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Abstract

In the interior of an old mine adit in Marcinkdw, southwestern Poland, during spring, 35 species of phototrophic micro-
organisms were found on the graphite schists in a corridor 110 m from the entrance to the adit. There were no visible
life forms, but wall patches that were brownish, yellowish, grayish, or reddish surrounded by colorless mucilaginous
sheaths were found. Cyanobacteria and algae were only observed in the lab cultures after three months of incubation.
We identified 22 species of cyanobacteria, 12 species of green algae, and 1 xanthophyte. Extremely low species diver-
sity of phototrophs in the old mine adit is caused by no light, high humidity, and chemical, substrate composition.

Introduction

Mine adits and caves are natural laboratories to study the mineralogy and biology of the subsurface (Spear et al.,
2007), and they are considered an extreme environment for autotrophs and heterotrophs that need light for photosyn-
thesis (lvarsson-Norback et al., 2013). Moreover, Wynn-Williams (2000) stated that extremely harsh environmental
conditions for photosynthetic organisms, such as drastic temperature changes, severe water deficit, and low intensity
of the photon flux, act as a powerful limiting and selective factor. According to Hernandez-Mariné and Canals (1994),
Ducarme et al. (2004), Pouli¢kova and HaSler (2007), and Lamprinou et al. (2009, 2012), caves and adits have a special
microclimate and ecological conditions, determined usually by three factors: light, humidity, and temperature. Microor-
ganisms influence mineral deposition by bioprecipitation, biomineralization, and alteration of the rock substrate (Spear
et al., 2007). Abandoned mines offer a variety of subterranean microclimates similar to those in natural caves (Tuttle
and Taylor, 1994) and provide suitable conditions for the growth of algae, cyanobacteria, and other microorganisms.

Mine reclamation achieves, after a long time, a level similar to the cave environment (Sheffield et al., 1992), but
Nancucheo and Johnson (2012) suggest that mining of metals and coal can adversely affect the environment. Among
the most widely documented are the mine-impacted water bodies, characteristically acidic (sometimes extremely) and
containing elevated concentrations of iron, other metals, and sulfates. All these constitute an extreme environment that
is hostile to most life forms (Johnson, 2009). In most mine adits and caves, indigenous organisms are exclusively micro-
bial and predominantly prokaryotic, whereas eukaryotic microorganisms include acidophilic and acid tolerant species of
microalgae, fungi, yeasts, protozoa, and rotifers (Baker et al., 2004; Das et al., 2009; Chlebicki et al., 2014).

The biodiversity of acidophilic and acid tolerant algae is relatively limited (Novis and Harding, 2007). Microalgae
reported to be actively accumulating metals in highly acidic environments include some Chlorophyta (Chlamydomonas
acidophila, Dunaliella acidophila, Klebsormidium acidophilum), Heterokontophyta (Ochromonas sp.), and Euglenophyta
(Euglena mutabilis). Subaerial cyanobacteria and algae are photoautotrophic and photoheterotrophic microorganisms
occurring in various natural habitats, as well as in environments changed by human activities and mining (Shtina et al.,
1985).

Development of aerophytic algae in caves and adits depends, among other things, on pH of water, available water
type (seeping or standing), and substratum (Martin€i¢ et al., 1981; Chang and Chang-Schneider, 1991). In our study,
water is one of the essential factors for the aerophytic algae and cyanobacteria colonization and growth. Generally, the
presence of running or seeping water accelerates growth of aerophytic algae in caves and adits. Strong ecological
differentiation of particular species in their relation to liquid water and to mineral composition of substratum is relevant
(Peksa and Skaloud, 2011). Aerophytic algae can survive in the environmental only when humidity is high enough (Mu-
lec and Kosi, 2009).

Microorganisms in caves were quite intensively studied in many countries in Europe and around the world (e.g., Pat-
tanaik et al., 2007; Smith and Olson, 2007; Martinez and Asencio, 2010; Czerwik-Marcinkowska and Mrozinska, 2011;
Vinogradowa et al., 2011; Czerwik-Marcinkowska et al., 2015). However, data on photoautotrophs inhabiting graphite
schists in mine adits are very scarce (Nancucheo and Johnson, 2012). According to our study, the old mine adit in Mar-
cinkéw is an especially unfavorable environment for the existence of microorganisms, mainly due to absence of light,
hence our study was aimed to determine the diversity of subaerial cyanobacteria and algae, and the influence of the
main environmental variables on their development.
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Materials and Methods

Adit Description

Marcinkoéw is a small settlement known since Middle
Ages as a center of mining activity (Stysz and Maczka,
2009; Zagozdzon and Zagozdzon, 2009), currently almost
completely depopulated. It is located about 9 km east
of Bystrzyca Ktodzka, on the western slopes of the so-
called Krowiarki hills, close to Snieznik massif in the Su-
dety Mountains. The mining operations from the fifteenth
century to the beginning of seventeenth century were
concentrated on the exploitation of lead ores containing
silver. Intensive exploration works and exploitation of Pb,
Ag, and Cu were carried out in the eighteenth century.
After World War Il (1948-1965), exploitation of uranium
ores and searches for graphite deposits were conducted
here (see Don, 1988; Madziarz and Sztuk, 2004; Stysz
and Maczka, 2009). In Marcinkéw, there are remnants
of seven adits of different ages and states of preserva-
tion (Stysz and Maczka, 2009). The examined adit (called
adit number 2, 3, 4, or 5 or Middle Uranium Adit in vari-
ous sources) is located on the geographical coordinates
50°17'1.7" N and 16°46'53" E; its entry is situated slightly
above the valley bottom. This old mine adit was used for
uranium mining in 1950 (Stysz and Maczka, 2009). Its
length is about 180 m, average height 2 m, and width var-
ies between 1.7 and 2.2 m. Graphite and mica schists with
garnets and opaque minerals (magnetite, pyrite), occur in
the adit, also dripstone with ferruginous sinters (straws,
stalactites, draperies). The corridors are dark and only
penetrated by low-intensity light at the entrance, but at the
sampling site there was no detectable light. Humidity is
high (almost 90%) due to the more or less regular supply
of water from crevices.

Sampling

The old mine adit was sampled 25 May 2015. One sur-
face sample was taken from a 1 m? area of wall (Fig. 1).
Four samples (S1, S2, S3, S4) were taken 110 m from the
adit entrance. They consisted of biofilms brownish, yel-
lowish, grayish, or reddish surrounded by colorless mu-
cilaginous sheaths (Fig. 2). About 2 to 3 grams of each
sample were scraped from walls using a scalpel, placed
into labeled sterile plastic bags, and transported the next
day to the lab not on ice. In the lab, material from each
sample was examined under a light microscope (Jen-
amed 2) and aseptically placed into Petri dishes with fresh
agarized (1%) nutrient Bold’s Basal Medium (Bischoff and

J. Czerwik-Marcinkowska, W. Pusz, and P. Zagozdzon
t
ms
/t

SOmI
gs

I
' B

gs

gs \ms\

> = =[]

Figure 1. Locations of microorganisms (A, detail in Fig. 2), mineral
substratum and water sampling sites in old mine adit in Marcinkow.
(t) tectonic zones; (gs) graphite schists; (ms) mica schists; (arrow)
entrance of adit; zones of stagnant water marked with blue color;
(M1, M2) mineral substratum sampling sites; (W1, W2) water sam-
pling sites.

Bold, 1963) and cultured at 20 °C in a 12-h light/12-h dark cycle at 3000 yEm~2 s~"Ix provided by 40 W cool fluorescent
tubes. A microscopic study of cultures began from the first appearance of cyanobacterial and algal growth during three
months of cultivation. The gradual development of microorganism was observed. All species were identified in living
states using a light microscope. The cells for transmission electron microscopy were processed according to Massalski
et al. (1995), and photomicrographs were taken with a TESLA BS 600. The following taxonomic treatises were used:
Anagnostidis and Komarek (1988), Komarek and Anagnostidis (2005), Ettl and Gartner (1995). Ecological characteristic
of cyanobacteria and algae are according to John et al. (2011), and Whitton (2012).

The description of the substratum is based on two analyses of chemical composition of rock and iron sinters beside
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Figure 2. Algological sampling sites (S1, S2, S3, S4) in old mine adit in Marcinkéw, colored patches of microorganisms on cell wall: (a) map
shows location of sampling sites in cartographic scale; (S1-S4) photos present enlarged details of four sites. All biological samples were
collected from the 1 m? area.

the microorganisms sampling site (A in Fig. 1)). The analyses were carried out using XRF, GFAAS, and ICP — MS
methods, and gravimetric analysis to determine the LOI value. Sample M1 was taken from a wall located 110 m in from
the entrance (Fig. 1 — M1). Sample M2, to determine the chemical composition of iron sinters, covering large parts of
walls and roof, was taken from several points located about 190-210 m in from the entrance of adit (Fig. 1 — M2). The
analyses were done with ICP — OES and IC methods (anions), spectrophotometric method (nitrites), FIA (sulfides), and
potentiometric method (pH).

Data Analysis

The species occurrence was determined on a scale of 0 to 1, and for the data collected on four studied sites were
subjected to statistical analysis (Hammer et al., 2001). With the PAST program, frequency of species and diversity of
samples were calculated and significances of differences between these parameters were determined. The Kruskal-
Wallis test for species frequency and the diversity t test for species diversity were performed. Correspondence analysis
was done to determine variations in data on species occurrence. Detrended correspondence analysis for the data set
of species ecological characteristic was carried out. Canonical-variate analysis (CVA) for three taxonomic groups to
identify and isolate ecological characteristics of each group was performed. The Monte Carlo permutation test was
done to determine significance of diversity in the species data collection. All the above analyses were carried out using
the software package Canoco 5.0 (Ter Braak and Smilauer, 2012).

Results

In total, 22 species of cyanobacteria, 12 species of green algae, and one xanthophyte were documented (Table 1).
On the wall in the old mine adit, it was observed that microorganisms were arranged in patches that were brownish,
yellowish, or grayish in color and surrounded by colorless mucilaginous sheaths. Seventeen species of coccoid and
five filamentous cyanobacteria were found. The genus Gloeocapsa was the most frequently occurring (four species),
followed by Cyanosaccus, Leptolyngbya (three species each), then by Aphanothece, Chroococcus, and Pleurocapsa
(two species each). The Gloeocapsa species found here indicate that growth of these taxa on the graphite schist walls
were the most optimal. Cyanobacteria from Chroococcales, Synechococcales, Nostocales, and Pleurocapsales groups
were found (Figs. 3, 4). Among the Chlorococcales order, Aphanocapsa, Aphanothece, Asterocapsa, Chroococcus,
Cyanosaccus, and Gloeocapsa were present. In studied samples, 12 green algae species were found, among which
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Table 1. Locations of subaerial cyanobacteria and algae at old mine adit in Marcinkéw. Numbers show sampling sites. Information regard-
ing ecology are from the authors own observations (color sheath/cell) and from the literature: John et al. (2011) and Whitton (2012).

Taxa Sampling Site Color Sheath/Cell Ecology

Cyanobacteria

Aphanocapsa muscicola 1,2,3 brownish or greyish terrestrial

Aphanothece saxicola 2,4 reddish or yellowish-brownish on wet rocks

Aphanothece sp. 3 greyish terrestrial

Asterocapsa sp. 4 brownish terrestrial

Chroococcus spelaeus 1,2 yellowish-brownish terrestrial

Chroococcus sp. 2 yellowish terrestrial

Cyanosaccus aegeus 3,4 yellowish or yellowish-brownish terrestrial

Cyanosaccus sp. 1,2 yellowish terrestrial

Cyanosaccus atticus 2 greyish, bluish euendolithic, carbonate substrates

Gloeocapsa biformis 3,4 orangish or yellowish-brownish chasmoendolithic

Gleocapsa nigrescens 3 greyish epilithic

Gloeocapsa novacekii 2,4 yellowish or yellowish-brownish epilithic

Gloeocapsa rupicola 1,2,3 reddish epilithic

Gloeothece palea 2,4 pale yellowish or yellow-brownish  on wet rocks

Hassalia sp. 1 bluish-greyish terrestrial

Leptolyngbya carnea 1,2 yellowish-brownish terrestrial

Leptolyngbya sp. 3 yellowish-greyish terrestrial

Leptolyngbya sp. 1,4 brownish-greyish terrestrial

Pleurocapsa minor 4 yellowish-brownish on rocks among other algae

Pleurocapsa sp. yellowish on wet rocks

Scytonema mirabile yellow-brownish on moist soil

Scytonema sp. 2,3 bluish-greyish on moist soil
Chlorophyta

Chlorella miniata 2,3 greenish-bluish subaerial

Chlorella vulgaris 3 greenish subaerial

Chlorella sp. 4 greenish-bluish subaerial

Chlorococcum humicolum greyish neutral to acid soils, porous acidic rocks

Gloeocystis vesiculosa 3,4 greenish-brownish terrestrial

Gloeocystis sp. 2,3 greyish terrestrial

Kirchneriella sp. 2,3 yellowish on wet rocks

Stichococcus bacillaris 1,2,3,4 yellowish-rownish gﬂggt(:g:tches on soil, stone walls, and other damp

Stichococcus minor 3,4 yellowish-greenish terrestrial

Stichococcus sp. 1,2,3,4 greenish-greyish terrestrial

Stichococcus sp. 1,4 greenish terrestrial

Pseudococcomyxa simplex 2,3 yellowish-blackish on wet soil
Heterokonthophyta/Xanthophyceae

Xanthonema exile 2,4 yellowish-blackish chasmoendolithic

the most frequently encountered were members of the genera Stichococcus (4 species), followed by Chlorella (3 spe-
cies) and Gloeocystis (2 species). Whereas green algae species, such as: Chlorococcum humicolum, Kirchneriella sp.,
and Pseudococcomyxa simplex were found only once. A chasmoendolithic (organisms growing in rocks fissures) yel-
low-green algae (Xanthophytes), namely Xanthonema exile, was only found at two sites.

Species frequency in the sampling sites was on average 0.5; only in the S1 site were the species less numerous
(0.25). These differences were not statistically significant. Similar properties also involved the Shannon diversity index
for the studied samples, but the test showed significant differences due to the low diversity of the first site (Fig. 5). As
evidenced by the analysis of species distribution in the correspondence-analysis ordination space, the gradient dif-
ferentiating the occurrence of species along the first axis can be interpreted as an increasing light gradient (Fig. 6).
Phototrophs species: Asterocapsa sp., Chlorella sp., Chlorococcum humicolum, Pleurocapsa minor, Pleurocapsa sp.,
group in the right part of the ordination diagram, whereas the microorganisms, in the left part, indicate a reduction
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in demand for light, even at photon flux densities lower
than the photosynthetic compensation point. Detrended
correspondence analysis was also done on the basis of
the studied samples ecological properties (Fig. 7). The
species from wet rocks and soils were distributed along
the first ordination axis, whereas on the second ordination
axis were most of the remaining species. All the studied
species were placed into three taxonomic groups. The
environmental data was correlated with taxonomical af-
filiation. The canonical-variate analysis result distinctly in-
dicates the dissimilarity of the adaptation features among
the three groups (Fig. 8).

The adit rock represents an altered (weathered) mica
schist, strongly crushed during tectonic movements. A high
content of SiO, (57.20%) and Al,O, (16.33%) is typical for a
silicate rock. Other significant components are oxides of
Fe (Fe,O,: 8.10%) and of Mg (3.17%) and K (about 3.73%).
The most important trace elements are Ba (382 ppm), Rb,
V, Zr, and Cr (about 135 to 170 ppm each). The only main
element of iron sinters was iron oxide (Fe,0,), represent-
ing 65.30% of a sample M2, except silica (1.92%), all other
components occurring in amounts from 0.32 to less than
0.01%. The sample showed a very high value of loss on
ignition of 32.79%. The most common trace elements are
Mo (144 ppm), Zn (103 ppm), Co (58 ppm) and Cu (50
ppm). There were differences in the chemical composi-
tion of mine-water samples collected from sites close to
each other and representing various water types. The first
sample (W2) was a fresh water with a slightly acidic na-

Figure 3. Electron micrographs of an ultrathin section of the bio-
film including cyanobacteria and green algae from mine adit in
Marcinkéw (a) Filaments of Leptolyngbya sp. show cells in different
developmental stages within the same aggregate. (b) transverse
section of cyanobacteria cell-wall layers with bacterium inside the
cavity in the cell wall, and the electron dense material. (c-d) Pleu-
rocapsa minor. (e) transverse section of green algae cell wall in
mucilage outside the cell wall. (f) cross section of Chlorella vulgaris

. cell. Scale bar: 5 ym.
ture (pH = 6.4), with total hardness of 101 mg L' CaCO,

(carbonate hardness: 52.5 mg L' CaCO,, and non-carbonate hardness: 48 mg L' CaCO,) and total mineralization of
about 200 mg L™'. A second sample (W1) was stagnant water in a zone of extraction of sulfide ores and had a very low
pH (3.7), hardness at the level of 128 mg L™" CaCO, (entirely non-carbonate hardness), and total mineralization about
285 mg L.

Discussion

The majority of cyanobacteria have mechanisms for occurrence under extreme environmental conditions — in des-
erts, in the Antarctic region, or under and within rocks, as well as in caves (LukeSova, 1993; Flechtner, 1999). They are
very resistant to low oxygen levels, very high or very low temperatures, and poor light (Mannan and Pakrasi, 1993).
Moreover, cyanobacteria exhibit very strong phenoplasticity, hence a variety of characteristics under pressure of en-
vironmental factors. Most cyanobacteria sheaths appeared colored because of pigments present acting as filters to
diminish the amount of incident light (Krumbein and Potts, 1978).

In the old mine adit in Marcinkdw, species belonging to the order Chroococcales were the most abundant cyanobac-
teria documented at all sampling sites. However, coccoid species were more abundant in darkness than filamentous
taxa, but in Vinogradowa et al. (1998), the proportion of coccoid to filamentous forms decreased as irradiance got
less. The genus Gloeocapsa, the most commonly encountered cyanobacteria in the adit, has also been recorded in
many other caves in Europe: from Poland (Czerwik-Marcinkowska and Mrozinska, 2011), Slovenia (Mulec et al., 2008),
and Russia (Mazina and Maximov, 2011), while in Greece (Lamprinou et al., 2009) and Spain (Urzi et al., 2010) the
diversity of this species was relatively lower. Chroococcus are also common in caves (Cennamo et al., 2012; Czerwik-
Marcinkowska, 2013). Species from Scytonema genus are considered to be one of the most dominant aeroterrestrial
cyanobacteria (Pattanaik et al., 2007). Colonies of Aphanocapsa muscicola present in the studied mine adit were also
found in caves and on dry rocks in Israel (Vinogradova et al., 1998, 2009, 2011). Similarly, Aphanocapsa saxicola oc-
curring in S2 and S4 sites in the studied mine adit was also observed in terrestrial habitats of Israel, such as on dry
rocks of north and south facing slopes, in soil samples of terra rossa, in soil crusts on loess, and in sand on shallow
slopes (Vinogradova et al., 1995).

It is interesting that in the old mine adit Oscillatoriales were not observed; usually representatives of this group play
a significant role in cavernicilous microorganisms. According to Mulec et al. (2008), coccoid forms tolerate low light
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side) in studied samples (S1, S2, S3, S4). The frequency differenc-
es between samples are not statistically significant (Kruskal-Wallis
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Stichococcus bacillaris (Sti. bac); Stichococcus minor (Sti. min);
Stichococcus sp1 (Sti. sp1); Stichococcus sp2 (Sti. sp2); Pseudo-
coccomyxa simplex (Pse. sim); Xanthonema exile (Xan. exi).

versity t tests, p < 0,05).

intensity most successfully among cyanobacteria, although their proportion in speleocommunities is very high. Mulec
et al. (2008) suggest that the oscillatorians trichomal species adapt better to conditions with constantly low values of
light density compared to nostocaceans. Adaptation mechanisms of cyanobacteria allow them to more successful ac-
climatization to aphotic environments, thus it can be supposed that extremely low diversity of microorganisms in old
mine adit is caused by the cumulative effects of stress factors such as no-light, graphite schists substrate, and high
humidity. The majority of cyanobacteria species found in the mine adit were recorded in similar environments in Poland
(Czerwik-Marcinkowska and Mrozinska, 2011). Green alga Chlorella vulgaris present in the studied adit, occurs besides
in caves, on wet soils, tree bark, wet rock surfaces, and walls in the Tyrolean Alps, also on volcanic soil in Japan and
Himalayas (Ettl and Gartner, 1995). Experiments on axenic cultures grown in an inorganic medium carried out by Kol
(1966) showed that several algal strains can tolerate the complete absence of light; and furthermore, some algal strains
showed intensive development even under such conditions. Many microorganisms from caves and adits have the ability
to adapt to the ecological conditions and are aerophytes, terrestrial forms, and the edaphon.

Acid mine drainage is a phenomenon commonly associated with mining activities throughout the world (Novis and
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Harding, 2007). Such acidification is the consequence of sulfides in rock strata becoming exposed to water and oxy-
gen, and extremely acidic habitats in adits are associated with mining spoil (Novis and Harding, 2007). Such drainage
began during the industrial revolution and now accounts for most of the extremely acidic habitats worldwide (Johnson,
1998). Light quality and its duration are the most obvious factors influencing cyanobacterial diversity in caves and adits
(Whitton, 2012), but many studies (e.g., Chapman, 1993; Lundberg and McFarlane, 2011) dealt with one or the other of
two well-defined environments. Water availability in adits and caves is important for growth and colonization, but most
caves and adits, at least in Europe, North America, and Australia, are deep and damp and their walls are covered with
colored cyanobacteria and green algae (see Vinogradova et al., 1998).

Conclusions

Although no visible life of cyanobacteria and algae communities in the old mine adit in Marcinkéw were present, but
applying cultivation, we found 35 species of phototrophic microorganisms mostly known as subaerial forms. Extremely
low species diversity of algae in the mine adit might be caused by multifactor stress, combining no light, substrate com-
ponents, and high humidity. This investigation of the diversity of subaerial cyanobacteria and algae in an old mine adit
was the first conducted in Poland.
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