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Calcite Biomineralization by Bacterial Isolates from the Recently
Discovered Pristine Karstic Herrenberg Cave
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Karstic caves represent one of the most important subterranean carbon storages on Earth and provide windows into the subsur-
face. The recent discovery of the Herrenberg Cave, Germany, gave us the opportunity to investigate the diversity and potential
role of bacteria in carbonate mineral formation. Calcite was the only mineral observed by Raman spectroscopy to precipitate as
stalactites from seepage water. Bacterial cells were found on the surface and interior of stalactites by confocal laser scanning mi-
croscopy. Proteobacteria dominated the microbial communities inhabiting stalactites, representing more than 70% of total 16S

rRNA gene clones. Proteobacteria formed 22 to 34% of the detected communities in fluvial sediments, and a large fraction of
these bacteria were also metabolically active. A total of 9 isolates, belonging to the genera Arthrobacter, Flavobacterium, Pseu-
domonas, Rhodococcus, Serratia, and Stenotrophomonas, grew on alkaline carbonate-precipitating medium. Two cultures with
the most intense precipitate formation, Arthrobacter sulfonivorans and Rhodococcus globerulus, grew as aggregates, produced
extracellular polymeric substances (EPS), and formed mixtures of calcite, vaterite, and monohydrocalcite. R. globerulus formed
idiomorphous crystals with rhombohedral morphology, whereas A. sulfonivorans formed xenomorphous globular crystals, evi-
dence for taxon-specific crystal morphologies. The results of this study highlighted the importance of combining various tech-
niques in order to understand the geomicrobiology of karstic caves, but further studies are needed to determine whether the
mineralogical biosignatures found in nutrient-rich media can also be found in oligotrophic caves.

Recent interest in the role of microbial processes in biogeo-
chemical cycles and the largely unexplored subsurface diver-
sity has spurred research on the geomicrobiology of deep marine
and terrestrial environments. Calculations indicate that the total
amount of carbon in intraterrestrial organisms may equal that of
all terrestrial and marine plants (55). An important part of this
biomass is within subsurface microbial ecosystems deep inside the
earth (6). Although, in the last 20 years, numerous studies have
started to investigate microbial biodiversity in a wide range of
habitats, including pristine and contaminated groundwater, ma-
rine subsurface habitats, sedimentary and magmatic terrestrial en-
vironments, and various caves (31, 37, 52, 70, 72), the physiolog-
ical and biochemical features of these communities are still
awaiting exploration (55).

Caves provide a window into the subsurface and are a prime
habitat for investigating subsurface microbial life (1). The major-
ity of previous cave research focused on cave systems where chem-
ical energy fuels microbial communities, such as the ferromanga-
nese deposits of the Lechuguilla Cave in New Mexico (21, 53), the
sulfidic Frasassi cave system in Italy or the Movile Cave in Roma-
nia (18, 47), the nitrate/nitrite-dominated Nullarbor Cave in Aus-
tralia (40), or a number of caves receiving allochthonous organic
matter input (34). Karstic areas are of specific interest because
these carbonate-dominated habitats represent one of the most
important natural subterranean carbon reservoirs on Earth (22).
Caves provide easy access to karstic environments. However, if
caves are open to the public, it can be difficult to differentiate
between the pristine indigenous microbial communities and
those introduced into the cave by visiting humans or animals. To
date, only a limited number of studies have examined the diversity
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and activity of microorganisms colonizing karstic habitats (56, 60,
69). Other studies focused on microbial isolates obtained from
caves, which are capable of carbonate mineral formation (for ex-
ample, see references 13, 15, 24, 35, and 63).

Our multidisciplinary study took advantage of the recently dis-
covered Herrenberg Cave, which was discovered in the Thuring-
ian forest in Germany during the excavation of a new rail tunnel.
This karstic cave was not affected by human activity before 2008
and appeared to have no contact with migrating higher animals,
e.g., bats. Thus, it provided a unique pristine habitat for elucidat-
ing the active microbial community in a karstic system. Our
goal was to achieve a first glimpse into the geomicrobiology of
this pristine cave by combining a broad variety of techniques,
including phylogenetic analyses, microscopic techniques, and
cultivation-based methods. We had the opportunity to sample
stalactite material and fluvial sediments some hours before the
cave was permanently closed, and construction work proceeded.
With this pristine material, we aimed to (i) elucidate the hidden
bacterial diversity and activity, (ii) evaluate the potential of bacte-
rial isolates for carbonate mineralization, and (iii) to study in de-
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FIG 1 Herrenberg Cave. (A) Map of the Herrenberg Cave located in southwest Thuringia, Germany, with profile line a-b. (B) Sample points in the western part
of the cave (samples from sites A to I are solid samples, while Wa to Wi are water samples). A, stalactite; B, brown straw stalactite; C, white straw stalactite; D,
eccentric straw stalactite; E, cave wall material; F, entrance sediment material; G, H, and I, fluvial sediments. (C) Geological profile of the area. (Courtesy of the
Thuringian State Institute of Environment and Geology, Thuringia, Germany.)

tail different phases of mineral formation with scanning electron Samples from different sites of the cave were obtained from the cave in
microscopy and energy-dispersive X-ray spectroscopy (SEM-  January 2009 using aseptic techniques (Fig. 1) stalactite (site A samples)
EDX) and confocal laser scanning microscopy (CLSM). and straw stalactites (site B samples, brown straw stalactite; site C samples,

white straw stalactite; site D samples, excentric straw stalactite), black-
MATERIALS AND METHODS colored clay wall material (site E samples), mud at the human-made en-

Study site and sampling. Herrenberg Cave (situated between 40 trance of the cave (site G samples), and fluvial sediments (site F, H, and I

and 90 m below the ground) is located in Thuringia, Germany samples). All samples were stored at 4°C until return to the laboratory.

(R-value 4430286, H-value 5588500, DHDN/Gauss-Kruger zone 4 Determination of nitrate, ammonium, total metal concentrations,
11°01'007,5''E, 50°25'41,6''N) at the southern foreland of the Thuring- and C/N analysis. Water samples were filtered through glass microfiber
filters (Whatman) and were analyzed for NO;~ (12) and NH, ™ (10) con-

centrations. Sediment samples for total Al, Mg, Ca, Fe, Mn, and Na ana-
(mu), i.e., in the main aquifer (Fig. 1). The cave is between 8 to 0.5 m wide lyses were dried at 100°C, pf)wdere.:d, con}pletely extracted with aqua regia
and up to 20 m high. Parts of the cave lie under the regional groundwater (38), and then analyzed with an inductively coupled plasma mass spec-
level characterized by 1.2 to 2.7 mg liter—! dissolved organic carbon  trometer (ICP-MS) (PQ3S; Thermo Electron, United Kingdom). Sedi-
(DOC), which flows mainly north to south. Weakly mineralized water (30 ment samples were ground to <100 pm with a ball mill and analyzed for
to 100 mg liter ~ ! total dissolved salts [TDS] of the Ca-Mg-SO, type) from total carbon and nitrogen by dry combustion with a CN analyzer (Vario
quartzite-rich shales enters the limestones of the main aquifer, resulting in Max; Elementar Analysensysteme GmbH, Germany). Inorganic carbon
intensive solution of calcite and strong mineralization of groundwater [up ~ Was determined by measuring the total amount of carbon after removal of
to 600 mg liter 1 TDS of the Ca-(Mg)-HCO, type]. A small creek flows  organic carbon (OC) by ignition of samples for 4 h at 550°C (36). OC
from north to southwest into a cave lake near the human-made entrance.  concentrations were then calculated from the difference between total and
The average nitrate concentrations were 19.5 mg liter ! in groundwater ~ inorganic carbon concentrations.

ian Forest. It was formed during Tertiary and Quarternary times in Mid-
dle Triassic limestones and marls of the Lower Muschelkalk formation

and 13.7 mg liter ! in seepage water collected from stalactites. The am- XRD. Powder X-ray diffraction (XRD) patterns were obtained with a
monium concentration was 0.01 to 0.02 mg liter ~! or below the detection  Seifert-FPM XRD 7, equipped with a graphite monochromator, using Cu
limit. Water and air temperatures in the cave varied between 7 and 9°C.  Ka radiation at 40 kV and 30 mA. Step scanning was done from 10° to 52°
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20 with increments of 0.02° 20 and a counting time of 10 s per step.
Sediment samples 6 and 9 were mounted on glass slides, while precipitates
from culture experiments were prepared on Si slides. For clay mineral
analysis, the clay fractions of samples 6 and 9 were separated by sedimen-
tation and analyzed as (i) oriented specimens on ceramic tiles, (ii) satu-
rated with glycol, and (iii) after heating to 550°C.

Infrared and Raman spectroscopy. Raman spectra were recorded
with a Fourier transform (FT)-Raman spectrometer (Bruker MultiRAM)
in microscopic and macroscopic mode with a spectral resolution of 2
cm™ L. The instrument was equipped with a Nd:YAG laser (excitation
wavelength [A. ] of 1,064 nm) as the excitation source and a liquid
nitrogen-cooled germanium detector. FT-infrared (IR) spectra were mea-
sured using a Bruker IFS66 spectrometer equipped with a doped triglyc-
erin sulfate (DTGS) detector and 4-cm ! spectral resolution.

Bacterial community analysis. (i) DNA and RNA extraction, cDNA
synthesis, and PCR amplification. Genomic DNA and RNA were isolated
and purified from environmental samples using the RNA PowerSoil kit
combined with the RNA PowerSoil DNA elution accessory kit (Mo Bio
Laboratories, Carlsbad, CA) according to the manufacturer’s instructions
except for the stalactite sample. In this case, a piece of stalactite (~0.5-cm?
surface area) was mixed with the bead solution from the kit’s bead tube
and vortexed to remove surface cells. The liquid was then returned to the
kit’s bead tube to proceed with the manufacturer’s protocol. RNase-free
DNase I (Fermentas) was used for DNase treatment of isolated RNA.
cDNA was synthesized using the RevertAid first-strand cDNA synthesis
kit (Fermentas) according to the manufacturer’s instructions. PCR am-
plification of 16S rRNA gene fragments from isolated genomic DNA or
c¢DNA was performed using the universal eubacterial forward fd1 and
reverse rp2 primers (51) in a Peglab advanced Primus 96 thermocycler.
The PCR mixtures contained 1 U Tag DNA polymerase in the manufac-
turer’s buffer (Jena Bioscience, Jena, Germany), 1.5 mM MgCl,, 200 uM
deoxynucleoside triphosphates (dANTPs), and 0.3 uM (each) primer.
Samples were first denatured at 95°C for 5 min, followed by 30 cycles, with
1 cycle consisting of denaturation at 95°C for 30 s, annealing at 55°C for 45
s, and extension at 72°C for 1.5 min, followed by a final extension step at
72°C for 10 min. PCR products were purified using the NucleoSpin ex-
tract IT kit (Macherey-Nagel, Germany) according to the manufacturer’s
instructions.

(ii) Construction and analysis of clone libraries. Purified 16S rRNA
amplicons were cloned into the pCR4-TOPO vector using the TOPO TA
cloning kit for Sequencing with One Shot TOP10 chemically competent
Escherichia coli cells according to the manufacturer’s instructions (Invit-
rogen, Carlsbad, CA). Ligation reactions originating from the stalactite
DNA (site A samples) and sediment RNA (site F samples) were shipped to
the Genome Center at Washington University (St. Louis, MO) for trans-
formation and bidirectional sequencing with vector-specific primers (T3/
T7). The rest of the clone libraries were constructed and screened in the
laboratory. Plasmids were extracted by boiling a loopful of bacterial cells
in 50 ul water for 10 min and pelleting the debris by centrifugation (2 min
at 15,000 X g). The supernatant was transferred into fresh tubes. The
inserts were amplified with vector-specific M13f/M13r primers (73). 16S
rRNA gene fragments were sequenced by Macrogen (Seoul, South Korea)
and AGOWA (Berlin, Germany). Clones were grouped with amplified
ribosomal DNA restriction analysis (ARDRA) using the enzymes BsuRI
and Mspl (Fermentas) as described previously (50).

(iii) Phylogenetic analysis. Sequences were assembled, and vector se-
quences flanking the 16S rRNA gene inserts were removed using Geneious
Pro version 4.6.4 (Biomatters, Auckland, New Zealand). Operational tax-
onomic units (OTUs) were determined with 0.15 distance cutoff using the
Aligner and Complete Linkage Clustering Tool of the Ribosomal Data-
base Project (RDP) (http://pyro.cme.msu.edu). All sequences were
checked for possible chimeric artifacts with the Chimera Check Tool from
RDP (19). Percent coverage was calculated according to standard equa-
tions (5), and rarefaction analysis was performed using Analytic Rarefac-
tion 1.3 (39). The Shannon diversity index was calculated using the Esti-
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mateS software program (http://viceroy.eeb.uconn.edu). Sequence
similarity was determined using the Basic Local Alignment Search Tool
(BLAST) algorithm against the GenBank database available from the Na-
tional Center for Biotechnology Information (2).

(iv) Quantitative PCR for quantification of bacterial 16S rRNA
genes. The copy numbers of bacterial 16S rRNA genes were determined in
triplicate for each sediment sample (site F to I samples) and stalactite
sample (site A samples) by quantitative PCR (qPCR) using the 331F-797R
primers/bactprobe combination (46) and Maxima Probe qPCR Master-
Mix (Fermentas) on an Mx3000P instrument (Stratagene). Cycling con-
ditions were 95°C for 10 min and 40 cycles, with 1 cycle consisting of 95°C
for 15 s, 60°C for 30 s, and 72°C for 30 s (46). Standard curves were
prepared using serial dilutions of mixtures of plasmids containing 16S
rRNA genes originating from clones FC36, FC63, FC13, FC29, OMAO8,
FC75, FC6, FC83, OME(9, and FC11, representing the most frequently
observed phyla. Standard curves were linear from 4.7 X 108 to 4.7 X103
16S rRNA gene copies with an efficiency of 104.7%.

Cultivation and identification of isolates. Serial dilutions from sedi-
ments were spread on B4 medium containing 2.5 g Ca acetate, 10 g glu-
cose, 4 g yeast extract, 15 gagar liter ! (pH 8.0) (9) and incubated at room
temperature or 30°C for 4 weeks in the dark to allow for growth of het-
erotrophic bacteria. Bacteria were isolated on B4 medium, and isolates
were periodically examined by light microscopy to determine the presence
of crystals. For microscopic analyses, isolates were transferred to liquid B4
medium and modified B4 (B4MLY) (2.5 g Ca acetate, 0.5 g glucose, and
0.5 g yeast extract liter ~! [pH 8.0]) medium and incubated at room tem-
perature and at 30°C for 4 weeks. Genomic DNA from pure cultures was
isolated by boiling a loopful of bacterial biomass for 10 min in 100 ul of
5% CHELEX 100 solution (Bio-Rad). After 2 min of centrifugation at
15,000 X g (5415C table centrifuge; Eppendorf, Germany), the superna-
tant was used as a template for PCR amplification. 16S rRNA genes were
amplified, sequenced, and analyzed as described above.

CLSM. Upon return to the laboratory, stalactite samples were fixed in
4% formaldehyde in 1 X phosphate-buffered saline (PBS) prior to confo-
cal laser scanning microscopy (CLSM). Liquid cultures in B4 medium of
the CaCOj-precipitating bacterial isolates, Arthrobacter sulfonivorans
(SCM3) and Rhodococcus globerulus (SCM4), were examined directly
without fixation. Samples were stained directly with SYTOX Green (nu-
cleic acid-specific dye), SYPRO Orange (protein staining dye), and Ca-
green (free Ca?*-ion-specific dye) (Molecular Probes Inc., Eugene, OR).
Staining was carried out on fully hydrated aggregates and directly on the
surface of the stalactite sample according to the manufacturer’s instruc-
tions.

Cell aggregates and the stalactite sample were analyzed by CLSM using
aTCS SP5X, controlled by the LAS 2.1.0 software program (Leica, Heidel-
berg, Germany), equipped with an upright microscope and a super con-
tinuum light source. Images were collected with a 63 X water immersion
lens with a numerical aperture (NA) of 1.2 and a 63X water immersible
lens with an NA of 0.9. Scanning was carried out by simple viewing from
the top. The samples were examined selecting the excitation lines at 485
nm (reflection and SYPRO), 504 nm (reflection and SYTOX), and 506 nm
(reflection and Ca-green). Fluorescence emission signals were recorded
from 500 to 650 nm (proteins) for cell aggregates, 516 to 574 nm (nucleic
acids), and 516 to 560 nm (free Ca?>* ions) for the stalactite sample. In
addition, the reflection signals were recorded at the point of excitation.
Optical sections of aggregates were recorded in a single scan, and stalac-
tites were recorded at 0.5-um step size. Images were visualized by using
the microscope software (Leica) for maximum-intensity projections and
Imaris, version 7.1.0 (Bitplane, Ziirich, Switzerland), for XYZ projections.
Image data of microbial isolates were subjected to deconvolution using
Huygens version 3.6.0 (SVI, The Netherlands) calculated with the CMLE
algorithm.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). A droplet of bacterial suspension from liquid cul-
tures was prepared for SEM by air drying on an electrically conductive,
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adhesive tag (Leit-Tab; Plano GmbH, Wetzlar, Germany). In order to
prevent loss of inorganic material, critical point drying was not per-
formed. The samples were then sputter coated with platinum (thickness of
approximately 8 nm) using a SCD005 sputter coater (BAL-TEC, Liech-
tenstein) to avoid surface charging. Finally, the specimens were investi-
gated with a field emission (FE) SEM LEO-1530 Gemini (Carl Zeiss NTS
GmbH, Oberkochen, Germany) at an electron energy of 8 keV using
the secondary electron detector. For material contrast, the built-in
semiconductor-based back-scattered electron detector was used. For cor-
relation with topography, a secondary electron image was measured si-
multaneously. The samples used for material contrast SEM were used for
EDX, as well. Measurements were carried out using a LEO-1450 instru-
ment (Carl Zeiss NTS GmbH, Oberkochen Germany) equipped with an
EDX system Quantax 200 with an XFlash 5030 detector (Bruker AXS,
Berlin, Germany).

Nucleotide sequence accession numbers. The sequences of represen-
tative clones were deposited in the GenBank database under accession
numbers FR734304 to FR734402. The GenBank accession numbers for
strains SCM4 (Rhodococcus globerulus) and SCM3 (Arthrobacter sulfoniv-
orans) are FR669673 and FR669674, respectively.

RESULTS

Geochemical characteristics and mineralogy of the Herrenberg
Cave. In January 2009, we investigated the 800-m-long western
branch of the Herrenberg Cave (Fig. 1). Some parts of the walls,
roof, and cave floor were covered with magnificent speleothems,
e.g., stalagmites and stalactites (site A to D samples), including
rare 2-m-long soda straw stalactites. Cave wall material (site E
samples) and fluvial sedimentary deposits consisted of mostly
mud, clay, and gravel (site F to I samples) and had pH values of 7.2
to 8.0. They contained small amounts of organic carbon (0.5%),
nitrogen (0.06%), various amounts of total Al (63.6 to 114.9 mg
g 1), Ca(10.8 to 40.5mgg 1), Mg (15.8 to 28.6 mg g~ !), and Fe
(31 to 62 mg g~ ). Raman microspectroscopic analyses showed a
homogeneous distribution of calcite across the surface of the sta-
lactite and straw stalactite samples. All sediment samples con-
tained muscovite, while the content of quartz and carbonates (e.g.,
dolomite, calcite, and/or aragonite) was considerably higher in
site E, G, and I samples, as shown by IR spectroscopy. Two sedi-
ments (site F and I samples) were further investigated using XRD,
which showed that they contained quartz, dolomite, micaceous
minerals, and clays. Clay minerals included illite, kaolinite, and
small amounts of vermiculite or chlorite (diffractograms not
shown). Additional calcite was found in site F samples.
Distribution, diversity, and activity of cave bacteria. The
copy numbers of bacterial 16S rRNA genes determined for fluvial
sediments (site F to I samples) and one stalactite (site A samples)
yielded bacterial cell counts of approximately 1.5 X 107,2.5 X 104,
4.6 X 107, and 2.6 X 10* g~! (wet weight) sediment for samples 6,
7,8, and 9, respectively, and 8.5 X 102 cm ™2 stalactite surface (site
A samples). CLSM of a nucleic acid-stained stalactite sample pro-
vided information about the distribution and density of bacterial
cells on its surface. On the outer surface, no biofilm formation was
observed, with low cell densities observed on the stalactite surface
(Fig. 2a). Although a delocalization of cells from the outer surface
to the interior surface during sample transport prior to micro-
scopic analysis is unlikely but cannot be completely ruled out, it is
interesting to note that bacteria were also detected on the outer
surface as well as on the interior surface of the stalactite (Fig. 2b).
In addition, numerous bacteria were observed on the surface of a
hypha-like structure originating from the stalactite sample (Fig.
2¢). Hypha-like structures were also observed in other stalactite
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samples, confirming the presence of fungal members of the mi-
crobial community inhabiting this cave.

Microbial community characterization was performed on only
the stalactite samples (site A samples) and the three sediment sam-
ples (site F, H, and I samples), as a limited amount of DNA was
obtained from the straw stalactites. A total of 371 16S rRNA gene
sequences were analyzed for the 4 samples. The 112 stalactite-
derived clones grouped into 37 OTUs, and the library had 37.8%
coverage. OTUs related to unclassified bacteria with unclarified
phylogenetic affiliations comprised 16% of total clone sequences.
The majority of clones (71%) were identified as members of the
Proteobacteria (Alphaproteobacteria, Betaproteobacteria, Gamma-
proteobacteria, and Deltaproteobacteria subclasses) with a domi-
nance of the Gammaproteobacteria subclass (including the genera
Pseudomonas and Acinetobacter). A minor number of clone se-
quences were related to Gram-positive bacteria (Firmicutes and
Actinobacteria), such as the Actinobacteria genus Arthrobacter. In
addition, members of the phyla Bacteroidetes, Acidobacteria,
Planctomycetes, Verrucomicrobia, and Fibrobacteres were shown to
be present in the bacterial communities (Fig. 3; see Table S1 in the
supplemental material).

From the three fluvial sediments (site F, H, and I samples), 204
clones were analyzed, and the clones grouped into 35 (site F sam-
ples), 22 (site H samples), and 27 (site I samples) OTUs. Only 18
OTUs were detected in more than one of the three sediment sam-
ples. Coverage approximated 20.0, 63.6, and 77.8% for site F, H,
and I samples, respectively. Bacterial community composition
with respect to the majority of taxonomic groups represented in
the sediment libraries overlapped at the phylum level (Fig. 3);
however, the relative proportions of the different phyla in the
three sediment libraries differed. A number of clone sequences (5
to 15%) were related to yet unclassified bacteria with unclarified
phylogenetic affiliation. Other sequences grouped within the bac-
terial phyla Proteobacteria (Alphaproteobacteria, Betaproteobacte-
ria, Gammaproteobacteria, and Deltaproteobacteria subclasses),
Firmicutes and Actinobacteria, as well as Bacteroidetes, Acidobacte-
ria, Nitrospira, Chloroflexi, Planctomycetes, Gemmatimonadetes,
and Verrucomicrobia (Fig. 3). The majority of clones (>90%)
shared high sequence similarity (95 to 99%) with as yet uncul-
tured organisms, detected in subsurface environments (deep-sea
sediments, caves, groundwater), soils, aquatic habitats (fresh- and
seawater), as well as plant-associated environments or cold-
adapted environments (arctic and tundra soil) (8, 17, 64, 66, 67,
68, 74) (see Table S1 in the supplemental material).

To identify the active fraction of cave bacterial communities,
RNA was extracted and used for clone library construction. RNA
extracts from stalactites were below the concentrations needed for
c¢DNA amplification. A total of 55 sequences were analyzed for the
RNA-derived clone library of sediment sample F (Fig. 3), and
these sequences grouped into 30 OTUs with a sampling coverage
of 40%. The Shannon index was 3.56. The 16S rRNA gene- and
16S rRNA sequence-based results showed great overlap on the
phylum level (Fig. 3), pointing to the activity of most bacterial
groups detected within the samples. DNA-based cloning showed
that the Gammaproteobacteria and Deltaproteobacteria were the
dominant proteobacterial groups, whereas RNA-based cloning
showed that the Deltaproteobacteria subgroup was the most abun-
dant within the active bacterial community. Some taxa, e.g., the
phyla Acidobacteria and Nitrospira, exhibited lower abundance in
the active community than in the DNA-based clone libraries.
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FIG 2 Confocal laser scanning microscopy (CLSM) of a stalactite sample taken in the Herrenberg Cave. (a and b) XYZ projection showing the distribution of
bacteria on the outer surface (a) and inner surface (b) (cut surface by sampling) of a stalactite surface after staining with SYTOX Green for nucleic acids. (¢) CLSM
image of a hypha-like structure originating from the Herrenberg Cave, colonized by bacterial cells after staining with SYTOX Green for nucleic acids. Nucleic

acids are shown in green, while the reflection signal is shown in white.

More than half of the metabolically active bacteria (53% of total
RNA-derived clones) were related to members of the Alpha-,
Beta-, Gamma-, and Deltaproteobacteria, which was similar to the
observed predominance of these groups in the stalactite DNA-
based library but contrasted with the proportions of these groups

100%
909 B Unclassified Bacteria
% B Fibrobacteres
80% @ Verrucomicrobia
O Gemmatimonadetes
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O Planctomycetes
3 60% W Chloroflexi
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FIG 3 Frequencies of bacterial phylogenetic lineages detected in 16S rRNA
gene and 16S rRNA clone libraries from stalactite and sediment samples taken
in the Herrenberg Cave. Calculations were made based on the total number of
clones associated with phylotypes of sequenced representatives. Sample A,
stalactite; samples F, H, and I, fluvial sediments.
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in the sediment DNA-based libraries (Fig. 3). Representatives of
some phyla (e.g., Verrucomicrobia) were not detected as active
members of the fluvial sediments (Fig. 3).

Isolation of carbonate-precipitating bacteria. Plating from
serial dilutions of sediment samples was followed by random iso-
lation. A total of 32 bacterial strains were obtained on alkaline B4
carbonate-precipitating medium containing Ca acetate, glucose,
and yeast extract. Because liquid cultures are more suitable for
microscopic analyses, colonies were transferred to liquid B4 me-
dium and a modified B4 medium (B4MLY), which contained re-
duced amounts of glucose and yeast extract. Nine isolates were
able to grow in liquid medium and could be maintained under
laboratory conditions. Isolates were identified as Pseudomonas
putida (100% sequence similarity), Serratia plymuthica (99%),
Flavobacterium hercynium (98%), Flavobacterium johnsoniae (2
isolates) (99%), Stenotrophomonas rhizophila (99%), Rhodococcus
fascians (99%), Rhodococcus globerulus (100%), and Arthrobacter
sulfonivorans (100%). The latter two isolates showed the most
intense formation of precipitates in liquid media within 4 weeks of
incubation at room temperature. Therefore, these two isolates
were chosen for further studies and were cultivated in B4 and
B4MLY media at 15°C, at room temperature, and at 30°C. BAMLY
medium was used to investigate biomineralization under less-
carbon-rich conditions. Biomineralization was also studied in the
nutrient-rich B4 medium, because this was used in numerous pre-
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FIG 4 (aand c) Confocal laser scanning microscopy of Arthrobacter sulfonivorans (a) and Rhodococcus globerulus (c) cell aggregates after deconvolution. The cells
scanned once after they were stained with SYPRO Orange for proteins. Protein is shown in red, while the reflection signal is shown in white. Note the intracellular
reflection signals. (b and d) Scanning electron microscopy of A. sulfonivorans (b) and R. globerulus (d) cell aggregates and EPS (extracellular polymeric substance)
material (white arrows). Due to fixation and dehydration, bacterial cells appear smaller than in laser microscopy images. The scale bar shown in the center of the

figure applies to all four panels.

vious studies investigating carbonate-precipitating cave isolates
(13, 35, 63).

Phases of biomineral formation by Arthrobacter sulfoniv-
orans strain SCM3 and Rhodococcus globerulus strain SCM4.
Crystalline material was detected by light microscopy in media
inoculated with either A. sulfonivorans or R. globerulus after 20
days of incubation at room temperature or 30°C. Since only slow
growth occurred at 15°C within 4 weeks of incubation, we focused
on higher temperatures. No mineral formation was observed in
any of the uninoculated and autoclaved controls. The pH de-
creased from pH 8.0 to a pH of 7.29 to 7.84 in the first 24 to 72 h of
growth. At the end of the incubation, the pH increased up to 8.21.

Bacteria grew predominantly as aggregates, as seen by SEM of
precipitated material (Fig. 4b and d). This observation was con-
firmed for both isolates using the noninvasive CLSM technique
(Fig. 4a and c), which permits analysis of fully hydrated aggregates
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without fixation and dehydration. Aggregates observed by CLSM
showed cell surface protein staining and a cell internal reflection
signal (Fig. 4a and c). Extracellular polymeric substances (EPS)
were observed on SEM images of cell aggregates from both isolates
(Fig. 4b to d). Ca-green staining showed the accumulation of free
Ca?* ions around/within the aggregates (Fig. 5). As the precipi-
tated CaCO; could not be visualized and investigated by laser
scanning microscopy, SEM-EDX, XRD, and Raman spectroscopy
were used to identify the precipitated materials. EDX verified that
precipitates produced by both isolates were composed of Ca, C,
and O, and the atomic percent ratios indicated the presence of
CaCOj (Fig. 6a to d; EDX spectra not shown). XRD and Raman
analyses showed that both isolates produced calcite or a mixture of
calcite and vaterite. In some samples, a single broad peak (corre-
sponding to a d-spacing of 0.435 to 0.439 nm) pointed to the
additional formation of monohydrocalcite. Differences were
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FIG 5 Confocal laser scanning microscopy (CLSM) of Arthrobacter sulfoniv-
orans cell aggregates after staining with Ca-green for free Ca>* ions. Free cal-
cium ions are shown in green, while the reflection signal is shown in white.

shown in two cases, both at 30°C. In B4MLY medium, the Arthro-
bacter isolate produced not only calcite, as seen for the Rhodococ-
cus strain, but also vaterite. In addition, in B4 medium, the Rho-
dococcus strain produced not only calcite and vaterite but
monohydrocalcite as well. Interestingly, the morphology of the
crystals differed depending on the bacterial species. The crystalline
material produced by A. sulfonivorans showed xenomorphous,
spherical particles, whereas the precipitates of R. globerulus con-
tained idiomorphous, often rhombohedral crystals. Spherical
crystals were not detected in cultures of R. globerulus (Fig. 7ato d).

DISCUSSION

Stalactite and sediment bacterial assemblages of the Herrenberg
Cave. Our geological and geochemical data showed that the Her-
renberg Cave is a typical karstic habitat (29) including light-
limited conditions for microbial life. Mineralogical investigations
indicated that calcite precipitates from seepage water as stalactites
and accumulates along with insoluble silicates in sediment depos-
its at the bottom of the cave. In contrast to other diversity studies
on karstic caves or karst pools (27, 41, 69), this cave was not ac-
cessible to migrating animals (higher animals) or humans in the
past. However, a glimpse into this pristine, karstic cave showed
that the microbial communities present were not strikingly
unique compared to other cave systems, suggesting that the mi-
crobial assemblages in karstic environments may be stable and
resistant to minor or occasional human activities.

Within the bacterial communities, a high percentage of clone
sequences detected were related to unclassified bacteria with no
clear phylogenetic affiliation. This is similar to previous studies in
karstic aquifers which could identify only one third of the 16S
rRNA gene sequences lower than the domain Bacteria, indicating
autochthonous bacterial communities (27). However, the detec-
tion of sequences in our clone libraries that were related to Bacte-
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ria derived from plant-associated environments, soils, and
freshwater/seawater habitats suggested that aboveground and
subsurface communities were related, likely due to connections
between the two habitats via karstic water. This was seen in an-
other study investigating shallow pools of a different karstic cave
system, which found that microbial communities were related to
organisms from groundwater or karst water habitats, freshwater,
marine, or soil environments (69). The hypha-like structures ob-
served in our samples indicated that fungi are members of the
Herrenberg Cave microbial community, similar to what was
found in the moonmilk deposits of Ballynamintra Cave in Ireland
(62). These organisms can be involved in the transformation of
various substrates and in biomineral formation (32, 33).

The stalactite bacterial community was dominated by the physi-
ologically diverse Proteobacteria (44). Such dominance was also ob-
served in other caves, e.g., the Lascaux Cave (4), the Tito Bustillo Cave
(64), or the Altamira Cave (57, 59). Sequences related to those of
Acidobacteria were detected in all clone libraries of the Herrenberg
Cave, similar to the presence of Acidobacteria in the other caves, such
as the Altamira Cave (Santillana del Mar, Spain) (65) and Wind Cave,
North Dakota (17). The fact that there are only four cultivated species
of this phylum limits our understanding of their potential metabolic
function in caves. Some evidence exists that Acidobacteria are capable
of methylotrophic growth (42), which may be an ecological advan-
tage in an oligotrophic habitat with low inputs of organic matter. A
number of cultivation-based investigations reported that diverse
groups of Gram-positive bacteria inhabit cave environments (13, 26,
35, 45). However, the two Gram-positive phyla (Firmicutes and Acti-
nobacteria) in our libraries were detected at a relatively low abun-
dance. These contrasting results may arise from the differences in
selectivity of the cultivation-based and nucleic acid-based ap-
proaches. It is known that a number of biases affect nucleic acid tem-
plate amplification during PCR (43). PCR-based methods also rely
on DNA extractions which can be biased due to differential lysis of
cell wall structures that leads to distortions in detecting different bac-
terial groups in a given environmental sample (30, 49).

The pure cultures obtained from sediments were affiliated with
representatives of various genera of the Gammaproteobacteria
group, as well as the phyla Bacteroidetes and Actinobacteria. Bac-
teria from the genera Pseudomonas, Stenotrophomonas, Serratia,
Flavobacterium, Arthrobacter, and Rhodococcus have also been iso-
lated from other caves or karst environments, such as the Kartch-
ner Caverns in Arizona in the United States or from karstic water
samples (20, 41). Some of these genera were also detected in the
stalactite clone library (see Table S1 in the supplemental material).
The presence of Arthrobacter-related sequences in the stalactite
clone library emphasizes the potential role of these bacteria in
calcite mineralization, since members of the genus Arthrobacter
are known to be capable of carbonate formation (14, 35).

Biomineral formation by A. sulfonivorans and R. globerulus.
The activity of our bacterial strains resulted in carbonate crystal for-
mation. We observed only slow bacterial growth over 4 weeks of
incubation at 15°C, suggesting that the rate of metabolic activity was
affected. Nevertheless, long-term metabolic transformations may
carry significant potential for carbonate precipitation processes and
reflect slow transformations that occur in situ. The changes in pH
observed during incubation are likely due to the consumption of
carbon sources: Arthrobacter and Rhodococcus species are known to
utilize acetate, which would result in an increase in the pH of the
medium. The latter is an important factor supporting carbonate pre-
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FIG 6 EDX mapping of bacterial calcite minerals of Arthrobacter sulfonivorans (SCM3) (a and b) and Rhodococcus globerulus (SCM4) (cand d). RT, room temperature;
B4, B4 liquid medium (28); BAMLY, modified B4 medium. The SEM images show false colors of red, green, and blue for the local occurrence of the elements carbon,
oxygen, and calcium, respectively. A gray level SEM image is underlying each. The shape of the blue-green carbonate minerals depend on the strain; it is round if
precipitated in the presence of Arthrobacter sulfonivorans but idiomorphous when formed by Rhodococcus globerulus. Note the differences in magnification and scale bars.

cipitation (16). Although members of the Arthrobacter and Rhodococ-
cus genera are known to produce calcite and vaterite (14, 35), the A.
sulfonivorans and R. globerulus species have not been reported previ-
ously to precipitate calcite. Furthermore, these bacteria might also be
able to form other carbonates, e.g., dolomite.

The formation of vaterite seemed to be favored at higher tem-
peratures, while monohydrocalcite formation was restricted to
cultivation in B4 medium. These minerals were not detected in
samples by XRD, suggesting that the low in situ temperature and
small amount of available nutrients in the cave did not favor for-
mation of these minerals. Although the different crystal structures
of the newly formed minerals could not be explained completely
by the experimental conditions, the cultivation conditions (61),
e.g., available nutrients (58), may have influenced which type of
CaCOj; mineral was formed. The stable forms of CaCO;, calcite,
and aragonite are known to be the most common microbial car-
bonates (23). In vitro bacterial precipitation of the metastable va-
terite form has also been reported (14, 63), suggesting that this
biogenic mineral structure is more common than previously pro-
posed. Bacteria have been implicated in creating secondary min-
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eral formations, such as speleothems, in studies of caves in which
a combination of cultivation and electron microscopic analyses
using B4 medium were used (3, 13). Future analyses using porta-
ble Raman spectroscopy equipment should allow in situ mineral-
ogical and microbiological investigations of caves similar to ana-
lyses in studies of prehistoric cave paintings (54). In comparison
with other analytical techniques, Raman spectroscopy is a nonde-
structive method and requires extremely small amounts of sample
material. The latter was an important aspect of our study due to
the limited amount of samples available. Raman spectroscopy has
been shown to be a powerful tool for mineralogical investigations
of moonmilk deposits in karstic habitats (48).

Imaging of A. sulfonivorans and R. globerulus cultures using
strategic microscopic techniques allowed us to visualize the early
phases of carbonate mineralization. CLSM in particular showed
us that after aggregation, free Ca?* ions were entrapped and pro-
vided a surface for nucleation sites for crystal formation. In the
later phases of mineral formation, species-dependent mineral
morphologies were visualized with SEM-EDX. The production of
EPS, cell aggregation, and Ca?" aggregation are known to be im-
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FIG 7 Comparison of topography-dependent secondary electron (SE) images to material-dependent back-scattered (BS) electron images of agglomerates
produced by Arthrobacter sulfonivorans (SCM3) (a and b) and Rhodococcus globerulus (SCM4) (c and d). The darker gray color of the BS signal indicates lower
atomic numbers, i.e., organic material. The lighter gray color indicates higher atomic numbers, i.e., inorganic material. Note the differences in magnification and
scale bars. RT, room temperature; B4, B4 liquid medium; BAMLY, modified B4 medium.

portant factors in the precipitation process (59, 71). The produc-
tion of specific bacterial outer structures and their chemical na-
ture might also be crucial for the bacterial crystallization process,
influencing the mineralogy and morphology of calcium carbonate
crystals (11). Calcite formation by two different Bacillus species
yielded different mineral morphologies independent of the chem-
ical nature of capsular polysaccharides and EPS produced (25).
Another work (7) provided evidence of differences in the cell wall
properties of Arthrobacter and Rhodococcus species. The cell walls
of Arthrobacter spp. lacked mycolic acids in its type B peptidogly-
can, whereas Rhodococcus globerulus and R. erythropolis strains
produced mycolic acids (with 34 to 56 C atoms). The presence or
absence of mycolic acids influences the cell wall surface properties
resulting in a more hydrophilic (Arthrobacter) and relatively hy-
drophobic (Rhodococcus) cell surface. In addition, the amount of
peptidoglycan and the degree of amidation of free carboxyl groups
or other compounds (e.g., phosphate-containing teichoic acids as
cell wall accessory polymers of Arthrobacter species) may also in-
fluence the cell surface charge (7, 28). Such differences may have
caused the observed differences in calcium carbonate mineral
morphology of the two isolates (Fig. 7).

The recent discovery of the Herrenberg Cave, with its extraor-

February 2012 Volume 78 Number 4

dinary long straw stalactites, and its lack of human disturbance
offered an opportunity to reveal the hidden microbial diversity of
a karstic environment. The detection of soil-associated microor-
ganisms in the Herrenberg Cave ecosystem provides evidence for
a connection to surface environments. This suggests that we have
to be cautious about what is considered a microbial contaminant
when characterizing the microbiology of highly accessed cave sys-
tems. This detected link between surface and subsurface microbial
communities has important implications to critical zone research
which aims to understand how such linked communities impact
terrestrial biogeochemical cycling (1). Further work should at-
tempt to detect carbonate biosignatures in stalactites by means of
noninvasive high spatial mineralogical investigations. Combined
with the results of pure culture studies and microscopic analyses,
the results will allow a better understanding of the geomicrobiol-
ogy of the Earth’s hidden belowground carbon storage.
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