
Chapter 5
The Microbial Diversity of Caves

Olivia S. Hershey and Hazel A. Barton

5.1 Introduction

In attempting to describemicrobial diversity, Baas-Becking famously stated that “Every-
thing is everywhere, but the environment selects” (Baas-Becking 1934). His hypothesis
was simple—the small size of microorganisms allows their broad environmental distri-
bution, with the appropriate conditions selecting species growth to dominate niche space
(Baas-Becking 1934). Given the many types of caves, and hence a myriad of environ-
mental conditions, it is difficult to describe a broadly relevant microbial diversity;
varying cave conditions provide opportunities to select a multitude of adaptations and
hence community diversity.

Despite this drawback, caves do represent an important environment for studying
microbial ecology, chiefly due to community adaptations to the resource limitation of the
subsurface; the lack of photosynthetic activity in caves requires microorganisms to rely
on either the heterotrophic breakdown of scant allochthonous organic carbon or auto-
trophic growth using in situ redox-active compounds (Peck 1986; Northup et al. 2003;
Carmichael et al. 2013; Desai et al. 2013; Parker et al. 2013; Jones and Macalady 2016).
While some caves, including sulfidic systems, are dominated by chemolithotrophic
primary production, such cave systems are relatively rare (and their microbial diversity
is reviewed in Chap. 15). In more common epigenic caves, nutrients entering from
surface-derived ecosystems are limited, with allochthonous organic carbon delivered by
vadose-zone groundwater generally measured below 0.5 mg/L (Barton 2015). This puts
cave environments firmly in the oligotrophic (<2.0 mg/L) spectrum of energetic
systems; for simplicity, we will to refer to such systems as oligotrophic caves (Engel
et al. 2010; Harmon et al. 2013; Barton 2015).
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Another unique feature of caves, and one commonly overlooked by microbiolo-
gists not used to working in such systems, is the static nature of the environment; once
cave forming processes have ended, the environmental conditions of a particular
niche might not change for thousands (to potentially millions) of years (Fig. 5.1;
Klimchouk et al. 2000; Palmer 2007). This is in stark contrast to surface ecosystems,
where plant species, foraging animals, anthropogenic impacts, and even the weather
can have a profound influence on microbial community structure in short (daily,
seasonal) time frames (Barton 2015; Palmer 2007). The absence of these dynamic
processes in caves means that the selective pressures driving diversity are dependent
on the variables that are present and strongly influenced by the geologic setting and
geochemical (environmental, local and regional) nature of the cave (Ortiz et al. 2013).

This review will not try to provide a synthesis of the ~400 papers published on cave
microbiology (Fig. 5.2). Instead, it will focus on the microbiology of oligotrophic caves
in limestone (carbonate; CaCO3) settings. We will also not produce a comprehensive list
of the microbial species found in caves, as this has recently been reviewed elsewhere
(Vanderwolf et al. 2013; Tomczyk-Żak and Zielenkiewicz 2016). Instead, we will
attempt to outline how the research history has led to our current understanding of
microbial ecology in caves, the potential for a core microbiome, and the common
ecological themes that might drive microbial diversity in caves.

Fig. 5.1 A passage within Poor Farm Cave, West Virginia, USA. Based on the age of fossil
skeletons found within cave sediments, it is unlikely that the environmental conditions within this
passage have significantly changed in the last 400,000 years (Grady et al. 2000). Energy for
microbial growth likely comes from allochthonous organic carbon entering via cracks or fissures
in the bedrock, or the presence of redox-active compounds [Mn(II), Fe(II), NO3

�, or NH3].

70 O. S. Hershey and H. A. Barton



5.2 Microbial Diversity in Caves Prior to 1996

Our understanding of the microbial ecology of caves is influenced by the technology
of the time (Engel 2015). As microbiology was built upon the ability to culture
microorganisms within the laboratory, early cave researchers used the same cultiva-
tion techniques as soil scientists and (somewhat unsurprisingly) found that caves
were a weak reflection of the microbiology of surface soils (Hess 1900; Scott 1909;
Høeg 1946; Caumartin 1963). The interpretation of microbial activity in caves was
therefore limited, and it seemed to be of little interest to the scientific community, with
less than 40 papers published prior to 1997 (Fig. 5.2; Engel 2015). Yet these papers
defined our understanding of cave microbiology, suggesting that caves were essen-
tially lifeless due to an absence of photosynthetic input, or simply home to transient
microbial species introduced by the activity of animals or humans (Caumartin 1963).

When endemic cave microorganisms were putatively identified, it was through
unusual metabolisms that were (incorrectly) thought to distinguish them from soil
species, such as iron oxidation (Caumartin 1963).

The primary limitation of cultivation-based approaches is that the vast majority
(>99%) of environmental microorganisms cannot be cultured; as in other microbial
environments, the ability to accurately describe microbial diversity within caves
required cultivation-independent techniques (Amann et al. 1996). Some early
non-cultivation approaches did support the idea that microbiology in caves was
more complex than originally thought: Fliermans and Schmidt (1977) used anti-
bodies to identify non-culturable Nitrobacter in Mammoth Cave sediments; the
microscopic techniques of Cunningham et al. (1995) demonstrated a rich structural
diversity from samples deep within Lechuguilla Cave; and Gonzalez et al. (1999)
demonstrated a rich diversity of actinobacteria in Spanish caves using fatty acid
methyl ester (FAME) analyses (Fliermans and Schmidt 1977; Cunningham et al.
1995; Gonzalez et al. 1999). Nonetheless, it wasn’t until the use of molecular
phylogenetics in the 1990s that the potential diversity of microorganisms in cave
environments emerged (Fliermans and Schmidt 1977; Cunningham et al. 1995; Pace
1997; Gonzalez et al. 1999; Barton 2006; Barton and Northup 2007; Engel 2010;
Lee et al. 2012).

5.3 Microbial Diversity in Caves: The Molecular Era
(1997–2012)

First introduced in the 1980s as a revolutionary way of identifying microorganisms
in the environment, Pace et al. used the 16S small ribosomal subunit rRNA gene
sequence as a genetic marker (phylotype) to distinguish previously uncultured
species (Stahl et al. 1984; Pace et al. 1986). It was also Pace (himself an avid
cave explorer) who facilitated the first molecular analysis of a microbial cave
community (Fig. 5.2). These investigators used molecular phylogenetic approaches
to examine the filamentous biofilms of a sulfidic stream within Sulfur River Cave,
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Kentucky (Angert et al. 1998). This study revealed the surprising dominance of the
Epsilonproteobacteria, which were previously seen only in deep, oceanic hydro-
thermal systems; it was also the first clue to the important influence that members
of this phylum have within sulfidic cave environments (Campbell et al. 2006).
Most importantly, the study also demonstrated that microbial cave communities
could be remarkably distinct from their surface counterparts (Angert et al. 1998).

Through the 1990s molecular phylogenetics was the most powerful tool to study
microorganisms within the environment (Pace 1997). But the tool remained limited to
labs with both the molecular expertise and computing resources necessary to translate
genetic difference into the robust phylogenies necessary to identify uncultivated
microorganisms, with only two labs carrying out such analyses in caves (Vlasceanu
et al. 1997; Angert et al. 1998). The ability to analyze cave communities was further
complicated by the low biomass of these environments (routinely<106 cells/g), along
with a complex geochemistry, both of which interfered with the ability to obtain
sufficient DNA for analysis (Barton et al. 2006). This restricted early analyses to sites
with enough biomass to overcome DNA extraction limitations, such as those found in
the chemolithotrophic ecosystems of sulfidic caves, as examined by Pace (Sarbu et al.
1996; Angert et al. 1998; Engel et al. 2004a).

A lot changed over the next 15 years: new techniques improved the ability to
extract DNA from the environment (Barton et al. 2006; Tan and Yiap 2009); new
programs made phylogenetic analysis more accessible (Posada 2003; Wilgenbusch
and Swofford 2003; Edgar 2004; Kumar et al. 2006; Pruesse et al. 2007); sequencing
technologies reduced costs (Shendure et al. 2004); and high-impact journal articles
demonstrated the important contributions that the study of cave microorganisms could
provide (Cunningham et al. 1995; Engel et al. 2004b). A number of events further
raised the profile of cave microbiology, beginning with the 1994 Breakthroughs in
Karst Geomicrobiology and Redox Geochemistry Conference (59 conference pro-
ceedings), a special issue of theGeomicrobiology Journal in 2001 (10 journal articles),
and a special session on the Microbiology and Geomicrobiology of Cave and Karst
Environments at the 2009 International Congress of Speleology (32 conference
papers). The cumulative impact of these changes was a fivefold increase in the number
of journal articles on cave microbiology between 1997 and 2012 (from 43 to 256;
Fig. 5.2).

Traditional molecular phylogenetic approaches involve PCR amplification of 16S
rRNA gene sequences from environmental DNA, followed by cloning or denaturing
gradient gel electrophoresis (DGGE) to generate libraries of representative 16S rRNA
sequences (Pace 1997). These libraries can range in size from a few dozen to a few
hundred cloned sequences. Nonetheless, given the tens of thousands to potentially
millions of microbial cells in every sample, such “clone” libraries tend to identify the
species/phylotypes within an environment that make the greatest contribution to total
environmental DNA and/or 16S rRNA copy number (Fig. 5.4; DeSantis et al. 2007;
de Araujo and Schneider 2008; Kembel et al. 2012). While this does allow a snapshot
of themost successful microorganismswithin an environment, it is also a limitation of
the technique, potentially missing a large number of organisms that play important
roles in ecosystem function (Fig. 5.4).
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Box 5.1
This dramatic rise in microbial research also opened our eyes to the potential
diversity of microorganisms in cave environments. Rather than supporting the
idea that caves were dominated by a few specialized species adapted to nutrient
limitation, caves appeared to be home to a diverse assemblage of species from
multiple phyla, including the Alpha-, Beta-, Gamma-, and Deltaproteobacteria,
Chloroflexi, Planctomycetales, Bacteroidetes, Acidobacteria, and Actinobacteria,
with small but significant contributions from members of the Nitrospirae,
Gemmatimonadetes, and Verrucomicrobia (Fig. 5.3; Northup et al. 2003; Barton
et al. 2004; Chelius andMoore 2004; Barton et al. 2007; Zhou et al. 2007; Cuezva
et al. 2012; Lee et al. 2012; Porca et al. 2012; Rusznyak et al. 2012; Ivanova et al.
2013; Barton 2015). These data also demonstrated the potentially significant
contribution of the archaea to subsurface communities (Northup et al. 2003;
Chelius and Moore 2004; Shabarova and Pernthaler 2010).

Cave Biome Soil Biome
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Fig. 5.3 Box plot comparison of soil microbial communities to those found in caves. The represen-
tation of major phyla of pooled soil and cave samples is shown. The soil biome was obtained from the
collated data of Chu et al. (2010). The cave biome was collated from the data of Northup et al. (2003),
Barton et al. (2004, 2007), Chelius and Moore (2004), Zhou et al. (2007), Cuezva et al. (2012), Porca
et al. (2012), Rusznyak et al. (2012), and Ivanova et al. (2013). Only datasets including at least
100 cloned 16S rRNA phylotypes are included. The boundaries for the first and third quartile are
shown, with the centerline representing the mean and whiskers representing the max/min values
(outlier values for the cave biome data are shown in parentheses)
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5.4 Microbial Diversity in Caves: The Genomics Era
(2013–Present)

Among the many impacts of the Human Genome Project, the most powerful was the
development of optically based sequencingmethods—collectively referred to as “next-
generation sequencing” (NGS) technologies (Ansorge 2009; Lander 2011). The dra-
matic increase in the number of bases that these technologies could sequence (>15
billion bases in as little as 4 h) combined with their significant cost reductions
revolutionized the ability to sequence DNA (Snyder et al. 2009; Forde and O’Toole
2013). Sogin et al. (2006) were the first to use NGS to identify environmental 16S
rRNA; rather than restricting the identification of phylotypes within a community to a
few hundred cloned 16S rRNA genes, NGS allowed Sogin and colleagues to sequence
120,000 PCR products directly. The results were transformative and demonstrated that
microbial ecosystems contained thousands of previously unidentified phylotypes
(Sogin et al. 2006). Sogin et al. referred to this extensive collection of previously
unidentified microorganisms as the “rare biosphere”—organisms of sufficiently low
number that they cannot be identified without deep-sequencing NGS approaches
(Fig. 5.4).

Due to limited access to NGS and the advanced statistical methods needed to
distinguish unique DNA sequences against a background of inherent PCR error, this
technology was also initially limited to a few specialized labs (Sogin et al. 2006). But as

Fig. 5.4 Idealized microbial diversity in cave environments and representative portions screened
via different molecular techniques. Some species are able to rapidly utilize the available nutrient and
energy sources, providing a competitive advantage that allows them to become dominant in the
ecosystem (similar to r-type selection). These dominant species are most often identified in shallow-
coverage analyses, such as clone libraries and DGGE. The rare biosphere contains a combination of
numerically low, slower-growing, poorly adapted, or even viable but non-growing species (similar
to K-type selection). The rare biosphere can usually only be identified using deep-sequencing
approaches, such as Illumina sequencing. NGS, next-generation sequencing
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researchers developed more efficient mathematical algorithms to reduce the necessary
computational power, and techniques in bioinformatics simplified the analysis of large
NGS data sets, this technology rapidly became available to other researchers (Kuczynski
et al. 2012; Caporaso et al. 2010; Stamatakis 2014). The first to apply these applications
in cave environments were Ortiz et al. (2013) who used 454-pyrosequencing to examine
~400,000 PCR products from Kartchner Caverns, USA (Ortiz et al. 2013). Along with
the 13 phyla already identified in caves by cloning approaches, Ortiz et al. demonstrated
the presence of an additional 8 described and 12 candidate phyla, suggesting that caves
also contained rare biosphere microorganisms. In a significant step forward, these
researchers also used NGS to compare microbial communities in the cave with those
in surface soils directly above. These data demonstrated that only 16% of the sequences
were shared between the surface and the cave, confirming the uniqueness of microbial
cave ecosystems (Ortiz et al. 2013).

In the years since this study, there have been no other published 16S rRNA NGS
sequence datasets from oligotrophic caves; however, a number of studies have
submitted sequence data to public databases, such as the NCBI sequence read archive
(SRA) (Fig. 5.5; Leinonen et al. 2010). By processing these datasets, it is possible to
expand the work of Ortiz et al. across multiple cave systems with broadly distributed
geographical locations, including North America and Asia (Fig. 5.5). The results
confirm the robustness of the 13 dominant phyla already identified, along with another
14 phyla consistently represented in these populations (above a 0.1% threshold); these
include the Armatimonadetes (OP10), Chlorobi, Cyanobacteria, Elusimicrobia, Spi-
rochetes, and the candidate phyla BRC1, GN04, NC10, OP3 (Ca. Omnitrophica), TM6
(Ca.Dependentiae),WS1, andWS3 (Ca. Latescibacteria). Together these data support
the existence of a cave rare biosphere (Fig. 5.5). The cave NGS datasets also contain a

A
lp

ha
pr

ot
eo

ba
ct

er
ia

B
et

ap
ro

te
ob

ac
te

ria
D

el
ta

pr
ot

eo
ba

ct
er

ia
G

am
m

ap
ro

te
ob

ac
te

ria
C

hl
or

of
le

xi
P

la
nc

to
m

yc
et

al
es

B
ac

te
ro

id
et

es
F

irm
ic

ut
es

A
ci

do
ba

ct
er

ia
A

ct
in

ob
ac

te
ria

N
itr

os
pi

ra
e

G
em

m
at

im
on

ad
et

es
V

er
ru

co
m

ic
ro

bi
a

Phylum

P
er

ce
nt

 R
ep

re
se

nt
at

io
n

0
20

40 Clone Libraries Next-generation Sequencing

Rare biosphere

A
lp

ha
pr

ot
eo

ba
ct

er
ia

B
et

ap
ro

te
ob

ac
te

ria
D

el
ta

pr
ot

eo
ba

ct
er

ia
G

am
m

ap
ro

te
ob

ac
te

ria
C

hl
or

of
le

xi
P

la
nc

to
m

yc
et

al
es

B
ac

te
ro

id
et

es
F

irm
ic

ut
es

A
ci

do
ba

ct
er

ia
A

ct
in

ob
ac

te
ria

N
itr

os
pi

ra
e

G
em

m
at

im
on

ad
et

es
V

er
ru

co
m

ic
ro

bi
a

A
rm

at
im

on
ad

et
es

B
R

C
1

C
hl

or
ob

i
C

ya
no

ba
ct

er
ia

E
lu

si
m

ic
ro

bi
a

C
N

04
N

C
10

O
P

3
S

B
R

10
93

S
pi

ro
ch

ae
te

s
T

M
6

W
S

1
W

S
3

U
nc

la
ss

ifi
ed

Fig. 5.5 Boxplot comparison of microbial cave community structure analyzed by 16S rRNA gene
clone libraries (from Fig. 5.3) or Illumina (next-generation) sequencing. The datasets SRR1686967,
SRR1686970, SRR1686976, SRR1693633, SRR1703816, SRR1703817, SRR1703818, SRR1703819,
SRR1703820, and SRR1703821, obtained from the NCBI sequence read archive (SRA), were used.
The datasets, which contained between 12,901 and 585,434 unfiltered sequence tags, were processed in
QIIME (Caporaso et al. 2010) to assign taxonomic identity. The boundaries for the first and third
quartile are shown with the centerline representing the mean and whiskers representing the max/min
values
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significant proportion of sequences that cannot be classified using the taxon reference
databases, Greengenes and SILVA (Fig. 5.5; McDonald et al. 2012; Quast et al. 2013).
These sequences, which cannot be easily placed within the current taxonomic frame-
work, are known as microbial dark matter and represent the currently unexplored
diversity of microbial populations (Rinke et al. 2013). Such sequences tend to have a
higher representation in caves than other habitats, suggesting that the true diversity of
caves requires further description (Sogin et al. 2006; Rinke et al. 2013).

While targeted PCR amplification makes it possible to rapidly screen the 16S
rRNA sequences in the environment, it is also susceptible to significant technical
issues, including primer and amplification biases that preferentially select certain
DNA sequences for amplification (Chandler et al. 1997; Polz and Cavanaugh 1998;
DeSantis et al. 2007; Kembel et al. 2012). Overcoming these limitations requires
bypassing the PCR amplification step entirely and sequencing the sum of the genetic
information in the environment (Miller et al. 2011). This process requires randomly
fragmenting DNA into sizes appropriate for NGS sequencing (35–300 bp), either by
mechanical means or using transposons (Adey et al. 2010). These fragments are then
sequenced, and the overlapping ends are computationally reassembled back into a
full-length DNA contig, ranging in size from a few hundred to millions of bases—a
technique referred to as “shotgun sequencing” due to the randomness of the initial
DNA fragmentation (Sanger et al. 1977; Adey et al. 2010). Prior to the advent of
NGS, shotgun methods were not possible using environmental DNA as the com-
plexity of the samples reduced the likelihood of obtaining sufficient coverage for
assembly (Venter et al. 2004). But NGS dramatically increased sequence coverage,
making it possible to examine all the genes in an environment rather than just one—a
technique called metagenomics. Such metagenomic approaches allow the interac-
tions that support microbial ecosystem dynamics to be identified through the func-
tional gene composition of the community (Handelsman 2004; Tyson et al. 2004;
Venter et al. 2004).

Carrying out metagenomic approaches in oligotrophic caves continues to be prob-
lematic, primarily due to the significant amounts of DNA that are needed to create
shotgun libraries, from aminimum of a few hundred nanograms to multiple micrograms,
depending on the method (Thomas et al. 2012). Despite these limitations, in 2014 Ortiz
et al. were able to carry out metagenomic analyses of the microbial communities within
Kartchner Caverns. Their data identified over 365,000 gene fragments from the micro-
bial populations found on speleothems and walls within the cave and demonstrated that
the enrichment of genes involved carbohydrate metabolism and CO2 fixation. The
enrichment of these genes suggested that both heterotrophic and autotrophic metabolic
activity were important in community growth and subsistence, along with potentially
novel mechanisms of nutrient cycling, especially in regard to nitrogen.

To date, the technical limitations of low biomass have prevented other researchers
from publishing metagenomic studies from oligotrophic caves. Nonetheless, alter-
nate approaches still allow researchers to use NGS to explore evolutionary adapta-
tions, including genomic sequencing of cultured isolates (Lee 2008; Land et al. 2009;
Bhullar et al. 2012; Barton et al. 2013; Saw et al. 2013; Gan et al. 2014; Jiao et al.
2015). Land et al. (2009) were the first to sequence the genome of a bacterial species
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isolated from a cave: Beutenbergia cavernae. Their data demonstrated the significant
contribution of carbohydrate catabolism and nutrient cycling genes to the genotype of
this organism, mirroring the results of Ortiz et al., despite the large geographic
distance between the two cave sites (China versus Arizona, USA) (Land et al.
2009).A culture study byBhullar et al. (2012) on antimicrobial resistance phenotypes
in Lechuguilla Cave (USA) sequenced the genomes of a number of isolates, revealing
the presence of a novel antibiotic resistance pathway and suggesting the in situ
evolution of antibiotic resistance. Finally, a comparative study between cave and
soil strains of Pseudomonas fluorescens determined that cave isolates had adapted to
living within a mineral (rather than soil) environment, demonstrating genomic traits
that could be considered evidence of endemism, including horizontal gene transfer
events, increased scavenging efficiency using twitching motility, and an increased
ability to cycle nutrients, particularly nitrogen (Barton et al. 2013). Thus, while
culturable organisms within caves do represent a small minority (<1%), they are
still able to provide important clues to microbial adaptation within caves (Land et al.
2009; Bhullar et al. 2012; Barton et al. 2013).

5.5 Ecological Themes in Cave Microbial Communities

Box 5.2
Microbial communities in oligotrophic caves are dominated by the Alphapro-
teobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacte-
ria, Chloroflexi, Planctomycetales, Bacteroidetes, Firmicutes, Acidobacteria,
Actinobacteria, Nitrospirae, Gemmatimonadetes, and Verrucomicrobia
(Fig. 5.3). This distribution appears to be robust across a broad geographic
range, indicating that the key drivers of cave community structure are consis-
tent and that this diversity represents a core cave microbiome.

More than 80 years after Baas-Becking developed his theory of “everything is
everywhere. . .” the identification of a rare biosphere appears to provide the neces-
sary empirical support—a cosmopolitan distribution of microorganisms that can
proliferate or “bloom” under the appropriate conditions (Lynch and Neufeld
2015). If all environments contain such functionally diverse populations, then the
primary drivers of population dynamics and structure are simply those factors that
favor one microorganism over another (Lynch and Neufeld 2015).

Yet these same 13 phyla (see Box 5.2) are also dominant in soils, which have
remarkably different conditions of light, productivity, disturbance, and pH (Fig. 5.6).
The simplest explanation of such similarity is that soil microorganisms seed caves. The
seeding hypothesis for cave community structure would certainly provide an expla-
nation of how cave environments are populated: the solvent action of surface (mete-
oric) water creates the cave, while also carrying microbial species into this newly

78 O. S. Hershey and H. A. Barton



forming habitat. Recent studies support this idea, including the identification of
surface/epikarst-derived microorganisms in stalactite drip water (based on their covari-
ance with seasonal events) and the scant (<0.1%) population of cyanobacteria
observed in cave samples via deep sequencing (Fig. 5.5) (Gerič et al. 2004; Harmon
et al. 2013; Yun et al. 2015). Nonetheless, several pieces of evidence suggest that the
long-term impact of surface species on cave community structure may be diminished
over time, including (1) the finding by Ortiz et al. that less than 16% of the microor-
ganisms found in caves share taxonomic identity with soil species, (2) the significant
evolutionary adaptations observed in the genomes of indigenous microorganisms, and
(3) a study by Johnston et al., which demonstrated that human commensal species
introduced into a cave habitat are quickly lost (Land et al. 2009; Barton and Barton
2012; Johnston et al. 2012; Ortiz et al. 2013). Thus, while soil may seed these
environments, unique selective pressures within caves “sort” microbial species into
the observed cave populations (Fig. 5.3).
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Fig. 5.6 Boxplot comparison of soil microbial communities under alkaline conditions to those
found in caves. The cave biome includes the data shown in Fig. 5.3. The soil biome data was
obtained from the studies of Lauber et al. (2009), Zhou et al. (2007), Ganzert et al. (2014), and
Zhalnina et al. (2015). The boundaries for the first and third quartile are shown, with the centerline
representing the mean and whiskers representing the max/min values (outlier values for the cave
biome data are shown in parentheses)
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5.6 An Incomplete View

This review has focused on the contributions of bacteria to cave microbial community
structure as most studies likewise focus on the members of this domain (Peck 1986;
Vlasceanu et al. 1997; Schabereiter-Gurtner et al. 2002; Laiz et al. 2003; Barton et al.
2004; Engel et al. 2004b; Ikner et al. 2007; Zhou et al. 2007; Banks et al. 2010; Iker
et al. 2010; Bhullar et al. 2012; Cuezva et al. 2012; Ortiz et al. 2013). Nonetheless,
focusing on the bacteria provides an incomplete view of microbial populations, which
commonly include contributions from the archaea and microscopic eukarya—in
caves, primarily in the form of filamentous fungi (Pace 1997; Barton and Northup
2007; Vanderwolf et al. 2013). While some studies have incorporated the archaea into
their analyses and others have focused exclusively on mycology, none have attempted
to determine community structure and metabolic relationships across all three domains
of life (Woese and Fox 1977, Northup et al. 2003; Tetu et al. 2013; Vanderwolf et al.
2013; Barton et al. 2014; Ortiz et al. 2014). Given the significant contributions that
members of these domains can make in other microbial ecosystems, it is reasonable to
assume that the archaea and fungi help shape community metabolic interactions and
diversity in caves.

5.6.1 Archaea

The first demonstration of archaea in caves was by Northup et al. (2003), who
identified members of the Thaumarchaeota (at the time still phylogenetically
grouped within the Crenarchaeota) in the ferromanganese deposits of Lechuguilla
Cave, USA. Other studies supported the presence of archaea in caves, including the
significance of the Thaumarchaeota across multiple cave habitats (Fig. 5.7; Chelius
and Moore 2004; Barton et al. 2007; Barton et al. 2014; Ortiz et al. 2014). In all
cases, the numerical abundance of the archaea remains small (<2%), although these
studies are based on sequence-only approaches, rather than direct cell counts
(Fig. 5.7). In our work, which incorporated direct cell counts using archaeal-specific
fluorescent in situ hybridization, we have observed a strong correlation between the
availability of nitrogen and presence of archaea; when nitrogen levels are at their
lowest (ng/L), the contribution of the Thaumarchaeota to total population size can
exceed 15% (Johnston and Barton unpublished data), indicating that the contribution
of archaea to population structure covaries with resource limitation. The small size of
Thaumarchaeota (up to 100-fold smaller than their bacterial counterparts), their
slow growth rate, and innate resistance to severe energetic stress could certainly
make the archaea more competitive under extreme nutrient limitation and explain
why they make a larger contribution to microbial community structure in some cave
environments (Könneke et al. 2005; Valentine 2007; Brochier-Armanet et al. 2008;
Brochier-Armanet et al. 2012).
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Despite this, the dominance of Thaumarchaeota in archaeal populations should
be difficult to reconcile with the low levels of nitrogen found in caves (Barton 2015);
the Thaumarchaeota play an important role in nitrification, where they utilize the
oxidation of mineralized nitrogen (NH3/NH4

+) to generate energy for autotrophic
growth (Brochier-Armanet et al. 2008). In order to compete with bacterial species for
available NH3, the Thaumarchaeota express high affinity (nM) transport mecha-
nisms, making them better adapted to the low-nitrogen level found in caves, and
providing them an alternate growth strategy in an environment where competition
for other resources is likely to be high (Martens-Habbena et al. 2009). Given the
increased dominance of nitrogen cycling and recycling metabolic pathways
observed in bacterial populations in caves, the almost exclusive identification of
Thaumarchaeota in archaeal populations may suggest that nitrogen is one of the
most overlooked drivers of microbial community structure in caves (Fig. 5.7; Ortiz
et al. 2013; Tetu et al. 2013).

Fig. 5.7 Boxplot comparison of the relative distribution of three major Archaea phyla,
Thaumarchaeota, Crenarchaeota, and Euryarchaeota in cave environments as determined by
Illumina sequencing. The datasets used were SRR1686967, SRR1686970, SRR1686976,
SRR1693633, SRR1703816, SRR1703817, SRR1703818, SRR1703819, SRR1703820, and
SRR1703821, obtained from the NCBI sequence read archive (SRA) and processed in QIIME
(Caporaso et al. 2010) as described in Fig. 5.5. The boundaries for the first and third quartile are
shown with the centerline representing the mean and whiskers representing the max/min values. Inset:
A histogram of the relative distribution of all archaeal 16S rRNA sequences identified from caves
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5.6.2 Fungi

One aspect of diversity that has generally lagged behind our understanding of cave
microbiology is the role of fungi. While the human pathogenHistoplasma capsulatum
was found in guano from cave hibernacula in 1957, very few papers had examined the
mycology of caves beyond this organism (Ajello et al. 1960; Hasenclever et al. 1967;
McMurray and Russel 1982; Sterflinger 2000; Burford et al. 2003); however, in 2009
this rapidly changed, when a fungal agent was found to be responsible for the
devastating White-Nose Syndrome (WNS) epidemic in bats (Fig. 5.2; Reynolds and
Barton 2014b). This disease was first identified in the winter of 2006–2007, when a
cave in New York State, USA, contained a number of dead and dying bats. Every one
of the sick bats appeared to have an unusual, white-powdery substance on their
muzzles and wing membranes (Frick et al. 2010). This powdery substance was
subsequently identified as the conidia (asexual spores) of a previously undescribed
fungal pathogen, Pseudogymnoascus (known as Geomyces) destructans (Pd) (Gargas
et al. 2009; Frick et al. 2010; Minnis and Lindner 2013). Since this initial outbreak,
WNS has spread to infect bats across 38 US states and 5 Canadian provinces with
mortality rates approaching 71%, making it one of the most devastating wildlife
diseases of North America in modern history (Boyles et al. 2011; Reynolds and
Barton 2014b). The WNS fungus (Pd) originated in Europe, where it likely emerged
from a Pseudogymnoascus sp. endemic to cave environments (Peuchmaille et al.
2011; Warnecke et al. 2012; Reynolds and Barton 2014a; Reynolds et al. 2015,
2016). The identification of such an important mycosis demonstrated a significant
lack of our understanding of cave mycology, and there has been a surge in studies
attempting to determine how the Geomyces/Pseudogymnoascus fit into the ecology of
cave systems (Fig. 5.2). By attempting to produce a broader ecosystem prospective,
such studies have dramatically increased our understanding of the diversity of fungi in
caves (Fig. 5.1; Vanderwolf et al. 2013).

The most commonly identified fungal species in caves are members of the phyla
Ascomycota (~70%), Basidiomycota (20%), and Zygomycota (~7%) (Vanderwolf
et al. 2013); however, the relevance of these findings should be viewed with caution,
as these studies utilize cultivation-dependent techniques, which are susceptible to the
same sample bias that once plagued cave bacteriology (Anderson and Cairney 2004;
Tedersoo et al. 2014). The dominance of the phylum Ascomycota, which contains
filamentous (mold) species such as Aspergillus and Penicillium, would suggest an
environmental advantage for members of these genera; however, these fast-growing
species readily utilize the nutrients found in media, often outcompeting other species
during cultivation. One cave study based on molecular techniques suggested that the
Ascomycota and Basidiomycota were almost equal in abundance (52 and 48%,
respectively), although the investigators could not rule out contamination for dom-
inance of the observed Basidiomycota (Connell and Staudigel 2013). Other investi-
gators have suggested that fungal spores found in cave locations have been
introduced by human or animal activity, reiterating the hypothesis that microbial
populations in caves do not represent endemic species, but environmental
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contaminants (Shapiro and Pringle 2009, Vanderwolf et al. 2013). The use of
molecular techniques to identify the true fungal ecology of caves therefore remains
a high priority (Tedersoo et al. 2014).

Whatever the true diversity of fungi in caves, it is likely that they play a significant
role in ecosystem processes. Fungi have been described from pristine cave environ-
ments, ruling out the idea that they are introduced contaminants, while there is
evidence that they play an important role in altering mineral chemistry (Fig. 5.8;
Cunningham et al. 1995). In other geologic settings, fungi are known to be important
weathering agents, whether mechanically sugaring or chemically dissolving the sur-
face in an attempt to access nutrients, or concentrating important nutrients and trace
metal ions, which can be readily utilized by other microorganisms for growth
(Sterflinger 2000; Burford et al. 2003). The growth of these filamentous fungi across
mineral surfaces (Fig. 5.8) also generates microfabrics that support the growth of other
microbial species (Burford et al. 2003). Together these diagenetic processes change
the mineral matrix to form other deposits, such as calcite, goethite, halloysite, and
montmorillonite, all of which have been detected in caves (Polyak and Güven 2000,
1996). Within surface soils, fungi play a most dominant role in breaking down
macromolecular structures, and it is likely that their dominance in caves is greatest
where particulate detritus (such as sticks and leaves) is brought in through flooding or
direct anthropogenic impact (Jurado et al. 2010; Schneider et al. 2012). The effective
ability of fungi to breakdown these recalcitrant carbon sources could subsequently
provide a pool of nutrients for the growth of other microorganisms (Barton 2015).

5.7 Toward a Better Understanding of Microbial Cave
Diversity

There has been a rapid increase in the pace of research in cave microbiology (Fig. 5.2).
While just a handful of labs in North America, Europe, and Australia published on the
topic in the 1990s, a tally of current publications reveals over 47 separate research

Fig. 5.8 Scanning electron microscopy images of pristine surfaces from Lechuguilla Cave, USA.
Clearly visible on calcite mineral surface are fungal conidia (a), fungal hyphae (b), and etch marks
left behind by fungal growth (c; arrows), demonstrating how the fungi modify mineral surfaces
within the cave. Such etching of calcite by fungal species has been demonstrated before (e.g.,
Burford et al. 2003). Scalebars ¼ 10 μm
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groups, including numerous labs in Asia and the emergence of the discipline in South
America. Such increased contributions have started to impact the broader microbiolog-
ical sciences, where interest is growing in the ability of cave environments to provide
important clues into the emergence of infectious mycoses, novel antibiotics, and the
evolution of antibiotic resistance (Bhullar et al. 2012; Fisher et al. 2012; Derewacz et al.
2013, 2014).

Despite this increased interest, there remain several barriers that need to be over-
come by new researchers wanting to enter the field. These barriers include the difficulty
in accessing and carrying out research in the challenging environment of caves and the
technical limitations of working with low biomass samples. Cave access limitations can
be overcome by reaching out to local cavers and speleologists, who often have the best
information on appropriate caves for access and can even help identify microbial
habitats for research; however, working with low biomass samples remains challeng-
ing, particularly in regard to preventing contamination, DNA extraction, and low DNA
template levels (Barton et al. 2006). Such limitations can be overcome by using targeted
cultivation approaches that take into account potential bias or circumvented by access
to technologies that make it possible to work with low biomass samples (Summons
et al. 2014). Currently, advances in DNA extraction and analysis make it possible to
extract and work with nanogram to picogram- levels of DNA from geochemically
complex environmental samples, while a new Nextera protocol only requires 1 ng/μL
of template DNA to prepare Illumina libraries for metagenomic sequencing (Pel et al.
2009; Grunenwald et al. 2010; Rinke et al. 2013). Low biomass limitations may be
overcome in the future by emergent technologies, such as new NGS approaches;
PacBio (sequencing individual DNA fragments >40,000 bp in length) or Nanopore
(sequencing single DNAmolecules up to millions of bases in length) sequencing could
be combined with single-cell whole-genome sequencing (SCWGS) (Branton et al.
2008; Rinke et al. 2013; Rhoads and Au 2015). While these methods have not yet
been used in caves, such technologies could revolutionize the way low biomass
environments are examined.

Over the next decade, it is likely that cave research will adopt many of the technology
trends currently advancing the field of environmental microbiology, including the use of
metabolomics (studying whole community metabolic products), metatranscriptomics
(studying changes in whole community transcription), and metaproteomics (studying
whole community protein expression patterns). Such data could help us understand the
relative contributions of heterotrophy, autotrophy, mutualism, and competition to com-
munity energetics, or the unique role geochemistry plays on microbial community
structure, with a goal of integrating the domain-level contributions of bacteria, archaea,
and fungi that make it possible for microbial communities to subsist in such nutrient-
limited habitats (Barton et al. 2007; Banks et al. 2010; Engel 2010; Lee et al. 2012;
Barton 2015). Such studies may identify the fundamental ecological principles and
adaptations that drive community dynamics and diversity and provide a more satisfying
answer as to what constitutes a cave microbiome.
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