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Abstract Caves are relatively accessible subterranean habi-
tats ideal for the study of subsurface microbial dynamics and
metabolisms under oligotrophic, non-photosynthetic condi-
tions. A 454-pyrotag analysis of the V6 region of the 16S
rRNA gene was used to systematically evaluate the bacterial
diversity of ten cave surfaces within Kartchner Caverns, a
limestone cave. Results showed an average of 1,994 opera-
tional taxonomic units (97 % cutoff) per speleothem and a
broad taxonomic diversity that included 21 phyla and 12
candidate phyla. Comparative analysis of speleothems within
a single room of the cave revealed three distinct bacterial
taxonomic profiles dominated by either Actinobacteria, Pro-
teobacteria, or Acidobacteria. A gradient in observed species
richness along the sampling transect revealed that the com-
munities with lower diversity corresponded to those dominat-
ed by Actinobacteria while the more diverse communities
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were those dominated by Proteobacteria. A 16S rRNA gene
clone library from one of the Actinobacteria-dominated spe-
leothems identified clones with 99 % identity to chemoauto-
trophs and previously characterized oligotrophs, providing
insights into potential energy dynamics supporting these com-
munities. The robust analysis conducted for this study dem-
onstrated a rich bacterial diversity on speleothem surfaces.
Further, it was shown that seemingly comparable speleothems
supported divergent phylogenetic profiles suggesting that
these communities are very sensitive to subtle variations in
nutritional inputs and environmental factors typifying speleo-
them surfaces in Kartchner Caverns.

Introduction

Bacteria have been found in every known ecological niche
on earth with the microbial diversity of each niche specifi-
cally, finely tuned to exploit the environmental conditions
found in that particular ecosystem. Analysis of the microbial
diversity of unique habitats provides both the opportunity to
expand our understanding of global microbial diversity and
the potential to gain insights into the energy dynamics of
novel population assemblages. Limestone caves provide one
such habitat where growth conditions characterized by mild,
stable temperatures, high humidity, circumneutral pH, and
abundant oxygen are severely constrained by nutrient-
limited conditions. The oligotrophic conditions found in
caves are a direct result of the lack of photosynthetic activity
due to the absence of sunlight. These conditions force bac-
teria to rely on alternative primary production strategies to
supplement the limited supplies of allocthonous organic
carbon sourced from the surface. Further, limestone caves
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generally lack exogenous energy sources such as those
present in caves with sulfide- [1, 2] and ferromanganese-
rich deposits [3, 4].

In this study, we focus on the bacterial diversity of
Kartchner Caverns, a limestone cave located in the Sonoran
Desert of southeastern Arizona. Despite its desert location,
humidity within Kartchner Caverns is on average 99.4 %
and the cave contains a wide diversity of actively growing
calcite speleothems [5]. The oligotrophic conditions typical
of caves are further intensified in Kartchner Caverns due to
the low amounts of organic matter present in the semiarid
soils of the region which impact the quantity of organic
carbon reaching cave microbes through drip water. The
organic carbon concentration in drip water fluctuates from
0.79 to 2.7 mg C L™" on an annual basis (Legatzki, unpub-
lished); values similar to caves in other desert regions [6],
but three orders of magnitude lower than levels found in the
drip water of caves in temperate regions [6, 7].

Previous surveys of microbial community structure con-
ducted on different speleothems in two distinct areas of
Kartchner Caverns using PCR-denaturing gradient gel elec-
trophoresis (PCR-DGGE) indicated that the formations sup-
port complex communities and that the structure of these
communities varied between speleothems located within the
same room of the cave [8, 9]. Further, observed differences in
community structure on adjacent speleothems were preserved
when sampled over two consecutive years [9]. Canonical
correspondence analysis of ten actively growing speleothems
located within one room of the cave revealed that the varia-
tions in bacterial community structure could not be correlated
with either physical (dimensions, color) or chemical (elemen-
tal and organic carbon concentration of speleothem surface
material) properties of the individual formations, but were
correlated with the specific location of that formation within
the room. These results suggested an association between the
observed drip water sources feeding individual stalactites and
the respective community structure [8].

The goal of the current study was to further characterize
the specific differences in community structure documented
by our previous study. The depth of sequencing provided by
454-pyrotag analysis was utilized to accomplish a twofold
objective; (1) to quantify the comparative species richness
and diversity of the bacterial community groups associated
with the speleothems analyzed in the previous study, and (2)
to compare the taxonomic composition of each community
sampled to identify the magnitude of hierarchical diversity
differentiating these distinct communities. In addition, phylo-
genetic analysis of nearly full-length 16S rRNA genes from one
speleothem was used to obtain more specific identifications and
to characterize the novelty of the bacterial populations coloniz-
ing the calcite speleothems of this limestone cave ecosystem.
While previous studies have documented distinct bacterial
communities present in limestone caves located in globally
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diverse regions [8—12], the current work is unique in its effort
to document the magnitude of variability in bacterial diversity
and taxonomic composition of communities colonizing adja-
cent speleothems within a single cave. In depth taxonomic
characterization of the distinct bacterial communities present
in Kartchner Caverns is a critical step for elucidating the func-
tional dynamics driving the formation of bacterial assemblages
colonizing calcite speleothems.

Methods
Site Description and Sampling

Kartchner Caverns is a limestone cave characterized by high
humidity (99.4 %), CO, levels that range from 1,000 to
5,000 ppm and a mean annual temperature of 19.8 °C. The
only natural entrance to the cave is a single blowhole and so
air exchange with the surface is minimal [13]. A Myotis
velifer bat population roosts in the cave from late April to
mid September and is limited to the Big Room region of the
cave [14]. Most other fauna in the cave are arthropods that
depend on the guano provided by the bat population [15].
The Big Wall room (BW) located in the Rotunda-Throne
room region of Kartchner Caverns was selected as the
primary sampling site for this study. Six actively dripping
stalactites (A, B, D, E, F, and W) and one bacon drapery (C)
(Fig. 1) were sampled in November 2008 by swabbing the
surface with sterile swabs (35 cm? surface area per sample),
wet with sterile dH,O. Each formation was sampled with ten
swabs that were stored immersed in 6 ml sterile dH,O at
4 °C and processed within 24 h. In addition, a composite
sample was collected (10 swabs total) from the surface of
two cave rock walls immediately adjacent to the speleo-
thems (Fig. 1) and processed similarly. Extracted communi-
ty DNA from samples previously collected in April 2007 by
Legatzki et al. [9], from two speleothems located in the
Strawberry Alcove room (SA) of the Big Room region of
the cave, was also included in the analysis (Fig. 1), as a basis
of comparison for the BW room samples. The labels used in
the previous study for these two samples have been changed
from C and S to CA and ST, respectively, to avoid confusion
with BW room sample designations. These two rooms of the
cave were selected based on a high level of speleothem
diversity, low human impact (limited to scientists and
rangers, ~10 people per year) and their location in two
distinct regions of the cave. Detailed physical and chemical
characterizations of the rooms and formations sampled in
this study were described previously in Legatzki et al. [8, 9].
Finally, a soil sample was collected above the cave from the
area above the Big Wall room for comparison of soil bacte-
rial diversity to that found within the cave. The soil sample
was collected using sterile tools as described in Drees et al.
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Fig. 1 Map of Kartchner Caverns State Park. The cave map indicates
the tour trails (Rotunda-Throne and Big Room tour trails), the Big Wall
room (BW) and the Strawberry Alcove room (S4). Inset Map of the
BW room showing the horizontal distances in m between the speleo-
thems sampled in this area. The speleothems (filled circle) are marked

[16]. Briefly, a 100-g soil sample was collected as far as
possible from plants to avoid rhizosphere effects and at a
depth of 20 cm in order to obtain a sample minimally
impacted by eolian dispersion. The sample was placed into
sterile polycarbonate tubes and stored on ice for transport
back to the laboratory. Soil was then air-dried, sieved with a
sterile 2-mm sieve to remove rock debris and stored at —20 °C
until processed.

DNA Extraction

The BW room swab samples were sonicated for 20 s in the
6 ml storage solution, vortexed for 1 min, then sonicated
again for 20 s after which the swabs were aseptically re-
moved. Genomic DNA was then extracted using the proce-
dure described by Legatzki et al. [9] for the SA room
samples collected in 2007. Potential contamination during
the sampling or extraction procedure was addressed by
opening sterile swabs in the cave, holding them in the air
for 1 min, placing them in sterile dH,O and processing them
in parallel with the environmental samples. Soil community
DNA was extracted from 0.5 g of soil sample using the
FastDNA spin kit for soils (MP Biomedicals, Solon, OH,

room wall/
ceiling

{

Throne
Room

SA

\

Room

li

by their alphabetical label. The rock wall sample was a composite from
two rock walls (filled square), labelled in the figure as Rock; and
Rock,. The two stalactites sampled in the SA room (CA and ST) were
separated by a distance of 2.4 m (not shown)

USA) following the manufacturer’s protocol optimized to
enhance DNA recovery from desert soils [17].

Amplicon Library Preparation for 454-pyrosequencing

Amplicon libraries of the 16S rRNA V6 region were gener-
ated using a modified version of the primers 967f (5'-MWA
CGC GAR GAA CCT TAC C-3') and 1070r (5'-AGC TGA
CGA CAR CCA T-3") [18] that contained the 454 adaptor
primers A or B, respectively. The forward primer included a
ten nucleotide barcode sequence unique to each sample. The
25 pl PCR reaction mix contained: 1x Invitrogen High
Fidelity PCR Buffer (Invitrogen Corporation, Carlsbad,
CA, USA), 2.5 mM of MgS0Oy,, 0.5 uM of each primer,
0.4 gL' unacetylated bovine serum albumin (Sigma, St.
Louis, MO, USA), 200 uM of each deoxynucleoside tri-
phosphate, 5 % dimethyl sulfoxide, 1.0 U Platinum Taq
High Fidelity DNA polymerase (Invitrogen Corporation,
Carlsbad, CA, USA) and 100 pg template DNA. Amplifi-
cation conditions were 94 °C for 2 min; 30 cycles of 94 °C
for 30 s, 55 °C for 40 s, and 68 °C for 40 s and a final
extension at 68 °C for 5 min. Amplicons from three reac-
tions for each sample were excised from gels, pooled and
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purified using QIAquick Gel Extraction Kit (Qiagen Inc.,
Valencia, CA, USA). The samples were submitted to the
Arizona Genomic Institute (University of Arizona, Tucson,
AZ, USA) for unidirectional sequencing in the forward
direction by the 454/Roche GS-FLX-Titanium system.
Sequences were deposited in the NCBI Sequence Read
Archive under accession number SRA037637.1.

Sequence Analysis and Community Comparison

A total of 551,526 reads were obtained and were screened
through the following filters: minimum average quality
score of 30, no N’s in the sequence, maximum length
120 bp, minimum length 95 bp and presence of forward
and reverse primer sequences. The sequences remaining
after filtering (79 %) were trimmed to 75 bp after removal
of the forward primer.

Initial operational taxonomic unit (OTU) clustering was
carried out using a combination of the software packages
Mothur v1.12.2 [19] and ESPRIT [20] with a 0.03 cutoff. A
total of 636 OTUs were identified as contaminants based on
their presence in high abundance in the blank (i.e. >40 % of the
total reads belonging to each of these OTUs were from the
blank) processed in parallel throughout this study. Sequences
belonging to these contaminant OTUs were removed, the pipe-
line was re-started with the remaining sequences, and the OTU
clustering step re-run. This data set was used for all further
analyses. Richness and diversity indices, rarefaction curves and
pairwise community comparisons generated using the Serensen
abundance (Sorabund) analysis were computed by the respec-
tive Mothur applications (www.mothur.org). Taxonomic clas-
sification of the reads was done using the Global Alignment for
Sequence Taxonomy (GAST) [21] with an 80 % similarity
cutoff. The GAST scripts and database files were obtained from
vamps.mbl.edu. This classification method was selected given
the high accuracy of its taxonomic assignments when using the
V6 hypervariable region as demonstrated by Huse et al. [22].
The most abundant phylotypes were further classified based
on a combination of GAST, the Ribosomal Database Proj-
ect’s Classifier [23] and BLAST analysis against the NCBI
database [24]. This step was done to classify dominant
OTUs that were unclassified using GAST alone and/or to
obtain more detailed taxonomic information when possible.
Finally, phylum abundances were calculated based on the
total number of sequence reads remaining following the
removal of contaminant OTU sequences. DNA sequences
for the most abundant phylotypes are provided in the
electronic supplementary material (Supplementary Table 1).
The complete analysis described above was repeated with
data normalized for sample sequence read number, but no
significant differences were observed, thus the entire dataset
was retained. Results for all the analyses performed can be
found at: http://www.agcol.arizona.edu/kartchner/.
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Bacterial 16S rRNA Gene Library

Genomic DNA from speleothem D was amplified for prepa-
ration of a 16S rRNA gene library using primers 27f and
1492r [25]. The 25 ul PCR reaction mix contained: 1x PCR
Buffer C (10x buffer C=100 mM Tris—HCI, 500 mM KCI,
20 mM MgCl,, pH8.28), 0.5 uM of each primer, 0.4 gL'
unacetylated bovine serum albumin (Sigma, St. Louis, MO,
USA), 200 uM of each deoxynucleoside triphosphate, 5 %
dimethyl sulfoxide, 0.625 U Taq DNA polymerase (Roche
Diagnostics GmbH, Mannheim, Germany) and 138-209 pg
template DNA. Amplification conditions were 95 °C for
3 min; 30 cycles of 95 °C for 40 s, 55 °C for 40 s, and
72 °C for 84 s and a final extension at 72 °C for 10 min.
PCR products from three separate reactions were pooled and
purified using the QIAquick PCR Purification Kit (Qiagen
Inc., Valencia, CA, USA). Amplicons were cloned into
pCR®2.1-TOPO® vector (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s protocol. A total of 312 clones
were processed by plasmid extraction (Plasmid preparation
kit, Fermentas Inc., Glen Burnie, MD, USA) and Sanger-
sequenced with primer 518f[25] by the University of Arizona
Genetics Core (UAGC, Tucson, AZ, USA). OTUs were gen-
erated from the resulting sequence reads based on 99 % sim-
ilarity using Mothur software [19] and a representative
sequence from each OTU group was selected for full-length
sequencing using the UAGC vector primers T7f and M13r.
Sequences generated from each OTU by the three primers
(T7f, 518f, and M13r) were assembled using the Faktory
software (University of Arizona, Tucson, AZ) generating
nearly full-length 16S rRNA gene sequences. Chimeras were
identified with Bellerophon v3 and removed [26]. The full-
length sequences were clustered into 57 OTUs at 97 % sim-
ilarity by Mothur. Representative sequences from each OTU
were aligned using the SINA online aligner available through
the SILVA online resource [27]. ARB software [28] and
BLAST searches [24] were used to identify putative phyloge-
netic groupings for each OTU. Associated reference sequen-
ces were identified with the ARB software and retrieved from
SILVA [27] and NCBI databases. Rooted most parsimonious
trees were constructed from clone and reference sequences by
heuristic search (tree bisection reconnection branch swapping)
using PAUP version 4.0 Beta 10 software [29]. The 16S rRNA
gene sequences were deposited in the GenBank database
under accession numbers JN178885-JN178941.

Results
454-pyrotag Diversity Analysis of Bacterial Communities

The 454-pyrosequencing of eleven samples generated a total
of 382,319 sequence reads after quality filtering and
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contaminant removal, representing 69 % of the original
dataset. Sample library size ranged from 23,486 to 46,186
sequence reads. The samples evaluated included seven spe-
leothems and a cave rock wall from the BW room sampled
in 2008, two speleothems from the SA room sampled in
2007 and a soil sample from directly above the cave col-
lected in 2008. Diversity indices varied significantly among
the sample sites (95 % confidence interval) (Table 1). With-
in the BW room, observed species richness ranged from
1,568 to 2,422 OTUs with the lowest values being found
on speleothems W, D, and E located at one end of the room
and the highest values associated with speleothems A and B
at the other end of the sampling transect (Table 1, Supple-
mentary Fig. 1). The rock wall species richness was 2,326,
comparable to speleothems A and B. The richness of the SA
stalactites (1,982-2,241) fell within the range observed for
the seven BW formations. Finally, the soil community had
an observed richness of 4,533 OTUs, approximately twice
that of the cave samples. Percent coverage for these com-
munities based on the ACE estimates was varied (Table 1),
ranging from 47 % for speleothem A to 71 % for speleothem
W in the BW room. Coverage for the SA room (59-70 %)
was within the range observed for the BW room. Coverage
was greatest for the soil community (78 %) despite the fact
that this community had the highest species richness
(Table 1).

The range in the Shannon diversity index for the BW
room was 4.32 (Speleothem W) to 6.06 (Speleothem B).
Once again, speleothems A and B and the rock wall com-
munity were most diverse and speleothems C and W least
diverse (Table 1). The average diversity for the SA room
(5.17) was similar to the average for the BW room (5.15).
Abundant OTUs (>10 reads) comprised less than 23 % of

the bacterial communities for each sample (13.5-22.7 %)
while low abundance OTUs (<2 reads) represented an aver-
age of 57+4.2 % of the respective communities. Unique
OTU abundance (OTUs specific to a single sample) in each
community was found to be 18-23 % for the BW speleo-
thems, 27 % for the BW rock, 28 and 36 % for the two SA
speleothems, and 84 % for the soil community. Thus, spe-
cies overlap was greater among the BW speleothems, than
between these speleothems and the adjacent rock wall. Fur-
ther, just 16 % of the soil OTUs were found in any of the
communities sampled from within the cave, suggesting that
the cave harbors unique microbial communities that devel-
oped independently from the soil bacteria potentially enter-
ing the cave in drip water from the surface.

Pairwise community comparisons were computed within
the BW and SA rooms using the Sorabund similarity index
(Fig. 2). The two community pairs with the greatest simi-
larity were speleothems A/B and C/E. Speleothems A and B
are two immediately adjacent, morphologically similar sta-
lactites descending from the same drapery and characterized
by the highest level of diversity among the speleothem
communities sampled. In contrast, C and E are morpholog-
ically distinct formations located 4.2 m apart and physically
separated by D, F, and W (Fig. 1). C is a drapery while Eis a
stalactite. The C and E communities were among the least
diverse of those sampled from within the cave (Table 1).
Stalactites F and W were the least similar pair of the BW
room formations (Fig. 2), though they were located just
0.8 m apart. As would be expected, speleothems CA and
ST in the SA room were more similar to each other than to
any of the communities analyzed in the BW room (Fig. 2),
confirming previously published conclusions based on
PCR-DGGE analysis [8].

Table 1 Summary of 454-pyrotag operational taxonomic units (OTUs) and diversity and richness estimates

Sample  Number of OTUs  Chaol (95 % CI) ACE (95 % CI) Percent coverage”  Simpson (95 % CI) Shannon (95 % CI)
BW room
A 2,161 3,454 (3,253-3,693) 4,623 (4,502-4,749) 47 0.014 (0.013-0.014)  5.58 (5.55-5.60)
B 2,422 3,867 (3,653-4,119) 4,993 (4,873-5,118) 49 0.008 (0.007-0.008)  6.06 (6.04—6.08)
C 1,866 2,830 (2,665-3,030) 3,450 (3,359-3,546) 54 0.054 (0.052-0.055) 4.37 (4.34-4.39)
D 1,941 2,840 (2,687-3,025) 2,952 (2,868-3,043) 66 0.017 (0.016-0.017)  5.19 (5.17-5.21)
E 1,813 2,788 (2,620-2,991) 3,455 (3,366-3,550) 53 0.033 (0.032-0.034)  4.81 (4.79-4.84)
w 1,568 2,188 (2,067-2,637) 2,220 (2,162-2,284) 71 0.045 (0.044-0.046)  4.32 (4.31-4.33)
F 1,952 2,872 (2,712-3,065) 3,406 (3,321-3,495) 57 0.038 (0.037-0.039)  5.08 (5.06-5.11)
Rock 2,326 3,417 (3,239-3,629) 3,966 (3,873-4,065) 59 0.012 (0.011-0.012)  5.82 (5.80-5.84)
SA room
CA 2,241 3,131 (2,985-3,307) 3,774 (3,689-3,865) 59 0.038 (0.036-0.039)  5.51 (5.48-5.54)
ST 1,982 2,807 (2,659-2,987) 2,818 (2,750-2,892) 70 0.078 (0.075-0.080)  4.82 (4.79-4.84)
Soil
Soil 4,533 5,682 (5,535-5,851) 5,810 (5,727-5,899) 78 0.002 (0.002-0.002)  7.30 (7.28-7.32)

# Calculated using ACE richness estimator
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Fig. 2 Pairwise community comparisons. The bar scale represents the
Sorabund index, a value between 0 and 1 that compares the bacterial
communities between two samples. Darker color squares represent less
similarity between sample communities

Analysis of Community Taxonomic Composition

Community taxonomic profiles were generated for each of
the samples based on analysis of the 454-pyrotag sequences.
Based on these profiles the magnitude of the taxonomic
differences driving observed variations in community diver-
sity was evaluated. A total of 21 phyla and 12 candidate
phyla were identified from the cave communities although
>98 % of the sequences belonged to just 13 phyla and 4
candidate phyla (Fig. 3a). The taxonomic analysis revealed
that the speleothems in the BW room separated into three
quite distinct community types; Type 1, included speleo-
thems C, D, E, and W; Type 2, included speleothems A and
B; and Type 3, was limited to speleothem F.

Type 1 bacterial communities (C/D/E/W) were dominat-
ed by Actinobacteria with abundances ranging from 48 to
66 % (Fig. 3a). The majority of these Actinobacteria
belonged to the Actinomycetales followed next by the
Rubrobacterales order, and finally by low abundances of
Acidimicrobiales (Fig. 3b). The next most abundant phylum
in these communities was Proteobacteria. The OTUs within
this phylum were fairly evenly distributed between Alphap-
roteobacteria and Gammaproteobacteria with the former
being slightly more abundant (Fig. 3c). Speleothem W de-
viated slightly from the pattern with 18 % Alphaproteobac-
teria and just 3 % Gammaproteobacteria. The remaining
phyla present in the C/D/E/W communities had abundances
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Fig. 3 Bacterial community composition of 454 sequence libraries. a
Distribution of dominant phyla in cave and soil samples. The category
“others” represents bacterial phyla that were represented in less than
1 % in all samples and include the phyla Spirochaetes, Deinococcus-
Thermus, Deferibacteres, Aquificae, Fusobacteria, Lentisphaerae,
Chlamydiae, Chlorobi, BRC1, OPB7, OP3, OP5, OP10, OP11, TGl,
and OD1. Phylotypes that could not be classified by GAST with more
than 80 % similarity to reference sequences were determined as un-
classified. b Distribution of Actinobacteria (order) in 454 samples.
The orders Coriobacteriales and Bifidobacteriales were only found
in formations E and ST, and formation CA, respectively, and repre-
sented <0.1 % (not shown). ¢ Distribution of Proteobacteria (class)
in 454 samples. The class Epsilonproteobacteria was found in all
samples except in CA and Soil but represented <0.28 % of the sequences
(not shown)

<5 % with one exception; 9 % of the speleothem C com-
munity belonged to a single OTU in the candidate phylum
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SBR1093. This anomaly is particularly intriguing because
the remaining ten communities evaluated (including the
soil) contained abundances <0.2 % for this particular group.
No bacteria have been cultured from this candidate phylum
and the previously identified clones were from geographi-
cally diverse environments; one from an activated sludge
sample [30], eight from hydrocarbon contaminated soils in
France [31] and one from stromatolites in Shark Bay, West-
ern Australia [32].

Type 2 communities (A and B) were dominated by Pro-
teobacteria with abundances of 40 % for A and 33 % for B
(Fig. 3a). The abundance of Actinobacteria was just 32 and
28 % for A and B, respectively, levels that were much lower
than those found in the C/D/E/W group. Further, within the
Proteobacteria, Deltaproteobacteria abundance was 12 and 5
times higher in the A and B communities, respectively, than
the average for the C/D/E/W group. The average abundance of
Alphaproteobacteria in the Type 2 communities was actually
lower than in Typel, whereas the Gammaproteobacteria aver-
ages were comparable for both communities (Fig. 3c). The
Type 2 community was also characterized by greater abun-
dances of both Chloroflexi and Planctomycetes than found in
the C/D/E/W communities. The average Chloroflexi abun-
dance in the A/B communities was 3.3-fold greater than
speleothem D and 15- to 100-fold greater than speleothems
C, E, and W. Likewise, Planctomycetes were 5 tol4 times
higher in A/B than in C/D/E/W.

Finally, the Type 3 community represented by speleo-
them F was unique among all the speleothems analyzed in
both the BW and SA rooms (Fig. 3a). The F community was
dominated by Acidobacteria (33 % abundance), a phylum
with a maximum abundance of 11 % in all the other BW
communities. The abundance of Proteobacteria was just
14 %, the lowest value among all cave communities evalu-
ated. In addition, the speleothem F community included
10 % Gemmatimonadetes and 4.8 % Nitrospira, two phyla
present at <4 and <2.2 %, respectively, on the remaining
BW speleothems. The taxonomic composition of F is clearly
unique among the BW communities, despite the fact that it
is located within 1.5 m of D, W, and E (Fig. 1).

The BW rock wall community was comprised of Actino-
bacteria (41 %), Proteobacteria (37 %), and Acidobacteria
(6 %) at abundance levels that were intermediate to those
found in the seven BW speleothem communities (Fig. 3a).
Unique distributions were only observed for Gammapro-
teobacteria (20 %) and Firmicutes (1.4 %) where abun-
dances were 1.5- to 2-fold greater than in any of the BW
speleothem communities. Recall that just 27 % of the
rock wall OTUs was unique, a value indicating signifi-
cant overlap with the speleothem communities. These
analyses suggest that the rock wall community supports
many of the same populations found on the adjacent
speleothem surfaces.

The SA speleothem communities were quite distinct from
those of the BW room as indicated by the Sorabund pairwise
comparison analysis (Fig. 2). Proteobacteria were even
more abundant in these two communities than in the BW
Type 2 group (56 % and 63 %). Further, these Proteobac-
teria were predominantly Deltaproteobacteria at levels 2 to
3 times greater than speleothem A, the community with the
highest abundance of Deltaproteobacteria in the BW room
(Fig. 3c). These samples were collected 1 year prior to the
BW room samples, thus the unique taxonomic profile ob-
served in this room could reflect both temporal as well as
spatial differences, but in either case, the magnitude of
variability observed in the community profiles confirms that
a range of distinct community types colonize the calcite
speleothems in Kartchner Caverns.

Finally, the soil taxonomic composition was distinct from
any of the ten cave communities analyzed. While Actinobacteria
abundance was similar to that found in the C/D/E/W group, the
soil populations were primarily associated with the Rubrobac-
terales order rather than the Actinomycetales that characterized
the majority of the cave Actinobacteria (Fig. 3b). In addition, the
abundance of Proteobacteria in the soil sample (7.6 %) was the
lowest of all the samples analyzed.

16S rRNA Gene Library of Speleothem D

A 16S rRNA Sanger-sequenced gene library of the speleo-
them D (BW room, C/D/E/W cluster) bacterial community
was constructed to obtain greater phylogenetic resolution of
bacterial populations identified in the 454-pyrotag analysis.
This speleothem was selected since it belonged to the largest
cluster in the BW room and would provide deeper insight
into ubiquitous speleothem populations. After quality as-
sessment, 312 clones were obtained that clustered into 57
unique OTUs (97 % similarity cutoff). When compared to
the speleothem D pyrotag library, 96 % of the Sanger OTUs
were found to have >97 % sequence identity with
corresponding 454-pyrotags indicating good correspon-
dence between the two methods. Clone 85C, a Gammapro-
teobacteria that clustered in a lineage with a clone extracted
from a grass prairie soil (Fig. 4a, bootstrap, 99), had 100 and
97 % identity to the first and fifth most abundant speleothem
D pyrotags, respectively. Clones 43F and 11D had 100 %
identity with the second and fourth most abundant pyrotags,
respectively. Both of these clones were located in a novel
Rubrobacterideae lineage most closely related to the Solir-
ubrobacterales and Thermoleophilales orders (bootstrap,
99). Finally, clone 28G had 100 % identity with the most
abundant Kartchner pyrotag, from all samples. This last
clone was identified as a member of the Nocardioidaceae
family and was located in a strongly supported clade (boot-
strap, 100) with Aeromicrobium erythreum, a bacterium
known for producing erythromycin [33].
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Fig. 4 Phylogenetic trees of 16S rRNA gene clone library from Speleo-
them D. a Phylogenetic tree of gene sequences associated with Proteo-
bacteria classes. b Phylogenetic tree of gene sequences associated with
the non-Proteobacteria phyla. The trees topology was determined by

BLAST analysis revealed that 86 % of the phylotypes
identified in the Sanger library were associated with uncul-
tured environmental clones from soil and other cave environ-
ments (Supplementary Table 2). Three OTUs clustered in
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maximum parsimony using PAUP version 4.0 Beta 10. The different
phylogenetic groups (phyla or class) are delineated by the white and gray
areas. Bootstrap values (1,000 replicates) from maximum parsimony
analysis are given for nodes with bootstrap values >50 %

clades (bootstrap 100 %) with clones from other cave systems;
clones 2H and 66C, putative Actinobacteria, clustered with a
clone from Owl Cave, Kentucky (Q500878) and clone 35E, a
putative Deltaproteobacteria, clustered with a clone from
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Fig. 4 (continued)

Pajsarjeva jama cave, Slovenia (FJ535064) (Fig. 4a and b). In
addition, clones 99D, 17G, 21G, 83E, and 98C were found to
have >99 % sequence identity to Alphaproteobacteria previ-
ously cultured from Kartchner Caverns (Fig. 4a and b), four of
which were isolated from within the BW room.

The novelty anticipated among cave bacterial populations
was confirmed by the fact that 21 % of the clone library OTUs
had <96 % similarity to GenBank sequences (Supplementary
Table 2). These unique OTUs belonged to a diverse group of
phyla including Actinobacteria (11D, 97C and 30D; n=13),
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Planctomycetes (29G, 241, and 31G; n=6), Alphaproteobac-
teria (11C; n=4), Acidobacteria (20C and 4F; n=2), Chloro-
flexi (41 F; n=1), and Gemmatimonadetes (69C; n=1).
Phylogenetic associations observed in this study will guide
future efforts to obtain more specific information concerning
the potential functional roles of these unknown microbes in
the speleothem communities.

Discussion
Diversity and Taxonomic Profile of Speleothem Surfaces

The results from the 454-pyrotag analysis reveal that despite
the oligotrophic conditions found in Kartchner Caverns,
phylogenetically diverse communities colonize both speleo-
them and rock surfaces. In fact, two distinct patterns were
found among the BW room speleothems. First, a range in
both species richness (1,568 to 2,422 OTUs) and diversity
(Shannon index, 4.32 to 6.06) was observed, with the C/D/
E/W cluster being least diverse and the A and B cluster
demonstrating the greatest diversity. The second pattern was
the emergence of three distinct phylogenetic clusters from the
community taxonomic analysis. Speleothems C/D/E/W were
dominated by Actinobacteria, speleothem F was dominated
by Acidobacteria and A/B were dominated by Proteobacteria.
Taken together, these two patterns reveal that the more diverse
communities (A/B) were dominated by Proteobacteria, while
the less diverse communities were dominated by Actinobac-
teria. Overall, these results demonstrate that the variability in
speleothem community structure demonstrated previously by
our PCR-DGGE study [8] is supported by deep phylogenetic
differences among these communities.

The Acidobacteria-dominated community of speleothem
F represents an anomaly among the Kartchner communities.
Although its richness was intermediate to the C/D/E/W and
A/B clusters, and the diversity was not significantly differ-
ent from C/D/E/W, this community has a unique phyloge-
netic profile. Previous work has suggested that the physical
proximity and the drip water lines feeding each speleothem
are possible factors influencing bacterial community struc-
ture in Kartchner Caverns [8], but these factors alone do not
explain the uniqueness of speleothem F. Recall that this
speleothem 1is located just 0.8 m from D and W. In fact, in
contrast to the present pyrotag results, the former PCR-
DGGE analysis clustered the F community with D and W
[8]. However, PCR-DGGE profiles only document pres-
ence/absence of specific populations and do not detect phy-
logenetic relationships or abundance. Thus, the 454-pyrotag
analysis has revealed differences in community composition
not evident from the PCR-DGGE analysis. Based on these
combined analyses, it appears that while drip water may
have an important influence on community structure, there
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are additional factors shaping the phylogenetic distribution
characteristic of each speleothem.

What other factors may be responsible for the unique
phylogenetic profile of speleothem F? An elemental analysis
of mineral samples removed from the speleothems in 2008,
revealed that the surface 2 mm of speleothem F contains
between 2.3 and 173 times more Al, Fe, P, Mn, K, Si, Ti, Cr,
and Pb than any other formation in the BW room [8]. The
major differences observed were in P and Mn with concen-
trations 7- to 173- and 3.3- to 133 times higher, respectively,
for speleothem F than for any other speleothem [8]. These
results show that speleothem F was not only unique in its
phylogenetic profile but was also unique in its elemental
composition. The elemental profile of the speleothems was
not identified as an explanatory variable driving variations
in overall community structure for the PCR-DGGE analysis,
but the elevated levels of these elements in F may explain
the unique composition of this particular community. Future
work will focus on identifying potential relationships be-
tween the unique bacterial profile of speleothem F and
factors influencing the metabolism of these elements.

The phylogenetic community types identified in Kartch-
ner Caverns are not unique to this cave, but have been
previously identified in limestone cave microbial communi-
ties sampled from speleothems, rock walls and soils [11, 34,
35]. Barton et al. [12] found Actinobacteria to be the dom-
inant phylum, representing 60 % of the bacterial community
of an oligotrophic limestone rock surface, in Carlsbad Cav-
erns, New Mexico. In other limestone cave studies, Proteo-
bacteria was identified as the dominant phylum, with
Alpha-, Gamma-, and Betaproteobacteria classes being
most common [11, 36, 37]. Finally, documented abundances
of Acidobacteria range from 10 to 33 % in samples taken
from cave walls [11], paleolithic paintings [38], cave soil
[35], and sediment [34]. Members of these dominant phyla
share the characteristics of being well adapted to nutrient-
limited growth conditions. Actinobacteria, for example, are
known for their ability to grow in nutrient-poor media, their
versatility in degrading diverse and recalcitrant humic mate-
rials, and their ability to solubilize phosphate and calcium
carbonate [7, 39]. In addition, three of the clones identified
in the Sanger library were phylogenetically related to clones
previously isolated from other cave ecosystems. Novel to
this work is the finding that the variability in taxonomic
composition found within the BW room on adjacent speleo-
thems exposed to the same microclimate is comparable to
the variability observed when comparing geographically
diverse caves. This phenomenon suggests that the develop-
ment of speleothem microbial communities is very sensitive
to nutritional inputs and/or to subtle environmental factors
and that unique population assemblages can be found on
seemingly comparable cave formations. Nevertheless, sev-
eral dominant OTUs were found in all cave communities
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evaluated (Supplementary Table 3) thus suggesting that a
common core of bacterial communities inhabit cave forma-
tions as shown previously [40].

Metabolic Indicator Populations Identified by Sanger
and 454 Libraries

Several clones from the speleothem D 16S rDNA gene
library identified closely with bacteria having previously
documented carbon- and nitrogen-fixing capabilities. First,
clone 20H had 99 % sequence identity to Pelomonas sac-
charophila (Fig. 4), a member of the Betaproteobacteria
that has been described as a chemolithoautotrophic
hydrogen-oxidizing [41] and nitrogen-fixing bacterium
[42]. Second, clone 32E was 99 % similar to Bradyrhi-
zobium japonicum, a nitrogen-fixing bacteria, also described
as a versatile facultative chemoautotroph that can grow
using H, as an electron donor [43]. Two other clones (99D
and 21G) were included in this well-supported clade (boot-
strap, 92) (Fig. 4a). It would be of great interest to determine
whether these traditional symbionts can fix nitrogen auto-
trophically under select environmental conditions as sug-
gested by Franck et al. [44]. A third group of potential
autotrophs identified by the 454-pyrotag analysis, though
not detected in the Sanger library, were those belonging to
the Nitrospirales order, representing 0.1 to 5 % of the OTUs
in every speleothem community. This order includes an
abundance of obligate chemolithotrophic phylotypes be-
longing to the genera Nitrospira and Leptospirillum, bacte-
ria that obtain energy from nitrite [45] and iron [46]
oxidation. Although the specific metabolism of these OTUs
could not be confirmed from phylogenetic associations, the
activity of both of these genera is acid generating, a process
that has been shown to enhance the solubilization of
nutrients from primary minerals [47]. The most abundant
member of the Nitrospira in the CA and ST communities
was 98 % similar to a Nitrospirales isolate from a cave in
Slovenia (FJ535150).

The majority of the Sanger OTUs analyzed were associ-
ated with heterotrophic bacteria in the phylogenetic analysis
(Fig. 4a and b). Heterotrophic OTUs of particular interest
were those previously associated with oligotrophic condi-
tions. Betaproteobacteria clone 22B, the third most abun-
dant phylotype in the Sanger library (n=23 sequences), was
98 % similar to Polaromonas aquatica. Polaromonas spe-
cies are commonly found in cold and nutrient-poor environ-
ments such as glacial melt waters [48] and oligotrophic
water systems [49]. Alphaproteobacteria clone 98C was
99 % similar to Sphingopyxis alaskensis (CP000356), a
classic marine heterotrophic ultramicrobacterium used to
model oligotrophy [50, 51]. This clone was also 99.8 %
similar to a bacterium previously isolated from a different
region of Kartchner Caverns (DQ205308) [52]. Though

metabolic potential cannot be confirmed from phylogenetic
associations, this analysis provides critical information to
guide future efforts to culture these organisms.

A final taxonomic group of interest were the third and eighth
most abundant pyrotags in the 454-library (Supplementary
Table 3) that were identified as close relatives to the genus
Sporichthya, a rare heterotrophic Actinobacteria whose growth
is stimulated when a combination of gellan gum (a solidifying
agent) and CaCl, are added to the media [53]. The implication
that the metabolism of this highly abundant OTU could be
stimulated by Ca in this limestone cave is an intriguing possi-
bility especially in light of several studies that have demon-
strated the ability of cultured cave bacteria to precipitate
calcium carbonate in vitro [54—56].

In conclusion, the robust diversity analysis conducted in
the BW room of Kartchner Caverns provides key informa-
tion that will be needed for future efforts to characterize the
energy dynamics driving the formation of these subterra-
nean communities. In fact, results from the 454-pyrotag and
the Sanger clone library have provided clues about potential
energy sources in the cave including nitrite and hydrogen
oxidation. Further, the Sanger clone library revealed the
presence of clones closely associated with bacteria with
carbon- and nitrogen-fixing capabilities as well as specific
adaptations to oligotrophy. This information serves as a
starting point for current functional metagenomic efforts in
Kartchner Caverns, targeting adjacent speleothems, to de-
termine the energy drivers of this ecosystem as well as to
elucidate links between taxonomic and functional diversity
of cave formations.
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