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Karst areas have great environmental importance as sources of subsurface
water and often maintain very sensitive ecosystems. In recent years, increasing
number of microbiological studies focused on the bacterial communities of karst
soils. In this study, diversity examinations on two distinct Hungarian karst areas,
Aggtelek and Tapolca, were performed using parallel cultivation and molecular
cloning methods. The phylogenetic affiliation of bacterial strains and molecular
clones was determined based on their 16S rRNA gene sequences. Bacterial isolates
were identified as members of the phyla Actinobacteria, Firmicutes, Proteobacteria,
and Bacteroidetes. Besides the taxa identified by cultivation, members of the phyla
Chlorofiexi, Cyanobacteria, Acidobacteria, Verrucomicrobia, and Gemmatimona-
detes were detected by the cloning. The difference in the composition of soil
bacterial communities was related to geographic locations and soil types. Both the
highest and the lowest bacterial diversities were detected in samples from Aggtelek
National Park, characterized by Leptic Luvisol and Rendzic Leptosol soil types.
The difference in the composition of bacterial communities between Rendzic
Leptosol and Leptic Phaeozem soil types at Tapolca could be the result of human
impacts.

Keywords: bacterial diversity, 16S rRNA gene, karst, cultivation, molecular
cloning

Introduction

Karsts are among the most vulnerable areas and respond very quickly to
anthropogenic effects [1]. Recently, increasing number of studies focused on
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the soil bacteria inhabiting karst areas. Studying the soil quality changes in the
karst area of southwest China, Zhang et al. [2] found that microbial and
biological parameters were more sensitive to land degradation or vegetation
declining than nutrient pools. Zhou et al. [3] reported on the soil bacterial
diversity of a karst forest in China, and presented the first molecular micro-
biological data in such environment. In another study [4], the interactions
among vegetation type, soil physical and chemical conditions, and soil micro-
bial communities in a subtropical karst region were investigated. Chen et al. [5]
found that composition and diversity of soil bacterial communities had a
complex response to cultivation disturbance in karst ecosystems. Hu et al.
[6] studied how soil microbial indices respond to reforestation, and concluded
that soil microbial biomass and activity can be used as early indicators of
variation in soil fertility. Zhang et al. [7] investigated the temporal responses of
soil prokaryotic communities to clear-cutting disturbance, and demonstrated
that bacterial community structure was significantly altered, and it became
similar to a reference forest over time.

In Hungary, microbial corrosion capacity of karst soils in Aggtelek National
Park (NP) was first analyzed by Zambo [8], and it was found that soil type had a
great impact on it. The soil bacterial communities from two different karst areas of
Hungary (Aggtelek and Tapolca) were studied using different cultivation-
independent methods [9]. It was found that microbial respiration activity and
biomass varied mainly according to soil depths, whereas bacterial community
structures revealed by Denaturing Gradient Gel Electrophoresis (DGGE) differed
mainly in accordance with geographical location and soil type.

Previously soil bacterial diversity with various vegetation types was
studied only by cultivation-based [10-13] or cultivation-independent methods
[14—16]. The major limitation of approaches in molecular microbial ecology is
the lack of information about the functional and ecological roles of microbial
populations. Furthermore, it is asserted that only a minor fraction
of soil bacteria can be cultivated. However, despite the inherent known biases
of these methods, the different approaches have been rarely used simultane-
ously to explore the diversity and functional relevance of soil bacterial
communities [17-20].

Diversity of soil bacterial communities, inhabiting karst areas has not been
studied to date, concurrently using cultivation and cultivation-independent
molecular techniques. Therefore, the objective of this study was to improve our
knowledge from soil bacterial communities in two distinct karst systems (Aggtelek
and Tapolca in Hungary), by revealing community composition and diversity
using cultivation and molecular cloning methods, and to compare the results
according to geographic location and soil type.
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Materials and Methods
Study sites and samplings

The sampling sites for this study are situated on Tapolca- and Aggtelek-karst
(Table I). The area of Aggtelek-karst (NE Hungary) belongs to the Aggtelek NP.
Its underground caves together with the Slovak Karst caves were put on the
UNESCO World Heritage List in 1995. It is a hilly terrain mainly forested karst
area. Tapolca-karst is in W Hungary, probably the most vulnerable Hungarian
karst system, a mosaic of partly open and covered karst areas (covered by forests
and grasslands). Its surface and underground karst features are not as prominent as
in Aggtelek-karst, and previously significant bauxite mining had been conducted
here. The climate of Aggtelek is cooler and wetter than Tapolca; the mean annual
temperature and precipitation values are 89 °C and 1,200-1,300 mm versus
11-12 °C and 800-900 mm, respectively.

Within both karst areas, two sampling sites were selected (Table I). Both
Aggtelek sampling sites (AR and VC) were located on hill plateau. The location
of both Tapolca sampling sites (TR and TW) was also in plateau. The common
feature of soils at four sampling sites is a relatively shallow “A” horizon, which
is directly connected to the “C” bedrock horizon, all belongs to the rendzina soil
type according to the Hungarian Soil Classification System. The AR site is
located near Aggtelek village at a karst plateau covered by forest, the thickness
of the humus layer was 15 cm, the soil type was black rendzina (Rendzic
Leptosol in WRB), and texture is silty clay. The VC site is located near Josvafo
village at a karst plateau of the V6rds doline covered by grassland, the thickness
of the humus layer was 30 cm, the soil type was red clay rendzina [Leptic
Luvisol (clayic and chromic) in WRB], and the texture is clay. The TR site is
located at the plateau of the Also-Cser-t6 covered by grassland, the thickness of
the humus layer is 25 cm, the soil type is black rendzina (Rendzic Leptosol in
WRB), and texture is clay loam mixed with small to large limestone particles.
The TW site is located near the roadside entering Zalahalap village at a plateau
used for pasture and for illegal waste deposition, the vegetation is degraded
grassland with bare soil spots, the thickness of the humus layer is 15 c¢m, the soil
type is brown rendzina (Leptic Phacozem in WRB), and texture is sandy loam.

In each site, a representative plot was appointed and three individual soil
cores from the surface (0—15 cm) were randomly taken and pooled at each plot.
Approximately, 500 g of each soil sample was collected into sterile bottles and
transported in cooling box to the laboratory. Before analyses, soil samples were
thoroughly mixed, the visible roots and other plant residues were carefully
removed and sieved (2 mm mesh) using sterile instruments.
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The measured physical and chemical characteristics of the soil samples are
shown in Table L.

Soil pH was measured using a pH meter from soil suspensions (1:2.5 soil to
distilled water weight ratio), gravimetric soil water content was determined from
15 g soil oven-dried at 105 °C, lime content (CaCO3) was measured by Scheibler
calcimeter, humus content was measured by wet oxidization of soil organic matter
by potassium dichromate (K,Cr,O-) in the presence of sulfuric acid (H,SOy4)
according to Tyurin method, total N was measured by Kjeldahl method. Soil
textures were identified after determining the proportion of sand, silt, and clay
particles by pipetting method and classified by the soil texture triangle.

Cultivation of bacterial strains, DNA isolation, and PCR amplification

Tenfold serial dilutions were made from the soil samples using sterile water.
The following media were chosen for plating: (1) nutrient (DSMZ Medium 1, www.
dsmz.de); (2) R2A (DSMZ Medium 830, www.dsmz.de); and (3) starch-casein
agar [21]. After 10 days of incubation at 28 °C, colony forming unit (CFU) numbers
were determined, and bacterial colonies with different morphology were isolated.
Bacterial strains were maintained on the isolation media.

DNA isolation from the pure cultures was made by bead-beating technique
of physical fractioning. The bacterial biomass derived from 24 h cultures was
suspended in 100 pl sterile diethyl pyrocarbonate-treated water and a spatula of
sterile glass beads was added, then the cells were disrupted with a Mixer Mill
MM301 (Retsch, Haan, Germany). After centrifugation (1 min, 13,000 X g), DNA
was denaturized for 5 min at 99 °C in a 2720 Thermal Cycler (Applied
Biosystems, Carlsbad, CA, USA). Following a repeated centrifugation (3 min,
13,000 x g), samples were stored at —22 °C. Presence of the DNA was detected in
1% agarose gel stained with ethidium bromide, and visualized with UV excitation
after running 20 min on 100 V.

The 16S rRNA of bacterial strains was amplified by PCR using 27f [22] and
1401r [23] primers, in a 2720 Thermal Cycler, with the following temperature
protocol: initial denaturation at 95 °C for 3 min, followed by 32 amplification cycles
of 30 s at 94 °C, 30 s at 52 °C, and 1 min at 72 °C, followed by final extension at
72 °C for 30 min. The PCR reaction mixture contained 0.2 mM of each deoxynucleo-
side triphosphate, 1 U of LC Tag DNA Polymerase (recombinant) (Fermentas,
Vilnius, Lithuania), 1X 7aq buffer with (NH,),SO, (Fermentas, Vilnius, Lithuania),
2 mM MgCl,, 0.65 mM of each primer, and about 20 ng of genomic DNA template
in a total volume of 50 pl. Presence and quality of PCR products was checked by
agarose gel electrophoresis, following the method described above.
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Clone library construction

Prior to cloning, total community DNA was extracted from 1.0 g of each soil
sample using Ultra Clean Soil DNA Isolation Kit (Mo-Bio, Carlsbad, CA),
according to the manufacturer’s instructions. The 16S rRNA fragments of the
whole community DNA were amplified using 27f and 1401r primers, as described
above. PCR products were purified using EZ-10 Spin Column PCR Products
Purification Kit (Bio Basic Canada Inc., Canada) following the manufacturer’s
instructions.

Clone libraries were constructed based on blue—white selection method [24].
The purified PCR products were ligated into TA-cloning vectors (pGEM-T Vector
System, Promega, USA) than transformed into competent Escherichia coli IM109
cells. To retrieve the insert sequence from recombinant plasmids, two PCRs were
run. First, clones were amplified with vector specific M13 (5'-GTAAAAC-
GACGGCCAG-3') forward and (5'-CAGGAAACAGCTATGAC-3’) reverse
primers (Integrated DNA Technologies, USA) followed by a nested PCR with
the original primers to obtain the original inserts without the vector’s flanking
regions. Reactions were run as previously described.

Identification of bacterial strains and molecular clones

The PCR products of bacterial strains and molecular clones were grouped by
amplified ribosomal DNA restriction analysis (ARDRA) using enzymes of Mspl
and BsuRI (Fermentas, Vilnius, Lithuania) as described by Massol-Deya
et al. [25]. Digestion products were separated in 2% ethidium bromide-stained
agarose gel (Gibco, CA, USA), visualized by UV excitation using Micromax CCD
camera, and analyzed by image analyzer software (Princetone Instruments, USA).
PCR products of representative strains and molecular clones with unique restric-
tion patterns were purified with EZ-10 Spin Column PCR Products Purification
Kit (Bio Basic Canada Inc.).

Identification was based on the partial sequence analysis of 16S rRNA gene
using 27f primer and Big Dye Terminator Ready Cycle Sequencing Kit (Applied
Biosystems, Carlsbad, California), as recommended by the manufacturer.
Following ethanol precipitation, our own sequencing facility, an ABI PRISM
310 Genetic Analyzer (Applied Biosystems) was applied to obtain sequences of
approximately 570 bp in the hypervariable (V3) region of the 16S rRNA gene.
Ambiguous sequences were discarded and chimera sequences were also excluded
from further analysis. Chromatograms were manually checked using the Chromas
software (Technelysium Pty Ltd., Tewantin, Australia). Taxonomic relationships
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of the sequences were determined by Basic Local Alignment Search Tool
algorithm [26] in the GenBank online database (http://www.ncbi.nlm.nih.gov)
and using the EzTaxon server [27] based on 16S rRNA gene sequence data.
Phylogenetic and molecular evolutionary analyses were performed using
MEGA version 5.0 [28] (neighbor-joining method, Kimura 2-P nucleotide
substitution model).

The partial sequences of the bacterial strains and molecular clones deposited
in the GenBank have accession numbers between HE681124-HE681224 and
HE663609-HE663760, respectively.

Calculation of the diversity index
Bacterial diversity was calculated using the Shannon—Weaver index (H") [29].

H'= — Xpi In pi,

where pi is the relative abundance of the ith operational taxonomic unit (OTU).
To calculate the phylogenetic diversity index, the bacterial phyla were considered
for OTU-s in case of both the cultivation and the clone library analysis.

Statistical analysis

Principal component analysis (PCA) using Past Paleontological Statistics
V2.08 program [30] was performed.

Results
Bacterial colony forming unit numbers

For the enumeration of bacteria, three media with different composition
were chosen (Table II). In the soil samples, an average of 7.8 x 10° CFU/g value
was counted, and the difference among the CFU values was less than one order of
magnitude. The highest CFU numbers were determined in the AR, whereas the
lowest in the TR samples. Regarding the media used, the higher CFU numbers
were detected on the R2A medium, containing the lowest organic matter concen-
tration, in agreement with the observations of Van Insberghe et al. [20], notably
that the efficiency of recovering abundant community members through cultiva-
tion increases as the incubation conditions decrease in nutrient availability and
favor slower growth.
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Table II. Bacterial count (CFU/g) values of the soil samples from Hungarian
karst areas

CFU numbers on different media

Soil sample Nutrient R2A Starch-casein
AR 9.1x%10° 1.6 x 107 9.4x10°
vC 8.1x 10° 1.3% 107 2.0% 107
TR 4.1%x10° 6.0%10° 4.7x10°
™ 9.0x 10° 7.2x10° 5.5x10°

Note: For abbreviations see Table 1.

Diversity of bacterial strains

From a total of 192 bacterial strains (ARS: 50, VCS: 48, TRS: 53, TWS: 41),
101 ARDRA representatives (ARS: 19, VCS: 26, TRS: 25, TWS: 31) were
selected, which belonged to 38 genera of 4 bacterial phyla. In both Aggtelek NP
samples (AR and VC), representatives of the phylum Actinobacteria (40% and
43%), while in the Rendzic Leptosol sample from Tapolca (TR) Proteobacteria
(51%) were present in the largest amount (Figure 1). In the Tapolca sample located
near the waste depository (TW), Actinobacteria and Proteobacteria occurred in
equal ratios (44%—44%). Members of the phylum Firmicutes were also found in
high numbers in the Rendzic Leptosol samples (AR 35% and TR 25%). The ratio
of bacterial strains belonging to Bacteroidetes ranged between 5% and 10% in
each sample.

At the genus level, the proportion of the isolated strains were: Bacillus
(18%), Pseudomonas (14%), and Streptomyces (14%), while strains from other
genera were represented only 5% or below. The highest species diversity was
revealed in the waste contaminated sample from Tapolca (TW), whereas the lowest
was revealed in the Rendzic Leptosol sample from the Aggtelek NP (AR) with 26
and 18 different taxa, respectively. Despite that similar number of taxa was
identified from the samples, the revealed composition was greatly different. Only
representatives of the genera Streptomyces (Actinobacteria), Bacillus (Firmicutes),
Pseudomonas (Gammaproteobacteria), and Flavobacterium (Bacteroidetes) were
isolated from each sample (Figures 2 and 3). Members of the genera Micro-
bacterium, Leifsonia, Kribbella, and Solitalea were represented by isolates only
from both Aggtelek, whereas Micrococcus, Paenisporosarcina, Sphingomonas,
and Lysobacter were represented only from both Tapolca samples. The
genera Rhodococcus, Amycolatopsis, Lentzea, Aeromicrobium, Cohnella,
Mesorhizobium, Rhizobium, Paracoccus, Achromobacter, Duganella, Mitsuaria,
Xenophilus, Pseudoxanthomonas, Xanthomonas, and Thermomonas, several of
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Figure 1. Phylogenetic distribution of bacterial strains and molecular clones from the soil samples of
two different Hungarian karst areas. AR: Aggtelek limestone pavement sample; VC: Aggtelek
Voros-doline; TR: Tapolca flat karstic plateau 1; TW: Tapolca flat karstic plateau 2; S: bacterial
strains; C: molecular clones

them described in recent years from various soil and rhizosphere samples, were
represented by single isolates both in the Aggtelek and Tapolca samples (Figures 2
and 3). The 16S rRNA gene sequence analysis showed that 77 out of the
101 representative strains had 98%—100% similarity values to validly described
species (Figures 2 and 3).

Distribution of bacterial clones

During the molecular cloning, sequence analysis of the 152 ARDRA
representatives (ARC: 33, VCC: 39, TRC: 42, TWC: 38) was performed from
atotal of 219 clones (ARC: 47, VCC: 68, TRC: 51, TWC: 53). In all clone libraries
representatives of the phyla Proteobacteria, Actinobacteria and Acidobacteria
were detected in the highest proportion (Figure 1). Proteobacteria were the most
abundant group in both sites of Tapolca karst and in the Leptic Luvisol (clayic)
sample from Aggtelek NP (VC), whereas in the Rendzic Leptosol sample from
Aggtelek NP (AR), members of the phylum Actinobacteria were detected in the
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Figure 2. 16S rDNA sequence-based neighbor-joining phylogenetic tree of bacterial strains
belonging to the Actinobacteria and Firmicutes phyla. (Bacterial strains from the soil samples
isolated from the Hungarian karst areas appear in bold. Only bootstrap values above 50% are shown.
Bar, 2 substitutions per 100 nucleotide positions.)
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Figure 3. 16S rDNA sequence based neighbor-joining phylogenetic tree of bacterial strains
belonging to the Proteobacteria and Bacteroidetes phyla. (Bacterial strains from the soil samples
isolated from the Hungarian karst areas appear in bold. Only bootstrap values above 50% are shown.

Bar, 2 substitutions per 100 nucleotide positions.)
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largest proportion. Considering the clone sequences, altogether 58% of
them belonged to one of the four phyla revealed by cultivation. Others were
representatives of the class Deltaproteobacteria and the phyla Acidobacteria,
Gemmatimonadetes, Verrucomicrobia, Chloroflexi, and Cyanobacteria, detected
only by molecular cloning.

In all four clone libraries, Acidobacteria occurred in relatively high, whereas
Verrucomicrobia in low proportions (Figure 1). Sequences belonging to the
phylum Chloroflexi were found in the clone libraries deriving from Rendzic
Leptosol soil samples in both karst areas (AR and TR). Cyanobacteria-related
sequences were found only in the soil samples from Tapolca karst. In addition,
clone sequences related to the phylum Gemmatimonadetes were not found in the
soil sample from the nearby of the waste depository in Tapolca karst (TW).

In most cases, the sequence similarities of the molecular clones to the
described bacterial species were below 97%; therefore, these sequence data can be
interpreted only at higher taxonomic levels.

Diversity calculations

According to the Shannon—Weaver diversity indices calculated for the
individual soil samples, higher diversity values were obtained using clone library
analysis than cultivation (Table III). Either via cultivation or molecular cloning,
no significant difference was observed in the bacterial diversity of the studied
samples. The lowest soil bacterial diversity was found in the Rendzic Leptosol
sample from Aggtelek (AR) with both methods. Calculating these indices for the
two karst areas, it was found that bacterial diversity of soil samples from
Aggtelek was slightly lower than that of Tapolca karst based on both methods
(Table III).

Discussion

In all clone libraries, representatives of phyla Proteobacteria, Actinobacteria,
and Acidobacteria were detected in the highest proportion, which agrees with
other studies [15, 31-33], showing that these are the most abundant phyla in
different soils. The prominence of phyla Acidobacteria and Proteobacteria could
be explained by their well-known adaptation to slightly acidic and low-nutrient
environments [34]. According to the results of the NCBI database, the
vast majority of the clone sequences showed the highest sequence similarity
(between 94% and 99%) to uncultured environmental clone sequences.
Many environmental clones originated from soils, mainly the rhizosphere of
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Table IT1. Shannon—Weaver diversity indices (H') calculated for (1) bacterial communities of the individual
soil samples revealed by cultivation or cloning; (2) bacterial communities of the two karst areas revealed by
cultivation or cloning; and (3) all the identified bacteria via cultivation or cloning

1 H' 2 H’ 3 H’

ARS 1.34 Strains of Aggtelek 1.55 All strains 1.63
(ARS + VCS) (ARS + VCS + TRS + TWS)

VCs 1.59 1.9

ARC 1.49 Clones of Aggtelek 1.9
(ARC + VCC)

vCC 1.96

TRS 1.53 Strains of Tapolca 1.62 All clones 2.05
(TRS + TWS) (ARC + VCC + TRC + TWC)

TWS 1.55

TRC 2.04 Clones of Tapolca 2.08
(TRC + TWC)

TWC 1.89

plants [35-38], but other sequences were obtained from waste sites, microbial
mats, animal faeces, and in the case of nitrogen fixing bacterial species, in the
nodules of the host species [39—42].

In the soils of karst forests, Proteobacteria, Acidobacteria, and Actinobacteria
were described as dominant members of bacterial communities [3, 5, 7]. Proteo-
bacteria and Actinobacteria were the most abundant phyla by both methods in this
study as well. Furthermore, high proportion of phyla Firmicutes and Acidobacteria
were also detected by cultivation or molecular cloning. The difference between the
results obtained by the two methods can be explained by their known selectivity
[43]. While the used cultivation was suitable for the detection of mainly aerobic,
chemoorganoheterotrophic bacteria, the use of molecular cloning made possible to
reveal bacteria difficult to cultivate or with different (e.g., obligate anaerobic)
metabolism. Recently, high-throughput sequencing approaches make it possible to
investigate microbial communities with far greater sample numbers and phylo-
genetic resolution [15] than with those methods, which were available for us during
this study. However, Van Insberghe et al. [20] showed that standard media and
conventional cultivation techniques have the potential to isolate abundant members
of forest soil bacterial communities, as evaluated and previously characterized by
pyrotag sequencing [16]. Moreover, such a strain collection could be representative
for the bacterial diversity present in the soil environment [34].

Representatives of the phylum Proteobacteria were the most abundant in all
samples except for the Rendzic Leptosol sample from Aggtelek (AR) (Figure 1).
Proteobacteria not only form a physiologically diverse group, with many
fast-growing r-strategists that can colonize plant roots and can be abundant in
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various soils [44], but also K-strategists such as several members of the Alpha-
proteobacteria [45]. In this study, members of the classes Alpha-, Beta-, and
Gammaproteobacteria were detected in large numbers by both methods, however,
sequences related to the class Deltaproteobacteria could only be revealed by
molecular cloning. The distribution of sequences between the classes of Proteo-
bacteria was quite different according to samples as Alpha-, Beta-, and Delta-
proteobacteria were characteristic to Leptic Luvisol (clayic) sample from Aggtelek
(VC), whereas Gammaproteobacteria to soil samples from Tapolca karst.
Members of the genera Rhizobium, Mesorhizobium, and Variovorax were detected
by both methods, but Pseudomonas proved to be the most frequent among the
bacterial strains (Figure 3). The fact that samples from Tapolca karst were
characterized by a high proportion of Gammaproteobacteria (Figure 4), may be
related to the so called “gamma shift” phenomenon, observed by Militon et al. [41]
studying the bacterial community composition during the aerobic bioremediation
of an aliphatic hydrocarbon-contaminated industrial area. The hydrocarbon-
contaminated soils were characterized by a higher proportion of Gammaproteo-
bacteria, similar to that found in the Tapolca karst where signs of strong human
impact (illegal waste disposal) could be observed. From the TW sample (Tapolca
karst), several isolates were identified as species (e.g., Mesorhizobium metalli-
durans, Rhodococcus quingshengii, Streptomyces plumbiresistens, and Vario-
vorax paradoxus) that have been described to tolerate the presence of heavy
metals, synthetic contaminants, and even degrade the latter.

Actinobacteria were also abundant in the soil samples from both studied
Hungarian karst areas (Figure 2), as also found by Baldrian et al. [15],
characterizing the total bacterial and fungal communities of Picea abies forest
using DNA and RNA sequencing. Several bacterial strains isolated from
the Aggtelek and Tapolca karst samples were identified as different Streptomyces
species (Figure 2), known as antibiotic producers (e.g., Streptomyces resisto-
mycificus and Streptomyces atratus) [46, 47] or used in biotechnology
(e.g., Streptomyces ciscaucasicus) [48]. It is noteworthy that all strains identified
as S. plumbiresistens, a heavy metal-resistant actinobacterium described from a
lead-polluted soil in China [49], were isolated only from the Tapolca karst sample
(TW) located near a waste depository. The species Rhodococcus qingshengii
described from a carbendazim-contaminated soil sample in China [50] was also
detected only from the waste-polluted Tapolca soil sample (TW). However, most
AR strains originated from the partly covered Aggtelek karst were identified as
Streptomyces xanthophaeus, which was revealed from the Spanish karst caves as
well [51]. Some other AR strains showed the highest sequence similar to the type
strain of Agromyces neolithicus, described from a soil sample of a relatively
unexplored hypogenic environment [52].
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Figure 4. Two-dimensional principal components biplot describing the phylogenetic variability of
soil bacterial communities from different Hungarian karst areas (for abbreviations, see Table I)

On the whole, the distribution of bacterial strains and molecular clones and
the composition of soil bacterial communities of the studied karst soils seem to be
influenced by geographic localization and soil type, although we did not examine
the effects of soil factors on bacterial composition along a chronosequence, as it
has been done, e.g., by Zhang et al. [7]. According to the PCA biplot (Figure 4),
samples from the Tapolca karst showed greater similarities to each other than
samples from Aggtelek NP. Along Axis 1, the Rendzic Leptosol soil sample from
Aggtelek (AR) dominated by Gram-positive bacteria (Actinobacteria and Firmi-
cutes) clearly separated from the other three samples, characterized by the
dominance of Gram-negative bacteria (mainly Proteobacteria). The Rendzic
Leptosol soil located on a limestone hill-side in Aggtelek could be characterized
by very shallow soil layer (max. 15 cm), sparse vegetation, the highest humus,
total N, and moisture content (Table I). The extreme temperature and soil water
balance values developing in this area (AR) may favor the high proportion of
xerotolerant Actinobacteria. Leptic Luvisol (clayic) sample (VC) separated from
the others according to the 2nd axis of the PCA biplot (Figure 4), which related to
its Acidobacteria dominance. Acidobacteria are frequently detected in clone
libraries from different soil samples, and are thought to be of great ecological
significance, but only a few species could have been cultivated [34]. The strains of
Acidobacteria studied so far suggest that these bacteria are versatile heterotrophs
with slow metabolic rates under low nutrient and low pH conditions, and can
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tolerate the fluctuation of soil moisture [31]. These bacteria may play an important
ecological role by degrading polysaccharides (e.g., cellulose and chitin) of plant
and fungal origin and they are key player in the C cycle [34].

Conclusions

Comparing the results of different approaches, twice as many phyla or
classes were revealed by molecular cloning than cultivation, but the most abundant
taxa, Proteobacteria, and Actinobacteria proved to be identical. The composition
of soil bacterial communities seemed to depend on both geographic location and
soil type as Rendzic Leptosol and Leptic Phacozem samples from Tapolca karst
were more similar to each other than Rendzic Leptosol and Leptic Luvisol samples
from Aggtelek karst. The soil sample with the highest humus content was
characterized by the lowest bacterial diversity values and Gram-positive
dominance (Actinobacteria and Firmicutes). In contrast, the highest taxon
diversity with high proportion of Acidobacteria was detected in the other soil
sample with substantial clay content. In the soil bacterial communities of the
Tapolca karst, Gammaproteobacteria occurred in high proportions, which could be
in connection with the contamination of these sampling sites. To a better
understanding of the relationships between geographic location, soil properties,
bacterial community structures, and functioning, further examinations are needed.
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