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Modern mineral deposits play an important role in evolutionary studies by providing

clues to the formation of ancient lithified microbial communities. Here we report the

presence of microbialite-forming microbial mats in different microenvironments at 32◦C,

49◦C, and 65◦C around the geothermal spring from an abandoned oil drill in Ciocaia,

Romania. The mineralogy and the macro- and microstructure of the microbialites

were investigated, together with their microbial diversity based on a 16S rRNA gene

amplicon sequencing approach. The calcium carbonate is deposited mainly in the form

of calcite. At 32◦C and 49◦C, the microbialites show a laminated structure with visible

microbial mat-carbonate crystal interactions. At 65◦C, the mineral deposit is clotted,

without obvious organic residues. Partial 16S rRNA gene amplicon sequencing showed

that the relative abundance of the phylum Archaea was low at 32◦C (<0.5%) but

increased significantly at 65◦C (36%). The bacterial diversity was either similar to other

microbialites described in literature (the 32◦C sample) or displayed a specific combination

of phyla and classes (the 49◦C and 65◦C samples). Bacterial taxa were distributed

among 39 phyla, out of which 14 had inferred abundances >1%. The dominant

bacterial groups at 32◦C were Cyanobacteria, Gammaproteobacteria, Firmicutes,

Bacteroidetes,Chloroflexi, Thermi, Actinobacteria, Planctomycetes, andDefferibacteres.

At 49◦C, there was a striking dominance of the Gammaproteobacteria, followed by

Firmicutes, Bacteroidetes, and Armantimonadetes. The 65◦C sample was dominated

by Betaproteobacteria, Firmicutes, [OP1], Defferibacteres, Thermi, Thermotogae, [EM3],

and Nitrospirae. Several groups from Proteobacteria and Firmicutes, together with

Halobacteria and Melainabacteria were described for the first time in calcium carbonate
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deposits. Overall, the spring from Ciocaia emerges as a valuable site to probe

microbes-minerals interrelationships along thermal and geochemical gradients.

Keywords: hot springs, carbonate, biomineralization, amplicon sequencing, microbial diversity, oil drill

Introduction

Contemporary microbial mats provide insight into ancient
microbial life and the processes of biomineralization that led
to the formation of some sedimentary rocks. Lithifying micro-
bial mats facilitate trapping and binding of sediments and pre-
cipitation of minerals into sedimentary structures known as
microbialites. Fossil lithified microbial mats have been studied
intensively and have been linked to early life on Earth. Evidence
from Archaean deposits suggests that the evolution of cyanobac-
teria or other filamentous bacteria started at least 2.9 billion years
(Ga) ago, possibly even 3.5Ga (Walsh, 1992; Schopf, 2002; Furnes
et al., 2004; Tice and Lowe, 2004; Westall et al., 2006; Noffke
et al., 2008). Structures from the Pilbara Craton (Western Aus-
tralia) consist of nodular, wavy-laminated and coniform stroma-
tolites that have been described from chert units within the∼3.49
Ga Dresser and ∼3.43 Ga Strelley Pool Formations (Walter
et al., 1980; Hofmann et al., 1999; Allwood et al., 2006). The
biogenic nature of those structures, inferred largely upon sim-
ple macro-morphological comparisons with modern-day struc-
tures (Schopf, 2006), has been questioned (Brasier et al., 2006;
McLoughlin et al., 2008).

Descriptions of the biological attributes and biodiversity of
modern lithified microbial mats is important to better under-
stand the mechanisms behind the genesis of ancient lithified
microbial mats and the associated microbial diversity and func-
tional traits that may have influenced their formation. Modern
deposits have been described from a wide variety of environ-
ments, including hot springs (Berelson et al., 2011; Pepe-Ranney
et al., 2012), hypersaline and alkaline lakes (Dupraz and Visscher,
2005; Couradeau et al., 2011; Schneider et al., 2013), freshwater
environments (Breitbart et al., 2009; Santos et al., 2010; Centeno
et al., 2012; Nitti et al., 2012; Farias et al., 2013, 2014), and marine
and coastal environments (Reid et al., 2000; Baumgartner et al.,
2009; Goh et al., 2009; Khodadad and Foster, 2012).

This study is the first to describe the structure and diversity of
mesophilic-to-thermophilic microbial mat communities associ-
ated withmineral deposits from an abandoned oil well drill site in
Ciocaia, Romania (N 47◦20.471′; E 22◦02.744′) (Figure 1). Since
1960, hundreds of wells were drilled in this region in search of
oil and hot water (Bendea et al., 2013). There is a continuous
flow of hot water from some abandoned wells that has led to
the formation of microbial mats and crystalline and microcrys-
talline carbonates, is in the case of the well from Ciocaia that was
abandoned in the mid-1970s. This particular site was chosen for
investigation due to its elevated carbonate concentrations in the
fluids relative to other wells in the area (Coman et al., 2011, 2012,
2013) that may facilitate carbonate precipitation. The aims of
this paper are: (i) to investigate the composition and abundance
of minerals in the microbialites from Ciocaia, together with the
description of their macro- and microstructure, that may provide

information regarding their biogenic nature; (ii) to describe the
microbial diversity in the carbonate deposits and to discuss the
putative metabolic diversity in the microbial communities, that
may influence the process of carbonate mineralization.

Materials and Methods

Description of Mineral Deposits and Sampling
Three sedimentary structures, each set in a specific microenvi-
ronment, were identified (Table 1) and sampled in April 2013:
(a) A fibrous crystalline mineral deposit, with a colored multi-
layer appearance that ranged from green at the top to red and
light orange toward the bottom (Figure 1D) (sample code C32).
The deposit was not in direct contact with the water flow but
occasionally hydrated by water splashes from the surrounding
structures (Figure 1C) and had a surface temperature of 32◦C; (b)
A mineral deposit forming mammillary crusts (Figure 1B) also
with a layered structure, marked by the combination of red and
yellow layers (Figures 1B,E) (sample code C49). The geother-
mal water was flowing over at a rate of∼0.1 l·min−1(Figure 1B),
maintaining a temperature of 49◦C at the surface of the deposit;
(c) A relatively homogeneously creamy-colored mineral deposit
with a fibrous crystalline structure (Figure 1F) (sample code
C65). This deposit is permanently submerged at 65◦C. Each
sample was analyzed by polarized light and scanning electron
microscopy, together with description of mineralogy and micro-
bial diversity.

For SEM and mineralogical analyses, ∼5 cm3 of sample were
collected in duplicate using sterile instruments and placed into
sterile Petri dishes. For microbial DNA extraction, ∼3 cm3 of
mineral deposit were placed into sterile 50ml Falcon tubes and
immediately frozen in liquid nitrogen. Mineralogical observa-
tions were performed on thin sections obtained using a diamond
saw.

Polarized Light Microscopy and Scanning
Electron Microscopy
Micro-scale observations were made using a Nikon TE-2000 pet-
rographic microscope equipped with a Nikon D90 digital camera
(Nikon Inc., Melville, NY, USA). For SEM, the samples were frac-
tured in liquid nitrogen, fixed on copper holders, covered with a
10 nm gold layer and observed with a JEOL JSM 5510LV electron
microscope (JEOL, Tokyo, Japan).

Mineralogical Analysis Using X-ray Diffraction
Analysis (XRD)
The mineral composition was determined by X-ray powder
diffraction using a Shimadzu 6000 diffractometer with CuKα

radiation and Ni filter. The samples were hand milled in an agate
mortar and measured from 2 to 60◦2θ, with a scan speed of
2◦/min.
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FIGURE 1 | (A) General view of the drilling from Ciocaia; (B) Layered fine

strata forming mammillary coatings at 49◦C, seen in fresh break; (C) The small

pool formed where the hot water comes out; the rectangle marks the 32◦C

sampling area, near the exit of thermal water, but not in direct contact.

(D) Detailed view of 32◦C mineral deposit. (E) Detailed view of 49◦C mineral

deposit. (F) Detailed view of 65◦C mineral deposit.

DNA Extraction
Several published methods and commercial kits for DNA extrac-
tion were employed, but without the expected result (i.e., high
molecular weight genomic DNA suitable for PCR amplification
of 16S rRNA genes) (data not shown). Thus, a DNA extraction
protocol was adapted after Reyes-Escogido et al. (2010) that com-
bines the use of a chelating agent (Chelex-100, Bio-Rad, USA)
and microwave radiation. DNA was extracted in triplicate and
pooled. To remove the calcium carbonate, ∼2 cm3 from each
deposit was finely grinded using sterile mortars and pestles in a
laminar flow hood. The resulting material was transferred to a
sterile plastic tube containing 0.5M Na2EDTA and mixed on an
orbital shaker for 30min at 37◦C. After centrifugation for 5min
at 8000 × g, the supernatant was discarded and the Na2EDTA
step was repeated twice. The sediment was resuspended in 1ml
TE buffer (10mMTris Base, 1mMNa2EDTA, pH 7.5). Each sam-
ple (800µl) was transferred to sterile 1.5ml plastic microfuge
tubes and spun for 5min at 8000 × g and 4◦C. Cells were
resuspended in 50µl of TES buffer (10mM TRIS Base, 1mM
Na2EDTA, 0.5% SDS, pH 7.5). The tubes were irradiated in a
microwave oven for 30 sat 625 W, then 150µg of proteinase

TABLE 1 | Diversity and richness estimators for sequencing libraries.

Sample code C32 C49 C65

Temperature 32◦C 49◦C 65◦C

Deposit type Laminated Laminated Clotted

F
e
a
tu
re
s

DIVERSITY AND RICHNESS ESTIMATORS

No. of sequences 66,482 123,678 98,662

Sobs
a 529 136 98

G
e
n
e
ra
l

Chao1 531 156 104

Shannon 5.93 3.0 2.7

Sobs/Chao1 0.99 0.87 0.94

No. of sequences 115 394 35,407

Sobs
a 11 18 14

Chao1 11 18 ndbA
rc
h
a
e
a

Shannon 1.95 2.34 ndc

Sobs/Chao1 1 1 nd

No. of sequences 66,367 123,284 63,255

Sobs
a 518 125 84

Chao1 520 139 88B
a
c
te
ri
a

Shannon 5.9 2.9 2.7

Sobs/Chao1 0.99 0.90 0.95

aObserved richness.
bNot determined due to lack of doubletons.
cNot determined due to an almost absolute dominance of a single OTU (equitability

index = 0.01).

K and 20µg of RNase A were immediately added, followed by
another round of microwave irradiation. The samples were incu-
bated at room temperature for 2min, then 150µl of TE buffer
containing 25mg Chelex 100 (Bio-Rad, USA) were added, fol-
lowed by another round of microwave irradiation. The samples
were spun for 5min at 12,000 × g and 4◦C. The supernatant was
collected and purified using the phenol/chloroform/isoamyl alco-
hol protocol (Moore, 1995). The quality and quantity of DNAwas
assessed by electrophoresis on a 1% agarose gel (data not shown).

Real-Time Quantitative PCR (RT-qPCR) and Data
Analysis
The absolute quantification of archaeal and bacterial 16S rRNA
gene copies was performed using the SsoFast Eva Green Super-
mix (Bio-Rad, Hercules, CA, USA) and 16S rRNA gene group-
specific primers (see Supplementary Material) on an iCycler IQ5
Real-Time System (Bio-Rad, Hercules, CA, USA). For archaeal
16S rRNA gene amplification reactions were carried out in trip-
licate and the reaction mixture contained the following compo-
nents: 7µl 1 × Sso Fast EvaGreen SuperMix (Bio-Rad, Hercules,
CA, USA), 0.4µM of the forward 931F and reverse M1100R
primers, 10 ng of DNA and RNase/DNase-free water to a final
volume of 14µl. The reactions were carried out as follows:
180 s initial denaturation at 98◦C, followed by 45 cycles of: 25 s
denaturation at 98◦C, 25 s primer annealing at 61.5◦C, and 30 s
extension at 72◦C. For assessing the specificity of the primers a
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post-PCR melting curve analysis was performed, in which the
temperature varied between 60◦C and 90◦C in 0.5◦C increments
with subsequent plate readings. The same reaction components
and protocol were used for the bacterial RT-qPCR with the fol-
lowing modifications: the primers used were 338F and 518R, and
their annealing temperature was 61◦C.

The absolute 16S rRNA genes numbers were estimated based
on standard curves that contained serial 10-fold dilutions of
genomic DNA from Halobacterium salinarum DSM 3754 and
Escherichia coli K-12 subspecies DH10B (Invitrogen, Carlsbad,
CA, USA). Reaction efficiencies and data analyses were assessed
using the background subtracted data and the LinRegPCR soft-
ware. The numbers of cells from the numbers of 16S rRNA genes
found in the samples was inferred taking into account the vari-
ation in ribosomal RNA operons by using a mean of 4.02 for
Bacteria and 1.63 for Archaea (rrnDB version 4.3.3) (Stoddard
et al., 2014).

Sequencing, Quality Control, and Analysis of
Illumina Sequencing Data
Variable region V4 of the 16S rRNA gene was amplified using
the Archaea/Bacteria universal primer pair 515F-806R follow-
ing the protocol of Lundberg et al. (2013). The primer pair was
selected as it exhibits few biases against individual bacterial taxa
(Liu et al., 2007; Fierer et al., 2012). In brief, two step single strand
reactions with diversity generation primers were performed fol-
lowed by the PCR with the barcode primers (full sequence of
primers is provided in the Supplementary Material). Each sam-
ple was amplified in triplicate, combined, and cleaned using the
Qiagen PCR clean up kit. A composite sample for sequencing was
created by combining equimolar ratios of amplicons from the
individual samples and multiplex paired-end sequencing of bar-
coded amplicons was performed on a MiSeq machine (Illumina
Inc., San Diego, CA, USA) at the Oak Ridge National Laboratory
(Oak Ridge, TN, USA). Raw sequencing data was deposited in
the GenBank SRA database (National Center for Biotechnology
Information—NCBI) under the Accession Number SRP043549.
Sequence data was processed and quality-controlled through a
combination of the UPARSE and QIIME pipelines (Caporaso
et al., 2010a; Edgar, 2013). Cutadapt (Martin, 2011) was used
in paired-end mode to trim sequencing primers from the for-
ward and reverse reads. Read pairs were discarded if the either
the forward or reverse primer was not detected. Paired-ends
were merged using the “-fastq_mergepairs” option of usearch
(v.7.0.1001; Edgar, 2013). An in-house python script was used
to remove unused barcodes of paired-end sequences that did not
survive merging. The QIIME (v1.7; Caporaso et al., 2010a) script,
split_libraries_fastq.py, was used to demultiplex the sequence
data with the quality filter set to zero. Remaining quality con-
trol processing was carried out via the UPARSE pipeline (Edgar,
2013) including de novo and reference-based chimera detec-
tion. The resulting OTU table was converted to BIOM format
(McDonald et al., 2012). Taxonomy was assigned using the RDP
classifier (Wang et al., 2007) against the updated May 2013
“13_5/13_8” Greengenes database (DeSantis et al., 2006; McDon-
ald et al., 2012; Werner et al., 2012) via QIIME (Caporaso et al.,
2010a). A phylogeny was constructed using FastTree (Price et al.,

2010) from a masked PyNAST (Caporaso et al., 2010b) align-
ment. The resulting phylogeny was manually rooted to Archaea
via Dendroscope (v3; Huson and Scornavacca, 2012). Finally,
various diversity metrics were calculated via QIIME (Caporaso
et al., 2010a).

Finally, we compared the microbial diversity in the Cio-
caia samples with existing microbial mat/microbialite studies
from the following GenBank SRRs: SRR329490 (Farias et al.,
2013); SRR627689, SRR627690, SRR627691, SRR627395 (Farias
et al., 2014); SRR961678, SRR952918, SRR952917, SRR952915,
SRR952913 (Rasuk et al., 2014); SRR350006 (Centeno et al.,
2012). As several of these studies used a variety of different DNA
extraction and sequencing protocols and/or target a different
variable region of the 16S rRNA gene, we performed closed-
reference OTU picking via QIIME (Caporaso et al., 2010a) at
97% sequence similarity; after quality filtering and trimming via
UPARSE (Edgar, 2013). Closed-reference OTU picking enables
the comparison of these different studies by only retaining those
sequences thatmatch a full-length representative sequence within
the GreenGenes reference database (McDonald et al., 2012;
Werner et al., 2012).

Phylogenetic Analysis
As a significant amount of archaeal taxa could not be accurately
classified using solely the Greengenes database, the phylogenetic
placement of OTUs relative to known curated sequence data was
determined by aligning the representative OTU sequences with
SINA (Pruesse et al., 2012) and then importing the alignment into
the ARB software package (Ludwig et al., 2004). The sequences
were inserted into the SILVA SSU Ref database (v115) with
domain-specific position variable filters via parsimony insertion.
As ∼30% of the Archaea partial 16S rRNA gene sequences from
Ciocaia were clustered as “uncultured archaeon,” the phyloge-
netic analysis was continued with a second approach bymanually
selecting 16S rRNA gene sequences deposited in the GenBank
database (NCBI). Multiple sequence alignments were performed
with ClustalW in MEGA5 (Tamura et al., 2011). JModelTest
program (Guindon and Gascuel, 2003; Posada, 2003) was used
to select an appropriate model of sequence evolution for phylo-
genetic inference. A maximum likelihood tree was constructed
with MEGA version 5 (Tamura et al., 2011) under the best model
(Tamura-Nei), with 500 bootstrap replicates. As the phylum
Nanoarchaeota is a more recent ancestor of Euryarchaeota
and Crenarchaeota, Nanoarchaeum equitans was chosen
as outgroup.

Results and Discussion

Geologic Background and Mineralogy of the
Carbonate Deposits
The lithological column from Ciocaia consists mainly of
carbonate-rich rocks and marly limestones. Between the sur-
face (105m above sea level) and the depth of 120 m, the
well crossed Quaternary sand and gravel with mudstone and
silt intercalations. The underlying Upper Pannonian sediments
have around 1300m thickness and were encountered down
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to 1420m depth. They consist of sands with calcareous mud-
stone intercalations or mudstone and calcareous mudstone with
sandy intercalations. Between 1420 and 2320m Lower Pan-
nonian calcareous mudstone contains thin layers of sandstone.
The sediments spanning between 2320 and 2434m depth are
assigned to Sarmatian. Beneath the Sarmatian sediments until
the final depth of 2536 m, the drill crossed biotite and gar-
net gneiss of the basement of the area (data courtesy of SC
Transgex Oradea). The effluent geothermal water has a temper-
ature of 65◦C and a high HCO−

3 concentration of ∼7.3 mg·l−1

(Ţenu et al., 1981; Romanian Waters Administration, personal
communication).

Macroscopically, the carbonate crusts show an overall light
cream color, with a visible fibrous structure. Dark thin layers
(from <1mm up to few mm thickness), parallel with the sub-
strate (base of the deposit) gives a banded, rhythmical appearance
in the case of C32 and C49. The X-ray diffraction data are sim-
ilar for all the samples investigated and indicate the presence
of mostly calcite, accompanied by some clay minerals (proba-
bly illite and smectite). Very weak lines, which may be tentatively
assigned to aragonite, are present.

Polarized light microscopy reveals that the carbonate samples
from Ciocaia consist of bundles of elongated scalenohedral crys-
tals displaying slight radial orientation (Figures 2A,C,E), with a
more or less regular lamination of darker and lighter layers. In
C32 and C49, the pattern of dark stripes occurs within carbonate
crystals (Figures 2A,C). In C65, the crystal growth is more irreg-
ular and no dark layers were observed (Figure 2E). The darker
layers are built of micritic carbonate and while in the case of
C32 and C49 they are visibly associated with organic material
(Figures 2B,D), in the C65 sample this could not be observed
(Figure 2F). These organic-rich layers are usually thin compared
with the thicker lighter layers. The lamination pattern can be best
observed at 32◦C. It starts to fade away with the increase of tem-
perature and the lack of organic material, the precipitation of
minerals being random at 65◦C.

Microbial Mat-Carbonate Crystal Interactions
Several types of microbial mat-carbonate crystals interactions
were observed using SEM: (i) trapping and binding of crys-
tals (Figure 3A), a key interaction involved in the genesis of
lithified communities (Dupraz et al., 2009); (ii) microbial mats
forming connecting bridges between crystals (Figures 3A,B); (iii)
microbial mat and individual bacterial filaments or rods colo-
nizing the mineral mass (Figures 3C,D). The bacterial filaments
observed are 0.5–2.5µm in diameter and tens of µm in length
(Figures 3C,D). Sometimes, cyanobacteria form a fibrous net
(Figure 3D), a similar type of structure being described in the
3.446 Ga “Kitty’s Gap Chert,” Warrawoona Group, Pilbara by
Westall et al. (2006). The individual filaments (Figure 3E), as well
as the entire microbial biofilms (Figure 3F) are included in what
appears to be a thick mass of extracellular polymeric substances
(EPS), which may have an important role in carbonate precip-
itation (Dupraz et al., 2009). Laboratory studies show that the
particles precipitate in the organic matrix of the EPS; the activ-
ity of heterotrophic microbes can initiate micro-domains that act
as nucleation sites for carbonate precipitation (Kawaguchi and

Decho, 2002a,b; Braissant et al., 2007). Usually, when it comes
to individual filaments the EPS can be subdivided into 2 areas:
an inner one, directly in contact with the cell and an outer one,
at the exterior. The inner area of the EPS is used as a defense
mechanism (Obst et al., 2009) because it accumulates Ca2+ more
heavily than the outer area and carbonate precipitates in the form
of aragonite. The aragonite is unstable and it dissolves when the
oversaturation of the sorrounding environment dissapears. If the
oversaturation period persists, CaCO3 would be deposited in the
form of calcite, which is more stable and does not dissolve when
the oversaturation drops.

Microbial Abundance and Diversity
Bacterial and archaeal cell concentrations were estimated from
qPCR data. Bacteria dominated the microbial community in C32
(2.1 ± 0.01 × 108 cells/g wet weight; 98.6% of total cell num-
bers) and C49 (7.2± 0.01× 108 prokaryotic cells/g of carbonate;
99.8% of total prokaryotic cell numbers). In C65, bacterial cells
accounted for 54.6% of total prokaryotic cell numbers (5.7 ±

0.02×107 prokaryotic cells/g of carbonate). Archaea represented

FIGURE 2 | Polarized light (one polarizer) microphotos of carbonate

crusts (A,C,E) and SEM detail view of intermediate dark layers (B,D,F).

(A) 32◦C carbonate deposit (sample C32) displaying a laminated pattern of

crystals arranged in a succession of lighter and darker laminae. (B) Detailed

view of the darker layer in C32 displaying a close association between the

crystals and organic material. (C) 49◦C carbonate deposit (sample C49) where

the dark laminae are found between well-defined layers of crystallized calcite.

(D) Detailed view of the darker layer in C49 displaying a close association

between the crystals and organic material. (E) 65◦C carbonate deposit

(sample C65) displaying a more irregular pattern of crystal growth with no

intermediate black layers. (F) Detailed view of sample C65, showing carbonate

crystals without an association with a well-defined microbial mat. M: microbial

cells embedded in EPS; C, carbonate crystal.
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FIGURE 3 | Scanning electron microscopy images presenting the

microbial mat-crystals interaction in the carbonate deposits from

Ciocaia. (A) The microbial mat traps and binds the crystals (C32). (B) The

microbial mats form connecting bridges between crystals (observed in C49

and rarely in C65). (C,D) The microbial mat or the individual bacterial filaments

or rods colonizing the mineral deposit (C—C32; D—C65). (E,F) Individual

filaments (E—C32), as well as the entire microbial biofilms (F—C49) are

included in what appears to be a thick mass of extracellular polymeric

substances. M, microbial mat; C, carbonate crystal.

less than 2% in the C32 and C49 samples (2.9 ± 0.01 × 106

prokaryotic cells/g of carbonate—1.34% and 1.0 ± 0.01 × 106

prokaryotic cells/g of carbonate—0.2%, respectively) and were in
almost equal amounts with Bacteria in C65 (4.7 ± 0.03 × 107

prokaryotic cells/g of carbonate—45.4%).

Microbial Taxon Richness and Diversity Coverage
Quality filtration of the raw sequencing data resulted in a total of
288,822 sequences with an average read length of 254 bp. Each
sample consisted of 66,500–123,000 sequencing reads, which
were clustered into OTUs at 97% sequence identity. Of these,
349 sequences could not be assigned to any particular phy-
lum (316 sequences for C32, 17 for C49 and 16 for C65). The
rarefaction curve constructed for the C32 sample exhibited a
steeper slope than those determined for the C49 andC65 samples,
demonstrating a greater microbial richness at lower temperature
(Supplementary Figure S3). This observation is sustained by the
Chao1 index, which was calculated to be 531 for the C32 sam-
ple, while the corresponding values for the C49 and C65 samples
were 156 and 104, respectively (Table 1). Shannon,s index was
similar for C49 and C65 samples (3.0 and 2.7), but doubled in
value for the C32 sample (5.94) (Table 1). As the three rarefaction
curves reached saturation (Supplementary Figure S3), it was

considered that the sequencing data is reliable for an accu-
rate characterization of prokaryotic diversity in the investigated
samples. For an easier overview of microbial diversity in the C32,
C49, and C65 samples a Krona chart was generated (see Supple-
mentary Material) (Ondov et al., 2011) using the SILVAngs web
application and the ARB-SILVA database. Even though there are
slight differences in the abundance percentages when compared
to the Greengenes database (used by QIIME), the overall micro-
bial taxonomy of Ciocaia samples generated with both pipelines
is similar. Thus, the data generated with QIIME will be presented
and discussed further on.

Archaeal Diversity and Community Structure
After quality filtering, 35,916 archaeal 16S rRNA partial gene
sequences were obtained. Their abundances in the C32 and C49
libraries are low, representing only 0.17 and 0.31%, respectively.
The percentage of archaeal sequences increased dramatically in
the C65, counting for 35.88% of the entire library. Clustering at
97% cut-off shows the existence of 11 OTUs in C32 library, 18
OTUs in C49, and 14 OTUs in C65 (Table 1). Even though the
biodiversity of Archaea in these samples is low, it is comparable
or even higher than that of other marine or freshwater carbon-
ate deposits (Goh et al., 2009; Couradeau et al., 2011; Mobberley
et al., 2012).

For a better characterization of the archaeal diversity, two
phylogenetic trees were constructed: one that uses known
curated sequences from the SILVA SSU Ref database in the
ARB software package and a simplified phylogenetic tree con-
structed using manually picked sequences deposited in the Gen-
Bank database, in the MEGA 5 software package. They were
named “ARB tree” (Supplementary Figure S1) and “MEGA tree”
(Supplementary Figure S2).

Within the Archaea domain, the phylum Euryarchaeota dom-
inated the three samples almost completely, with a distribu-
tion ranging between 92 and 99.8%, while the Crenarchaeota
phylum was identified only in the C49 and C65 libraries (data
not shown), with a very low abundance (4.17 and 0.12%,
respectively). According to the GreenGenes database (DeSan-
tis et al., 2006) used by QIIME for taxonomy and phylogeny
sample C32 comprises also the proposed phylum Parvarchaeota.
In the ARB tree only Crenarchaeota and Euryarchaeota phyla
were observed, while Parvarchaeota appeared as a distinct lin-
eage within Euryarchaeota (Supplementary Figure S1). Parvar-
chaeota is a recently proposed phylum (Rinke et al., 2013) that
comprises of ultrasmall, uncultivated archaea, with a particular
feature of aerobic respiration (Baker et al., 2010). So far, they have
not been described in carbonate-impregnated microbial mats.

The Crenarchaeota 16S rRNA gene sequences from Cio-
caia were assigned to two lineages: Aigarchaeota and Thermo-
protei (Figure 4), being related to the Marine Benthic Group
B from deep-sea sediments (Vetriani et al., 1999), the Hot
Water Crenarchaeotic Group I (HWCGI) (Nunoura et al., 2010)
(Supplementary Figure S1) and closely associated to members
from the Desulfurococaceae family (Supplementary Figure S2).
Members of the Thermoprotei class are known to be associated
with high-temperature reservoirs (Tang et al., 2012; Lenchi et al.,
2013).
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FIGURE 4 | Comparison of archaeal taxonomic diversity in the

carbonate deposits from Ciocaia based on the percentage of

sequencing reads attributed to Operational Taxonomic Units (OTUs).

The C32 sample is dominated by halophiles, followed by methanogens and

the proposed lineage [Parvarchaea]. As the temperatures increases, the

dominance shifts toward methanogens (sample C49 and C65).

Euryarchaeota 16S rRNA gene sequences were clustered
into five classes: Archaeoglobi, Halobacteria, Methanobac-
teria, Methanomicrobia, and Thermococci (Figure 4;
Supplementary Figures S1, S2). The 32◦C sample is domi-
nated by halophiles, followed by methanogens and the proposed
lineage Parvarchaea. As the temperatures increases, the dom-
inance in the investigated samples shifts toward methanogens
(Figure 4).

Several halophilic Archaea genera were iden-
tified: Halorhabdus, Halorubrum, Natronococcus,
Natronomonas, Natronorubrum, Halorubellus, and Halovenus
(Supplementary Figures S1, S2). Even though they are obligate
halophiles, they can survive in an environment with a much
lower salinity than that of seawater (Purdy et al., 2003; Elshahed
et al., 2004; Sayeh et al., 2010). Apparently, none of these genera
were previously described in association with hot springs or hot
spring carbonate deposits.

Identified methanogens belonged to the Methanobacteria
and Methanomicrobia anaerobic groups that are usually asso-
ciated with the deep biosphere and high temperature oil fields
(Kimura et al., 2005; Ren et al., 2011; Tang et al., 2012; Lenchi
et al., 2013). The high abundance of methanogens in the C65
carbonate sample may be linked to the low oxygen content
of the heated fluid (Chapelle et al., 2002) or they could be
brought up from the subsurface by the geothermal waterflow
and immediately trapped between the carbonate crystals as they
precipitate.

Bacterial Diversity and Community Structure
Among the sequences representing the bacterial community,
66,367 were retrieved for C32, 123,284 for C49 and 63,255
for C65, respectively (Table 1). The number of observed OTUs
decreased from 518 in C32 to 84 in C65. The ratio between the
observed (Sobs) and estimated (Chao1) species richness ranged
from 0.9 in C49 to 0.99 in C65 showing a good sequencing cov-
erage. The taxonomy data cover a broad spectrum, the bacterial
communities being composed of 39 different phyla (see Krona
chart in the Supplementary Material). Twelve phyla and two can-
didate phyla had abundances higher than 1% (Figure 5) and are
discussed below.

The dominant phylum in C32 wasCyanobacteria (∼34%), fol-
lowed by Proteobacteria (∼29%), Firmicutes (∼9%), Bacteroidetes
(∼7%),Chloroflexi (∼6%),Thermi (∼6%),Actinobacteria (∼3%),
Planctomycetes (∼3%), and Defferibacteres (∼1%). Within C49,
there was a striking dominance of the phylum Proteobacteria
(∼91%), followed by Firmicutes and Bacteroidetes (each with
2%) and Armantimonadetes (∼1%) as major groups. In C65, the
dominant phyla were Proteobacteria (∼50%), Firmicutes (∼20%),
[OP1] (∼10%), Defferibacteres, Thermi, and Thermotogae (each
with∼5%), [EM3] and Nitrospirae (each with less than 2%).

There are noticeable differences in microbial communities
between the three types of microenvironments (microbialites)
(Figure 6). The C49 and C65 diversities are more similar to
each other than to other microbial mats and microbialites, while
the microbial diversity in C32 resembles to that of Alchichica
crater lake (Figure 6; Centeno et al., 2012). This similarity can
be a result of the fact that Cyanobacteria and Proteobacteria are
both well represented in these mineral deposits. We extended
the comparative analysis of diversity and taxonomic composi-
tion focusing primarily on phylum/class levels as different stud-
ies have used a variety of primers, sequencing and informatics
approaches, which complicates quantitative and fine structure
comparisons. The bacterial diversity of the mineralized mat col-
lected at 32◦C (sample C32) also presents a high degree of sim-
ilarity with the intensively studied modern stromatolites from
Highborne Cay, Bahamas (Myshrall et al., 2010; Khodadad and
Foster, 2012), with other microbialites described in the alka-
line Lake Alchichica, Mexico (Couradeau et al., 2011) or with
mineral deposits from Ruidera Pools Natural Park, Spain (San-
tos et al., 2010). Cyanobacteria are well represented in these
samples (12–57%), followed by Proteobacteria (18–30%). The
main difference between these carbonate deposits is the domi-
nance ofGammaproteobacteria in C32, rather than theAlphapro-
teobacteria documented in other modern stromatolite-like
structures.

The bacterial diversity at 49◦C and 65◦C (samples C49 and
C65, respectively) has unique characteristics when compared to
other modern carbonate deposits worldwide. It is well known
that Proteobacteria (mainly Alphaproteobacteria) tend to dom-
inate carbonate deposits, accounting for 29–57% in carbonate
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FIGURE 5 | Distribution of major bacterial phyla and classes in the carbonate deposits from Ciocaia based on the percent of sequencing reads that

could be attributed to Operational Taxonomic Units (OTUs) within specific bacterial groups.

deposits from several locations worldwide: Shark Bay, Australia
(Papineau et al., 2005; Allen et al., 2009; Goh et al., 2009);
Highborne Cay, Bahamas (Baumgartner et al., 2009; Mobberley
et al., 2012); Lake Kinneret, Israel (Schwarz et al., 2007); fresh-
water environments from Mexico and Chile (Breitbart et al.,
2009; Centeno et al., 2012; Farias et al., 2013, 2014); rhodoliths
in Brazil (Cavalcanti et al., 2014). Foster and Green (2011)
compared 16S rRNA gene datasets from modern carbonate
deposits, developed in different environments, including hot
springs, and observed that Alphaproteobacteria and Cyanobacte-
ria were indeed the predominant groups in all the microbialites.
The dominance of Gammaproteobacteria in C49 (75% of Pro-
teobacteria) and Betaproteobacteria in C65 (90% of Proteobac-
teria) have not been previously observed in other carbonate
deposits.

Carbonate-Specific and Carbonate-Unspecific

Bacterial Groups Observed in the Ciocaia Samples

Among the Bacteria, we identified several other taxa that have not
been previously described in association with modern carbonates
(Table 2).

At 32◦C (sample C32), four cyanobacterial genera were identi-
fied (Oscillatoria, Pseudoanabaena, Leptolyngbya, and Gloeobac-
ter), all common inhabitants of carbonate microbialites (Fos-
ter et al., 2009; Goh et al., 2009; Schulze-Makuch et al., 2013).
Aside from them, we also identifed 17 sequences affiliated with
the recently proposed phylum Melainabacteria (Di Rienzi et al.,
2013). The taxonomy, phylogeny and physiological potentials of
this Cyanobacteria-affiliated group of uncultured bacteria is not
well understood (Di Rienzi et al., 2013; Soo et al., 2014). These
deep branching organisms have been found in various envi-
ronments, but have not been previously described in carbonate
deposits associated with hot springs.

The most abundant order from Alphaproteobacteria at Cio-
caia is represented by Rhodobacteriales, previously encountered
in microbialites of Highborne Cay, Bahamas (Myshrall et al.,
2010). The dominant Betaproteobacteria genera were Azoarcus
and Hydrogenophilus. These two genera were previously found
in several microbial communities, but not in carbonate impreg-
nated microbialites. Thiococcus, was the dominant genus within
Gammaproteobacteria. From Deltaproteobacteria, the dominant
orders are Myxococcales and Syntrophobacterales, both being
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FIGURE 6 | Comparative analysis (UPGMA similarity tree) of

microbial diversity in the Ciocaia samples with existing

microbial mat/microbialite studies. A closed-reference OTU picking

was performed via QIIME (Caporaso et al., 2010a) at 97%

sequence similarity, and the UPGMA tree constructed with

unweighted-UniFrac (Lozupone and Knight, 2005). Sample codes: PI

and PII, Pozas Azules I and II; BP, Pirate Channel; BR, Los

Rapidos; RM, Rio Mesquites; SE, lagoon microbialite; BM, soft

microbialite; ST, microbial mat; AC, columnar microbialite Alchichica

lake; AS, spongy microbialite Alchichica lake (accession no.

SRR350006; Centeno et al., 2012); LL_win bl, Salar de Llamara

winter sample, bottom layer; LL_win tl, Salar de Llamara winter

sample, top layer; LL_sum bl, Salar de Llamara summer sample,

bottom layer; LL_sum tl, Salar de Llamara summer sample, top

layer (accession no. SRR961678, SRR952918, SRR952917,

SRR952915, SRR952913; Rasuk et al., 2014); T_d, Tebenquiche

dome; B_mb, Brava microbialite; B_m, Brava mat; T_m,

Tebenquiche mat (accession no. SRR627689, SRR627690,

SRR627691, SRR627395; Farias et al., 2014); S, Socompa

stromatolite (accession no. SRR329490; Farias et al., 2013).

TABLE 2 | Bacterial groups described for the first time in association with

carbonate deposits.

OTU/Group Taxonomic Phylum/class Sample

rank

4C0d-2/YS2 Class/Order Cyanobacteria or

[Melainabacteria]

C32

Azoarcus Genus Betaproteobacteria C49

Hydrogenophilus Genus Betaproteobacteria C49, C65

Thermacetogenium Genus Betaproteobacteria C65

Thermanaerobacterales Order Firmicutes C65

Bacillus saliphilus

Bacillus aurantiacus

Species Firmicutes C32

previously encountered in mineralized microbial mats (Foster
and Green, 2011; Mobberley et al., 2013; Schneider et al., 2013;
Ahrendt et al., 2014).

The 49◦C sample (C49) was dominated by the phylum Pro-
teobacteria (∼91%), followed by Firmicutes and Bacteroidetes
(each with 2%) and Armantimonadetes (∼1%) as major groups.
Distinctive about C49 is the fact that Gamma- and Betapro-
teobacteria account for about 75% of the whole bacterial partial

16S rRNA gene sequences. The dominant genera are Idiomarina
(∼34%) and Halomonas (∼24%) from Gammaproteobacteria,
together with Hydrogenophilus (16%) from Betaproteobacteria.
The potential for carbonate precipitation by the halophilic mem-
bers of the Idiomarina and Halomonas genera was previously
documented (Heijs et al., 2006; González-Muñoz et al., 2008;
Sánchez-Román et al., 2008).

The 65◦C carbonate deposit (sample C65) was dominated
by Hydrogenophilus, with 94% of the entire Proteobacterial

sequences and about 47% of the entire library of partial 16S rRNA
gene sequences. Thermacetogenium spp. is well represented, also,
with about 17% of total. Organisms of this genus are very impor-
tant for microbial mat development, by making a synthrophic
association with hydrogenotrophic methanogens (Hattori et al.,
2005). As far as we know, this taxon was never described as being
a major group in other carbonate microbial mats.

The Firmicutes abundance was 9% in C32, 2% in C49 and
20% in C65. Nearly the entire population in C32 is composed of
Bacillus sequences (B. saliphilus and B. aurantiacus), while in C49
the dominant order is Clostridiales, a group previously found in
association with mineralizing microbial mats (Couradeau et al.,
2011). In C65, the dominant group is Thermoanaerobacterales

order that has never been described in carbonate microbialites.
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Functional Diversity and Possible Mechanisms
for Genesis of Carbonate Crusts
The formation of carbonate deposits is quite common around
continental hot springs, but an important question is whether
that process is abiogenic, based solely on the saturation
state of the water, or biogenic, where the mineral precipita-
tion is influenced by the microbial consortium through their
metabolism. According to Kim et al. (2012), the abiogenic pre-
cipitation prevails at the exit area of the geothermal water,
while the level of biogenic influence on precipitation is in direct
relationship with the increasing distance of the microbial mat
from the geothermal water source and with the decrease of
temperature. Based on that, in the sample closest to the exit
hole of the drilling (C65), the mineral precipitation could be
abiogenic. This possibility is supported by the SEM investiga-
tions (Figure 3F) that did not reveal a well-developed microbial
mat in this sample. Also, the microbial diversity (methanogenic
Archaea, Hydrogenophilus and Thermacetogenium genera, Ther-
manaerobacterales order) is that of a subsurface environment
rather than of a terrestrial community (Kimura et al., 2005;
Yamane et al., 2011; Tiago and Verissimo, 2012; Nyyssönen et al.,

2014). The ascending hot water with high CO2 content crosses
calcareous mudstone levels from where it dissolves and trans-
ports CaCO3 as Ca(HCO3)2, i.e., Ca2+ and HCO−

3 , together
with archaeal and bacterial cells. At the surface, mainly due to
the “low pressure effect,” calcium carbonate precipitates, trap-
ping the cells. As we move farther apart from the exit point
of the geothermal water, both the temperature and water flow
decrease and the microbial mats start to thrive in those envi-
ronments (Figures 1B,E, 2B,D). Thus, the carbonate mineral-
ization could be influenced by both water and microbial mat
(C49) or mainly by the microbial mat (C32), as the commu-
nity is hydrated there only by sprinkling. CaCO3 precipitation
by bacteria can be classified as biologically induced (Konhauser
and Riding, 2012) because the cell has no control on the for-
mation of minerals, these being the result of the interaction
between themetabolism of microorganisms and the aquatic envi-
ronment, resulting a so-called “alkalinity engine” (Dupraz et al.,
2009) influencing the carbonate precipitation. The metabolic
pathways that may be present in the microbial community at
the three different temperatures were predicted based on the
16S rRNA gene data using the recently developed software

FIGURE 7 | Relative abundance distribution of putative bacterial functional groups in the carbonate deposits from Ciocaia. The histograms are

constructed based on the taxonomic affiliations inferred from the 16S rRNA genes.
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PICRUSt (Langille et al., 2013). PICRUSt uses the OTU table
of assigned taxa and their relative distribution to generate the
relative abundance of functional categories based on sequenced
genomes. Based on different KEGG functional gene ontology
affiliation, the functions are arranged into three level subgroups
(i.e., for level 1: metabolism, genetic information processing,
environmental information processing, cellular processes, organ-
ismal systems, human diseases). To simplify analysis, only the
“metabolism,” “genetic information processing,” “environmen-
tal information processing,” and “cellular processes” functions
were analyzed further, as the categories of “organismal systems”
and “human disease” were considered with limited relevance
to environmental samples. Even though it is known that tem-
perature plays a major role in shaping the diversity and func-
tion of microbial mats (Sharp et al., 2014), little variation in
the predominant metabolic pathways was observed among the
C32, C49, and C65 samples (Supplementary Figure S4). The
single exceptions were the increase of carbon fixation through
photosynthesis in C32 and that of methane-metabolizing path-
ways in C65 (data not shown). This can be explained by the
high diversity of phototrophs and methanogenic archaea, respec-
tively. The fact that no difference was observed via PICRUSt
analysis (Supplementary Figure S4) could be attributed to a low
quantity and quality of annotated genomes that are related to
the species observed in the Ciocaia samples. Future updates
are required as new genome sequences are sequenced and/or
annotated.

We also analyzed dominant OTUs that were classified up to
the species or genus level in an attempt to identify and pre-
dict specificmetabolic groups and possible ecological interactions
within each sample (Figure 7). However, there is no causal-
ity between species diversity and functional diversity, which
requires caution when attributing functional roles within the
microbial community based on rRNA classification. 16S rRNA-
based identification is not always correlated with similarity of
metabolic pathways and also some contributors may be hid-
den in OTUs that could not be assigned beyond the taxo-
nomic level of phyla, class and order. In C49 the dominant
genera Idiomarina and Halomonas comprise 60% of the entire
16S rRNA gene library. They are important promoters of car-
bonate precipitation through a unique high content of odd-
iso-branched fatty acids in the cell membrane of Idiomarina
species (González-Muñoz et al., 2008) or by creating an alka-
line microenvironment around the cell by Halomonas species
through oxidative deamination of amino acids (Heijs et al.,
2006; Sánchez-Román et al., 2008). In HCO−

3 rich mesother-
mal environments, the external pH can increase as inorganic
carbon is consumed by phototrophic or chemolithoautotropic
organisms faster than it can be replaced from the geother-
mal water (Hayashi et al., 1999; Badger et al., 2006; Raven,
2006). Phototrophs are dominant in C32 (Figure 7), being rep-
resented by both oxygenic and anoxygenic groups (Cyanobac-
teria, Chloroflexi, Ectothiorhodospiraceae, Chromatiaceae). The
Cyanobacteria-Chloroflexi association has been previously docu-
mented in thermophilic microbial communities (Portillo et al.,
2009) because in some cases, the oxygenic photosynthesis of
cyanobacteria is dependent of the sulfide depletion by the

anoxygenic Chloroflexus sp. (Jørgensen and Nelson, 1988; Kim,
1999). Sulphate-reducing bacteria (SRB), identified in all sam-
ples (Figure 7), can take part in increasing the environment’s
alkalinity by generating carbonate ions in the process of sulfate
reduction. Part of the H2S consumed by anoxygenic photosyn-
thesis may come from the activity of SRB as well. Heterotrophs,
dominant in C49 and well represented in C32 and C65, can
also increase the environment pH toward alkalinity by decom-
posing organic matter (Visscher et al., 2000; Konhauser, 2007;
Baumgartner et al., 2009).

Conclusions

To our knowledge, this is the first study of thermal carbon-
ate deposits formed around an abandoned oil drill hole. It
focused on sedimentary structures set in specific microenvi-
ronments at 32◦C, 49◦C, and 65◦C around the geothermal
spring from Ciocaia, Romania. The microbialites presented lam-
inated macrostructures at lower temperatures and an irreg-
ular arrangement of carbonate crystals at 65◦C. The micro-
bial diversity in the three microenvironments either resem-
bles that of other mineralized mats characterized in litera-
ture or presents a specific consortium of phyla and classes.
Besides the archaeal and bacterial groups that are known to
be associated with this kind of structures, there were sev-
eral lineages observed for the first time in calcium carbonate
deposits: the halophilic Archaea from the Halobacteria class,
the non-photosynthetic, Cyanobacteria-related phylum Melain-
abacteria, several groups from Proteobacteria and Firmicutes.
Future work is needed to determine the degree of biogenicity
in each type of microbialite described in this paper. Morpho-
structural studies, coupled with a metagenomic and metatran-
scriptomic approach, with stable isotope analysis and in situ func-
tional studies and characterization of both surface and subsur-
face communities from Ciocaia will help determine the active
components of the microbial mats and the degree of micro-
bial contribution to the mineralization of calcium carbonate.
Overall, the spring from Ciocaia emerges as a valuable site to
probe microbes-minerals interrelationships along thermal and
geochemical gradients.
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and bacterial diversity in two hot spring microbial mats from a geother-
mal region in Romania. Extremophiles 17, 523–534. doi: 10.1007/s00792-013-
0537-5

Couradeau, E., Benzerara, K., Moreira, D., Gérard, E., Kaźmierczak, J, Tavera, T.,
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