


are the primary colonizers due to their phototrophism and low nutrient require- 
ments. They grow on cornices, in holes and fissures or beneath crusts, where water 
is retained, and often form rather apparent biofilms. The aim of this work was to 
characterize the most representative species of chlorophytes and cyanobacteria pres- 
ent in surface layers of the cathedral walls of Salamanca and Toledo (Spain), in 
order to relate them with stone weathering processes. 

Materials and methods 

Salamanca cathedral was constructed mainly in the 16th century. Its architectural features belong to the 
late gothic style. It was constructed with Villamayor sandstone, characterized by a gold-like colour ("gol- 
den sandstone") produced by open air oxidation after its extraction from the quarry. This sandstone is 
the typical building stone of the historic monuments of Salamanca. It is composed mainly of quartz and 
felspar, and has a porosity of 32% (Vicente 1983). The Salamancan climate is typically continental. 

Toledo cathedral was constructed from the 13th to the 16th centuries, and it is the largest gothic church 
in Spain after Sevilla cathedral. Different materials were used in its construction, granite and limestone 
being predominant. They show different characteristics, depending on the age and quarry of origin. The 
climate is continental. 

A description of sampling sites is given in Table 1. Samples were taken by scraping the stones' surface. 
Enrichment cultures were made in parafilm-sealed Petri dishes with BGl l  (Rippka et al. 1979) or BBM 
(Chantanachat & Bold 1962) solid medium, by placing on the agar surface small fragments of stones con- 
taining visible growth of algae or cyanobacteria. Cultures were kept at room temperature and in continu- 
ous light (provided by fluorescent lamps giving a light intensity of 400 lux), and were checked weekly 
with a dissecting microscope to check the growth of microorganisms. Colony-forming chlorophytes and 

Table 1. Description of samples 

CATHEDRAL SAMPLE CHARACTERISTICS 

Salamanca 

Tolcdo 

1  North facade, 0-20 cm height. Substrate: sandstone. 

2 North wall, at 50 m. High humidity. Substrate: sand- 
stone. 

3 Cornice from north facade, at 50 m. Substrate: sand- 
stone. 

4 North facade roof. Substrate: roof tile. 

1  Ajacent wall to "Hombre de Palo" street, at 1.6 m. 
Substrate: granite. 

2 Location: the same as 1. Substrate: mortar. 

3 Clock Gate, floor. Substrate: marble. 

4 Access to the Clock Gate, left side wall, 1.20 m 
height. Substrate: granite. 

5 Clock Gate, left side wall, at 1 m height, crevice. 
Substrate: granite. 

6 The same as 5, but out of the crevice. Substrate: 
granite. 

7 Clock Gate, at 1.70 m height, growth beneath black 
sulphated crusts. Substrate: granite. 



cyanobacteria were isolated by transferring colonies to fresh media using a steel loop. Filamentous 
cyanobacteria that did not form colonies were isolated by transferring either single filaments or agar 
pieces that contained filaments using a sterile Pasteur pipette that was pulled out to a very thin capillary. 
After severa1 transfers uni-algal or uni-cyanobacterial isolates were obtained. As soon as each isolate was 
identified as containing algae or cyanobacteria, it was maintained in a BBM or BGl1 medium, respective- 
ly. In total 80 isolates were obtained. For morphology and life cycle obsewations with an optical micro- 
scope, the isolates were incubated at 25'C under a light-dark cycle (12L-12D) at 400 lux. 

At present, al1 taxa described in this paper are maintained as uni-alga1 or uni-cyanobacterial cultures. 
The culture collection is maintained on agar slants in test tubes at 4°C with a 12L-12D cycle (light intensi- 
ty about 100 lux). It is inoculated every four months with excellent results in regeneration of the isolates. 

Literature used for determinations and for taxonomic purposes included the following: Butcher 1952; 
Fott & Novakova 1969; Gartner 1985; Geitler 1932; Handa & Nakano 1988; Komhrek & Comas 1984; 
Komarek & Fott 1983; Petersen 1932; Philipose 1967; Rieth 1972; Silva et al. 1972. Some other specia- 
lized papers have been cited in the following text. 

Results 

A total of 21 taxa were obtained, 8 of them belonging to Cyanobacteria and 13 to 
Chlorophyta. Neither Bacillariophyta nor Xanthophyta were isolated, although 
they have been described in similar habitats (Grant 1982; Anagnostidis et al. 1983). 
The species distribution is shown in Table 11. The description of the taxa is given 
below : 

Table 11. Species distribution within the samples studied 

CYANOBACTERIA 

Microcoleus vaginatus 
Nostoc sp. 
Phormidium autumnale 
Phormidium fragile 
Phormidium subfuscum 
Phormidium tenue 
Plectonema sp. 
Plectonema boryanum 

CHLOROPHYTA 

Bracteacoccus sp. 
Chlorella sp. 
Chlorella homosphaera 
Chlorella reisiglii 
Chlorella vulgaris 
Chlorokybus atmophyticus 
Ecdysichlamys obliqua 
Friedmannia israeliensis 
Klebsormidium flaccidum 
Muriella terrestris 
Scenedesmus quadricauda 
Stichococcus bacillaris 
Trebouxia decolorans 

SALAMANCA 

1 2 3 4  

TOLEDO 

1 2 3 4 5 6 7  



CYANOBACTERIA 

Microcoleus vaginatus (Vauch.) Gom. Fig. 1 

Filaments single or forming a coiled thallus, sparsely branched; sheaths colourless, 
diffluent, not lamellated and enclosing many densely aggregated and contorted tri- 
chomes; trichomes 5.5-7 pm broad, dirty blue or olive green, attenuated, not con- 
stricted at the cross walls; the cross walls are often granulated; cells 3-6 pm long; 
end cells capitate, with a very variable calyptra. 

Nostoc sp. Fig. 2 

Thallus gelatinous, mostly proliferating, globose, olivaceous or blue-green; fila- 
ments flexuous, variously entangled; barrel-shaped cells or nearly spherical, 4-6 pm 
in diameter; heterocyst nearly spherical, 6-7 pm in diameter. 

Phormidium autumnale (Ag.) Gom. Figs. 3 & 4 

Thallus expanded, dark blue-green or brownish-green; filaments straight, rarely 
flexuous, variously entangled; sheath firm, mucilaginous, distinct or diffluent in an 
amorphous mucilaginous matrix; trichomes blue-green, not constricted at the cross- 
walls, 5.5-7 pm broad, ends briefly attenuated, straight or scarcely curved, promi- 
nently capitate; cells 3-5 pm long, septa frequently granulated, end cell with a 
rounded or truncated conical calyptra. 

Phormidium fragile (Menegh.) Gom. Fig. 5 

Sheath diffluent; filaments more or less flexuous, entangled or nearly parallel, tri- 
chomes distinctly constricted at the cross-walls, septa granulated, attenuated at the 
ends, 2 pm broad, pale blue-green; cells nearly quadrate, 1.5-2 pm long; end cell 
acute-conical, calyptra absent. 

Phormidium subfuscum Kütz. Fig. 6 

Filaments straight, fragile, short, parallel; sheath diffluent into a lamellose mucus; 
trichomes pale blue-green, 6-8 pm broad, not constricted at the cross-walls; cells up 
to 4 pm long, cross-walls often granulated; ends more or less briefly attenuated, 
capitate; end cell straight acute-conical. 

This isolate was differentiated from P. autumnale after Kann & Komárek (1970). 

Phormidium tenue (Menegh.) Gom. Fig. 7 

Thallus pale blue-green, thin, expanded; trichome straight or slightly bent, densely 
entangled, slightly constricted at the cross-walls, attenuated at the ends, 1.5-2 prn 



Fig. 1. Apex of trichome of Microcoleus vaginatus Fig. 2 .  Proliferating thalli of Nostoc sp. Figs. 3 & 
4. Phormidium autumnale. Fig. 3 .  Apex of trichome. Fig. 4. Filament showing sheath and trichome. Fig. 
5. Phormidium fragile. Fig. 6 .  Phormidium subfuscum. Fig. 7 .  Phormidium tenue. Fig. 8. Plectonema 
sp. Fig. 9 .  False branching of Plectonema boryanum. 
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broad, pale blue-green; sheath thin, diffluent; cells up to 2 times longer than broad, 
septa not granulated, cross-walls not commonly visible; end cell acute-conical, ca- 
lyptra absent. 

Plectonema sp. Fig. 8 

Gelatinous sheath; cells quadrate, or slightly broader than long, 2-3 pm broad in 
young cultures, and up to 4 pm in old ones; frequent false branching, sometimes 
the new filament does not go through the sheath, producing in old cultures the co- 
existente of two trichomes in one sheath; apical cells rounded. 

Plectonema boryanum Gom. Fig. 9 

Trichomes with constrictions at the cross-walls, especially in younger zones; cells 3-4 
pm broad, shorter than broad, up to  quadrate. 

CHLOROPHYTA 

Bracteacoccus sp. Figs. 10 & 11 

Spherical cells up to 25 pm in diameter; abundant small chloroplasts without py- 
renoid; some mature cells have small bubble-like protuberances; reproduction with 
4 to  8 autospores, 5-6 pm in diameter (the isolates were assigned to this genus and 
not to Muriella because of the greater cell size and number of chloroplasts). 

Chlorella sp. Fig. 12 

Rod-shaped cells, 3-5 pm long and 2-3 pm broad; cell division resulted in two daugh- 
ter cells, the mother cell wall is hardly seen; one chloroplast occupying most of the 
cell volume, with starch spread over the plastid. 

Chlorella homosphaera Skuja 
(Syn.: Palmellococcus homosphaera (Skuja) Handa et Nakano). 

Fig. 13 

Rounded cells, 2.5 pm in diameter; thin cell wall throughout culture period; parietal 
chloroplast covering most of the cell periphery, without pyrenoid. 

Figs. 10 & 11. Bracteacoccus sp. Fig. 10. Release of aplanospores. Fig. 11. Mature vegetative cell. Fig. 
12. Chlorella sp. Fig. 13. Chlorella hornosphaera. Note cells with dividing chloroplast prior to autospore 
formation. Figs. 14 & 15. Chlorella reisiglii. Fig. 14. Rounded vegetative cells and autospore forrnation. 
Fig. 15. Ellipsoidal cell. Figs. 16 & 17. Chlorella vulgaris. Fig. 16. Remains of the mother cell-wall. Fig. 
17. Vegetative cell. Figs. 18 & 19. Typical clusters and single cells of Chlorokybus atmophylicus. Figs. 
20-22. Ecdysichlamys obliqua. Fig. 20. Tetrad. Fig. 21. Ovoidal cells. Fig. 22. Sporangium enclosing two 
autospores and sporangium cell wall. 





Chlorella reisiglii Watan. Figs. 14 & 15 

Cells with variable morphology: ellipsoidal, reniform or cylindrical, 2-5 pm broad 
and 6-1 1 pm long, or spherical, 7-16 pm in diameter; parietal chloroplast with one 
pyrenoid (severa1 in adult cells). 

Chlorella vulgaris Beij . Figs. 16 & 17 

Spherical adult cells, 8 pm in diameter; young cells ellipsoidal or spherical, 1.5 x 
2.5 pm or 3 pm in diameter; thin cell wall; parietal cup-shaped chloroplast, occupy- 
ing a basa1 zone of the cell, with one pyrenoid covered by two hemispherical starch 
grains; reproduction by 2 or 4 ellipsoidal or hemispherical autospores of the same 
size, released by the rupture of mother cell wall, which remains in the medium. 

Chlorokybus atmophyticus Geitler Figs. 18 & 19 

Spherical or ellipsoidal cells, 4-8 pm in diameter, occurring as single cells, in pairs 
or forming three-dimensional, cuboidal packets with a gelatinous matrix; chloro- 
plast parietal, occupying half the area of the inner wall, with a pyrenoid; starch scat- 
tered throughout the chloroplast. 

Ecdysichlamys obliqua West Figs. 20-22 

Cells single or grouped in pairs and rarely in tetrads, ovoidal or ellipsoidal, 12 x 
5 pm; with polar buds at the cell wall in one or both sides of the cell; parietal chloro- 
plast with undulated margin and one pyrenoid with a discontinuous starch layer; 
vegetative reproduction, with 2 or 4 autospores, released by the rupture of sporangi- 
um cell wall, which remains in the medium; the autospores are often loosely in- 
cluded by the mother cell wall, showing a typical oblique arrangement. 

Friedmannia israeliensis Chantan. et Bold Figs. 23-31 

Rounded cells, 9-20 pm in diameter, clustered in tetrads; parietal chloroplast with 
irregular lobes without pyrenoid; biflagellate ovoid swarmers of 3 x 8 pm that lack 
a wall; in the original description (Chantanachat & Bold 1962) the presence of an 
anterior stigma was reported, but in the ultrastructural study of zoospores (Mel- 
konian & Berns 1983) and in our study this structure was not observed; zoospores 
actively motile after release. Their motility comes to an end after 30 min. then they 
become spherical and loose the flagella. Although in the original description the 
zoosporogenesis was observed in liquid cultures after 6 weeks, we observed it in 
solid cultures after the second week. Because of the rare occurrence of this species 
(Chantanachat & Bold 1962; Bell et al. 1986), our photographic treatment is more 
exhaustive than in other species. 



Figs. 23-32. Friedrnannia israeliensis. Fig. 23. Release of zoospores. Figs. 24 & 25. Individual zoospores 
with flagella (arrowheads). Fig. 26. Tetrads of cells. Fig. 27. Aplanospores. Fig. 28. Young vegetative 
cell. Fig. 29. Isolated cells showing the dividing chloroplast. Figs. 30 & 31. Zoosporangium formation. 

Klebsormidium flaccidum (Kütz.) Mattox et Blackwell Fig. 32 

Filaments usually long in agar medium, although sometimes they are divided in 
short fragments in old solid cultures and in liquid medium; cells are cylindrical or  
have rounded ends, with a thin cell wall, 6-1 1 p m  broad and 6-15 p m  long; parietal 
band-shaped chloroplast, occupying approximately half the cell periphery, and con- 
taining one pyrenoid with a discontinuous starch !ayer; reproduction by fragmenta- 



tion and by formation of biflagellated zoospores or aplanospores; zoospores were 
observed only once. 

Muriella terrestris Boye-Pet Figs. 33 & 34 

Rounded adult cells, 3-5 pm in diameter, single or grouped, with 2 or more flat pa- 
rietal chloroplasts without pyrenoid; only vegetative reproduction, by 2 ,4  or 8 auto- 
spores, released by the rupture of the sporangium cell wall, which remains visible 
in the medium. 

Scenedesmus quadricauda (Turp.) Bréb. sensu Chod. Fig. 35 

Oblong or cylindrical cells with rounded ends, 3-7 pm broad and 6-10 pm long, sin- 
gle or grouped in linear coenobia of 4 cells sometimes 2 or 8; the terminal cell poles 
have a long spine, which is straight or curved and a smooth cell wall, without 
bridges. 

Stichococcus bacillaris Naeg. Figs. 36 & 37 

Cylindrical cells single or in short filaments of 2-4 cells, slightly constricted at the 
cross walls; cells 2.5-3.5 pm broad and 3.5-1 1 pm long; flat parietal chloroplast cov- 
ering approximately half the cell periphery; pyrenoid without starch sheath, not 
easily visible; lipidic drops in old cells; reproduction only by fragmentation. 

Trebouxia decolorans Ahmadj. Figs. 38-41 

Rounded cells, 5-15 pm in diameter; cell wall 0.3-0.8 pm in thickness; irregularly 
lobed chloroplast, with broad and curved lobes; pyrenoid rounded by a continuous 
layer of starch, which is also present in form of granules spread over the plastid; 
reproduction usually by 8 autospores, 5 pm in diameter; zoospore formation was 
not observed. 

Discussion 

Severa1 conclusions arise from this taxonomic enumeration in relation to the stone 
biodeterioration process. Most of the species found in this study are common in 
soils and corticolous habitats (Metting 1981; Hernandez-Marine 1984; Handa & 
Nakano 1988; Cambra & Hernandez-Marine 1989). They are rather simple forms, 
with a difficult taxonomy often requiring the help of a culture for the observation 
of relevant characters, which are often not detectable in field material. The isolation 
procedure facilitated the taxonomic work in that sense. The media used, with 
proved suitability for use in general culture collections (Rippka et al. 1979; Chan- 
tanachat & Bold 1962), and the number of isolates, suggest that most of the species 



Fig. 32. Apex of filaments of Klebsormidium flaccidum. Figs. 33 & 34. Muriella terrestris. Fig. 33. Spo- 
rangium enclosing four autospores. Fig. 34. Vegetative cell. Fig. 35. Coenobium of Scenedesmus quadri- 
cauda. Figs. 36 & 37. Stichococcus bacillaris. Fig. 36. Single cells. Fig. 37. Short filament. Figs. 38-41. 
Trebouxia decolorans. Fig. 38. Aplanosporangium and aplanospores. Fig. 39. Young vegetative cell. Fig. 
40. Mature vegetative cell, note axile lobed chloroplast. Fig. 41. Surface view of a mature cell undergoing 
breakdown. 

present in the samples were isolated. The most common species in the samples stu- 
died were the chlorophytes Klebsormidium flaccidum and Muriella terrestris, and 
the cyanobacteria Microcoleus vaginatus and Phormidium autumnale. Only M. va- 
ginatus and Plectonema boryanum were present amongst 20 species of cyanobac- 
teria detected by Anagnostidis et al. (1983) in marbles of the Parthenon. They, how- 
ever, also found unicellular cyanobacteria, which we did not observe in our samples. 
Probable differences in climate, substrate and pollution levels have an effect on the 
set of species detected. Wee & Lee (1980) also found different species of algae and 
cyanobacteria on buildings of Singapore, the algae Trentepohlia odorata (Wiggers) 
Wittrock and Chlorococcum sp. and the cyanobacteria Anacystis montana (Lightf.) 
Dr. et Daily and A.  thermale (Kütz.) Dr. et Daily being the most common species. 

De Winder et al. (1989b), studying the cyanobacterial-alga1 crusts from the coastal 
dunes of the Netherlands, found an ecological succession where an initial coloniza- 
tion by cyanobacteria was followed by the establishment of a population in which 



Klebsormidium flaccidum was the dominant species. This succession was explained 
in terms of differences in tolerance to water stress, where filamentous cyanobacteria 
showed a higher resistance to drought than K. flaccidum (De Winder et al. 1989a). 
It was concluded that the green alga became dominant only after the improvement 
of water retention properties of the substrate by the pioneering cyanobacteria. Cer- 
tainly water availability problems also have to be faced by the organisms growing 
on stone surfaces, such as the chlorophytes and cyanobacteria found in our study, 
and the differences in their response to these problems also have to influence their 
distribution. Although the number of samples taken in this study makes it difficult 
to draw clear-cut conclusions on species distribution, there are clear differences that 
correlate with differences in microclimate. Sample 1 from Salamanca, taken from 
ground level, showed a complete absence of cyanobacteria, while samples 2 and 3 
situated at 50 m height, which probably suffered longer periods of dessication due 
to sunlight, showed the presence of cyanobacteria. Furthermore, the higher humidi- 
ty of sample 1 allowed the development of more complex microbial communities, 
where fungi degrading the organic matter produced by algae may have an important 
role in the biodeterioration process. 

Also samples 1 and 2 from Toledo presented an interesting difference in species dis- 
tribution, in spite of their being from the same place. There is clearly a higher num- 
ber of species in the mortar than in the granite. Microclimatic differences, probably 
including pH, porosity (allowing a higher degree of water retention) and richer sub- 
strate, seem to produce a species segregation. This was also reported by Schlichting 
(1975), who found growth of Chlorella sp. on bricks, while Chroococcus sp. and 
Schizothrix sp. only appeared on the mortar between them. He also noted that algae 
may grow in abundance on a limestone or granite block and yet be totally absent 
on a sandstone block of the same age directly beside it. 

The species Stichococcus bacillaris, found exclusively in sample 7 from Toledo, has 
also been found in archaeological remains in Italy, even in zones protected with a 
plastic film, probably due to its low nutrient requirement and the relatively high hu- 
midity of the environment (Favali et al. 1978). It was also found to be the cause of 
the "maladie verte" of Lascaux (Lefevre & Laporte 1969), and of the biological 
agression to Roman frescoes (Grilli-Caiola et al. 1987). This is not surprising be- 
cause it is one of the most common algae on walls, soils and tree bark. The growth 
of this species in our sample was cryptoendolithic, colonizing the cavities beneath 
the black sulphated crusts (Saiz-Jimenez & Garcia del Cura 1991). 

The active boring or passive endolithic algae and/or cyanobacteria reported in other 
habitats (Golubií: 1969; Schneider 1976; Saiz-Jimenez et al. 1990) were not observed 
in this study. Al1 samples presented epilithic growth (with the exception of sample 
7 of Toledo). The possible deterioration mechanisms in which the species detected 
could be involved are direct as well indirect ones. Al1 cyanobacteria identified and 
the chlorophyte Klebsormidium flaccidum presented a developed sheath, which has 
been reported to be a possible factor in the gradual destruction of rocks, by loose- 
ning particles with their swelling and shrinking after wetting and dessication pe- 
riods, respectively (Friedmann 1971; Golubií: 1973; Anagnostidis et al. 1983). The 
retention of water and the subsequent delay of drying which in turn exacerbate 



water-induced damage of the underlying material is another possible mechanism of 
degradation caused by algae (Grant 1982). 

On the other hand, algae and cyanobacteria may play an indirect role by supporting 
the growth of other organisms such as fungi or bacteria, with higher destructive po- 
tential. They can utilize organic matter, for example carbohydrates, with production 
of organic acids. This has been found in sample 1 from Salamanca (De la Torre et 
al. 1991). This material also may contribute to the formation of biofilm glycocalyx 
constituted mainly by extracellular polymeric substances (Characklis & Cooksey 
1983). The polyanionic nature of the glycocalyx dictates that it functions as an ion 
exchange matrix, serving to concentrate organic nutrients and at the same time to 
limit the penetration of charged molecules such as cationic biocides (Costerton & 
Lashen 1984). However, the interactions between the individual components of bio- 
films are still not understood (Sta1 et al. 1989). The possibly relevant role of such 
interactions in the stone biodeterioration process suggests the need to study these 
microbial communities as a whole after their dissection and characterization of indi- 
vidual components. 
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