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DEPOSITION OF CALCIUM CARBONATE IN
KARST CAVES: ROLE OF BACTERIA
IN STIFFE’S CAVE

Claudia ERCOLE?#, Paola CACCHIO#*, Giorgio CAPPUCCIO#**,
Aldo LEPIDI*

ABSTRACT

Bacteria make a significant contribution 1o the accumulation of carbonate in several nalural
habitats where large amounts of carbonates are deposited. However, the role played by micro-
bial commumnities in speleathem formation (stalactites, stalagmites etc.) in caves is still unclear.
In bacteria carbonate is formed by amotrophic pathways, which deplete 0, from the envi-
romment, and by heterotrophie pathways, leading to active or passive precipitation, We isolat-
ed cultivable heterotrophic microbial strains, able to induce CaCOy precipitation in vitro, from
samples taken from spelesthems in the galleries of Stiffe's cave, L' Aguila, ltaly. We found a
large number of bacteria in the caleite formations (1 % 10% 10 5 x 1Y cells g"}. Microscopic
examinalion, in laboratory conditions at different temperatures, showed that most of the iso-
lates were able 1o form calcium carbonate microcrystals. The most crystalline precipitates
were observed ot 32°C. No precipitation was detected in un-inpculaed controls media or in
media that had been inoculated with awtoclaved bactenal cells, X-ray diffraction (XRD) analy-
sis showed that most of the carbonate crystals produced were calcite, Baciflus strains were the
most common caleifying isolates collected from Stiffe’s Cave. Analysis of carbonate-solubi-
hization copability revealed that the non-caleifving bacteria were carbonate solubilizers.

Keywords: bactenia, calcium carbonate precipilation, karst cave,

Introduction

Geomicrobiology examines the role of micro-organisms in a wide range of geologi-
cal processes, such as rock dissolution, rock formation, the transformation of soils
and sediments, genesis, and the degradation of minerals and fossil-fuels (Ben Omar
et al., 1997; Ehrlich. 1990),

This discipline is closely related to other scientific disciplines, such as microbial-
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ecology and biogeochemistry (Ben Omar et al., 1997

The microorganisms in the biosphere. including in caves can aid the concentration,
dizpersion, and fractionation of matter.

For example, microorganisms can promote the dissolution of poorly soluble miner-
als, such as CaCOy. iron and manganese hydroxides, to soluble compounds. They
can also sct upon mixtures of inorganic compounds, selectively concentrating or
diluting them. Finally, microorganism can accumulate inorganic materials via
processes such as inracellular deposition, adsorption and cellular fixation, and extra-
cellular precipitation of insoluble compounds (Ben Omar et al., 1997). The tield of
hicmineralization is devoted to the study of microbes that can acl as concentrating
agents (Lowenstan & Weiner, 1989),

Biomineralization

Biomineralization is the process by which organisms form minerals, by creating the
physical and chemical conditions necessary for mineral formation and growth.
Some aspects of biomineralization overlap with some aspects of geomicrobiology
and of other scientific disciplines,

Organisms that can precipitate minerals are present in all taxonomic groups, from
Bacteria to Chordata, even though the processes invalved can be very different.

The most abundant cation in most known biominerals is calcium and the most abun-
dant anions are carbonates,

Microbial communities also play an imponant role in the formation of some miner-
als deposits. Microbial metabolism is highly versatile and is characterised by the fre-
quent release of metabolic products, such as organic acids, sugars and enzymes,
These products can change the physico-chemical environment, {e.2. pH), they can
also catalyse redox reactions, which directly or indirectly change the redox state of
metals, favouring deposition and dissolution. For example, the most abundant Mn-
and Fe-containing minerals are Mn-dioxides and ferric oxides, respectively. These
minerals are formed by the oxidation of Mn or divalent-Fe in the presence of free O,
or highly oxidised compounds - such as nitrates and sulphates - by Cht.‘!l'tniith{:rtmph:
ic microorganisms.

The type of mineral produced. however, is more dependent on the environmental
conditions in which the micro-organism is living than on the biological processes
involved in its formation. Thus, the same bacterial species can produce different min-
erals in different environmental conditions.

A relationship exists between the microbial activities of the 5 cycle and clementary
5 deposits in both marine and terrestrial environments (Northup & Lavoie, 2001}
One of the most relevant and well-known examples of mineralization driven by buc-
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teria is the precipitation of CaCO5 (Rivadeneyra et al., 1993).

Biotie and abiotic precipitation of CaCO,
In natural conditions, the precipitation of CaC05 can be considered to be the result
of a series of chemical and biochemical processes. CaCOy can exist in three differ-
ent polymorphic forms: caleite. aragonite and vaterite. Calcite is the most stable form
- and is thus the most common form of carbonate on the Earth’s surface. where it is
the mast commaon constituent of sedimentary rocks,
Equilibrium exists between insoluble (carbonate) and soluble (hicarbonate) forms in
water:

CaCO; + CO, + HO <=> Ca(HCO;),
The depletion of CO, from water favours the deposition of carbonate.

Abiotic chemical precipitation can occur due to a decrease in the partial CO, pres-
sure, the shaking or stirring of the water, an increase in temperalure, or i decrease in
hydrostatic pressure,

However, the contribution of biological systems to limesione precipitation {biotic
precipitation) is due to:

- the production of internal and external skeletons by eukaryotes (shells, skeletons).
- the production of carbonate by autotrophic and etherotrophic bacteria and by fungi
(Le Metayer-Levrel er al., 1999),

Role of bacteria in the precipitation of carbonate minerals

CaCQO, precipitation is one of the most relevant examples of bacterial mineralization
and can be traced back o the Precambrian period.

Both autotrophic and heterotrophic bacteria, including sulphur. photosynthetic-, and
nitrogen-fixing bacteria, which hydrolyse urea and cellulose, are involved in CaCOy
precipitation. Boquet ef af. (1973} stated that, - in favourable conditions, - most of
these bacteria could produce caleite crystals. The mechanisms, by which baciena
precipitate carbonate, however, are still unclear. Metayer-Levrel et al. (1999) and
Castanier ef af. (2000) showed that the precipitation of CaCO; by micro-organisims
can occur via several different pathways.

In autotrophic bacteria three major pathways are involved: methanogenesis and oxy-
aenic and anoxygenic photosynthesis, All three pathways invalve the use of CO,,

In heterotrophic bacteria, several pathways from the nitrogen and sulphur ::y::lus'un:
involved in the precipitation of carbonate, For example the ammaonia produced dur-
ing the nitrogen cyele leads to an increase in pH. which then shifts the carbonae-
bicarbonate equilibrivm towards carbonate production.
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Micro-organisms can also act as crystallisation nuclei for the formation of CaCD
crystals. Rivadeneyra et al. {1996) demonstrated that Ca ions bind to microbial cell
surfaces (possibly to capsular structures). When these surfaces become saturated with
Ca ions, the ions start o aggregate, thus initiating the first crystallisation nucleus,
Crystals then grow from these structures.

A CASE STUDY: STIFFE'S CAVE

Isolation of calcifying bacteria from speleothems

The following types of sample were collected from speleathems in Stiffe’s Cave, a
limestone cave located near L' Aquila (central Haly) that is open to the general pub-
lic:

- Soda straw stalactites from an area located close to a pathway that is used by visi-
tors {(sample A)

= Stratified tubular stalactites from an area located far from a pathway that is used by
visitors (sample B)

- Stratified wbular stalactites from an area located far from a pathway that is used by
visitors (sample C})

- Flowstones {sample [

Speleothems samples were collected in sterile conditions and kept in sterile tubes at
4°C until analyses. For the microbiological analyses, lg of the sample was crushed
by use of morar and pestle and then suspended in 9mL of sierile saline solution
il x10°! dilution). Ten-fold serial dilution was made until to 12107 dilutions, B-4M
(Boguet el al., 1973) plates were inoculated with the diluted samples in triplicate and
incubated at 32°C for two weeks. Individual colonies were selected and purified by

repeated subculture on solid B-4M.,

Precipitation of calcium carbonate by micro-organisms

We tested the ability of selected microbial strains to precipitale calcium carbonate on
both liquid and solid B-4M.

B-4M plates were inoculated with strains that were able to precipitate calcium car-
bonate and incubated at 4, 22 and 32°C in acrobic conditions. All experiments were
carried out in triplicate. The controls consisted of uninoculated medium and medium
incculated with bacterial cells that had been autoclaved at 120°C for 20 min. Plates
were routinely examined under a light microscope every day for 25 days {Leilz
Biomed) for the presence of crystals.

The morphology and size of the crystals and micro-organisms were analysed by
scanning electron microscopy (SEM- Philips XL3OCP),
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The mineral composition of the precipitates was characterised by power X-ray dif-
fraction (XRD). Crystalline phases were identified by use of the 1CDD database
(ICPDS). Two purification procedures were used, depending on concentration of
crystals,

Culred solid medium was dried at 22 or 32°C. The agar medium was cut into
10x30x0.5 nun blocks, and those richest in crystallites were fixed into adhesive tape,
This tape was placed in the middle of a diffractometer in a U shaped sample hold-
er to minimise background signals. Samples with a low crystallite content were col-
lected as described by Rivadeneyra et al. (1994). Washed crystals were air-dried at
37°C und held by a glass sampler for X-ray measurements.

Cyto-morphological and biechemical characterisation

Calcifying bacterial strains were identified by phenotypic tests, We used a light
microscope to examing the size and morphology of the cells. The cells were stained
according to the Shaeffer-Fulton method and the presence of endospores in the cells
was ohserved by phase-contrast microscopy or by light microscopy. Bacterial cells
were Gram stained (bioMérieux, Marcy-1"Etaile/France ).

The morphological changes that occur during the growth cyele were monitored for
some bacterial strains grown on specific media (Jones & Keddie, 1992),
Conventional tests (Bergey's Manuoal, 1986) and the API 50 CH and 20 E test kits
(hioMérieux) were used to characterise the biochemical nature of the cells. The
nitrate- and sulphate-reducing capacity of the cells (Cappuccino & Sherman, 1987}
and their ability to oxidise ammonia to nitrite {Pochon & Tardieux, 1962) were also

assayed.

Results and discussion

This preliminary study involved the isolation and characterisation of all cultivable
micro-organisms and of calcifying bacteria from a carbonate concretion in Stiffe's
cave. The amount of bacteria isolated varied enormously between the different sam-
ples (Table 1). Bacteria might have been scarce in some areas due to their presence
having a trivial origin or due 1o other reasons (e.g. percolation, contamination due o
the presence of Chiroptera, other cave-dwelling animals and visitors). The existence
of millions or billions of cells per gram, such as in samples C and D, require suitable
local conditions for growth. The samples that contained the most bacteria also tend-
ed 10 contain a higher proportion of calcifyving strains. Furthermore, these samples
contained fewer different microbial species. All of these findings confirm the perma-
nent nature of these bacterial communities.
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Tabde I — Densiry of bacieria in the speleothem samples; Soda straw stalactite situed aear
e pecthiway wsed by towrists (sample A), Stranfed mebular stalactites locaied some distance
awity from a peitiway ased by tonerises (samples 8 ard C) Mamelons (samplefd).

SPELEOTHEMS | WALL MICROBIAL CALCIFYING
THICKNESS | DENSITY (CFU/g) STRAINS %)
. {mm) _ IS |
SampleA | 05 | 4x103 }
Sample B 0306 | 4x10° | s4
Sample C I 0.4-1.1 4x 100 | 63
Sample D 5x 109 91

We then concentrated on the non-myeelia bacteria, particularly the 22 calcifving
strains isolated from Mowstones. Wi evaluated the ability of these strains to produce
carbonale precipitates in vitro at three different temperatures (4°C, 22°C and 32°C),
We also analysed. the cyto-morphological and biochemical characteristics of these
SIrains.

The precipitation kinetics showed that the caleifying bacteria needed 7 days to pre-
cipitate carbonates at 32°C, 15 days at 22°C, and 25 days at 4°C (Fig. 1). Thus high

PRECIPITATION KINETICS

“Calcitying Bacleria

Time {Days)

Fig I - Precipitation of caleium carbonate by bacterigh straing.
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temperalures decrease the time necessary for the imitiation of the precipitation
process, which in turn increases the precipitation rate. No precipitation was obseryved
on any of the control plates. X-ray diffraction measurements showed that the bacte-
ria mainly precipitate caleite and sometimes precipitate a mixture of caleite and
vaterile, XRD analysis also showed that the carbonate formations from which the
micro-organisms were isolated are formed from pure caleite (Fig. 2). We checked the
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Fig. 2 - XRD spectram of a sealacite saeple.

caleifying ahility of the isolated bacteria on a solid and in a lguid colture. Figures 3,
4, 5 and & show caleite crystals adhered 1o the glass surface and precipitated from
Baeitluy sphaericus (Fig3) and Bacilfus firmns { Figs 4,56} atier 5 months a1 32°C.
The morphology and sizes of the caleite crystals were correlated with the species
invilved in the calcification process. Bacterial prints are clearly visible on the sur-
face of the crystal in Fig_ 4.

Biochemical characterisation of the calcifving bacteria showed that many strains
were able to reduce nitrates and solphates, and that some strains were also able o
oxidize ammaonium ions. The isolated bacteria were all able o ferment and for 1o oxi-
dise several sugars and their by-products.

Such metabolic behaviours could be related with the depuration of water percolating
in hypogean cavities. Furthermore, the redox processes primed hy micro-organism
present in the percolation water may modify the amount of dissolved CO2, which
would modify the chemical-physical conditions and induce carbonate precipitation.
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Fig. 3 4, 5,6 SEM of calcite crvstals precipiteted from Bacillas sphaericas (Fig.3) and from
Bacilfies firmus (Flgs, 4. 5, 6L The fmpeines of the bacreria are clearly visible on the crvaal
surface in Fig, 5, In Fig 6 microbial cells can be seen around and near to e crvsnas,

Thus, bacteria are “indirectly” involved in the precipitation of carbonate inside caves,
However, it is not clear whether they have a “direct” role in the formation of calcium
carbonate,

We identified the calcifving bacteria according to their cyto-morphological charac-
teristics and biochemical profiles as described by Bergey (1986). The micro-organ-
isms isolated from the formations were quite homogeneous: 77 % of the calcifying
bacteria belonged o the Bacitiuy genus, which consists of heterotrophic spore-form-
ing bacteria able 1o survive in adverse environmental conditions. The remainder
strains belonged to the Arthrobacter genus (Fig. 7). Members of the Arthrobacrer
genus, most of which are epigean, aerobic, chemoeterotrophic bacterial, have an
important role in the mineralization of organic matter, The genus Arthrobacter is
extremely common in soil and in both epigean and hypogean sediments (Gounot,
19671, They are able (o survive in such harsh environments because of their capaci-
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Arthrobacter

Bacilli
e

Flg. 7 = Incidence of bacilli and artvobacters ameng the calcifying bacteeia tsolaved from
Eriffe s Cave.

v o utilise 4 wide range of nutrients and their ability to adapt o low lemperatures
{Cacciari & Lippi, 1986). This may be correlated with the ability of many
Arthrobacter 1o secrete a biopolymer, in which they often become trapped. This
biopolymer acts as a water and nutrient reserve by limiting exchanges with the exter-
nal environment. (Hobbie & Fletcher, 1988).

Concluding remarks

We found o large number of calcifying bacteria associated with speleothems from
Stiffe’s Cave. However, it is difficult, on the basis of the results obtained, to define
clearly the role played by bacterial communities in the formation of carbonate for-
mations, The analysis of microbial communities from different karst caves and dif-
ferent speleothems from a single cave may help us to elucidate this crucial point

In conclusion, our results show that:

- Muost of the isolates from Stiffe’s Cave induced CaCOy precipitation in vitro (no
crystals were found in the controls). The temperature effect suggested that these bac-
teria are actively involved in the precipitation process. The precipitated crysials were
maostly calcite,

Most of the caleifying bacteria belong to the Baciffuy and Arthrobacter penera, The
nutritional and ecological characteristics of these penera are typical of bacteria from
waters percolating through the soil surface and deeper layers.

Calcite deposition does not seem to be restricted to a small numbers of bacteria in
complex microbial populations. Most of the bacteria found in caves induce caleite
precipitation, showing that there is a correlation between carbonate deposition and
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microbial global balances.

- XRD analyses did not reveal elements such as Fe, Mn in speleothems samples orin
the precipitates obtained in laboratory conditions. We still do not know il any rela-
tionships exist between the redox metabolisms of these elements and carbonate depo-
sition,

It will be useful to verify whether calcifving bacteria dissolve these elements, thus
Justifying their absence from the biogenic sediments.
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