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Due to life in extreme environments, cyanobacteria and algae from cave biofilms that form
at the entrances or deep inside the cave around artificial lights are of increasing interest to
many scientists. It is well-known that many phototrophic microorganisms are first to colonize
exposed substrata and produce the organic matter on which other biofilm constituents relly.
Many studies dealing with phototrophic microorganisms from biofilms focus on the diversity
and community composition of cyanobacteria and algae, while quantitative assessments
are rarely implemented. Biofilm sampling was conducted in Deguri¢ and Vernjikica Cave
located in Western and Eastern Serbia, respectively. Ecological parameters (temperature,
relative humidity, light intensity) and distance from the entrance were measured. Additionally,
chlorophyll content, as well as biofilm parameters (water content, organic and inorganic
matter) were determined. The abundance of phototrophic microorganisms was assessed on
microscope slides which contained 1 mg of biofilm that was dehydrated for a short period
of time and homogenized prior to slide preparation, and then rehydratated. The biomass of
recorded cyanobacterial and algal taxa was calculated by applying geometric approximations
and standard mathematical formulas. In Deguri¢ Cave, at the sampling site where the highest
biomass was documented, the higher diversity, water content and chlorophyll values were
also recorded, while in Vernjikica Cave a high content of organic matter was documented.
According to the multivariate analyses performed, the biomass of simple trichal Cyanobacteria,
Bacillariophyta, and Xanthophyta was positively correlated with the content of organic matter
in biofilm and light intensity, while coccoid and heterocytous Cyanobacteria and Chlorophyta
showed a positive correlation with water content in the biofilm, relative humidity and distance
from the entrance. The total biomass was positively correlated with the chlorophyll content,
organic matter and light intensity, and negatively with the distance from the entrance.
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INTRODUCTION

Biofilms that develop on surfaces exposed to air
consist of different microorganisms, among which are
aerophytic cyanobacteria and algae. This interesting
group of microorganisms is nowadays studied
worldwide (Albertano, 2012). Those inhabiting caves,
as one of the extreme environments, are of special
interest and thus studied from different aspects,
due to their specificity, ecology and physiology,
form of the adaptation to the extreme environment,
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the potential discovery of new taxa, lampenflora
management, etc. This refers both to taxa that live
at the cave entrances and deep inside the cave, at
places surrounding artificial lights (i.e. Rajczy, 1986;
Abdelahad, 1989; Sant’Anna et al., 1991; Garbacki
et al., 1999; Pentecost & Zhaohio, 2001; Poulickova
& Hasler, 2007; Selvi & Altuner, 2007; Smith &
Olson, 2007; Lamprinou et al., 2009; Vinogradova
et al., 2009; Martinez & Asencio, 2010; Mulec et al.,
2012; Borderie et al., 2014; Sallstedt et al., 2014;
Tofilovska et al., 2014; Czerwik-Marcinkowska et al.,
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2015; Popovic et al., 2015a, b; 2016a, b, c; Pflender
et al., 2017; Popovi¢ et al., 2017a, b; Pflender et al.,
2018a, b;). Numerous studies focus on the diversity
of taxa in caves or the qualitative analysis of biofilm
samples which give us information about community
composition. Nevertheless, quantitative analyses of
phototrophic biofilms exposed to air aren’t oftenly
represented in scientific research.

The quantitative assessment of cyanobacteria and
algae — the study of their abundance and biomass, is
a quite common tool in monitoring of different water
bodies. It is frequently used in the assessment of
water quality and ecological status of rivers and lakes.
However, the quantification of these parameters in
biofilm that is exposed to air is quite rare, in general.
The counting of cyanobacterial and algal cells on
opaque surfaces can be, e.g., carried out directly by
using the epifluorescence microscope (Welton et al.,
2005), which is a fast and non-destructive method
based on chlorophyll fluorescence. The abundance of
microorganisms can also be assessed using certain
scales (based on the frequency in which they appear
in the sample). Some scales for the assessment of
relative abundance of organisms in water samples
are represented in Breitig and Tumpling (1982)
and European standard for water quality (BS EN
15708:2009). Following this approach, we tried to
use a scale from 1 to 5 in the study Popovic¢ et al.
(2015a). Using this approach, we cannot precisely
determine the share of each taxon in the community.
Some researchers reported the use of different
sedimentation chambers (often used in phytoplankton
analyses) for determining the cyanobacterial and
algal abundance in biofilm samples. The preparation
of biofilm for sedimentation implies proper biofilm
sampling from the substrate, homogenization in
water, followed by sedimentation and counting of
cyanobacterial and algal cells (Welton et al., 2005).
One of the novel approaches that is easy-to-use and
represents a fast method for biofilm characterization
(qualitative and quantitative) and detection of biofilm
community structure changes is flow cytometry. This
method is mostly used for biofilms that originate
from water ecosystems, for pro- and eukaryotic
microorganism cells (Sgier et al., 2016; Wilson et
al., 2017). However, there are also some attempts at

studying the aerophytic biofilms: Borderie et al. (2016)
investigated the microbial composition of biofilms
proliferating in a show cave (both heterotrophic
prokaryotes and autotrophic microorganisms) using
this approach.

The aim of this study was to quantitatively
assess cyanobacteria and algae in biofilm samples,
i.e. to determine the abundance and biomass of
cyanobacteria and algae from cave biofilms, as
well as to relate biomass to environmental and
biofilm parameters. For abundance and biomass
determination, microscope slides containing biofilm
of known mass, that was shortly dehydrated and
homogenized prior to slide preparation, and then
rehydrated, were made.

MATERIALS AND METHODS

Sampling sites

The Deguri¢ Cave (Fig. la) is located in Western
Serbia, in the municipality of Valjevo, on the right
side of the Gradac River, 216 m above the sea level.
This is an active spring cave with a continuous flow
of the Deguricka River (Purovi¢, 1998). Speleologists
are still exploring this cave and according to the latest
data that revealed the presence of many side channels,
as well as five siphons, this is the longest cave of the
Leli¢ karst (Milanovi¢, 2012). The entrance is 5 m wide
and 3 m high (Petrovi¢, 1976) and the main channel
is uniform from the beginning to the end of the cave.
The cave is poor in cave formations, bearing in mind
that only few groups of stalactites and stalagmites
are observed (Purovic¢, 1998).

Vernjikica Cave (Fig. 1b, c) is located on the left
side of the Lazareva River canyon, in the municipality
of Bor, about 5 km from the village Zlot. The upper
entrance is located at an altitude of 454 m, about
150 m above the Lazareva River. The length of the
explored channels is 1015 m. The cave consists of one
descending cascade channel that connects several
halls, with the circular hall of 50-60 m in diameter and
the largest height reaching 50 m. This is a typical dry
cave formed in dry limestones which influenced the
formation of diverse cave structures that decorate the
halls: stalactites, stalagmites, pillars and draperies
(Petrovi¢, 1976; Burovic¢, 1998; Milanovic¢, 2012).

Fig. 1. Deguri¢ Cave (a) and Vernjikica Cave (b and c).
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Environmental parameters

Prior to biofilm sampling, the measurement of
ecological parameters was performed. Temperature,
relative humidity and light intensity, were measured
three times at each sampling site using the
Temperature Humidity Meter, Extech, USA and DMV
1300 Luxmeter, Velleman, Belgium.

Biofilm sampling

Five sampling sites with different biofilm (different
color and appearance, i.e., gelatinous, dry, powdered,
etc.) were chosen for sampling in Deguri¢ Cave, as well
as in Vernjikica Cave. All sampling sites were located
at the cave wall on vertical surfaces (left or right from
the cave entrance). The distance of every sampling site
from the cave entrance was measured and expressed
in meters. In order to provide adequate qualitative and
quantitative data, two methods of biofilm sampling
were applied: non-destructive adhesive-tape method
(Gaylarde & Gaylarde, 1998; Urzi & de Leo, 2001)
and scraping biofilm directly from the stone substrata
using flame-sterilized scalpel (Popovi¢ et al., 2015a;
2017a). As proposed in studies by Gaylarde & Gaylarde
(1998); Urzi & de Leo (2001), and described in Popovic
et al. (2015a), tape strips were put and gently pressed
to the stone surfaces with biofilm, then removed and
placed on microscope slides. Adhesive tape strips
with biofilm content were fixed with a drop of glycerol
and stored in microscope slide boxes, while biofilm
samples were transported to the laboratory in labeled
sterile polyethylene bags. For the determination of
chlorophyll (Chl) content, water content and content
of inorganic/organic matter in biofilm samples it was
necessary to take biofilm samples from exactly known
surface. For that purpose, a round metal matrix
covering a surface of 3.14 cm? was used as described
in Popovi¢ et al. (2017a). The round metal matrix is
carefully pressed on the stone surface (if it is possible
flat one) and turned clockwise or counterclockwise to
mark the area from which the biofilm will be sampled.
Biofilm is sampled using scalpel and placed in a sterile
polyethylene bags to be transported to the laboratory.

Determination of Chl and biofilm content

The concentration of Chl was determined based on
the modified phytoplankton formula and standard ISO
10260: 1992, as described in Popovic et al. (2015a) and
expressed as ug Chl cm™. Since for chlorophyll extraction
ethanol, acetone and methanol can be used, Papista
et al. (2002) re-examined the ISO 10260: 1992 and
compared the extraction yields of these three solvents
and concluded that extraction with methanol provide
both the highest extraction yield and the lowest standard
error value. However, due to the toxicity of methanol,
this solvent is not widely used, and instead, ethanol
is adopted as a safe alternative (Nagarkar & Williams,
1997). Water content and content of inorganic/organic
matter in biofilm samples were determined following the
procedure described in Popovi¢ et al. (2017a).

Quantitative algological analyses
Prior to the quantitative analysis, qualitative
analysis of phototrophic microorganisms from biofilm

samples was performed using light microscope Zeiss
Axio-Imager M.l with software AxioVision 4.8. The
adhesive strips were directly observed. Considering
biofilm samples, permanent microscope slides in
triplicate were made using the sample mixed with
glycerol. Cyanobacteria and algae were identified
using the standard literature: Krieger & Gerloff (1962),
Starmach (1972), Komarek & Fott (1983), Komarek
& Anagnostidis (1998), John et al. (2003), Komarek
& Anagnostidis (2005), Hofmann et al. (2013) and
Komarek (2013).

Since there is no precisely defined method that is
adequate for the assessment of the abundance of
aerophytic cyanobacteria and algae in aerophytic
biofilm samples, the quantitative analysis was
performed using microscope slides prepared as
described bellow. For the preparation of these slides,
well-homogenized biofilm was needed. In order to
make homogenization easier, part of each biofilm
sample was first dried at 105°C for 1 minute, after
which it was carefully homogenized using a glass
stick. Subsequently, 0.001 g (1 mg) of each dry biofilm
sample was measured using the analytical scale and
placed on a microscope slide. The biofilm was first
mixed with a drop of water to be rehydrated, then
carefully and equally mixed with a drop of glycerine,
after which cover glass was put over it and fixed with
nail polish.

The counting of cyanobacteria and algae was
performed in randomly selected transects on
microscope slides using magnification of 400x or
630x. One transect (arrows on Fig. 2) along which the
counting was performed, represented the path from
the left edge of the cover glass (marked as “d” on Fig. 2)
to the right edge or vice versa. According to the upper
scale (marked as “b” on Fig. 2) on the microscope
stand (Fig. 2), one transect accounted for 20 sections.
We first randomly chose a place on the microscope
slide from which to start the count (usually from left
to the right) and marked on which line the upper
scale is. By moving the microscope slide, part of the
scale marked as “a” also moves enabling us to see how
much scale lines we have passed. We have counted
until we reached 500 individuals in each biofilm
sample. During the counting, we would either pass
only a part of the selected transect (corresponding to
the certain number of lines on the upper scale), or more
transects, depending on the sample. One cover glass
may have a different number of transects depending on
the magnification used. If we passed only a part of the
transect, we first calculate how many individuals and
cells of phototrophic microorganisms there are in one
transect, according to the upper scale. This number is
then multiplied with the number of transects to obtain
how many individuals and cells are beneath the whole
cover glass or in the weight of 0.001 g of biofilm.

Biomass was calculated taking into account the
dimensions and abundance of each taxon. First,
each taxon was assigned a certain geometric body,
considering that cells can have the form of simple
geometric bodies, or complex shapes that are built
from several simple shapes. Geometric bodies that
were observed in our study were sphaere, halfsphaere,
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Fig. 2. The illustration that explains counting of cyanobacteria and algae and calculating
the number of these microorganisms beneath the cover glass (in the known biofilm
weight). a) the scale that moves when microscope slide moves; b) the upper scale on
the microscope stand; c) microscope slide; d) cover glass; arrows — transects along

the counting was performed.

ellipsoid, half of the elliptical prism, roller and cuboid.
The biomass for each taxon was determined using
geometric approximations and standard mathematical
formulas according to Hillebrand et al. (1999) and
Sun & Liu (2003).

Dimensions of the cells are measured taking into
account 25 individuals of the same taxon from
each sample, and the average value was used in
mathematical formulas. Biomass of each taxon was
used to calculate the total biomass of cyanobacteria
and algae within the biofilm sample:

Vtotal = £ (Nx V)

Vtotal — the total biomass of cyanobacteria and algae
in biofilm sample (pm?®/mg);
N — number of cells of a certain taxon in 1 mg (0.001 g)
biofilm sample;
V — average volume of a certain taxon cell (pm?®/mg).
The final biomass value is expressed in pm®/mg
(for phytoplankton pm?3/L). Assuming that the cell
density is 1, values of the phytoplankton biomass are
expressed in pg/L, using the following conversion:
pm?®/L = 10°ug/L. According to this, the final biomass
of cyanobacteria and algae in the biofilm samples is
expressed in pg/mg.

Statistical analyses
Principal component analysis (PCA) and detrended
correspondence analysis (DCA) analyses were performed

to illustrate the relationship of quantitative parameters
— abundance and biomass, with following ecological
and biofilm parameters: temperature (T), relative
humidity (RH), light intensity (LI), water content in
biofilm (WC), the content of organic matter (OM), the
content of inorganic matter (IM), the distance from the
entrance and the concentration of Chl. PCA represents
the relationship of the mentioned ecological and
biofilm parameters and the total biomass, number
of cells and individuals, while DCA focus on the
relationship between the same parameters and the
biomass of every algal and cyanobacterial group
separately. Software Canoco for Windows, version 5,
was used (Ter Braak & Smilauer, 2012).

RESULTS

The values of measured ecological parameters are
presented in Table 1, as well as the data referring to
the distance of the sampling site from the entrance
of caves expressed in meters. Temperature did not
vary a lot between sampling sites in Deguri¢ Cave,
but in Vernjikica Cave, sampling site V4 and V5 had
4°C higher temperature from the rest. Relative air
humidity also did not show big variations. It is worth
mentioning that the highest value in Deguri¢ Cave was
recorded at sampling site D5, and in Vernjikica Cave
at V1. Light intensity showed the highest variation in
both caves.

Table 1. The values of measured ecological parameters (T: temperature, RH: relative humidity, LI: light intensity), and
distance from the cave entrance. D1-D5: sampling sites in Deguri¢ Cave; V1-V5: sampling sites in Vernjikica Cave.

Sampling site T (°C) RH (%) LI (Lux) Distance (m)

2 D1 22.4+0.11 62.0 3.0 108+ 9 3.0

3 D2 20.8 £0.10 63.0 £ 2.0 250 + 8 3.5

B D3 20.4 +0.10 69.0 + 2.0 140+ 6 4.5

E» D4 20.0 + 0.05 67.0% 3.0 111+7 5.0

A D5 19.7 £+ 0.08 82.0+ 1.0 241+5 1.0

o V1 17.1+0.10 68.0+ 1.0 67 +4 2.0
ﬁ o V2 17.3+0.10 65.0 £ 2.0 210+ 7 2.3
?5’ V3 17.1£0.10 67.0 + 2.0 380+8 2.5
K V4 21.1+0.15 56.0 = 1.0 2309 2.5
V5 21.3+0.10 53.0 % 2.0 780 + 10 1.7
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The concentration of Chl (Fig. 3) was high at
sampling site D1 in Deguri¢ Cave, and at V2 in
Vernjikica Cave. On the rest of the sampling sites
in both caves, similar values of this parameter
were measured, except for V4 where the lowest
concentration was determined.

In all biofilm samples from Deguri¢ Cave, water
content had the highest values, followed by the

content of inorganic matter (Fig. 3). On the other side,
inorganic matter had the highest values in all samples
taken from Vernjikica Cave, except at V3 where water
content was high. Organic matter in Deguri¢ Cave
had higher values at D1 and D5 compared to other
sampling sites, and in Vernjikica Cave at V2 and
V5. DS and V5 are also sampling sites with higher
measured light intensity.
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Fig. 3. The concentration of Chl in Deguri¢ and Vernjikica caves, the content of inorganic
(IM), organic matter (OM) and water content (WC) in biofilm samples — primary axis and
light intensity (LI) — secondary Y-axis, from Deguri¢ and Vernjikica caves. IM, OM, and
WC are expressed in percentages for each biofilm sample.

The results of the quantitative analysis (the number
of individuals, cells and biomass) of cyanobacteria and
algae from biofilm samples of Deguri¢ and Vernjikica
caves are given in Tables 2 and 3.

The highest number of individuals in 1 mg of biofilm
sample at D1 is calculated for Desmococcus olivaceus,
the highest number of cells for Leptolyngbya tenuis,
and biomass for Chroococcus ercegovicii. Gloeobacter
violaceus is accounted for the highest number of
individuals and cells at D2. Biomass was quite low
for almost all taxa, only Asterocapsa cf. purpurea
had somewhat higher values. On the other side, this
coccoid cyanobacterium was absolutely dominant at
D3 when all three parameters were considered (the
number of individuals, cells and biomass). Also, at
D4, this taxon had the highest number of individuals,
but the highest number of cells was assigned to
Gloeocapsa nigrescens, and biomass to Nostoc
commune. However, at DS, the highest biomass
was calculated for Gloeocapsa nigrescens, while the
highest number of individuals and cells was observed
for species Chroococcus varius (Table 2).

At V1, Trebouxia sp. was dominant when the
number of individuals and cells were considered,
although the highest biomass was assigned to
Orthoseira roseana. However, Trebouxia sp. was
dominant at V2, and Desmococcus olivaceus at V4,
considering all parameters. Sampling site V3 was
characterized by the greatest number of individuals of
taxon Gloeocapsa reicheltii, and the highest estimated
biomass and number of cells for Aphanothece cf.
bullosa. Chroococcidiopsis sp. had the highest
number of individuals, Phormidium sp.1 was the most

abundant taxon regarding number of cells, while
unidentified representative of Xanthophyta had the
highest calculated biomass at V5 (Table 3).

The total number of individuals, cells and biomass
in biofilm samples considering both caves is more
precisely represented in Figure 4. The total number
of individuals and cells, as well as biomass in Deguric¢
Cave had the highest values at D1, and lowest at D2.
In Vernjikica Cave, the highest number of individuals
and cells were calculated for biofilm at V4, whereas
the biomass had it’s peak at V5.

It is worth mentioning that, as seen in Fig. 5a,
total biomass showed a positive correlation with Chl,
content of organic matter in biofilm and light intensity,
and it was negatively correlated with the distance
from the entrance. When more detailed analysis that
include relation of biomass separately for different
algal and cyanobacterial groups along with other
parameters was considered, it revealed the following:
simple trichal Cyanobacteria, Bacillariophyta and
Xanthophyta showed a positive correlation to light
intensity and content of organic matter in biofilm,
while coccoid and heterocytous Cyanobacteria, as
well Chlorophyta were positively correlated to water
content in biofilm, relative air humidity and distance
from the entrance (Fig. Sb).

DISCUSSION

As mentioned, one of the ways for quantitative
assessment of biofilm is the use of the sedimentation
chambers. Welton et al. (2005) used the Helber’s
chamber, which is usually used for the counting of
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bacteria (Collins & Lyne, 2004). This technique is
even more suitable for enumeration of algal cells or
fungal spores, given that it can be performed at higher
magnification. Furthermore, to assess the abundance
of phototrophs from biofilm developed near thermal
springs, Debnath et al. (2009) performed counting in
Sedgwick-Rafter chamber. In their research, according
to the abundance, descriptive characters were
assigned — rare (less than 1%), present (1-10%) or very
abundant (more than 30%). Also, Bryanskaya et al.
(2006) used the Goryaev chamber for the determination
of the abundance and biomass. In this study, primary
attempt was to implement Utermdéhl method (1958),
frequently used quantitative phytoplankton analysis

as a standard method (EN 15204:2008). As suggested
by Welton et al. (2005), biofilm samples of known
mass were homogenized within certain water volume
and the part of a solution was then sedimented in a
counting chamber. However, biofilm dissolving was not
entirely possible because of the adhesive properties of
extracellular polymeric substances (EPS) that binds
microorganisms cells together (Rossi & De Philippis,
2015). Microorganism cells were also retained on the
sedimentation chamber wall that caused the loss of
sample. Counting of microorganisms was difficult not
only due to glued cells, but also because of the presence
of organic and inorganic particles that dissimulate the
phototrophic microorganisms.
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Fig. 4. The total number of individuals (IND), cells (CEL), and biomass (BIO) per sampling

site in 1 mg biofilm.

Ordinary slides for taxa identification slides are
prepared in a simple way: part of a biofilm of the
unknown weight is put on a slide, mixed with a drop
of water or glycerol, homogenized as much as possible
and observed under the microscope. Microscope
slides prepared in such a manner are only suitable
for taxa identification, but not for their counting as
in many places on the slide, biofilm can be thick or
cells of the microorganism can be glued together due
to the EPS properties. Additionally, unknown biofilm
mass is used during the preparation of the slides. In
this regard, in order to count taxa and determine their
biomass, a biofilm sample of a certain mass is needed,;
homogenization of biofilm has to be better performed,
so microorganisms could be viewed more easily, and
it is necessary to reduce “glue effect”.

EPS can contain up to 95% of water and can be in
a form of gel or in a colloidal form, which depends on
chemical composition and temperature. Internal and
external polysaccharides in the form of a gel stabilize
macromolecular constituents of the cell and the cell
structure, as well. In this regard, it is suggested that
they form hydrogen bonds with proteins, membrane
lipids and DNA. Due to the presence of uronic acids,
EPS has sticky properties that binds cells to the
substrate, as well as together (Potts et al., 1994; Stal,
2012). According to Pan et al. (2016), heating can
be effectively used as one of the extraction physical
methods and can cause hydrolysis of EPS and disrupt

cells. The way of biofilm preparation in this study that
included drying of a larger amount of biofilm (short-
term heating) which caused easier detachment of
cells one from another, allowed biofilm to be equally
distributed on the microscope slide. This served as a
tool that enabled us easier counting and separation of
biofilm constituents, which was one of the advantages.
The counting of cells was harder only when organic
and inorganic particles masked microorganisms.
However, it is possible that biofilm preparation which
includes short-term drying can alter the cells, slightly
influencing their shape. Nevertheless, those changes
are minor and within the limits of cell variability that
naturally exists in samples: after rehydration (which
occurred within a few minutes) they are not even
easily observed under the microscope on the used
magnification. The dehydration process in this study
lasted for only one minute and was only temporary,
not long lasting as e.g., many cyanobacteria and algae
experience in nature habitat conditions after which
they still recover very quickly. Cyanobacteria as the
oldest phototrophic microorganisms can handle a
wide spectrum of different extreme and unfavorable
conditions and stresses among which is desiccation.
Frequent and fast changing hydration/dehydration
cycles are very common in all terrestrial/aerophytic
cyanobacteria, and thanks to different mechanisms,
these phototrophs respond almost immediately
to such events. Many of them can reverse their
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metabolism rapidly and hold back metabolic activity
during dehydration (Potts, 1994). Cyanobacteria in
desert crusts e.g. have the ability to resume metabolic
activity upon rehydration within minutes (Garcia-
Pichel & Belnap, 1996; Potts, 1994). According to
Gray et al. (2007), similar response of desiccated
microalgae is observed in terrestrial, as well as in
marine representatives (indicating that not only
desert Cyanobacteria have those mechanisms). The
rehydration response starts 1-2 min after adding
water, while the reactivation of photosynthesis occurs
after 13 min (Chennu et al., 2015). As mentioned, the
EPS plays a role in desiccation tolerance, but some
studies report on an intracellular mechanism that
copes with this stressful factor (Shirkey et "al., 2000).

Regarding homogenization, it is observed that in
nonhomogenized biofilm, non-representative part of
the community can be taken for counting (e.g., part
of a biofilm where few taxa dominate). Nevertheless,
homogenization significantly reduce that error, as
higher quantity of biofilm is mixed prior to separation
of the subsample for microscopy.

In rare occasions, the same taxon in biofilm sample
had the highest number of cells, individuals and the
highest biomass. It happened only in cases where
taxon was exclusively dominant in biofilm sample,
such as Asterocapsa cf. purpurea at D3, Trebouxia sp.
at V2 and Desmococcus olivaceus at V4. At sampling
sites D1 and D4, different taxa had the highest values
for the number of individuals, cells and biomass. For
example, the highest number of individuals at D4
site had Asterocapsa cf. purpurea, unicellular cocoid
cyanobacteria that often appears as unicellular, while
in rare occasions stadiums containing more cells
enveloped with the same sheath are present. On the
other hand, Gloeocapsa nigrescens representatives
mostly consisted of more cells enveloped with the
same sheath, so the number of individuals was
lower, in comparison to cell number. And finally, the
highest biomass was recorded for Nostoc commune,
a colonial cyanobacterium which formed very big
colonies containing many cells. At V1, Trebouxia sp.
was dominant when number of individuals and cells
was observed, but the highest documented biomass
was for diatom Orthoseira roseana due to the large
volume of its cells.

At D1 where the highest biomass in the cave was
determined, the higher diversity, water content
in biofilm, as well as the highest Chl values were
recorded. The high water content is the consequence
of the presence of many coccoid cyanobacteria
such as representatives of Gloeocapsa, Chroococcus
and Aphanocapsa with very well developed EPS
at this sampling site. On the other hand, at the
sampling site with the highest determined biomass
in Vernjikica cave, originating predominantly from
one representative of Xanthophyta group, content of
organic matter had rather high values.

As seen from Fig. 5a, Chl concentration and the total
biomass were correlated and both showed a positive
correlation with OM and LI, but were not correlated
with the distance from the entrance. According to
this, Chl concentration and biomass gave us similar
information when primary production was taken into
consideration. This was interesting given that, while
trying to correlate light with diversity of phototrophic
microorganisms, the correlation was almost non-
existent. From this results the positive side of biomass
determination for aerophytic canobacteria and algae
in hypogenic habitat can be seen. The advantage in
calculating biomass from biofilm sample is in the
biomass estimation for every taxa or different groups
of algae separately. As seen in Figure Sb, different
groups of Cyanobacteria, as well as various algal taxa,
showed correlation with different parameters. Firstly,
the biomass of coccoid and heterocytous cyanobacteria
showed a positive correlation with the content of water
in biofilm. This is expected since representatives of
these cyanobacterial groups have very well developed
and thick sheaths. Furthermore, these groups also
showed a correlation with the distance from the
entrance, while simple trichal forms were negatively
correlated with this parameter. According to some
authors, coccoid forms of cyanobacteria are more
tolerant to low light intensity and are found in the
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deeper part of the cave (Asencio & Aboal, 2001;
Mulec & Kosi, 2008; Mulec et al., 2008; Martinez
& Asencio, 2010), thus representing the dominant
phototrophic microorganisms in these environments
(Mulec et al., 2008). On the other hand, simple trichal
forms are usually found on better illuminated places
(Asencio & Aboal, 2001; Martinez & Asencio, 2010).
Compared with Cyanobacteria, Bacillariophyta prefer
more illuminated sites, which is concluded when the
data about the vertical stratification of these groups
in biofilm were taken into consideration (Roldan &
Hernandez-Mariné, 2009). The primary production
of green algae is higher at cave entrances (Piano et
al., 2015) and diversity of Bacillariophyta is also
connected with the proximity of the cave entrance
(Falasco et al., 2014). As seen in Figure 5b, biomass
of diatoms correlates with light.

Quantitative analysis enables us to precisely
determine the dominant, subdominant and rare
taxa in sample, their abundance and biomass. This
is one of the main advantages compared to the
determination of Chl content, because Chl can have
similar values for samples where the difference in the
dominance of certain algal groups can be observed.
Thus, based on quantitative analysis, the influence
of different environmental parameters and changes
in community composition can be monitored in more
detailed manner.

Many caves worldwide represent a natural
phenomenon characterized with enormous beauty,
aesthetic value, attractive cave formations, with many
of them being historically and culturally significant.
Due to all this they are very attractive sites for
people and many of them have thus been adapted
for tourist visits. However, the adaptation of a cave
can have a negative impact on the cave ecosystem in
general: changes in this fragile environment occur,
leading to the disturbance of previously stabile
microclimate conditions. By introducing light, caves
become a suitable environment for the development
of phototrophic microorganisms, cyanobacteria and
algae. The development of these microorganisms on
places around artificial lighting, the microorganism
community called lampenflora, can alter rock
substrate leading to the destruction of cave
formations. Thus, lampenflora should be monitored,
qualitatively and quantitatively assessed and treated.
Physical and/or chemical treatments that involve
the eradication of all phototrophic microorganisms
should be used if needed (Gunn, 2004; Borderie at
al., 2014; Hebelka, 2014). We believe that future
research should focus on the study of physiology
and deteriogenic capability of each taxon present in
lampenflora. The determination of biomass for each
taxon separately can help to better understand their
ecology and physiology. The deteriogenic capability
can differ from one taxa to another and possibly could
be higher in those taxa that are not dominant, but
subdominant or rare in the biofilm. Looking at the
biofilm under a microscope, it can always be seen
which taxa are dominant if cell numbers are taken into
account. However, as it was demonstrated, biomass
of taxa that have a lot of cells could be lower than

those taxa that appear sporadically due to the larger
cell dimensions.

CONCLUSIONS

Biofilm sampling was conducted in Deguri¢ and
Vernjikica caves in Western and Eastern Serbia. The
distance from the entrance and ecological parameters
(temperature (T), relative humidity (RH) and light
intensity (LI)) were measured. Chlorophyll content,
as well as biofilm parameters (water content (WC),
organic (OM) and inorganic (IM) matter) were also
determined. The values of ecological parameters,
except of LI, were similar at all sampling sites in
one cave. The concentration of Chl was high at the
sampling site D1 in Deguri¢ Cave, and at V2 in
Vernjikica Cave. Considering the biofilm parameters,
the highest values were accounted for WC, followed
by the IM, in the biofilm samples from Deguri¢ Cave.
In Vernjikica Cave, IM showed the highest values in
all biofilm samples, except at V3 where WC was high.
Higher values of OM in Deguri¢ Cave were at D1 and
DS, and in Vernjikica Cave at V2 and V5. Quantitative
analyses of biofilms are rarely performed in scientific
investigations. The counting of cyanobacteria and
algae using sedimentation chambers (Utermohl
method) was not successful in this study. Microscope
slides designed as described, that included biofilm
dehydration and homogenization, followed by
rehydration, were suitable and showed an advantage,
when compared to the sedimentation method. At
D1 where the highest total biomass in Deguri¢ Cave
was determined, high diversity, WC in biofilm (due
to the presence of many coccoid Cyanobacteria), as
well as the highest Chl values were also recorded.
On the other hand, the highest determined biomass
in Vernjikica Cave (at V5), which originated from
one representative of Xanthophyta group, was at a
sampling site where OM had high values. In general,
the total biomass showed a positive correlation with
Chl, OM, and LI, and it was negatively correlated with
the distance from the entrance. When observed in more
details, the biomass of simple trichal Cyanobacteria,
Bacillariophyta, and Xanthophyta showed a positive
correlation to LI and OM, while the biomass of coccoid
and heterocytous Cyanobacteria, as well Chlorophyta,
were positively correlated to WC, RH, and distance from
the entrance.
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