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Abstract Bioaerosols in cave air can serve as natural tracers
and, together with physical parameters, give a detailed view of
conditions in the cave atmosphere and responses to climatic
changes. Airborne microbes in the Postojna Cave system
indicated very dynamic atmospheric conditions, especially in
the transitory seasonal periods between winter and summer.
Physical parameters of cave atmosphere explained the highest
variance in structure of microbial community in the winter and
in the summer. The airborne microbial community is com-
posed of different microbial groups with generally low abun-
dances. At sites with elevated organic input, occasional high
concentrations of bacteria and fungi can be expected of up to
1,000 colony-forming units/m® per individual group. The
most abundant group of airborne amoebozoans were the
mycetozoans. Along with movements of air masses, airborne
algae also travel deep underground. In a cave passage with
elevated radon concentration (up to 60 kBq/m?) airborne biota
were less abundant; however, the concentration of DNA in the
air was comparable to that in other parts of the cave. Due to
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seasonal natural air inflow, high concentrations of biological
and inanimate particles are introduced underground. Sedimen-
tation of airborne allochthonous material might represent an
important and continuous source of organic material for cave
fauna.

Introduction

Air contains different concentrations of dust and biological
particles such as insects, cells, spores, viruses, and endotoxins.
For aerosols, air serves as a mode of transport from one
location to another. There is variability in survival between
groups of microorganisms, and generally, fungal spores,
enteric viruses, and amoebic cysts are, to a certain extent,
resistant to environmental stress during air transport [1].
Several environmental stressors influencing viability are:
UV radiation, chemical pollutants, air ions, desiccation, oxy-
gen (in)availability, temperature extremes, pressure fluctua-
tions, seasonality, and cellular interactions [2, 3].

The external climate is subjected to rapid changes of
atmospheric parameters due to wind, insolation, rain,
changes of air pressure, etc. Some underground voids and
caves are relatively well isolated from external influences,
but, to a certain level, they reflect conditions of the external
climate with a delay [4]. When considering large cave
systems, to describe cave climate, one has to take into
account the presence of different niches with special charac-
teristics, e.g., number of entrances, proximity to the surface,
sizes of underground chambers, presence of an underground
stream, and ramification and fracturization of cave passages.

Study of airborne microbes in caves that enable human
access offers certain advantages compared with the external
environment: (1) in show caves with mass tourism, human
influence and alterations of the atmosphere can be directly
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measured, (2) conditions reflect the external climate including
seasonality and pollutants, (3) interactions between autoch-
thonous and allochthonous airborne microbes can be unrav-
elled and their survival rate related to different parameters.
Survival rates of airborne microbes can be studied more easily
because of the absence of stress factors such as UV and
desiccation, but, on the other hand, elevated concentrations
of radon and its progeny in some parts of caves might have a
significant influence on airborne microbiota. Radon (***Rn,
« radioactive transformation, half-life, #,,=3.82 days) is a
ubiquitous, naturally occurring radioactive noble gas that is
formed in minerals by radioactive transformation of radium
(**°Ra) within the uranium (***U) natural decay chain [5].
It migrates through the ground by diffusion or advection
(together with carrier gases, e.g., CO,, CHy, N»), accumulates
in underground rooms (e.g., karst caves and mines), and
eventually enters buildings or exhales into the outdoor atmo-
sphere [6]. Radon is always accompanied by its progeny
(*'®po, 2'Pb, 2"Bi, and *'*Po) formed by its radioactive
transformation and appearing in air as nano aerosols. Together,
radon and radon progeny contribute more than half to the
world average effective dose a member of the general public
receives from all natural radioactive sources [7]. High radon
concentrations are harmful for human health and are therefore
a serious social concern. Similar to radon, CO, is also danger-
ous in high concentrations, but its presence in air of karst caves
is indispensable for their existence, because it governs speleo-
genetic processes [8]. In the cave air, its concentration is
determined by the inflow of outside air, biogenic activity of
soil, degradation of organic matter and carbonate, degassing
from water, and human activity. Therefore, ventilation of the
cave is crucial for its conservation [9]. Air movement in the
cave, inflow of fresh air, and release of cave air into the outdoor
atmosphere in caves is mainly caused by temperature differ-
ences between the cave air and outdoor air, resulting in more
intensive ventilation in winter, and thus lower concentrations
of both gases, than in summer.

In caves, many microorganisms already enter airborne
from external air, while some become airborne under-
ground, for example, due to water splashing. Cave air can
act as a reservoir of biogenic particles. There are several
important issues concerning airborne microorganisms in
caves: (1) dispersion of biohazardous particles in cave air,
such as Histoplasma capsulatum [10], (2) monitoring of
underground health centers, which use speleotherapy to
heal bronchial, allergic, and rheumatic diseases. The
healing effect is attributed to special properties of cave
air in the subterranean spaces, such as stability of the
temperature, humidity, pressure, and content of gaseous
components [11]. Additionally, (3) in caves with prehis-
toric art, cave air acts as a vehicle for the dispersion of
microorganisms responsible for biodeterioration of paint-
ings [12].

The objectives of this study were to test whether bioaer-
osols can act as indicators of changes in cave climate, to
explore their distribution patterns in relation to seasonality,
to compare abundances of small airborne microbes with
larger ones, such as free-living amoebae, and to monitor
influences of human exploitation of caves and elevated
concentrations of radon and its progeny on airborne
microbes.

Materials and Methods
Study Sites

The Postojnska jama (Postojna Cave, Slovenia) cave system
was selected as study site due to its large size and the
existence of well-defined atmospheric niches as a result of
gradually changing conditions in the atmosphere. The Postojna
Cave system is composed of climatically very diverse parts,
some being rather static while others are changing hourly [13].
The biggest climatic changes occur along the underground
Pivka River and at the cave entrances. Decrease in humidity
of the cave air is most intense in the winter; condensation is
most intensive in the transitory phases between winter and
summer and from summer to winter [14]. The entire cave
system is 20.57 km long and comprises five historic caves with
separate entrances (Postojnska jama, Otoska jama, Magdalena
jama, Crna jama, and Pivka jama), which all are accessible for
humans, and a few openings too small for entry, including a
recently discovered passage (Rov pri Mumiji) with strong air
flow in the cold season (Fig. 1). The Postojna Cave system was
formed in Cretaceous limestone [15]. Because of its size,
historical importance, cave formations, a regularly operating
underground tourist train, and its reputation as the cradle of
speleobiology research, it attracts more than 500,000 tourists
annually. In the peak of tourist visits in 1985, the cave received
almost one million visitors.

Ten well-defined sampling sites were selected in the
Postojna Cave system, including sites in the touristic part
as well as sites in the wild part (Fig. 1). Site no. 1 is a natural
opening of the cave where the external atmosphere interacts
with the cave. During the cold and warm seasons, there is
natural air inflow and outflow, respectively. Among the sites
tested, the entrance has the largest fluctuations of atmo-
spheric parameters. It has been used for tourist tours since
1866. Sampling site no. 2 (Veliki dom) was selected as the
first site in the cave, where sampling of aerosols formed by
water splash and wave action, and, consequently, mist for-
mation from the underground Pivka River is possible. In the
past, the water course in this part of the cave was regulated
with a barrier constructed to maintain a permanent lake at
the ponor (site where a surface stream flows underground)
in order to minimize external influences on the cave
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Figure 1 Postojna Cave
system (Postojnska jama,
Otoska jama, Magdalena jama,
Crna jama, Pivka jama) with
sampling sites (/ main entrance,
2 Veliki dom, 3 Pisani rov,

4 Male jame, 5 Spodnji Tartar,
6 Dvorana cev¢ic, 7 Rdec¢a
dvorana, § Otoska jama,

9 Otoska jama/Pivka, 10 Crna
jama). Ground plan from Cave
Cadastre of the Karst Research
Institute ZRC SAZU

Magdalena Q
jama

Otoska
jama

Entrance

environment. The next sampling site (no. 3) was selected
outside the natural main air inflow and Pivka river course, in
a part of the cave named Pisani rov. In the atmosphere of
this passage, elevated levels of Rn concentration are con-
stantly observed throughout the whole year by continuous
monitoring. A site close to the tourist railways (5 m) along
the main cave passage was selected as sampling site no. 4 in
order to observe the contribution of the train to the distribu-
tion of aerosols and dust. Vermiculites give distinct leopard
skin-like patterns and are sometimes found on cave walls.
At one site with these formations and preserved cave sedi-
ments (in the section named Spodnji Tartar, no. 5), air was
sampled to study microbe release into the air from sediments
to the total airborne microbial biomass. Sampling site no. 6
was selected in the tourist walking zone Lepe jame to
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observe the influence of mass tourism on the air quality.
Tourists visit 5.3 km of the entire cave system; the sight-
seeing tour is composed of a 3.5-km round trip by the tourist
train and a 1.8-km walking tour. Karst caves generally have
many fissures and cracks that are connected with the external
environment. Due to changes of temperature and partial air
pressure linked to the cavernosity, the air circulates in caves.
In Rdeca dvorana, local air circulation is present regularly, and
thus sampling site no. 7 was established there. Bats sometimes
use caves to roost, hibernate, and/or to reproduce. In caves,
they usually form colonies on ceilings and walls not very far
from the cave opening but deep enough in the cave that
atmospheric conditions are stable. Sampling site no. 8 was
set up in Otoska jama in the immediate vicinity of an area
populated by lesser horseshoe bats Rhinolophus hipposideros,
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which form solitary colonies. This sampling site was selected
to monitor the influence of bats (their presence and also small
quantities of bat droppings) on the composition of air-
borne microbiota. Sampling site no. 9 was also selected
in Otoska jama, at a site with the flowing underground
Pivka River in order to compare the atmospheric param-
eters and airborne microbes 980 m downstream from the
Pivka’s ponor, sampling site no. 2. Sampling site no. 10
was set up in Crna jama at the beginning of a section
named Matevzev rov. This sampling site represents a
site of minor human interference that rarely experiences
human visits (Fig. 1).

Atmospheric Parameters

In order to get an insight into seasonal dynamics of aerosols
in the cave system, sampling of cave air was performed in
March, September, and December of 2009, and in June of
2010. At each sampling site in the cave, temperature, relative
humidity (RH), air currents, and air pressure were measured
using a portable Kestrel 4500 Pocket Weather Tracker (USA).
The carbon dioxide concentration in the atmosphere was
measured with a handheld carbon dioxide meter M170 Vaisala
(Finland) for 10 min, which is suitable for demanding spot
measurements. For statistical analyses, the mean value of CO,
was used. For instantaneous Rn concentration measurements,
grab sampling method was used. Cave air was sampled into
0.7 1 alpha scintillation cells manufactured at the Jozef Stefan
Institute [16]. After 3 h, when the secular equilibrium between
radon and its short-lived progeny had been reached, gross
alpha activity of **?Rn, *'®Po, and >'*Po in scintillation cells
was measured in the laboratory using a PRM 145 alpha-
counter (AMES, Slovenia), and activity concentration of
radon was calculated. In addition, continuous all-year-round
radon monitoring was performed at site no. 3 using the com-
mercially available Barasol MC-450 probe (ALGADE,
France) to record radon concentration, barometric pres-
sure, and temperature in cave air once per hour. It
consists of a cylindrical measurement chamber, which
is connected with the outside air through a diffusion
filter. The decay of **’Rn is detected by a solid-state
silicon detector. The total amount of dust (airborne
particles) was measured at each sampling site. A mini-
mum of 60 1 of air was filtered through dry and pre-
weighed 0.22-um Millipore (USA) filters with a diam-
eter of 25 mm. After drying the filters for 72 h in a
laboratory glass exsiccator, filters were weighed again,
and the difference in weight was calculated as total dust
concentration expressed in milligrams per cubic meter.
For dust sampling in the cave, a portable pump Apex
Pro-Personal Air Sampler Casella (UK) was used
(Table 1).

Culture Media

Common microbiological cultivation media were used to
estimate the cultivable part of the airborne microbiota; that
is, 1.5 % nutrient agar (NA, Sigma, USA) for total bacterial
count and 1.5 % malt extract agar (MEA, Sigma) for fungi.
NA is widely used to isolate bacteria, while MEA is fre-
quently used as a fungal isolation medium [2]. Jaworski agar
(1.0 %) was adopted to estimate cyanobacterial and algal
living cells [17]. No antibacterial and antifungal substances
were added in the media. Each colony-forming unit was
screened under a zoom stereomicroscope (Nikon SMZ800)
to observe the morphology of colonies. Amoebae were
cultured in Petri dishes on 1.5 % non-nutrient agar (agar
no. 1, Oxoid, Vienna, Austria) coated with 100 pl of a
heat-killed Escherichia coli suspension (at a concentra-
tion of ~107 cells/ml) in phosphate buffered saline
(PBS).

Impacting of Bioaerosols

A Mas-100 Air Sample Device (Merck, Germany) was used
to inoculate all microbiological media. The Mas-100 impactor
aspirates air through a perforated plate, and the resulting air-
stream, which contains aerosol particles, is directed onto the
agar surface of a Petri dish. After initial experiments of
impacting agar media with 50, 250, and 1,000 | and counting
the colony-forming units (CFU), 500 and 1,000 | were chosen
as optimal volumes due to relatively low counts in cave air. A
volume of 1,000 1 is the highest recommended air volume for
the device with air inflow at 100 I/min (Merck). At low aspired
volumes, no or very few colonies were observed. To avoid
cross-contamination, the perforated plate of the impactor was
sterilized with 96 % ethanol before each sampling. After
impacting plates with NA and MEA, media were cultivated
in Postojna Cave (11 °C) for 3 weeks. After the incubation
period, bacterial and fungal colonies were counted and
expressed as CFU per cubic meter. Counted CFU values were
statistically corrected according to Feller [18]. This correction
describes the presumption that, as the number of viable par-
ticles being impacted on a given surface increases, the prob-
ability of the next particle going onto an empty space
decreases. Jaworski agar plates were cultivated under
the following conditions—20 °C, in an 8:16 light/dark
period with photosynthetic photon flux (PPFD) of
10 pmol photons/m?s. A Licor Li-1000 DataLogger
(USA) was used to set the PPFD. After 4 weeks of
incubation, Jaworski plates were screened for the pres-
ence of cyanobacterial and algal colonies, counted, and
then expressed as CFU per cubic meter (Table 1). Air
sampling for bacteria and fungi was performed in trip-
licate 1.5 m above the ground.
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Table 1 List of monitoring

parameters, methodologies, Parameter Unit Method Sampling period
and sampling periods
Air flow m/s Instant measurement 60 min
Air pressure hPa Instant measurement 60 min/all year at no. 3
Algae CFU/m’ Impacting 10 min
Amoebae Presence Sedimentation 1, 3,5 days
Bacteria CFU/m’ Impacting 10 min
CO, ppm Instant measurement 10 min
DNA ng/cm? Sedimentation 3 or 4 days
Dust mg/m* Filtering > 60 min
Fungi CFU/m’ Impacting 10 min
Radon Bg/m® Grab sampling [16], continuous 1 min/all year at no. 3
measurement at no. 3
Relative humidity % Instant measurement 60 min
Temperature °C Instant measurement 60 min/all year at no. 3

Gravimetric Depositional Sampling of Airborne Amoebae

We focused on the so-called amphizoic amoebae, meaning
free-living amoebae that can cause disease in humans [19].
Because in a pilot survey concentrations of amoebae in cave
air were found to be very low, a depositional sedimentation
method using the plate culture method was employed
instead of impacting. In brief, opened Petri dishes with
non-nutrient agar coated with heat-killed E. coli were
exposed to the cave atmosphere for 1, 3, and 5 days, with
at total of three plates at each sampling site (Table 1). Then,
plates were closed, sealed with parafilm, and then incubated
for 3 weeks at ~11 °C to simulate cave temperature. Plates
were regularly screened for amoebal growth by phase con-
trast microscopy (Nikon Eclipse E800). Detected amoebae
were isolated from the plates with a sterile scalpel and sub-
cultured as clonal strains on non-nutrient agar plates precoated
with a 48-h-old culture of E. coli in brain—heart-infusion.

All amoebal isolates were identified down to the genus
level according to the identification key of Page [20], mainly
based on morphologic characters. All amphizoic amoebae
found were additionally subjected to 18S rDNA sequencing
(see below). In order to also detect non-cultivable amphizoic
amoebae, sterile 0.22-um Millipore filters (USA) with a
diameter of 47 mm were exposed to the cave atmosphere for
3 or 4 days. Total DNA of sampled non-cultivable amoebae
was then isolated from the filters and used for two polymerase
chain reactions (PCRs), a universal amoebozoan PCR, and a
PCR specific for the genus Acanthamoeba (see below).

DNA Isolation

DNA was isolated from cultures by harvesting approximately
10° amoebae from the plate cultures with a sterile swab into
sterile PBS, centrifuging at 500xg for 10 min and inoculating
the pellet resuspended in 200 pl PBS into the Qiamp DNA Kit
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(Qiagen, Hilden, Germany). For DNA isolation from the
filters, the Qiamp DNA Blood Kit was used following the
protocol for filter samples with prior overnight incuba-
tion at =20 °C. Total DNA concentration was measured
using a Nanodrop photometer (Peqlab, Erlangen, Germany)
and expressed as nanograms DNA per 100 cm?.

Molecular Identification of Amphizoic Amoebae

An Acanthamoeba-specific PCR [21] was performed with
all Acanthamoeba strains isolated by the agar plate method
and also with all DNA samples extracted from the filters.
This PCR amplifies a 423-551 bp fragment of the 18S
rRNA gene that allows genotype identification after DNA
sequencing. PCR was performed with 1, 3, and 6 pl of
whole cell DNA, in 50 ul reaction volumes, and the follow-
ing amplification program—45 cycles; 95 °C for 1 min, 60 °
C for 1 min, 72 °C for 2 min.

For all non-Acanthamoeba culture isolates and for detec-
tion of amphizoic amoebae in the filter samples, the universal
eukaryotic P2 and P3r primers [22] were used, which specif-
ically bind to strongly conserved regions within the eukaryotic
18S rRNA gene. In amoebozoans and excavates, the two taxa
containing amphizoic amoebae [23], the amplicon is around
500 bp long and allows identification down to the genus level
after sequencing. A standard amplification program with 30
cycles of 1 min at 95 °C, 2 min at 52 °C, and 3 min at 72 °C
was used for PCR, employing 1, 3, and 6 pl of total DNA.

A genotype T4 Acanthamoeba castellanii strain (strain
1BU, ATCC PRA-105) was used as a positive control for
both PCRs. The amplification of the respective PCR products
was visualized by ethidium bromide in an agarose gel elec-
trophoresis and compared with a 50-bp step marker (Peqlab,
Erlangen, Germany). Amplicons were sequenced by direct
sequencing from the PCR product using the ABI PRISM®
BigDye sequencing kit and a 310 ABI PRISM® automated
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sequencer (Applied Biosystems, Langen, Germany). Sequences
were obtained twice from both strands. Consensus sequences
were compared with published sequences from GenBank;
multiple sequence alignments were performed by stepwise
pairwise alignment using the CLUSTAL X application [24].
The alignments were assessed by eye and revised manually
using the GeneDoc sequence editor [25]. Acanthamoeba geno-
typing was achieved with the model assumption of a <5 %
sequence dissimilarity within one genotype as established by
Gast et al. [26].

Inflow of Aerosols Underground

The inflow of aerosols underground was calculated based on
mean concentrations of microorganisms (in CFU per cubic
meter) and dust (milligrams per cubic meter) in the air at the
cave entrance in the cold part of the year (site no.1, measure-
ments from 27 March 2009 and 18 December 2009). Dry
weight was calculated for each microbial group separately
(bacteria, fungi, and algae). To calculate biomass, we used
for bacteria an estimate of dry weight for an E. coli cell [27];
for fungi, dry weight of a Penicillium spore [28], and for
algae, dry weight of a Chlorella cell [29]. Furthermore, it
was assumed that, in the cave opening (30.01 m?), bioaer-
osols were distributed homogenously. All values for indi-
vidual microbial groups were summed up what represented
the total microbial dry weight in the air at the cave entrance
(Eq. 1). Moreover, we assumed this concentration of micro-
bial biomass is pushed continuously in the cave with differ-
ent air inflow velocities (0.1, 0.5, 0.8, 1.0, 1.2, and 1.5 m/s)
for certain periods (1 day, 30, and 90 days) through the cave
opening (Eq. 2).

Total microbial dry weight (grams)
= average bacterial CFU x cell weight(g)
+ average fungal CFU x spore dry weight (g)
+ average algal CFU x cell dry weight (g)

(1)

Total microbial inflow (g/m?)
= total microbial dry weight (g/m?) 2)

x air inflow (m/s)

X time(s)
Statistical Analyses
Canonical correspondence analysis (CCA) was used to cor-

relate data on abundance of microbial groups, bacteria,
fungi, algae, and amoebae to environmental variables for

each sampling round. Parametric multivariate analyses were
run by the program package CANOCO 4.5 [30]. Signifi-
cance of environmental variables in CCA was tested by a
Monte Carlo permutation test. In the analyses, no trans-
formations of the environmental data were applied.

Results
Cave Atmosphere

Monitoring of atmospheric parameters (temperature, RH,
CO,, radon, dust) revealed that each sampling site of the
cave air had its own characteristics. As expected, throughout
the 2-year monitoring period (2009—2010), temperature oscil-
lated the most in the cave entrance (site no. 1, min. —4.6 °C,
max. +15.0 °C) and at the ponor of the underground river
Veliki dom (no. 2, min. +2.5 °C, max. 15.2 °C). Temperature
was most stable at sites no. 5 (Spodnji Tartar, min. 10.7 °C,
max. 11.9 °C) and no. 6 (Dvorana cev¢ic, min. 12.1 °C, max.
13.2 °C, Fig. 2).

RH had the highest oscillations in the entrance (no. 1,
min. 59.2 %, max. 99.2 %) and at site no. 8 (Otoska jama,
min. 66.3 %, max. 92.0 %), which is relatively close to the
exterior of the cave system. Sites no. 4 (Male jame, min.
89.1 %, max. 99.2 %), no. 3 (Pisani rov, min. 78.5 %, max.
91.3 %), and no. 5 (Spodnji Tartar, min. 75.5 %, max.
88.3 %) showed the smallest RH fluctuations.

Concentrations of CO, were the highest and had the
biggest oscillations at sites no. 3 (min. 962 ppm, max.
2,483 ppm) and no. 6 (Dvorana cev¢ic, min. 560 ppm,
max. 1,701 ppm), the latter being a site with regular tourist
visits. The most stable CO, values in the cave system were
found at site no. 7 (Rdeca dvorana, min. 600 ppm, max.
966 ppm) and no. 5 (min. 872 ppm, max. 1,387 ppm,
Fig. 3).

20 A

= ry
w (=] w
L L

Temperature (°C)
o

Site

Figure 2 Temperature changes with indicated average values at sam-
pling sites in the Postojna Cave system in the period 2009-2010
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Because of the natural air flow described above, instanta-
neous radon concentration in the cave air exhibits a seasonal
pattern, with significantly higher values in warmer than in
colder periods of the year, the effect being more pronounced at
measurement sites with less ventilation. The biggest fluctua-
tions were noticed at sites no. 3 (min. 3,040 Bg/m’, max.
6,700 Bq/m®) and no. 4 (min. 152 Bq/m®, max. 2,370 Bg/m®).
Radon concentration was more stable at sites no. 5 (min.
1,253 Bg/m®, max. 2,040 Bg/m’) and no. 7 (min. 620 Bg/m®,
max. 1,361 Bg/m®, Fig. 3).

Total dust concentrations were highest at sites close to cave
openings and gradually diminished toward the cave interior,
i.e., entrance, site no. 1 (min. 1.8 mg/m3 , max. 16.6 mg/m3),
followed by site no. 2 (min. 0.0 mg/m’, max. 13.7 mg/m’) and
no. 8 (Otoska jama, min. 0.0 mg/m’, max. 9.2 mg/m>). The
lowest concentrations and fluctuations were found at sites no.
10 (Crna jama, min. 1.5 mg/m®, max. 4.9 mg/m®) and no. 9

(Otogka jama/Pivka, min. 3.3 mg/m’, max. 7.1 mg/m’, Fig. 4).

Air pressure conditions were rather constant per sampling
round throughout the entire cave system.

Bioaerosols in Cave Air

Cultivating air samples on NA to enumerate bacteria and on
MEA to calculate fungi revealed that average counts of

18 -
16 -
14
12 -
10
a7

ﬁ :

4 T
2 4

0o 1 2 3 4 5 6 7 8 9 10
Site

Dust (mg/m?)

Figure 4 Concentrations of total dust particles at individual sampling
sites with indicated average values in the Postojna Cave system in the
period 20092010
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fungi usually exceed bacterial counts, except at site no. 6
(Dvorana cev¢ic) where tourists walk by during their visit.
During the 2-year sampling period concentrations of bacte-
ria and fungi in most of the cave systems ranged between 10
and 100 CFU/m’ (Fig. 5). A notable increase of bacterial
counts above 100 CFU/m® was observed at the ponor (no. 2)
where water splashes and forms aerosols and along the
tourist pathway (no. 6) where tourists daily visit the cave,
with a peak in the summer period. Higher counts of fungi in
the cave air were detected at the entrance (no. 1), at the
ponor (no. 2), and along the underground railway (no. 4).
Also at this site, the biggest difference between bacterial and
fungal counts was observed. Morphologically, the section
named Pisani rov (site no. 3) is similar to other parts of the
cave, has the highest radon concentration on one hand, and
on the other the lowest concentration of airborne micro-
organisms (Figs. 3 and 5). Because of high radon levels at
site no. 3, continuous monitoring (with frequency of data
recording once an hour) was introduced. It was shown that
radon concentration frequently reaches up to 60,000 Bq/m’
during summer and also in other seasons when outdoor
temperature was high enough to reduce natural air draught
[31]. Compared with instantaneous radon concentrations
obtained during four measurements (Fig. 3), values of con-
tinuous monitoring were about ten times higher during the
periods with stagnant air in the cave, i.e., when natural air
draught was minimal or practically stopped. The high values
recorded at site no. 3 are an exception, and at all other sites
along the tourist trail, long-term average radon concentrations
were much lower, in the range from 2,000 to 4,500 Bg/m’
[32]. Site no. 8, occasionally populated by individuals of the
bat species R. hipposideros, did not show any elevated micro-
bial counts in the air.

CCA analysis was performed on the basis of ten variables,
if available: temperature, RH, air pressure, air flow, CO,, Rn,
dust, total DNA concentration, shortest distance to the under-
ground river from each individual sampling site, and shortest
distance to a known cave entrance. Moreover, a separate
analysis was performed for each sampling round because,
close to sampling sites 3, 4, 5, and 7, a new passage was
recently discovered, which communicates with the cave sur-
face but is too small for human access (Fig. 1). Nevertheless, a
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Figure 5 Concentrations of 1000
bacteria (B) and fungi (F) at

individual sampling sites and in i

pling period. Minimum values,
first, second, and third quartiles,
and maximum values are
presented

the entirety of Postojna Cave
system (A/l) in a 2-year sam- 100 ]
10 =

H-
—

CFU/m?3

——
I
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1B
1F
2B
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strong air flow is reported in this passage (personal communi-
cation). The forward selection within CCA indicated that some
variables explained significant and independent amounts of
variation in microbial distributions (Table 2). Interestingly,
physical parameters explained the highest variance in structure
of microbial communities in the winter (December 2009) by
0.62 and in the summer (June 2010) by 0.49 while, in the
transitory periods in March and September 2009, they

10B
10F
AllB

(V'
<
Site

explained much less, 0.25 and 0.08, respectively. In the transi-
tory period, temperature seems to have a significant impact
(»<0.05) on bioaerosol abundance. In March 2009, besides
temperature, RH and distance from the entrance also had a
statistically significant impact. The “real” conditions in cave
atmosphere are much more complex, as indicated by results of
analysis when one additional parameter—a known cave pas-
sage that communicates with the external atmosphere—was

Table 2 Summary of CCA

analysis using forward selection Parameter/season Mar 2009 Sep 2009 Dec 2009 Jun 2010
for explanation of variance by
selected variables Enter Passage Enter Passage Enter Passage Enter Passage
T P 0.003 0.602  0.006 0.006 1.000 0.720 0.388 0.388
var 0.16  <0.01 0.03 0.03  0.02 0.01 0.01 0.01
RH P 0.021 0.014 0220  0.207 1.000 0.401 0.401
var 0.02 0.03  <0.01 <0.01 0.04 <0.01 <0.01
Pressure P 0.038 0416 0.359  0.026 1.000  0.402
var <0.01 <0.01 0.03 0.14 <0.01 0.01
Air flow P 0.164 0.077  0.096  0.096 0.053 0.155 0.155
var <0.01 <0.01 0.02 0.02 0.16 0.05 0.05
CO, P 0.061 1.000 0.461 0.062 0.062
var <0.01 <0.01 0.03 0.04 0.04
Rn P ND 0.335 0.335 0.088 0.070 0.158 0.158
var 0.01 0.01 0.09 0.11 0.04 0.04
Dust P 0.194 0.042  0.343 0.343 0.287  0.193 0.079  0.079
var 0.03 <0.01 <0.01 <0.01 0.03 0.05 0.04 0.04
Enter distance from the closest DNA P ND 0272 0272 0.175 0.221 0.003 0.003
cave entrance, passage corrected var <0.01 <0.01 0.12 0.04 0.29 0.29
distance to the closest passage, Dist entrance P 0.026 0.001 0.144 0206 0.213  0.060 0.167
Rov pri Mumiji, communicating var  0.04 021 <001 <0.01 005 020 0.01
with the external atmosphere for ;g e, P 0.409 0.293 0.045 1.000
sites 3, 4, 5, and 7; dist entrance
shortest distance to the entrance, var <0.01 <0.01 0.12 0.01
dist river shortest distance to the Variance explained 0.25 0.26 0.08 0.08 0.62 0.62 0.49 0.49
river, ND no data; in bold; Sum of all eigenvalues 0261 0261 0075 0075 0623 0.623 048  0.486

p<0.05
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Figure 6 Concentrations of DNA at sampling sites in the Postojna
Cave system in a 2-year sampling period

added into the analysis. These results, for example, statistically
significant impact of air pressure and dust in March 2009 on
microbial abundance, indicated that there was active air flow in
this passage. The conditions in the passage also had a notable
impact on cave airborne microorganisms in December 2009
(air pressure, p<0.05). On the other hand in June 2010, CCA
analysis of conditional effects revealed that including this new
cave opening in the analysis gave no significantly different
results compared with results when only previously known
historical openings were taken into consideration (Table 2 and
Fig. 1).

Concentrations of DNA in the air were fluctuating; min-
imum and maximum concentrations varied with site and
season (Fig. 6). The ratio of microbial counts vs. DNA
concentration indicates the proportion of cultivable
microbes. Ratios of bacterial and fungal counts vs. DNA
concentration were in all seasons the lowest at site no. 3

Figure 7 Presence of amoebae
at sampling sites (plates having

(Pisani rov), which is characterized by Rn concentrations
that are 5 to 11 times higher than the average in other parts
of the cave. The highest ratio was always at sites where
external airborne microbes invade underground, at the cave
entrance, site no. 1, in September 2009, and in Veliki dom at
the ponor, site no.2, in December 2009 and June 2010.

Airborne Algae

Presence of viable algae was screened using Jaworski solid
medium. The objective of this screening was to monitor
their presence at various sampling sites and the inflow of
algal cells through cave openings and their eventual aero-
solization from the underground Pivka River and at sites in
the tourist section of the cave, where communities of photo-
trophs, mainly algae, grow around the lamps. These com-
munities, named lampenflora, have significant impact on the
cave’s integrity because they cause biodeterioration of cave
formations, historical inscriptions, and paintings on cave
walls. The highest algal concentration was detected at the
ponor, site no. 2, demonstrating active aerosolization of
algae from the underground Pivka River. Algae were con-
stantly present in the air at the cave entrance, site no. 1,
irrespective of whether there was air inflow or outflow. The
main entrance passage continues to the underground room
where the river flows (Fig. 1), explaining the presence of air-
borne algae at the entrance when air flows out of the cave, due to
aerosolization of algae from the underground stream. However,
the underground railway (no. 4) and tourists (no. 6) also con-
tribute to spreading of algal cells. Algae in the cave air were

Site

been exposed for different
periods of time, in days; in air
inflow; out air outflow)

Period Days 1

2 3 4 5 6 7 8 9 10

Sep2009 1

Out

Dec 2009 1

Jun 2010 1
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Table 3 Airborne amoebae sampled from different sites in the Postojna Cave system identified in pure cultures and with direct PCR

Gravity-cultures

Gravity-PCR? Impacting-PCR®

Sites

Aca Uni Aca Uni

Organism 1 2 3 4 5 6

No. site No. site No. site No. site

Acanthamoeba T2

Acanthamoeba T4 + + +
Acanthamoeba T13 +
Acanthamoeba T15

Dictyostelium sp. +

D. discoideum +

D. mucoroides +

D. polycephalum +

Echinamoeba sp. + +
Hartmannella cantabrigiensis

H. vermiformis +

Lycogala flavofuscum +

Physarum globuliferum +
Rhizamoeba neglecta

Trichia scabra +

Vahlkampfia sp.

unidentified + + +

+ o+ 3.8

3,7,10

10

2,4

Aca-PCR specific for Acanthamoeba, Uni-PCR universal eukaryotic PCR; in bold: known as potential pathogens;

Impacting was discontinued after the second sampling round in September 2009 as the maximal impacted air volume proved to be too low for

culture of amoebozoans

#In September 2009, filters exposed for 3 days, in December 2009 and in June 2010, for 4 days

® In March 2009, 500 1, and in September 2009, 1,000 1 air were sampled

occasionally detected also at site no. 8 (Otoska jama), located
close to the cave opening, and at site no. 10 (Crna jama).

Airborne Amphizoic Amoebae

Of all microbial groups screened for, the amoebae were the
largest organisms. Because the impacting sampling method of
a maximum of 1,000 I of air did not reveal any amocbae, we
applied gravimetric depositional sampling. Within the entire
2-year sampling period, airborne amoebae were detected at all
sampling sites; however, they were constantly present only in
the touristic walking zone (site no. 6, Fig. 7). Interestingly, the
probability of amoebal presence did not necessarily rise with
prolonged sampling times. Obviously, the density of amoebae
in the air is so low that the probability of an amoebal cyst
falling into a Petri dish is random. For example, in June 2010
at site no. 5, amoebae were present in the Petri dishes exposed
for 1 and 3 days, respectively, but not in the one exposed for
5 days, although all three Petri dishes had been placed next to
each other. Similarly, in the same period at site no. 7, amoebae
were detected in the plates exposed for 1 and 5 days, respec-
tively, but not in the one exposed for 3 days (Fig. 7).

Amoebae were most prevalent in June 2010 and least
prevalent in December 2010. Of the amphizoic amoebae,
only the genus Acanthamoeba was found; neither of the
other potentially pathogenic amoebozoans Balamuthia man-
drillaris or Sappinia diploidea nor any representative of the
excavate genus Naegleria was detected in any of the sam-
ples. Acanthamoebae were detected in eight of the ten
sampling sites investigated; the only constantly negative
sites were site no. 1 at the entrance and site no. 5 close to
the cave sediment. Altogether, four different Acanthamoeba
genotypes were found, of which genotype T4 was most
frequent (Table 3).

The overall most abundant group of airborne amoebozo-
ans were the mycetozoans. In the first sampling round, a
mycetozoan plasmodium of approximately 10 cm in diam-
eter was found on the cave wall close to sampling site no. 10
and was later identified as Physarum globuliferum. Other
amoebae detected were representatives of the genera Hart-
mannella, Echinamoeba, Vahlkampfia, and Rhizamoeba.
Moreover, nematodes and insects were also found on agar
plates. Insects were found on three plates altogether, but
only during sampling in June 2010, and neither in September
2009 nor in December 2009.
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Figure 8 Introduction of
airborne material into the cave
within 1 day, 30, or 90 days
through the Postojna Cave main
entrance, based on total dust
weight per cubic meter and
average values of CFU per 0.10 ‘
cubic meter related to different ’ JJ
winter air inflows of 0.1, 0.5, 0.00 - == i I_
0.8, 1.0, 1.2, and 1.5 m/s,

respectively; a microbial 01 05 08
biomass, b total dust particles

0.30 -
0.20

Total inflow (g/m®) >

HE 1 day

Natural Inflow of Aerosols Underground

Natural openings to the underground are windows through
which most airborne material can be introduced. As shown
in Fig. 8, the total amount of biomass of viable microorgan-
isms represents only a small portion of the total amount of
particles, but one has to take into account also the presence
of other microbes, which were not detected by the selected
growth media. However, the calculated total amount of
introduced airborne particles within a period of 90 days with
a constant air inflow of 1.5 m/s is relatively high at 0.28 g/m*
biomass versus 875 kg/m? of total dust or 0.32 ppm (Fig. 2).

Discussion
Airborne Biota in the Karst Underground

The present study gives a brief temporal, spatial, and sea-
sonal glimpse into the conditions in the air in large under-
ground passages in the Postojna Cave system. Due to the
use of a set of different methodologies, the current study
provides details on a range of ecologically and/or medically
important microorganisms. Impacting was shown to be a
suitable method for screening most airborne microbes in
cave air when the maximum of 1,000 1 of air was analyzed.
For larger organisms, gravimetric depositional sampling
should be used. This method worked very well for sampling
of amoebae, giving an overview of the presence of amoebal
cysts in cave air. However, it does not allow any conclusions
on amoebal density in the air, as deposition of cysts does not
follow a regular pattern. This “nonlinear” dispersion can be
attributed to the fact that gravitational settling of particles
larger than 5.0 wm and impaction are the leading causes of
“loss” of these particles. Particles between 1.0 and 5.0 um
normally follow the streamlines of the surrounding air.
Larger particles, such as amoebal cysts (mostly 10—
20 um), often have the momentum to deviate from the
streamlines, impact surrounding surfaces, and be deposited
[3]. Nevertheless, the transport and ultimate settling of
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bioaerosols are affected by their physical properties and the
environmental parameters that they encounter while airborne.

The airborne microbial community in the air of the Post-
ojna Cave system was shown to be composed of different
microbial groups with generally low abundance, for bacteria
and fungi between 10 and 100 CFU/m’ (Fig. 5). The abun-
dance was significantly higher at sites where the cave atmo-
sphere directly interacts with the external climate, such as
the cave entrance and river splashing zone. For example,
active aerosolization from the ponor notably contributed to
total airborne microbial counts at downstream sites. The
highest bacterial counts in the entire cave system were
detected at the ponor (min. 61 CFU/m’, max. 493 CFU/
m®). Formation of mist accompanying active air flow
increases transport of microbes deep into the underground.
In such cases, allochthonous microbes are constantly intro-
duced as aerosols, e.g., to a large extent as fungal spores, or
they become aerosolized, such as bacteria and algae by river
splashing. Viable fungal counts were highest at sites no. 1,
2, and 4 with mean values ranging from 232-281 CFU/m’,
where large oscillations were observed. Large oscillations of
fungal spores have also been detected in the Cave of Nerja
(Spain) with a daily mean concentration of 282.195/m" [33].
Higher concentrations of microorganisms in particular parts
of the cave can be attributed to human activities. For exam-
ple, along the tourist railway (no. 4), regular train transport
of tourists (air flow formation ~1.7 m/s) is likely to be
responsible for elevated high concentrations of fungal
spores, and there are elevated bacterial counts in areas with
constant tourist presence compared with non-disturbed areas
of the cave. Higher numbers of bacteria in tourist walking
areas indicate “fresh” and continuous microbial input from
humans. A single human sheds approximately seven million
particles and cells per minute, each of these carrying along
an average of four microbial cells [34]. Furthermore, coughing
and loud talking are known to release around 10* droplets,
sneezing up to 10° droplets [1]. Altogether, human activity,
particularly mass tourism, represents a significant load of
microbial biomass into caves.

The limit value of 300 CFU/m® recommended for total
microbial counts for indoor commercial and residential
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environments [35] was occasionally exceeded at the
entrance (no. 1), at the ponor (no. 2), and along the tourist
railway (no. 4). This is typical for places where organic
matter is directly introduced into the underground. It is not
recommended to establish speleotherapy healing locations
at these sites.

Amoeboid organisms are frequent dwellers in karst caves
[36]. Although concentrations of amoebic trophozoites and/or
cysts were lower than one organism per one cubic meter of
cave air, these organisms are important for underground sys-
tems. The diversity of amoebae in the air of the Postojna Cave
system was rather low; however, they were found in all parts
of the system (Fig. 7). Taxa found most frequently were
mycetozoans and acanthamoebae, both producing highly
resistant spores and cysts, respectively. Acanthamoebae are
of potential medical relevance; they can evoke a sight-
threatening keratitis occurring mainly in contact lens wearers
on one hand and a set of usually fatal infections, including
granulomatous amoebic meningoencephalitis, in the immuno-
compromised host, on the other hand. Also, Hartmannella
spp. and Vahlkampfia spp. have been discussed as potential
pathogens, but their true medical relevance has not been
clarified yet [37, 38]. Moreover, acanthamoebae, and also
hartmannellae are known to act as vehicles and even as
“training grounds” for several pathogenic bacteria [39].

Microorganisms and Environmental Variables

In microbial ecology, CCA analysis has been already used in
many studies with microbial communities in various eco-
systems [40]. CCA analysis with forward selection of air-
borne microorganisms and atmospheric variables showed
more dynamic conditions in the cave atmosphere than
believed before, although recent studies indicated that Postojna
Cave system is well ventilated [41]. In the transitory seasonal
period, in March and September 2009, air conditions in the cave
system were rather unstable and influenced by many other
factors not detected by our analysis. This was reflected by low
values of variances (Table 2). This might be due to activation of
many different, small cave openings and consequent air circu-
lation. This was demonstrated for sites 3, 4, 5, and 7 in an
additional CCA analysis incorporating a recently discovered
passage (Rov pri Mumiji, Fig. 1). Interestingly, during Sep-
tember 2009, significant correlations (p=0.006) were
observed between microbial counts and temperature but with
low contribution to the total variance (Table 2). The average
temperature for the town of Postojna in September 2009 was
16.4 °C. This value was not much different from the measured
temperature in the cave entrance (15.0 °C) when sampled in
September 2009. Big differences between external and cave
temperatures may not allow formation of a temperature-
dependent microbial gradient. In June 2010, a correlation

was established between concentration of total DNA and
cultivable fraction of microorganisms (Table 2).

The ratio of microbial counts per DNA concentration
showed the proportion of viable biota throughout the cave
system. The lowest was at site no. 3 with the highest Rn
concentrations and the lowest microbial counts, presumably
because of its possible effect on airborne biota. The effect is
direct and indirect. The indirect effect is due to enhanced air
ionization, caused by alpha particles released during radio-
active transformations of radon and its short-lived decay
products. At radon concentrations in a range from about
3,000 to 60,000 Bg/m® at site no. 3, the corresponding
ionization rate (in addition to gamma and cosmic rays) to
which viable organisms are exposed is in the range of 0.16—
3.1 nC/kg s (2.2-44 mR/h) [42]. Bearing in mind that 1 nC/kg s
means an absorbed dose rate in the air of about 40 nGy/s [43],
the above ionization rate would correspond to an absorbed dose
in the air in the range from 6.4 to 124 nGy/s. On the other hand,
related absorbed doses in the other part of the cave would rarely
exceed 2.2 pGy/s (2.5 to 50 times lower). The direct dose to the
airborne biota results from absorption of the energy of
o-particles released during x-transformations of **?Rn, *'*Po,
and 2'*Po, with energies of 5.5, 6.0, and 7.7 MeV, respectively
[5]. The number of x-particles formed per second equals the
number of transformations per second, which is expressed by
the number of becquerels. A measurement has shown the fol-
lowing activity concentrations of **’Rn, *'*Po, and ?'*Po (Bg/
m3) at 4,175; 3,947; and 611, respectively. These 8,733 trans-
formations produce o-energy of 4,175x5.5+3,947x6.0+611 x
7.7=51,350 MeV/m® s~85x 1010 J/m® s; or at the maximum
radon activity concentration of 60,000 Bq/me, 125,500 trans-
formations in 1 m® per second would produce 1.2x107’
J/m? s. Although the path travelled by -particles in biota is
shorter because of its higher density (60 kg/m_3 ) compared with
that of air (1.3 kg/m ), its volume is too small (e. g., 6.64x
107" m? for 1.21x 10" kg of 500 bacteria, or 2.04x 104 m?
for 24.01x10 "2 kg of 600 fungi in 1 m® of air) to absorb the
total energy of an impinging a-particle. Therefore, the energy is
assumed to be absorbed uniformly in the medium, and the biota
receives the part proportional to its volume, that is, 7.8 % 107> J/s
for bacteria and 24 x 102* J/s for fungi. Taking into account 20
as the weighing factor for o-radiation, the following values are
obtained for bacteria and fungi, respectively—19 and 40 nGy/s
for the absorbed dose rates, 49 and 100 mGy for the monthly
absorbed doses, and 0.6 and 1.2 Gy for yearly absorbed doses.

However, organisms at a low stage of evolution exhibit
very high resistance to radiation. The absorbed dose of
inactivation of 50 % lethal dose within 30 days for bacteria
ranges from 20 to 1,000 Gy [43]. At site no. 3, the monthly
doses fall in the above range only at the extreme radon
concentration but are markedly below that otherwise. However,
of all environmental parameters monitored at site no. 3, only
radon concentrations were substantially elevated with respect to
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other sites. Therefore, it still remains a potential cause for the
lowest rates of viable microbes and may not be simply ruled
out. Additional measurements would be necessary to prove this
assumption. As mentioned also by other authors, the absence of
studies on the effects of radon on microbes makes it difficult to
reliably estimate which radon levels are sufficient to cause
cellular damage [44]. Perhaps elevated radon decay products
generating high air ionization, in combination with other atmo-
spheric parameters, for example, elevated total dust concen-
tration (Figs. 3 and 4), might affect microbial survival rate.
Dust particles in the air associated with these radioactive
particles allow longer retention of radioactive products in the
air. For example, if these particles are inhaled by humans in
higher concentrations, they might cause pulmonary health
problems, such as cancer [45]. Another important atmospheric
parameter to consider would be mercury. In this cave system,
changes in concentration of dissolved gaseous mercury (Hg")
in the air to a certain extent followed radon concentration
(unpublished data). Mercury, even at low concentrations, rep-
resents a hazard for microorganisms [46]. It is less likely that
in such a big cave system the community of airborne micro-
organisms is entirely different compared with other sites in the
cave. However, the relationship between elevated radon and
airborne biota was not confirmed by statistically significant
correlation coefficients (Table 2). This raises an important
question of whether certain microbes can multiply in the air
despite elevated radon concentrations, or whether they
become uncultivable or die. On the other hand, due to the
absence of UV and desiccation stress, the viability of microbes
in the cave environment is prolonged.

Air in the underground reflects external factors. Changes
of bioaerosols can be directly traced and measured. Bioaer-
osols or aeroplankton can be considered as natural tracers
that help us to understand environmental changes in the
cave air, but, for complex underground systems, this is not
straightforward. The present study revealed a high quantity
of introduced particles in the underground (Fig. 8). The
constant introduction, circulation, and finally sedimentation
of allochthonous material from the air represent an impor-
tant and continuous “rain” of organic carbon that serves as
food for the cave fauna. Postojna Cave is known as the most
biologically diverse underground cave in the world [47], and
aeroplankton may be a relevant food source to sustain this
biodiversity.
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