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Figure 1. Geographical location of Grotta Grave Grubbo (Grave Grubbo Cave), Calabria, Southern Italy.

enrichment medium for calcifying bacteria; the acetate ion
is an energy source, while the Ca?* cation is used by the
calcifying bacteria to precipitate calcium carbonate. The
presence of glucose speeds the process. Inoculated plates
were incubated at 32 uC for two weeks. Previous studies
demonstrated that colonies from cave samples grow very
slowly at cave temperature and that the diversity of the
culturable genera was similar whether the bacteria were
grown at cave temperature (13 uC) or at laboratory
temperature (28 uC) (Groth et al., 2001; Laiz et al.,
2003). Individual colonies were selected and purified by
streaking on B-4 agar. The relative abundance of each
isolate, with respect to the total culturable bacterial micro-
flora, was determined by direct counts on B-4 agar plates.
Pure calcifying isolates were stored in liquid nitrogen
(2 196 uC).

Calcifying isolates were characterized using morpho-
physiological and biochemical methods. Cell and aggregate
morphology was studied under a light microscope. Gram-
staining was performed with the Color Gram 2 kit (bio-
Merieux, Marcy-I Etoile, France).

All physiological tests in which temperature was not
a studied variable were carried out at 15 uC. Oxygen re-
guirement was studied by incubating isolates on B-4 agar in
an anaerobic chamber. Oxidase activity was assessed using
a solution of N,N-dimethyl p-phenylenediamine oxalate,
ascorbic acid, and b-naphthol (Oxoid). Catalase produc-
tion was demonstrated on slides by the formation of bub-
bles when a suspension of the organism to be tested was
mixed with a drop of 3% (v/v) hydrogen peroxide. Acid
production was determined by APl 50CH, APl STAPH,
API 20E and API 20NE test strips (bioMerieux) according
to the manufacturer s instructions. Urease activity, nitrate
reduction, arginine dihydrolase, gelatinase, b-galactosidase,
lysine decarboxylase, ornithine decarboxylase, and trypto-
phan deaminase activities and H,S indole and acetoin
production were also checked by API test strips (bio-
Merieux). APILAB Plus software (update v. 3.3.3) was used
for the API test culture identification.

We assessed the calcite production of isolates by cul-
turing them on medium B-4, as described by Boquet et al.
(1973). The bacterial isolates were spread in triplicate on
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Figure 2. Map of Grave Grubbo Cave (Forti and Lombardo, 1998). Sampling site is at Grubbo 7, shown by the arrow; the
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the surface of agar plates, which were then incubated in the
presence of air at 4, 15, 22, and 32 uC. We examined plates
periodically under a light microscope to monitor crystal
production for up to 40 days after inoculation. For neg-
ative controls, we checked for the presence of crystals in

Figure 3. Macroscopic morphology of the newly described
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sterile medium and medium inoculated with autoclaved
bacteria.

Crystals produced by cultured bacteria were removed
from the medium by cutting out agar blocks and placing
them in boiling water until the agar dissolved. The super-
natants were decanted, and the sediment was resuspended
and washed in distilled water until the crystals were free of
impurities (Rivadeneyra et al., 1998). The washed crystals
were air-dried at 37 uC and then used to determine CaCO3
yield, crystal-phase, stable carbon and oxygen isotope com-
positions, and morphology.

The carbonate yield of the crystals obtained after three
months of incubation was expressed as a percentage of the
theoretical dry weight of calcium carbonate by dividing the
experimental dry weight of the crystals by the theoretical
dry weight. The theoretical dry weight of calcium car-
bonate was the stoichiometric quantity obtained from the
18 mg Ca®" contained in each plate. The experimental dry
weight of CaCO3; was the mean of the values obtained from
four independent experiments. Data were analyzed using
the Student s r-test.

X-ray diffraction (XRD) measurements were done by a

speleothem from Grave Grubbo Cave showing the tubes withtwo-circle t/2t diffractometer with a Cu radiation source,
mean of inner diameter 4.24 mm (Poluzzi and Minguzzi, secondary graphite monochromator, and scintillation de-

1998).
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tector (Seifert MZ 1V). The supply voltage of the X-ray
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Figure 4. Relationship between the percentage of strains that were calcifying on B-4 solid medium at 4, 15, 22, 6884
the number of days in culture. G7 and G8 did not survive and are not included in the percentages.

metabolic activities might be involved in the precipitation
of calcium carbonate in caves (Castanier et al., 1999).
Possible sources of nitrates in caves include bat guano,
organic-rich ammonia or ammonium ions carried in from
surface soils, ammonium-urea from amberat (cave rat
urine), bacterial nitrogen fixation, fertilizers, volcanic
rocks, and forest litter (Barton and Northup, 2007).

The API System identified seven of the eight calcify-
ing bacterial isolates obtained from the Grave Grubbo
speleothem to the genus level (Table 1). The species of 50%
of the isolates were scored with low discrimination because
the API test bank, which is designed to identify pathogenic
species, occasionally misidentifies subsurface isolates (Amy
et al., 1992). Isolates G1 and G6 were related to Bacillus
genus (Bacillus megaterium and Brevibacillus brevis, respec-
tively). Bacillus strains were the most common calcifying
bacteria found in the Stiffe Cave (Cacchio et al., 2003b).
Isolates G2 and G5 were identified as Burkholderia sp. The
most abundant isolate, G4, was related to Staphylococcus
sp. Isolate G7 was not identified. Isolate G8, which was the
only one displaying pseudomyceliar growth, was related to
Actinomyces sp.

Amati and Gualandi (1934) isolated Bacillus violaceus
and Micrococcus flavus liquiefaciens from samples taken
from the Gortani Cave, which is in a gypsum outcrop near
Bologna. A study of the microbial populations in the
Novella Cave (Farneto, Gessi Bolognesi Regional Park)
identified many bacterial (Bacillus sp., Serratia sp., and
Acinetobacter sp.) and mold (Cryptococcus sp., Penicillium
sp., Mucor sp., and Candida sp.) species and their con-
nections to the cave.

Under laboratory conditions, 100 percent of the isolates
formed crystalline CaCO3 in B-4 medium. This percentage
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is higher than what we found in samples from the Stiffe and
Cervo Caves (96% and 75%, respectively) (Cacchio et al.,
2003a,b, 2004). This result is consistent with those of
several other studies and confirms that in appropriate
conditions many bacteria are capable of forming CaCO;
crystals (Boquet et al., 1973).

CaCO; precipitation occurred at all temperatures
tested, 4, 15, 22, and 32 uC. The initiation of precipitation
by all the calcifying isolates took longer at 4, 15, and 22,
than at 32 uC. All of the calcifying isolates began to
precipitate CaCOj3 after three weeks at 32 uC (Fig. 4) and
after six weeks at 4, 15, and 22 uC (data not shown). No
crystals were detected in the uninoculated controls or in the
controls inoculated with autoclaved bacterial cells.

The relationships between CaCO; yield and tempera-
ture under laboratory conditions depended on the isolate

Figure 5. Invitro CaCQsyield at 4, 15, 22, and 3BC. The

experimental dry weights are the means of four values

obtained from independent experiments.
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(Fig. 5). The most abundant isolates, G4 and G5, which
belonged to the Staphylococcus and Burkholderia genera,
respectively, produced the largest amount of crystals at 15
uC (Fig. 5). In a previous report, we suggested that the
ability to precipitate CaCO3; may be advantageous and
subject to evolutionary selection in a cave environment
(Cacchio et al., 2003b). Calcium carbonate deposition is
useful to bacteria cells that remain in situ taking advantage
of nutritive molecules present in the water, like corals do.
In the case of the speleothem of the Grave Grubbo Cave,
carbonatogenesis might keep the calcifying bacteria in
place, and calcifying cells may avoid being washed out by
the flow of the underground river.

22 32

The calcium carbonate yields of the strains G7 and G8
are not available. These isolates suffered during the tran-
sition from the starved, oligotrophic conditions of cave
environments to the eutrophic conditions of nutrient agar
and died before crystals could be recovered. It may be
difficult for microorganisms from nutrient-poor cave en-
vironments to adapt to the sudden presence of nutrients in
a laboratory environment, and they may simply die from
osmotic stress (Koch, 1997). In adapting to cave environ-
ments, microorganisms employ elaborate mechanisms to
pull scarce nutrients into the cell. When these highly-
adapted organisms are then exposed to the rich nutrients of
laboratory media, these extreme scavenging mechanisms

Figure 7. Oxygen isotopic compositior¥4) versus temperaturesC) of calcium carbonates produced in vitro by the calcifying

bacterial isolates.
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Figure 10. SEM images of cave crystals collected from the

sensing in colony growth (Branda et al., 2004). Quorum
sensing is a process of cell-to-cell communication that bac-
teria use to assess their population density to coordinate gene
expression of the community (Miller and Bassler, 2001).
Quorum sensing requires production, secretion, and detec-
tion of extracellular signal molecules called autoinducers,
some of which are used for intraspecies communication,
while others promote interspecies communication (Federle
and Bassler, 2003). Many gram-negative bacterial species use
acyl homoserine lactones (AHLS) as autoinducers. Quorum
sensing controls several important functions in bacteria,
including the production of virulence factors and biofilm
formation. We hypothesize that this cell-to-cell communica-
tion may be also involved in the calcification process. To this
aim, we produced an AHL? mutant of the strain PHP7 of
Burkholderia cepacia. The AHL? mutant grown on B-4 agar
plates lost the calcifying capability of the wild type strain
(preliminary data not published).

The SEM analysis of the speleothem material confirm
the layered organization of the tube body that was ap-
parent upon observation (Fig. 3), supporting the tubular
structure of the calcareous body and the spongy structure
of the three-layered wall (Fig. 10a,b). Calcified filamentous
bacterial cells were detected between the outer wall of the
tubes and the deposited calcite (Fig. 10c), which partially
occluded the lumen of the tubes (Fig. 10a). Finally, only
the G7 isolate was able to solubilize CaCO3 (0.14%), after
one week at 32 uC.

CONCLUSIONS

Within the past two decades, growing interest in cave
microbiota has helped to recognize and understand the
importance of microbial species in caves. Studies of cave
microbiology have identified a wide variety of different
cave-dwelling microorganisms, revealed how these organ-
isms interact with and adapt to the cave environment, and
disclosed their roles in creating and destroying secondary
mineral deposits. Most of the research involving the
gypsum areas in Italy has been carried out since 2000 on
samples from caves located in the large gypsum areas of
Sicily, Calabria, and Emilia.

Microbes cycle nutrients within cave environments. The

speleothem in Grave Grubbo Cave) Cross-section of the  processes of ammonification, nitrification, denitrification,
aggregate showing the outer-inner laminae and the middle ang nitrogen fixation have all been documented to occur in

sponge-like septab) Detail of a. ¢, Spike crystals deposited

after tube formation are likely to occlude the lumen of the
tube. Filamentous calcified bacteria interacting with the

calcite layer (arrow).

phology was species-specific, suggesting that the bacteria
play a major role in the precipitation process.

Some crystals exhibited bacterial imprints arranged in a
geometric stream disposition (Fig. 9g,i,1). This particular
imprint pattern may be due to the involvement of quorum

16« Journal of Cave and Karst Studies, April 2012

caves. Sulfide and sulfur oxidizers and sulfate reducers are
also found in caves. Nitrogen and the sulfur cycles may
both occur, separately or concurrently, during heterotro-
phic bacterial carbonatogenesis in caves.

Microbes are critical to food-limited cave environ-
ments because they may act as primary producers in an
environment lacking photosynthetic organisms.

Studies of sulfur bacteria have rapidly expanded in the
last decade, reflecting the recent discoveries of sulfur-
containing caves, including Movile Cave in Romania. The
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