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Abstract

Microbe-mineral interactions in caves can lead to secondary mineral
formations such as speleothems, moonmilk etc. In the present review, we
provide a summary of geomicrobiological work done so far in some Indian
caves. Microbially induced mineralization is documented in cave ecosystems
and microbial metabolisms help in mineral formations either through
direct/active or indirect/passive processes. Laboratory based experiments
conducted on speleothems from Sahastradhara caves (Dehradun); Borra Cave
(Andhra Pradesh); Krem Phyllut, Krem Mawsmai, Krem Mawmluh and
Rongai Dobhakol (Meghalaya) have clearly demonstrated that bacterial
strains isolated from these caves have the capability to precipitate minerals
under controlled conditions.

Introduction

It is well established that the earth's subsurface contains a significant fraction of microbial
life (Roussel et al., 2008). Of these, the caves are prominent features of karst terrains that
host a wide spectrum of interesting life forms: microorganisms (bacteria, fungi); cave flora
(lichens, algae, mosses); cave fauna (mainly- snails, worms, spiders, leeches, insects,
millipedes, centipedes, scorpions, fishes, salamanders and bats). Cave geomicrobiology is
concerned with the diversity of microorganismsand their interactions with minerals, which
can provide us clues on past/ongoing geomicrobiological interactions. Cave environments
are usually resource limited and are extreme environments for life. Cave ecosystems also
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depend on allochthonous organic matter for metabolism (Poulson & Lavoie, 2000; Simon et
al,, 2003; Engel et al., 2003, 2004; Biswas, 2009; Biswas & Ramteke, 2008; Baskar et al., 2009,
2012, 2011, 2014).

The first reports on microbial inclusions within rocks to speculate the possible role of
microorganisms in carbonates was conducted five decades ago (Shoji & Folk, 1964).
Thereafter, a number of cave geomicrobiological studies have been reported world over
(Melim et al., 2001; Boston et al., 2001; Hammes & Verstraete, 2002; Frisia et al., 2002; Engel et
al., 2003, 2004; Cacchio et al,, 2004; Barton et al., 2004; Canaveras et al., 2006; Meisinger et
al., 2007; Engel et al., 2010, 2013; Baskaret al., 2005, 2006, 20093, 2012, 2014). Reviews on cave
geomicrobiology have been published (Northup & Lavoie, 2001; Northup et al., 1997; Barton
& Northup, 2007; Barton 2006; Ehrlich 1998; Banfield et al., 1998; Jones 2001; Newman &
Banfield, 2002; Barton & Jurado, 2007, Whitman et al., 1998; Baskar et al., 2009b, ¢).
Microorganisms by way of their metabolic interactions with rocks and minerals for their
energy requirement play an important role in reshaping the mineral environment of caves
and contribute significantly tovarious cave deposits, speleothems. Several lab based studies
have clearly demonstrated that these bacterial species isolated from caves are capable of
precipitating minerals under controlled conditions (Danielli & Edington, 1983; Rivadeneyra
etal,1993; Baskaretal., 2006, 2009, 2011, 2014).

More than 1545 cave sites (Deshmukh, 1994) have been reported on the Indian sub-
continent. Unfortunately, till date very little efforts have been made to understand these
poor biospheres. Most of the works were restricted to understand the animal biodiversity
(Biswas, 2010, Harries et al., 2008). In this short communication, a summary of the
geomicrobiological work done so far by our team has been discussed to understand cave
mineral-microbeinteractionsinsome of the Indian caves.

Sahastradharacaves; Uttaranchal:
The cave systems at Sahastradhara, are situated in
the Dehradun Valley, formed within the Siwalik
formations in Garhwal Himalaya, situated on the
Krol carbonates. These cavesare smallerinsize (10
m long, 2 mwide), and are well known for theirpH
neutral springs believed to cure skin diseases. In
the studied speleothems, calcite was the
dominant mineral consisting of microcrystalline
calcite attributable to mineralized bacterial cells.
Microbial cell enumeration by DNA-specific mamsrreaaterr e
DAPI staining (Amann et al., 1995) revealed high Fig. 1, SEM of Sahastradhara moonmilk showing
3 = . spiral, tubular filaments; calcite formed in close
numbers (9 x 10’ cells, g sed” dry wt; Table ). association with microbial filaments .
Further, in vitro culture experiments with Bacillus
thuringiensis and Bacillus pumilis (using 16S rRNA gene amplification and sequencing)
strains isolated from the stalactites showed their capability to form crystalline CaCO,
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crystals (Baskar et al., 2006). Further, moonmilk from Sahastradhara also showed bacterial
involvement in their formation (Baskar et al., 2014; Fig. 1). Bacterial species identified from
moonmilk thatinitiated crystal precipitation were: Bacillus pumilis, Bacillus cereus, Bacillus
anthrac1s, Bacillus lentus, Bacillus circulans, Bacillus sphaerlcus Actinomycetes (Table1).
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Fig.- 2: Whitish green cave wall deposits, Borra Cave, Andhra Pradesh. Fig. 3:Iron biofilmona neutrophlhc spring,
Borra cave, Andhra Pradesh. Fig 4: SEM showing sheaths of Leptothrix sp. with Fe minerals deposited on the
sheaths. Fig. 5: SEM showing EPS (exopolysaccharides), long fibresand sheaths of Leptothrix sp. with Fe minerals

Borra Caves; Andhra Pradesh:

They are situated in the Araku Valley, 95 km from Visakhapatnam (18°15'N; 83°3'E) on the
east coast of India (Bas et al., 2002). The cave is 2 km long, 12 m high and located 1,300 m
above sea level. The cave hosts avariety of stalactites, stalagmites, cave wall formations (Fig.
2) and springs with thick biofilms (Baskar et al., 2012; Fig. 3). SEM of speleothems revealed
the presence of calcified prokaryotic-like cells, micro-rods, and needle calcite. The textures
preserved in the speleothems indicate the presence of microbes and their possible role in
speleogenesis. DNA sequencing analyses and electron microscopy of an Fe-rich organic mat
associated with a neutrophilic spring confirmed high abundances of Leptothrix-like
sheaths, poorly crystalline Fe-precipitates, a large number of hollow tubes and broken
dissociated sheaths embedded in extracellular polymeric substances (EPS) (Fig. 4,5). The
DNA sequencing analyses of the 16S rRNA gene diversity revealed bacteria assigned to eight
different phyla: Proteobacteria (62%), Chloroflexi (8%), Bacteroidetes (7%),
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Planctomycetes (1%), Actinobacteria (5%), Acidobacteria ZZZ 2 6
(6%), Nitrospira (1%) and Firmicutes (5%). The dominant | s/

class was the Betaproteobacteria that accounted for 28% of | £400]

Si Fe
1 . 2 300]
the sequences. Further, sequences affiliated with |32 “
Leptothrix, Siderooxidans, Crenothrix, Comamonadaceae, | o ijscl Ca I‘H Fe
T T T
6
2 keV4

Dechloromonas were also present (Baskar et al., 2012). Our | oo
SEM images suggest that the samples consist of amorphous
to poorly crystalline siliceous Fe oxyhydroxide (Fig. 4,5,6)
with characteristics similar to ferrihydrite which are in
accordance with observations by several previousstudies (e.g., Banfield etal. 2000; Barton et
al., 2007).Our results allow us to infer a possible relationship between the microbial
communitydiversity to the microbial sheaths, EPS, and theiron precipitates formed.

o

Fig. 6: EDX of the minerals deposited
on the sheaths showing Fe peaks

Krem Mawsmai, Krem Phyllut, Krem Mawmluh; Meghalaya:

These caves are situated in the Khasi Hills, an uplifted Precambrian crystalline complex
forming the northeastern extension of the Indian Peninsular Shield. Meghalaya has huge
deposits of limestone and abundant rainfall, which is the main reason for the Karst cave
formations. The important limestone deposits are in Cherrapunji located in the Mawmluh-
Mawsmai Hills. Krem Mawsmai caves are located amidst a thickly forested zone and are 160
m long, 15 m high, width 410 m. Krem Phyllut has a large section of fossil passage, was
relatively long with a total length of 1,003 m, width 4.5 m, height 15 m and had three
entrances. Krem Mawmluh (Mawkhyrdop) islocated near Sohra 58 km from Shillong, Ithasa
“Bat Hall” which leads toa passageway full of mollusc fossils. This main passage continuestoa
width of 28 m and 25 m height at one place called the “Feet Up Double Doughnut Passage”
leading to the big “Gold Fish Pond” (Kharpran Dally, 2006). The floor in the passageway
above the Gold Fish Pond is full of sinkholes resembling Swiss cheese, and numerous
moonmilk deposits occur in this part of the cave spread over 300 m. The cell enumeration in
the three caves showed good numbers in different enrichment agars tested (Table 1). The
bacteria that were capable of forming calcite in vitro include: Bacillus licheniformis Bacillus
cereus Bacillus pumilis Bacillus mycoides Micrococcus luteus, Streptomyces, Bacillus spp
(Baskar et al., 2009a, 2011). These results are comparable to other moonmilk and speleothem
culture studies (Mulec et al., 2002; Curry et al., 2009). The fossil filaments and textures
observed in our study contain excess carbon, which indicate an organic composition which is
inaccordancewithresultsobtained by Melim et al., (2009).

Rongai Dobhakol Cave; Meghalaya:

Itisinthe Garo Hillswhich formawestern part of the Meghalaya Plateau where thearea, lying
to the south of the Tura Ranges, represents an extension of the Assam shelf and is
characterized by thick Cenozoic deposits (Srivastava et al,, 2008). Rongai Dobhakol is
situated in a dense forest in the Balpakram National park region which is a karst area in
Eocene Siju (Upper Sylhet) limestone and lies at a distance of 167 km along the road from
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Tura. There is a plethora of speleothems and some splendid irregular shaped stalactites and
stalagmites. The total population densities on nutrientagarwas 4.2 x10’ (cells, g sed-1dry wt;
Table-1)and most isolates were aerobic rod-shaped bacteria, of which 50% were Gram
positive. Detailed experiments of pathways associated with microbial oxidation, hydrolysis,
dissimilatory sulphate reduction that lead to mineral formation is presently being carried
outwithisolated strainsinvitro.

Conclusion:

This short review summarizes the studies performed by our group on the Indian caves to
understand microbe-mineral interactions. The studies have primarily focussed on
geochemical, mineralogical, conventional and molecular microbiological approaches to
understand the extent of microbial involvement in cave formations. In all of these caves, it
has been clearly established that microbes through their metabolic functions for their
energy requirement, reshape the mineral environment of caves. Minerals precipitate onto
bacterial cell surfaces either through direct/enzymatic processes (biologically controlled
mineralization) or indirect/passive processes (biologically induced mineralization)
(Konhauser, 1998; Northup & Lavoie, 2001). Our in vitro studies establish that passive
processes i.e. biochemical factors affected by bacterial metabolism influence the
precipitation process and also the shape and morphology of the carbonate precipitates
attached to the mineral surface. Further, metagenomic studies along with lab based
microbe-mineral experiments will help to understand mineral-microbe interactions. Thus,
cave environments, offer invaluable scientific information about biosignatures detected,
which canbeapplied to search forsubsurfacelifeinotherplanets (Boston et al.,2000).
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Table 1: Bacterial diversity and species identified in different Indian caves

Name of cave, Type of Cell Bacterial Identified species/ Reference

S.No. / State deposit enumeration count cfu/g  phylotype

1 Sahastradhara  Stalactite DAPI 9x10° Bacillus thuringiensis Baskar et al. 2006
/Uttarakhand Bacillus pumilis

2 Sahastradhara ~ Moonmilk  DAPI 6.3x10° Bacillus pumilis, B. cereus Baskar et al. 2014
/Uttarakhand B. anthracis B. lentus,

B. circulans B. sphaericus
Actinomycetes

3 Borra Biofilm SYBR Gold 6.3 x10° Betaproteobacteria Baskar et al. 2012
/Andhra Leptothrix spp. Alpha,
Pradesh gamma, deltaproteobacteria,
DAPI 5.2X10° Planctomycetes,

Actinobacteria, Acidobacteria
Nitrospira, Firmicutes,
Firmicutes, Chloroflexi,
Bacterioidetes

4  Krem Mawsmai Stalactite Plate count 4 x10’ (NA)  Bacillus licheniformis, Baskar et al. 2009

/Meghalaya 1.2x10° (SA)  B. cereus Actinomycetes
Streptomyces

5  Krem Phyllut Stalactite Plate count 1.6 x10° (TA)  Bacillus licheniformis Baskar et al. 2009
/Meghalaya 3.2x10° (NA) Bacillus cereus

6  Krem Phyllut Cave wall Plate count 3.5x10° (NA) Bacillus mycoides Baskar et al. 2009
/Meghalaya deposit

7 Krem Mawmluh Moonmilk  Plate count 5.6 x10> (NA) Bacillus licheniformis Baskar et al. 2011
/Meghalaya 6.2x10" (B4)  B. cereus, Actinomycetes

3x10° (SA) Bacillus pumilis
3.5x10° (KIA)

3x10° (MNA)

3.5x10 (TA)

8  Krem Mawmluh Moonmilk  Plate count 6.3x10° (NA) Micrococcus luteus Baskar et al. 2011
Meghalaya water Bacillus spp.

Identification technique: S.No.- 1 to 3: Molecular, DNA sequencing; 4 to 8: Conventional

NA-Nutrient agar; B4-B4 agar, MNA-Manganese agar, SA-Sulphite agar, KIA-Kliger iron agar, TA-Thiosulphate
agar, SYBR-Gold-Cyanin dye nucleic acid stain; DAPI-4',6-diamidino-2-phenylindole fluorescent DNA stain
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