacombs of the island of Milos have been excavated in pumice stone. According to the microscopic analysis of natural and cultured material the composition of cyanobacteria, differs in these three unique hypogean ecosystems. In their inner sites where adequate light was available, over forty taxa were identified so far. The diversity of cyanobacteria was significantly correlated to the amount of light and to the chemistry of the substrate. The alkaline nature of the substrate in case of karst caves favor the proliferation of cyanobacteria which reach lush epilithic growths in inner natural and artificially lighted sites. On the other hand, the acidic nature of the substrate in the case of Catacombs and mines, in addition to the toxicity of the heavy metals present in the mines, restrict the cyanobacteria diversity and growth. 

Key words: Caves, mines, catacombs, hypogean ecosystems, cyanobacteria, diversity, ecology

INTRODUCTION

Karst caves, heavy metal mines and catacombs, represent specific hypogean ecosystems where abiotic and biotic factors are in a delicate equilibrium. Light, humidity, temperature, input of nutrients and chemistry of the substrate are considered the most important environmental factors in such ecosystems (Pantazidou 1997, Albertano and Urzi 1999, Wilkens et al. 2000).  However, anthropogenic interventions are sometimes made. For example, artificial light  is installed in the caves for touristic development and various treatments are applied for conservation purposes, catacombs are restored and heavy metals are exploited from the mines. Considering all the above, the internal conditions of the hypogean ecosystems are affected. These changes consequently influence the established delicate equilibrium (Lefevre and Laporte 1969, Cubbon 1976, Leclerq et al. 1983, Albertano 1993, Iliopoulou-Georgoudaki et al. 1993, Pantazidou 1996, 1997, Pantazidou et al. 1997, Elliott 2000).
Because of the low light conditions, the hypogea represent hostile environments with low diversity of photosynthetic communities. However, the area near the entrances and the artificially lighted sites usually support extensive growths of cyanobacteria, eukaryotic algae and bryophytes (Hernandez–Marine et al. 2003). The physicochemical properties of the substrate (pH, rock substance, porosity) also affect the diversity of the phototrophs and the composition of the microbial communities (Anagnostidis and Roussomoustakaki 1988, Pantazidou et al. 1997, Pentecost and Whitton 2000). Some of these organisms play an essential role in the hypogean ecosystems, both by contributing to the alteration of the rock surface and by taking part in food chains (Allen 1972, Iliopoulou-Georgoudaki et al. 1993, Pantazidou 1997, Albertano and Urzi 1999, Hernandez – Marine et al. 2003).

In the present paper the species composition and distribution of cyanobacteria in three hypogean ecosystems (karst caves, heavy metal burdened mines and early Christian catacombs excavated in pumice stone) is presented. The work has been carried out aiming at a taxonomic and ecological study giving information on the cyanobacteria which usually form biofilms and mats in the hypogean ecosystems and play an important role as partners of their microcosmos.

MATERIALS AND METHODS

Study area

Hypogean ecosystems of three types: i) karst Caves (C1, C2), ii) heavy metal burdened Mines (M1, M2) and iii) Milos Catacombs (MC) from continental and insular Greece, were studied. All -as hypogea- are characterized by low light conditions but there are also some differences. 

Cave Perama (C1)
Cave Perama is located on a hill called Goritza at an altitude of 480m, near loanina. It covers an area of 14,800 m2 and its corridors run to a length of 100m. It is one of the most beautiful horizontal caves in the Balkans and among the largest in Greece. It is adored with 19 different types of stalagmites and stalactites in curious shapes and size including the only stalagmite in the world in the shape of a “Cross”. Another unique characteristic of the cave is the fact that its chambers and galleries lie in three different levels. There are also picturesque small lakes. This cave, which belongs to a part of subterranean river, was formed about 1500000 years ago. The cave was discovered accidentally in 1940 and was equipped with facilities for touristic purposes e.g. light installations in 1956 (Anagnostidis et al.1982, Petrocheilou 1984, Iliopoulou-Georgoudaki et al 1993).

Cave Nympholyptos (C2)
The Cave Nympholyptos is located on the southern slopes of Hymettos Mountain, at an altitude of 270 meters, Attica, Greece. It consists of one main chamber divided into two halls by a wall formed out by columns. It has poor stalactite and stalagmite decoration. It is a small natural cave of archaeological value. The sculptor Archedamos transformed the cave into a temple (ca 5th century BC). On the stalagmite walls, he engraved himself as well as a decorated altar, shelves for the offerings and a divinity seated on a throne. On the floor a pool was dug to collect rainwater leaking through the mouth of the cave (Petrocheilou 1984). The cave, in spite of its archaeological and cultural value, is more or less abandoned. It is not artificially lighted but naturally lit through the entrance since it is open to the external environment (Pantazidou 1997).
Milos Catacombs (MC)
The investigated Catacombs (early Christian) are situated in the northern part of the volcanic Milos island, Greece. They are located at a hillside, approximately 300 meter above the sea level. The main group of Catacombs has been excavated in soft pumice stone and consists of a hypogean network of three, chambers and corridors 184 meters long, 1.0 to 5.0 m wide and 1.7 to 2.5 m high. Many small, open and ruined «Catacombs» are scattered at the area around the Catacombs. The indoor environment is characterized by high humidity -the relative air humidity ranges from 68% to 89%. The average air temperature ranges from 18 to 24 oC and the pH of the substrate is around 6-6.5 (Pantazidou et al 1997).
Heavy metal Mines (M1, M2)

The investigated mines Lavrion (M1) and Larymna (M2) are located at Attica and Boeotia respectively (Greece). They consist by a wide network of wet tunnels and corridors. The mining material in Larymna is iron-nickel ore; in Lavrion, an abandoned mine, a complex of ochre, limonite, galena iron-pyrites-sphalerites is present, while the pH is slightly acidic (Anagnostidis & Roussomoustakaki 1988).
Sampling - Cultures – Microscopy

Samples from various lighted sites (entrance area, artificially lighted inner parts of caves, catacombs and mines), were collected under sterile conditions the last twenty years. Part of the material was fixed in 3% formaldehyde solution and part was kept alive for culturing and examination under light microscopy.

For culture purposes selected material was put in flasks or petri dishes with Z (Staub 1961) and BG II (Stanier et al. 1971) media, liquid or solidified with 1,1% agar. In the laboratory, cultures were incubated in an environmental chamber with fluorescent light at 22 0C+1. After 3-4 weeks, cyanobacteria from the mixed cultures were transferred to fresh media. Fresh (wild and cultured) as well as fixed cyanobacteria were studied under Zeiss Light Microscope (LM) and Jeol Scanning Electron Microscope (SEM). The identification of the cyanobacteria was based on the taxonomical works of Geitler (1932), Κomarek and Anagnostidis (1986, 1989), Anagnostidis and Komarek (1988).  
RESULTS AND DISCUSSION

A total number of 44 Cyanobacteria were found in the investigated hypogea (Table I). The cyanobacteria, in general, form very thin patches and biofilms in most sampling sites. Growths of cyanobacteria were easily detected near the entrances and at artificially lighted sites.

Only in Perama Cave (C1) luxurious growths with high cyanobacteria diversity (31 taxa) were observed.  In Nympholyptos Cave (C2), although the diversity was rather high (24 taxa), the growths were seen in thin patches or in  thin biofilms. The other two hypogean, the mines (M1, M2) and the Milos catacombs (MC) were characterized by low cyanobacteria diversity (11 taxa in mines and 4 in catacombs). Thin coatings or extensive mats (e.g. mats of Ph. subfuscum) were found. 

Thus, a first conclusion is that the main difference between the three types of hypogean ecosystems affecting the cyanobacteria diversity seems to lie on the characteristics of the substrate. The calcareous, alkaline nature of the substrate, -the case of the C1, C2- favors the proliferation of cyanobacteria where the light is adequate. On the contrary, the acidic nature of the substrate (the case of Milos catacombs and mines) and the toxicity of heavy metal burden (case of mines) make the latter hypogean environments extremely hostile for cyanobacteria, restricting their growth.  The higher number and the extensive growth of cyanobacteria found in cave Perama comparing to those found in cave Nympholyptos may be attributed to the results of the touristic development of the former e.g. light installations help in development of the photorophs. 

The coccoid and/or colonial Chroococcales (25 taxa) and the filamentous, not heterocytous, Oscillatoriales (16 taxa) dominate. Only 3 heterocytous (Nostocales) were found.  In the caves (C1, C2) Chroococcales (23 taxa) outnumber Oscillatoriales (13 taxa). Similar observations have been reported by Asencio and Aboal (2000). The restricted number of cyanobacteria observed in the metal burdened hypogea (M1, M2) and in Milos catacombs (MC) does not allow us to draw a clear conclusion on the proportion of Chroococcales/Oscillatoriales.

In addition to the thin Oscillatoriales, referred on Table I, we found various thin filamentous cyanobacteria resembling Leptolyngbya which were very difficult to determine. Such forms need further investigation using additional studies e.g. 16S rRNA. 

The genera Chlorogloea, Cyanosarcina and Eucapsis (Chroococcales), Leptolyngbya and Phormidium (Oscillatoriales) were present in all three types of the investigated hypogea. Among the filamentous cyanobacteria, Leptolyngbya and Schizothrix were the genera observed in most samples. The most frequently found species were Aphanocapsa biformis, Aphanothece nidulans, Chlorogloea microcystoides, Gloeocapsa kuetzingiana, Leptolyngbya foveolarum and Plectonema gracillinum. 

Gloeocapsa biformis, Gl. kuetzingiana, Chroococcidiopsis kashaii, Pseudocapsa dubia, have been also found in hypogea by Asencio and Aboal (2000). Aphanothece castagnei,  Aph. saxicola, Chlorogloea microcystoides are also referred by Anagnostidis et al. (1982), Dor and Dor (1999).  Scytonema julianum has been frequently referred from hypogea (Anagnostidis et al. 1982, Iliopoulou-Georgoudaki et al. 1993, Aboal et al. 1994, Pantazidou 1996, 1997, Albertano and Urzi 1999, Ascencio and Aboal 2001). Thus, the aspect that these cyanobacteria are among the most common hypogean dwellers is justified. Further investigation on the ecological and physiological demands and role as well as the specifications of these cyanobacteria at the species level could provide useful information.

It is worth noticing that Oscillatoriales form hormogonia, which move by gliding and can colonize new sites in the hypogea. Thus, the “greening”, the common phenomenon, problem in artificially lighted caves (see in Lefevre and Laporte 1969, Iliopoulou-Georgoudaki et al. 1993) is promoted by these cyanobacteria.

 On the other hand, it must be noticed that most of the coccoid cyanobacteria found, produce thick mucilaginous sheaths (the taxa are marked with an asterisk * on Table 1). The sheaths help them to attach to the inorganic substrates and simultaneously the ensheathed cyanobacteria offer a new organic substrate allowing further colonization by other microorganisms. The sheaths favor the aggregation of mixed populations forming various types of mats. They are hygroscopic and protect the cyanobacteria against desiccation and provide advantage to survive in extreme conditions.
In general, the knowledge of hypogea cyanobacteria is restricted. Caves are those who provide a better source for information at this level. The alkaline nature of the substrate in case of karst caves favor the proliferation of cyanobacteria which reach lush epilithic growths in inner natural and artificially lighted sites. On the other hand, the acidic nature of the substrate in the case of catacombs and mines, in addition to the toxicity of the heavy metals present in the mines, restrict the cyanobacteria diversity and growth.
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Table I. List of Cyanobacteria found in the Caves Perama (C1) and Nympholyptos (C2), Mines Larymna (L1) and Lavrion (L2) and Milos Catacombs (MC).
	Taxa
	Investigated Hypogean ecosystems 

	Cyanobacteria
	C1
	C2
	M1
	M2
	MC

	Chroococcales
	
	
	
	
	

	Aphanocapsa biformis *
	+
	+
	
	
	

	Aphanothece castagnei *
	+
	
	
	
	

	Aphanothece microscopica*
	+
	
	
	
	

	Aphanothece nidulans*
	+
	+
	
	
	

	Aphanothece saxicola*
	+
	
	
	
	

	Chlorogloea microcystoides*
	+
	+
	
	+
	+

	Chlorogloea sp.*
	
	+
	
	
	

	Chroococcidiopsis doonensis
	
	+
	
	
	

	Chroococcidiopsis kashaii
	
	+
	
	
	

	Chroococcus minor*
	+
	
	
	
	

	Chroococcus minutus*
	+
	
	
	
	

	Chroococcus turgidus*
	
	+
	
	
	

	Cyanosarcina burmensis 
	
	+
	
	
	

	Cyanosarcina sp.
	
	+
	+
	
	+

	Eucapsis minor
	+
	+
	
	
	

	Eucapsis sp.
	
	
	
	+
	

	Gloeocapsa biformis*
	+
	
	
	
	

	Gloeocapsa gelatinosa*
	+
	
	
	
	

	Gloeocapsa kutzingiana*
	+
	+
	+
	
	

	Gloeothece  palea*
	+
	
	
	
	

	Gloeothece sp*
	+
	+
	
	
	

	Pseudocapsa dubia*
	
	+
	
	
	

	Synechococcus elongatus
	+
	
	
	
	

	Synechocystis aquatilis
	+
	
	
	
	

	Synechocystis sp.
	
	
	
	+
	+

	Oscillatoriales
	
	
	
	
	

	Heteroleibleinia kutzingii
	+
	
	
	
	

	Leibleinia epiphytica
	+
	+
	
	
	

	Leptolyngbya boryana
	
	
	+
	+
	

	Leptolyngbya foveolarum
	+
	+
	+
	+
	

	Leptolyngbya lurida
	+
	+
	
	
	

	Leptolyngbya nostocorum
	+
	
	
	
	

	Leptolyngbya tenuis
	+
	+
	+
	
	

	Oscillatoria terebriformis.
	+
	
	
	
	

	Phormidium corium
	+
	+
	
	
	

	Phormidium subfuscum
	
	
	+
	
	

	Plectonema gracillimum
	+
	+
	
	
	+

	Pseudanabaena lonchoides
	+
	+
	
	
	

	Schizothrix coriacea
	+
	+
	
	
	

	Schizothrix cf. heufleri
	
	
	+
	
	

	Schizothrix lardacea
	+
	
	+
	
	

	Spirulina tennerima
	+
	
	
	
	

	Nostocales
	
	
	
	
	

	Nostoc sp.*
	
	+
	
	
	

	Scytonema julianum *
	+
	+
	
	
	

	Tolypothrix distorta
	+
	+
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