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Spatial distribution of cyanobacteria and algae from the tombstone in a historic
cemetery in Bratislava, Slovakia

Bohuslav UHER
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Abstract: This study focuses on species composition and spatial distribution of cyanobacterial and algal
communities colonizing the surface of the tombstone. Ecological and taxonomical data were used for evaluation
of changes in their vertical distribution. A total of 25 taxa were identified, 13 of them belonging to chlorophytes,
12 to other groups of algae and cyanobacteria; in addition four mosses and one liverwort occurred at 17 sampling
sites. Three species, Klebsormidium crenulatum, Desmococcus olivaceus and Stichococcus bacillaris, were
found as the most abundant taxa. The aeroplanctonic species Desmococcus olivaceus, Stichococcus bacillaris
and Klebsormidium crenulatum were detected from the air-fall. Investigated microhabitats offer relatively stabile
microclimatic conditions and, likely, they are responsible for the observed vertical distribution of cyanobacteria
and algae. Humidity was the main microclimatic factor influencing diversity, distribution and abundance of algae

on investigated terrestrial substrate.
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Introduction

Paraphrasing a classic definition of soil (KRUMBEIN
et al. 1992), stone monuments may be defined as
the place where art and (micro)biology encounter
each other. The biodeterioration of stones is
a phenomenon that has gained wide interest
(Urzi & KRUMBEIN 1994). Surfaces of minerals
provide substrate for a large group of different
microorganisms (KrRuMBEIN & Urzi 1992). On
stone monuments, most organisms occur on the
surface and their growth results in formation of
more or less thick biofilms that originate from
the air-borne cells and spores. The presence of
different species on substrates, which have been
thus transformed, is indicative of the undergoing
biodeterioration processes (Urzi & KRUMBEIN
1994). Therefore, the knowledge of the biology
of lithobionts is the basis for understanding the
adaptation of microorganisms to such extreme
environments, and it allows us to predict the
potential biodeterioration risks in the substrate.
Within  microbial communities, algae and
cyanobacteria are primary producers due to
their phototrophic nutrition and low nutrient
requirements. They grow on cornices, in holes

and fissures or beneath crusts, where water is
retained, and often form rather apparent green
biofilms (GorLuBi¢ et al. 1981, JoHANSEN et al.
1983, CHARACKLIS 1984, JouN 1988, ALBERTANO
& GriLLr Carora 1989, DaNIN & CANEva 1990,
PeNTECOST 1992, ARINO et al. 1997, AseEnNcio &
ABoaL 2000, LAMENTI et al. 2000, ALBERTANO &
BeLLEzzA 2001, GobpyovA et al. 2003, Rinp1 &
Guiry 2003, UHER et al. 2005).

This study reports the most common species
of cyanobacteria and algae growing on the surface
of a tombstone and tomb covers dating from 1956
at the historic cemetery of Pressburg Evangelicals
,Kozia brana“ in the centre of Bratislava city.
The ecological and taxonomic data were used for
evaluation of changes in the vertical distribution
of individual species.

Materials and methods

Samples were collected monthly in 2002 on the
transect from the top part of the sculpture to the bottom
part (near the soil surface) of the gravestones allowing
the detailed study of the vertical distribution of algal
assemblages on this man-made monument (‘“Mother
with two daughters”) (Figs 24-27). The sampling
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sites were shaded by trees and protected against wind
by cementery walls; relative humidity was high (80-
98%) measured (1 meter above the soil surface) using
a thermo-hygrometer (Miitec Instruments GmbH,
Germany) and wind turbulences were not observed. Six
vertical zones from the top to the base were distinquised
(A-E on sculpture; F on tomb covers) (Figs 24-27).
Samples from 17 permanent sites were studied in both
natural and cultured material using LM (Olympus BX
50). The scrapped samples were aseptically inoculated
on agar or to liquid medium in tubes and Petri dishes.
The following culture media were used: BG11 (Rippka
etal. 1979), BG11  (Rirka 1988) and BBM (Smith &
BoLp 1966). Unialgal strains were used for a detailed
study of morphological variation, reproduction and
ontogenesis to confirm identification of species. For
the capturing of aeroplanktonic species, agarized slides
placed on the sampling sites were used.

Cyanobacteria and algae were identified
according to the following literature: GEITLER (1932),
DEsikacHARY (1959), Groover & Borp (1969), EtTL
(1978), Komarek & Forr (1983), HorrmanN (1986),
HinpAk  (1990), LokHorsT (1992, 1996), EtmL &
GARTNER (1995), KoMmAREK & ANAGNOSTIDIS (1998,
2005).

Results

In total, 25 subaerial algac were identified:
eight species of Cyanobacteria, four species of
Heterokontophyta and 13 Chlorophyta (see Table
1). They were found on 17 sampling places. Three
species, Klebsormidium crenulatum, Desmococcus
olivaceus and Stichococcus bacillaris, represented
more abundant taxa than other representatives
associated with specific microenvironments.
Only three aeroplanktonic species including
Desmococcus olivaceus, Stichococcus bacillaris
and Klebsormidium crenulatum were captured
using agarized slides.

Six vertical zones (A, B, C, D, E and F
zone; Fig. 24-27) were a priori delimited. In
general, the algal species richness was the lowest
on the top of sculpture (zones A-C, 6 species, see
Table 1) and the highest on the bottom (16 species
in zone F, Table 1, Figs 24-27). Zones exposed
to desiccation (A-C and E) were dominated by
green algae Chlorella kessleri, Desmococcus
olivaceus and Klebsromidium crenulatum or
K. flaccidum, which were accompanied by
Stichococcus bacillaris, Coccomyxa confluens
and Trebouxia arboricola. However, in zone
D with higher relative air humidity, the species
richness was two times higher (13 taxa). Some
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species were widespread and they occupied
a large range of microhabitats. The bottom zones
(F), covered by mosses, were more favourable
for algal growth due to their protection against
desiccation by wind. Bryophytes and liverworts
such as Rhynchostegium murale (HEpw.) BRucH et
ScHivp. in BSG, Eurynchium hians (HEDW.) SANDE
Lac. and Lunularia cruciata (L.) DUMORT. ex
Linpa. offered varied mosaic of microhabitats for
algal colonization. In assemblages associated with
mosses, the cyanobacterium Leptolyngbya fragilis
and alga Cosmarium parvulum var. undulatum
were identified. This desmid is mostly incorrectly
identified as Actinotaenium (NAGELI) TEILING
species and has not been recorded from hemi-
atmophytic environments (Frans Kouwets, pers.
comm.). Within assemblages from sites without
mosses (site 17), mainly cyanobacteria adapted
to desiccation due to presence of mucilagenous
sheaths were found.

Some interesting and unknown species
or species with unclear taxonomy, such as
Heteroleibleinia  pusilla, Heterococcus  sp.,
Theleasphaera alpina and Trebouxia arboricola,
were found during the study.

Heteroleibleinia pusilla (Hansc.) Compere (Fig. 3)
Although H. pusilla was previously recorded from
swamps and ponds with submerged vegetation
(KoMArREK & ANaGNosTiDIS  2005), narrow
filaments (1.5 pum wide) were found growing
aerophytically on mosses. Filaments of this species
were attached by one end to the substrate during
the entire life cycle. This feature could easily be
overlooked, therefore similar specimens were
previously incorrectly identified as other subaerial
cyanobacteria, such as Leptolyngbya (investigated
mostly in cultures). The genus Heteroleibleinia
(GertLER) L. HorrMANN was mostly classified as a
section of Lyngbya.

Heterococcus sp. (Fig. 22)
Mature representatives were stellate, separate,
composed of an extensive caespitose system,
radially arranged, ramified, prostrate branches
projecting from a small compact central disc.
Plants were not easily disintegrating; branched,
primary filaments were open and often tenuous.
Zoosporogenesis or aplanosporogenesis was
not observed. Cell length ranged from 4 to 25;
cell width ranged from (3)4 to 5(6) um. The
above mentioned data confirmed the variability
of morphometric characters of this species
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Figs 1-6. Cyanobacteria/cyanophytes: (1) Aphanothece stagnina [(a) initial stages, (b) young colonies, (c) adult colonies];
(2) Chroococcus varius [(a) initial stages, (b) three-celled stages, (c) young colonies, (d) adult colony]; (3) Heteroleibleinia
pusilla: trichomes attached on the surface of moss leaves; (4) Leptolyngbya fragilis [(a) filaments with rounded or globular
apical cells, (b) false branching filaments, (c) hormogonium, (e) twisted filament]; (5) Microcoleus vaginatus [(a) young colony,
(b) colony of trichomes in common sheats]; (6) Nostoc microscopicum [(a) initial stages with heterocyte, (b) hormogonia, (c)
young subspherical colonies, (d, ) adult colony, (f) ruptured old colony]. Scale bar 10 pum.
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Figs 7-8. Cyanobacteria/cyanophytes: (7) Phormidium autumnale [(a) apical parts of trichomes, (b) hormogonia, (c, €) trichomes,
(d) fragmentation by necridic cells]; (8) Phormidium corium [(a) filaments, (b) fragmentation by necridic cells]; Figs. 9-12.
Chlorophytes: (9) Chlorella fusca [(a—c) young and adult cells, (d) colonies, (e) autospores, (f) ruptured autosporangium]; (10)
Chlorella kessleri [(a) autospores, (b, ¢) adult cells, (d) autosporangial; (11) Cosmarium parvulum var. undulatum [(a) small
sized cells, (b) big sized cells]; (12) Coccomyxa confluens [(a) initial stages, (b, ¢) colonies]. Scale bar 10 um.
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Fig.13. Desmococcus olivaceus: (a) initial stages; (b, c, d) four-celled colonies; (¢) autosporangia; (f) packet like colonies;

(g) pseudofilaments. Scale bar 10 um.

depending on the character of media used. The
genus Heterococcus 1is typical of terrestrial
habitats and was partially revised by LOKHORST
(1992), who used the methodology of cultivation
on agar plates (BBM sensu BoLD & WYNNE,
1978) for the taxonomic revision of this genus.
The branch-forming and the colonies of genus
Heterococcus CHODAT are similar to green alga
Pseudendoclonium (JouN & JounsoN 1989). From

the algal group of Xanthophyceae, biodeteriogens
are mentioned mainly in the genera of Heterothrix
(Xanthonema), Botrydiopsis, Monodus and
Chloridella (OrRTEGA-CALvO et al. 1993, KApPuSTA
& Kovacik 2000).

Thelesphaera alpina PAscH. (Fig. 20)
Cells were solitary, or in short pseudofilaments
(3-7 cells), spherical, subglobular, with parietal
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Fig.14. Klebsormidium crenulatum: (a) initial stage; (b, c) filaments with autosporangia; (d) old fragments of filaments. Scale

bar 10 um.

slightly lobed chloroplasts occupying more than
half of the cell wall. Cell wall was structured with
conical and thick protuberances. Cells had 10.5—
12.5 pm in diameter. The genus Thelesphaera
was described by PascHER (1939). This mentioned
species is easily mistaken for spores of liverwort
species and is not very commonly known from
hemi-atmophytic environments.

Trebouxia arboricola Puywm. (Fig. 21)
Cells were solitary, or in small groups 2(-4),
spherical, sometimes ovoidic, with massive lobed
central chloroplasts and 1-2 pyrenoids; cells
had 15-20 um in diameter, cell wall was thin
(0.3-1.2 pum); zoospores not observed. Trebouxia

arboricola is an epiphytic or epilithic species,
known from stone monuments (WASSER et al.
1988, Karusta & Kovacik 2000). T. decolorans
AHMADIIAN was reported by OrRTEGA-CALvo et al.
(1991, 1993) as a biodeteriogen of monuments
in Spain and Italy; 7. arboricola was reported by
Rmb1 & Guiry (2003) from Galway City (Ireland).
T schowmanii HILDRET et AHMADIJIAN was
mentioned from monuments in Olivia (Ukraine)
by DariENKO & HorrmANN (2003). These species
are the typical subaerial species mentioned mainly
as the phycobionts of lichens (ETTL & GARTNER
1995).
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Fig.15. Klebsormidium flaccidum: (a, d) sterile filaments; (b) filaments with empty zoosporangia; (c) fragments of filaments.

Scale bar 10 pm.

Discussion

High variation in abundance and distribution of
cyanobacteria and algae on very small spatial
scale of a single monument was found. The algal
species richness increased in direction from top to
the bottom part of the sculpture. This distribution
pattern, recorded also by other authors (NOGUEROL-
SEOANE & RIFON-LASTRA 1997, RIFON-LASTRA &
NoGUEROL-SEOANE 2001, UHER et AL. 2005), was
influenced by humidity, exposition to desiccation
and surface characteristics. Cyanobacteria and
algae inhabited a large range of microhabitats
from dry stone surface on the top to wet bryophyte
cover on the sculpture bottom. Although some
authors discussed seasonal variation of subaerial
assemblages (RIFON-LASTRA & NOGUEROL-SEOANE
2001), my results illustrate that the position of
the sampling site on the monument was more
important than the time of year when samples were
taken (cf Tables 1 and 2). Differences in species
richness during season were negligible with the
only exception of zone F (Table 2). Most of the
identified subaerial algae belong to widespread
genera (Klebsormidium, Desmococcus) but some

of them are very rare and considered to inhabit
specific microenvironments in association with
mosses (Cosmarium parvulum var. undulatum,
Heteroleibleinia pusilla.). The artificial urban
habitats are more likely to be colonized by
species and spores transported mostly by air
(aeroplankton) in the upper zones A-D and by
soil algae in the bottom zones E-F. Particularly
chlorophytes captured on exposed agarized
slides as aeroplankton (Desmococcus olivaceus,
Stichococcus  bacillaris and  Klebsormidium
crenulatum) originated possibly from surrounding
natural terrestrial habitats. For example,
Desmococcus olivaceus has mostly been recorded
from bark or soil algal communities (GARTNER &
IngoLi¢ 2003, Rinp1 & Guiry 2003). As an example
of different autecology the representatives of
the genus Klebsormidium (K. crenulatum and
K. flaccidum) may be used. Klebsormidium
Aaccidum, a well-known and widespread soil alga,
was frequently found in the bottom part (zone E);
on the other hand K. crenulatum transported as
aeroplankton was frequent in the upper zones.
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Figs 16-21. Chlorophytes: (16) Mesotaenium macrococcum [(a) types of cell shape with one chloroplast]; (17) Muriella terrestris
[(a) initial stages, (b) young cells, (c, d) autosporangia]; (18) Oocystis asymetrica [(a, b, c) initial stages and young cells, (d)
cell division, (e) autosporangial]; (19) Stichococcus bacillaris [(a) initial stages, (b) pseudofilaments]; (20) Theleasphaera
alpina [(a) unicelled stages with protuberances of cellwall, (b) cell division]; (21) Trebouxia arboricola [(a) initial stages, (b)
cell division, (c) colonies]; Figs 22-23. Heterokontophyta: (22) Heterococcus sp. [(a) branches of adult colony]; (23) Monodus
unipapilla [(a) autospores, (b, c) young cells, (d, e) autosporangia]. Scale bar 10 pm.
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Table 1. Algal distribut

1 — dark green biofilm

2 — pale green biofilm

3 — green biofilm

4 — grey-green biofilm

A

5 — grass-green biofim

6a — grass-green biofilm with

mosses*

6b — green biofilm without

mosses

B

7 — green biofilm

8 — grey-green biofilm

9 — dark green biofilm

10 — dark green biofilm

C

11 — green biofilm

12 — green biofilm

13 — dark green, blackish biofilm

D

89




*Tortula muralis, Amblystegium serpens; * Rhynchostegium murale, Eurynchium hians; ** Lunularia cruciata

e very common >40 — 100%; o common >5 —40%; + rare;

liverwort™* on tomb cover
mosses? and liverwort®2,

16 — Association of mosses® and
blackish biofilm

14 — grey-green biofilm
15 — green biofilm
17 — Tomb cover without

E
F

Table I Cont.
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Table 2: Seasonal variation of species richness on tombstone (zones A-F see Figs 24-27).

Month
Zones I 1I 111 v A" VI VII VIII IX X XI XII
A 6 6 6 6 6 6 6 6 6 6
B 5 5 6 6 6 6 6 6 6 6
C 6 6 6 6 6 6 6 6 6 6
D 9 9 9 10 10 10 10 10 10 10 10 10
E 3 3 3 3 3 3 3 3 3 3 3 3
F 12 12 12 14 16 16 16 16 16 16 12 12

Figs 24-27. Tombstone (statue represent mother with two daughters) and tomb cover in the historic cemetery of Pressburg
Evangelicals Kozia brana in the centre of Bratislava: (24) sampling places of algae (1-14) in different microhabitat zones
(A-E); (25) tomb cover (zone F) with growths of liverworts and mosses (arrows); (26—27) detail views on weathered parts of

statue (arrows).
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