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ABSTRACT

Caves are often assumed to be static environments separated from weather changes
experienced on the surface. The high humidity and stability of these subterranean
environments make them attractive to many different organisms including microbes
such as bacteria and protists. Cave waters generally originate from the surface, may
be filtered by overlying soils, can accumulate in interstitial epikarst zones
underground, and emerge in caves as streams, pools and droplets on speleothems.
Water movement is the primary architect of karst caves, and depending on the
hydrologic connectivity between surface and subsurface, is the most likely medium
for the introduction of microbes to caves. Recently published metabarcoding surveys
of karst cave soils and speleothems have suggested that the vast majority of bacteria
residing in these habitats do not occur on the surface, calling into question the role of
microbial transport by surface waters. The purpose of this study was to use
metabarcoding to monitor the aquatic prokaryotic microbiome of a cave for 1 year,
conduct longitudinal analyses of the cave’s aquatic bacterioplankton, and compare it
to nearby surface water. Water samples were collected from two locations inside
Panel Cave in Natural Tunnel State Park in Duffield, VA and two locations outside of
the cave. Of the two cave locations, one was fed by groundwater and drip water and
the other by infiltrating surface water. A total of 1,854 distinct prokaryotic ASVs were
detected from cave samples and 245 (13.1%) were not found in surface samples. PCo
analysis demonstrated a marginal delineation between two cave sample sites and
between cave and surface microbiomes suggesting the aquatic bacterioplankton in a
karst cave is much more similar to surface microbes than reported from speleothems
and soils. Most surprisingly, there was a cave microbe population and diversity
bloom in the fall months whereas biodiversity remained relatively steady on the
surface. The cave microbiome was more similar to the surface before the bloom than
during and afterwards. This event demonstrates that large influxes of bacteria and
particulate organic matter can enter the cave from either the surface or interstitial
zones and the divergence of the cave microbiome from the surface demonstrates
movement of microbes from the epikarst zones into the cave.
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INTRODUCTION

Caves form in humid regions underlain by soluble rocks, such as carbonates or evaporites,
due to dissolution by circulating meteoric waters acidified by carbonic acid (Klimchouk &
Ford, 2000). In mountain belts such as the Appalachians, the development of cave
passages is often controlled by pre-existing weaknesses in the bedrock associated with
tectonic structures such as fractures, faults, and folds. Epigenic recharge occurs when
precipitation and surface streams are intercepted and funneled into the subsurface through
highly permeable networks of interconnected conduits in the uppermost bedrock, a zone
known as the epikarst. The spatially heterogeneous epikarst can rapidly transmit water
though the vadose zone via vertical shafts, and store water and nutrients in soil-filled
fissures and voids (Palmer, 2009; Jones, 2013). Perched aquifers may exist in the epikarst
due to the lack of drains, and the large porosity contrast with the cave below (Klimchouk,
2000), but do not represent the local or regional water table.

Caves have relatively stable internal atmospheres that have been studied for the purpose
of understanding speleothem paleoclimatology (Spotl, Fairchild ¢ Tooth, 2005; Banner
et al., 2007; Baldini et al., 2008; Fairchild & Treble, 2009; Ridley et al., 2015; Hasegawa et al.,
2018; Kelley et al., 2019), habitat and natural resource conservation (Martin et al., 2010;
Jernigan & Carson, 2011; Sebela ¢ Turk, 2011), and speleogenesis and exploration
(Dublyanski ¢ Dublyanski, 2000; Wefer ¢» Lucas, 2015). Very high-resolution
measurements of meteorological parameters such as temperature, humidity, pressure,
and airflow, however, indicate that caves contain distinct microclimates that are
temporally and spatially influenced by water and air flux from the surface (Badino, 2010),
potentially contributing to the creation of niche habitats. Some common conditions of
cave environments are that they are aphotic, except near an entrance, skylight, or
artificial light in show-caves, so photosynthesis generally does not occur. These are
nutrient-deficient ecosystems with low biomass, in which inhabitants require specific
adaptations to low energy environments. Caves support a variety of aquatic and terrestrial
habitats, including those associated with streams, pools, sediments, speleothems, crevices,
and other surfaces occupied by microbial life as well as micro- and macroinvertebrates
(Hobbs & Culver, 2009). The epikarst also supports a distinct faunal community that can
be vertically transported into caves by drip waters (Pipan ¢ Culver, 2005).

Oligotrophic cave microbes have been of interest since the 1940s when researchers
began culturing them from subterranean environments (Hoeg, 1946; Caumartin, 1963;
Barton ¢ Northup, 2007). They remain a topic of research due to their roles as primary
producers in these extreme environments, their contribution to the formation of cave
features, as reservoirs of animal pathogens, as the sources of potentially novel enzymes or
metabolites that could be useful in medicine or biotechnology, and as a source of novel
microbial mechanisms of antibiotic resistance (Nakaew, Pathom-aree & Lumyong,

2009; Yiicel & Yamag, 2010; Igreja, 2011; Bullar et al., 2012; Dapkevicius, 2013; Wynne ¢
Wang, 2013; Perry, Waglechner & Wright, 2016; Pawlowski et al., 2016, 2018; Adam et al.,
2018; Rangseekaew ¢ Pathom-Aree, 2019). Surveys using a range of techniques have

shown that prokaryotic microbes ubiquitously inhabit every cave biome, no matter how
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extreme (Chelius ¢» Moore, 2004; Tomczyk—Zak & Zielenkiewicz, 2016; D’Angeli et al., 2019;
Burow et al., 2019).

Initially, cave microbe identification was limited to those that could be cultured and
it was suspected that a multitude of microbes with unusual nutrition requirements
remained undiscovered (Barton ¢ Northup, 2007). To overcome these limitations culture-
independent DNA-based strategies are being used to survey cave microbes with increasing
frequency (reviewed in Cheeptham (2013)). One of these, metabarcoding, uses the V4
region of the 16S rRNA gene to not only estimate microbial biomass but also identify
microbial species. When combined with deep-sequencing technologies, metabarcoding
gives researchers the ability to screen millions of individual DNAs and identify thousands
of unique sequences from an environmental sample (Handelsman, 2004; Wooley,

Godzik & Friedberg, 2010). To date, this technique has been used to survey microbes in
cave soils, speleothems, water, and biofilms in temperate and extreme environments
(Ortiz et al., 2013; Wu et al., 2015; Lavoie et al., 2017; Pfendler et al., 2018; Wisechart et al.,
2018, 2019; Thompson et al., 2019; Burow et al., 2019; D’Angeli et al., 2019; Zhu et al., 2019;
Dong et al., 2020).

In certain groundwater settings such as deep karst aquifers and cave pools with long
water residence times (months to years), distinct microbiomes have been described and
identified as autochthonous microbial endokarst communities (AMEC). Although
AMEQC are not specifically defined, they are described as stable aquatic bacterial
communities (biofilm and planktonic) comprised predominantly of the Phyla
Acidobacteria, Nitrospira, and (y-, A-) Proteobacteria (Farnleitner et al., 2005; Pronk,
Goldscheider ¢ Zopfi, 2008). Presumably, most bacteria (including possible AMEC) enter
caves through the movement of meteoric water into the subsurface environment, that is, a
combination of stochastic flooding and/or sustained seepage that can present itself as
droplets on cave formations or create pools fed by groundwater (Laiz et al., 1999; Simon,
Benfield ¢ Macko, 2003; Engel ¢ Northup, 2008; Shabarova, Widmer & Pernthaler, 2013;
Wu et al., 2015). The newly introduced microbes diverged genetically with time and
physical isolation to become unique taxa. In a recent study, Brannen-Donnelly ¢ Engel
(2015) analyzed bacterial diversity and community assembly from water, sediments,
and mesocosms to identify AMEC in a hydrologically dynamic Appalachian karst cave
stream. Each medium supported distinct communities, and several were quite stable, but
clear evidence for AMEC was lacking over the duration of the 6-month investigation
(Brannen-Donnelly ¢ Engel, 2015). In contrast, meta-barcoding studies have shown
that the majority of the microbes on rock walls and speleothems are not found on the
surface and may form cave endemic communities (Ortiz et al., 2013; Wu et al., 2015; Lavoie
et al., 2017; Thompson et al., 2019). They also show that rock walls and speleothems have
distinct individualized microbiomes dominated by a few phylotypes regardless of their
proximity to one another. Similarly, cave soil and sediments harbor large numbers of
bacteria that were not found in nearby surface soils (Wu et al., 2015; Wisechart et al., 2018;
Thompson et al., 2019). Despite the implied importance of water in transporting microbes
into cave environments there are few published large-scale surveys of cave aquatic
bacterioplankton and even fewer with a temporal component. This study was conducted to
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apply metabarcoding to water samples collected monthly from a single cave over the
course of a year. In doing so we intended to address the following questions: (1) How
similar is the bacterioplankton microbiome of cave interior water compared to that of
surface water? (2) Does the cave aquatic bacterioplankton microbiome change over
time? We hypothesized that the cave bacterioplankton would differ from the surface and
that temporal changes in the cave would be minor.

MATERIALS AND METHODS

Panel cave geology and hydrology
Panel Cave is located within Natural Tunnel State Park in Scott County, Virginia, USA
(Fig. 1A; Fig. S1). Permission to perform this research and collect samples was granted by
the Commonwealth of Virginia Department of Conservation and Recreation (Research
and Collecting Permit NT-RCP-121819). Stock Creek flows by the cave entrance
(~395 m asl) at the base of Chestnut Ridge which is underlain by the dolomitic middle
Ordovician Chepultepec formation (Miller ¢» Brosge, 1954). These rocks were uplifted and
thrust to the northwest along the nearby Glenita Fault during the Alleghenian Orogeny
(Brent, 1963), and are highly fractured as a result. As previously described by Thompson
et al. (2019), a major feature of Panel Cave is a small stream fed by water spraying from a
fissure in the 12 m high ceiling of a large room. The water pools to a depth of 10-20 cm
and flows through a narrow channel carved into thick sandy sediments before exiting
through a swallet. Known as the “Sinkhole”, this swallet is the deepest point in the cave
and is located approximately 55 m from the entrance. A previous dye tracer test confirmed
that the cave stream discharges into Stock Creek approximately 1,500 m south of the study
site by way of an unmapped spring resurgence. The “Pool” is a still, clear body of
water located in a room highly decorated with speleothems in the upper levels of the cave
(approximately 100 m from the entrance). The Pool appears to be sourced from
condensation and vadose drip water and has no obvious outflow.

The hypothesized contribution of a small sinking stream on Chestnut Ridge, as well as the
epikarst, to the hydrology of Panel Cave was determined through two separate dye
tracer tests. First, the presence or absence of background fluorescence that could interfere
with dye detection was assessed using activated charcoal dye absorption packets (passive
samplers) collected from the Pool, the Sinkhole, and Stock Creek (Fig. 1). These were
replaced with fresh passive samplers prior to each dye trace. In the first test, 50 gm of
Rhodamine (Thermo-Fisher, Asheville, NC, USA) was injected into the stream valley
overlying the cave on September 2, 2018. In a second test, 50g of Uranine (Thermo-Fisher,
Asheville, NC, USA) was flushed into the septic system of cabins located higher on the ridge
to the east of the cave on September 4, 2018. Passive samplers were eluted according to Aley
(2019) and analyzed at East Tennessee State University’s Analytical Services Laboratory
(Johnson City, TN, USA) using a Jobin Yvon Fluoromax-3 spectrofluorometer.

Microbial sample collection, DNA extraction, PCR, and sequencing
Water samples were collected from the Panel Cave Sinkhole stream and the Pool (Fig. 1A;
Fig. S1). Surface water was collected from two bodies of water: Stock Creek and from the
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Figure 1 Dye trace, temperature and conductivity of Panel Cave. (A) Study site. Location of dye
recovery package locations (1-3) and dye injection site (4) (1 foot = 0.3048 m). The metagenomic surface
water sampling locations are labeled with green dots and text. Solid red line indicates flow path of water
from surface stream into cave drainage and to sinkhole. Dashed red line shows inferred drainage into
Stock Creek based on previous dye tracing. Surface elevation contours are in blue. Base layer ortho-
photograph Virginia Geographic Information Network (VGIN) image courtesy of the U.S. Geological
Survey; available from USGS Earth Explorer. Image date: February 2011. Additional information
from VGIN is available at: https://www.vaemergency.gov/911-geospatial/vgin-geospatial-services/ and
https://www.vaemergency.gov/911-geospatial/vgin-geospatial-services/orthoimagery/. (B) Daily average
air and water temperatures of the two cave sample sites (Sinkhole and Pool) as collected by Onset Hobo
H21 data loggers and the daily average air temperature of the surface as collected by an Onset Hobo U23
Pro v2. Instrumentation failure resulted in the loss of data collected from February 2 2019 until the end of
the project on May 5, 2019. (C) Water conductivity measurements taken at the surface and cave sites at
the times collections were made. Full-size k&l DOI: 10.7717/peerj.10757/fig-1

cliff side next to the entrance of the cave which was termed the Waterfall. Both sites
were described in Cahoon et al. (2018). Three separate liters of water were collected from
each site on each date and treated as independent replicates for the remainder of the
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Table 1 Non-parametric analysis of variance (PERMANOVA) pair-wise comparisons of UNIFRAC
distances from all replicates for each collection site and all collection times.

Panel Panel Cave—Pool Surface—Stock Cave
Cave—Sink Hole Creek
Panel Cave—Pool 2.32 (0.001) - - -
Surface—Stock Creek 5.98 (0.001) 3.34 (0.001) - -
Surface—Waterfall 3.52 (0.001) 2.02 (0.001) 2.93 (0.001) -
Surface - - - 4.27 (0.001)

Note:
Individual ASV's and read counts from each set of samples were rarefied (depth 100) and beta-diversity measured using
unweighted UniFrac analysis. UniFrac distances were compared using PERMANOVA. p-values are in parentheses.

processing and analyses. Water was not collected every month from the Waterfall due to
extremely low flow. Negative controls were collected by exposing distilled water to

the atmosphere at each sampling site. Lab water controls were collected by filling 1 L
containers with distilled water in the lab where DNA extractions were to be performed and
immediately filtering them.

Water samples were transported to a laboratory at the University of Virginia’s College at
Wise and passed through 0.45 pm membranes using a disposable microfunnel with
filter (Daigger & Co., Vernon Hills, IL, USA) within 24 h of collection. Filters were stored
at —20 °C until DNA could be extracted with Qiagen’s (Germantown, MD, USA) DNeasy
PowerWater Kit using the manufacturer’s instructions. These samples were stored at
—20 °C and transported to Wright Labs, LLC (Huntingdon, PA, USA) where V4 16S
barcodes from the 144 samples plus controls were PCR amplified using the protocol of
Caparosa et al. (2011) and TaKaRa ExTaq DNA polymerase (Mountain View, CA,
USA). Paired-end reads of 150 bases were produced using Illumina MiSeq technology
(reagents kits 3). All raw sequence data were deposited into the National Center for
Biotechnology Information USA, sequence read archive, accession PRINA656557.

All analyses outlined in this paragraph were performed using the QIIME2 platform
(Bolyen et al., 2019, v. 2020-8). Primer sequences were removed from both forward and
reverse sequences. Paired sequences were filtered, trimmed, dereplicated, merged, and
chimeras removed to produce Amplicon Sequence Variants (ASVs) using DADA2
(Callahan et al., 2016). Read counts were normalized by rarefaction (Weiss ef al., 2017) ata
depth of 100 to accommodate the low counts retrieved from most cave samples.
Phylogenies for use in a- and B-diversity tests were constructed using q2-feature-classifier
(Bokulich et al., 2018) and the GreenGenes taxonomic training set, gg 13_8_train_set_97
(https://greengenes.secondgenome.com). Although the GreenGenes database has not
been updated since 2012 we chose to use it since it had been used in a previous study
of Panel Cave (Thompson et al., 2019) and also we found that very few reads were
unidentified to the Class level using this database. Pair-wise PERMANOVA scores for
beta analysis (Table 1) were generated as part of the unweighted UniFrac analyses. Faith
(1992) phylogenetic biodiversity was used to estimate a-diversity for each sample from
each site. Beta-diversity comparisons were conducted using unweighted UniFrac
comparisons (Lozupone ¢ Knight, 2005) and visualized using Emperor (Vazquez-
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Baeza et al., 2013). Longitudinal changes were calculated using q2-longitudinal
(Bokulich et al., 2018). Shannon’s entropy was used for a-diversity and unweighted
UniFrac analyses for B-diversity; both were visualized using volatility plots.

Taxa (Tables S1, S2 and S3) were curated from lists generated from DADA?2 (v1.16)
as a standalone program in R (Oksanen et al., 2018; R Core Team, 2018, v. 2020-06-22) and
the assignTaxonomy function using the GreenGenes taxonomic training set,
gg 13_8_train_set_97.

PRIMER-E with the PERMANOVA add-on (Clarke ¢ Gorley, 2015) was used to
estimate the contribution environmental factors made to changes in the microbiome.
Differing read counts for each taxa were normalized using presence/absence and a
distance matrix produced using Bray-Curtis divergence. Environmental variables (water
temperature, dissolved oxygen, pH, conductivity, chlorine, nitrate, and ammonia levels)
were normalized using the square-root function and a resemblance matrix generated
using Euclidean distance. Correlations between environmental factors and microbiomes
were calculated using BEST, and dbRDA analyses.

Meteorology and other environmental measurements

Onset (Bourne, MA, USA) Hobo H21 data loggers with sensors to measure air
temperature, relative humidity, air pressure, soil moisture, water temperature and light
level were installed in two locations within the cave. One was located within the Sinkhole
stream just before it exited via the swallet, and the second data logger was located in the
room containing the Pool, roughly 100 m from the entrance. Surface temperature and
relative humidity near the entrance to the cave were measured with an Onset Hobo
U23 Pro v2. Temperature and precipitation data from the National Oceanic and
Atmospheric Administration’s Weather Observer Station in Wise, VA and the Prism
Climate Group, Northwest Alliance for Computational Science & Engineering
(https://prism.oregonstate.edu) were used to supplement external measurements. Water
temperature, pH, Specific Conductivity, dissolved oxygen, chloride, nitrate and ammonia
were also measured using a Vernier LabQuest 2 meter in water samples collected monthly.

RESULTS

Dye-trace, and meteorology of two sites in panel cave

The dye tracer tests confirmed a direct hydrologic connection between a sinking stream on
the surface of Chestnut Ridge and Panel Cave’s Sinkhole stream, and a much weaker
connection between a ridgetop sewage drain field and the cave stream. Fluorescence
spectra for the Pool was dominated by the signature of dissolved organic matter with no
clear evidence of the presence of either dye (Coble et al., 1990; Hernes et al., 2009; Aley,
2019).

Average daily surface air temperatures ranged from a high of 26.7 °C to a low of 8.7 °C
over the course of this study. Minimum external air temperatures dropped steadily
throughout October coinciding with annual autumnal leaf senescence (Fig. 1B).
Temperatures in Panel Cave had a much narrower range but differed between the two sites
(Fig. 1B). Daily averages of the Panel Sinkhole had air temperatures ranging from 11.0 to
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14.5 °C and average daily water temperatures ranging from 8.3 to 15.3 °C. Panel Pool
experienced a dampened response to changes of outside air temperatures with daily
average air temperatures ranging from 12.2 to 13.7 °C and daily average water
temperatures from 12.2 to 12.5 °C.

The conductivity of the four sample sites was most similar between the Waterfall and
Sinkhole (Fig. 1C). Stock Creek had the highest standard deviation in conductivity and
temperature while the Pool consistently had the highest conductivity with the least
variance, except for May 2018 sample.

Cave microbial taxa and interior vs exterior comparison

Over the course of 12 months, 144 samples were collected from four sites (two cave
interior and two surface, plus field and lab controls). Of those, 106 cave and surface
samples were successfully metabarcoded (Panel SinkHole n = 24; Panel Pool n = 16;
Stock Creek n = 35; Waterfall n = 28; reasons for failures are discussed below), yielding
4,413,398 sequences. After quality control and read pairing were completed 2,367,204
reads remained. From those, 1,854 putative prokaryotic ASVs were identified. All ASV
taxa and raw sequence counts are listed in Tables S1, S2, and S3.

A comparison of all the samples collected over the course of the year from the two cave
sites by principle coordinate analysis (PCoA) suggests each body of water had a moderately
dissimilar microbiome (Fig. 2A). A Kruskal-Wallis test of the alpha-diversity of each
body of water suggested differences were insignificant (Table S4), and a PERMANOVA
test of beta-diversity suggested a low yet statistically significant dissimilarity between
the two sites (Table 1). Overall, 24 phyla and 21 candidate divisions were detected in the
water collected from the cave sites and the 15 most abundant of these comprised ~96% of
the total microbiome (Table 2; Table S5). The most abundant taxa inside Panel Cave
occurred in the phylum Proteobacteria, whose ASVs comprised 21.1% and 24.6% of the
total number recovered from the Sinkhole and Pool sites, respectively (Fig. 2B and
Table 2). The most abundant Proteobacterial classes were, in decreasing abundance, o-,
G, B, and &-proteobacteria (Fig. 2C; Table S6). The other major phyla, defined as
comprising >5% of the taxa of one or both of the cave sample sites were Bacteroidetes,
Actinobacteria, and Planctomycetes, Chloroflexi, and Acidobacteria (Fig. 2B; Table S5).
Within these phyla there are some notable differences between the two sample sites
(Figs. 2C-2H; Table S6). For example, within the Chloroflexi there were many more taxa
from the class Anaerolineae (27) in the Sinkhole than in the Pool (11), and taxa from five
classes found in the Sinkhole were not detected in the pool. In Bacteroidetes the taxa
richness of the class Flavobacteria was higher in the Sinkhole (21) than in the Pool
(12). Post-hoc Wilcoxon signed-rank tests comparing the abundance of each phylum and
each class at each site was performed and there were no statistically significant differences
at these taxonomic levels for the two cave sites.

A comparison of the taxa found at all four sites, cave and surface, is presented in Fig. 3.
Of the 1854 ASVs, 245 (13.1%) were only found in water collected from Panel Cave.
Most of these cave specific ASVs (173/245, 70.6%) were identified from the epikarst-fed
Pool sample site. A total of 744 (39.7%) of the 1854 ASV's were unique to surface samples
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Figure 2 Panel Cave bacterioplankton microbiomes.
within Panel Cave, the Pool (diamonds) and Sinkhole (circles). Plot was generated from rarefied data
(depth = 100) and unweighted UniFrac distances. (B) The relative abundance of taxa for the most
abundant phyla found in the two cave sites across all time points, that is, => 1% of the total number of
instances taxa from that phyla occurred in a sample. (C-H) Bubble plots demonstrating the total number
of taxa (y-axis) from each Class within the six most abundant phyla; C—Proteobacteria, D—Plancto-
mycetes, E—Actinobacteria, F—Chloroflexi, G—Bacteroidetes, and H—Acidobacteria. Bubble sizes
represent the percentage of samples collected from each site, containing representatives from that Class
from the Panel Cave Pool (yellow) and Panel Cave Sinkhole (red).

(A) PCoA plot of samples collected from two sites

Full-size K& DOL: 10.7717/peer}.10757/fig-2
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Table 2 Relative amounts (%) of the most abundant prokaryotic phyla found in water collected from
each.

Taxonomy Panel Cave— Panel Cave— Surface—Stock Surface—Waterfall
Sinkhole Pool Creek
Phylum
Proteobacteria 21.1298 24.6314 24.6149 13.6782
Actinobacteria 5.3823 6.2668 6.2626 6.7682
Planctomycetes 3.8566 2.4424 2.4287 3.2955
Chloroflexi 3.4225 1.6429 1.6499 4.8193
Bacteroidetes 3.3458 3.8238 3.8178 6.6266
Acidobacteria 2.6616 1.9437 1.9424 3.4727
Verrucomicrobia 2.6482 1.1394 1.1386
Firmicutes 29777 0.5269 0.5234 0.6733
Nitrospirae 0.7469 0.6367 0.6363 0.7872
OD1 0.5568 0.9718 0.9712 0.7796
Unassigned 0.2852 0.1005 0.7368 1.0276

and 885 (47.2%) occurred in both cave and surface water. A PCoA comparison of the
ASV’s from the cave interior vs surface demonstrated a partial delineation between the
cave and surface samples (Fig. 3B). However, the two most abundant PCO dimensions,
account for under 13% of the variations between the surface and the cave interior,
suggesting multiple variables are responsible for differences between these two
environments. A second version of the PCoA plot where each sample site is represented by
a unique marker is included as Fig. S2. Comparisons were made for all possible
combinations of interior vs surface samples using a-diversity (Table S1) and only two
comparisons, Surface Waterfall-Panel Cave Pool and Surface Waterfall-Surface Stock
Creek were significantly different according to Kruskal-Wallis tests. 3-diversity metrics
(unweighted UniFrac) were also compared using PERMANOVA analysis and the Surface
Stock Creek—Panel Cave Sinkhole had the largest significant F-ratio suggesting they
exhibited the greatest overall difference. Post-hoc Wicoxon signed-rank tests comparing
the abundance of each phylum and each class between the cave and surface was performed
and there were no significant differences at these taxonomic levels.

Longitudinal changes in panel cave’s microbiome

The average number of distinct ASV's found in each sample from the Panel Cave Sinkhole
and Stock Creek sites are shown in Fig. 4A. These two sites are highlighted because
sequence data was successfully collected for all 12 months and provides the most complete
picture of longitudinal change. In the Panel Cave Sinkhole, the average (+SE) number of
detectable ASVs was relatively low for most of the year, 59.7 + 7.5. This increased
dramatically, however, beginning in early fall and subsiding in early winter (252 + 38),
peaking in late November (ASV = 347 + 48). Unlike Panel Cave, the average number of
ASVs on the surface was much higher, 316 + 19.5, but there were changes over the course
of the year, such as decreases during late spring and summer.
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Figure 3 Comparison of bacterioplankton in Panel Cave to the surface. (A) Venn diagram repre-
senting ASV taxa unique to each sample site and those found at more than one. (B) PCoA plot of samples
collected from Panel Cave and surface sites. Plot was generated from rarefied data (depth = 100) and
unweighted UniFrac distances. Full-size K&l DOI: 10.7717/peerj.10757/fig-3

The observed increase in ASV richness, biodiversity, and read counts in the Panel Cave
Sinkhole in the late fall could have been due to the introduction of nutrients and/or an
influx of microbes from the surface and/or epikarst. To address this, a comparison of the
similarities between the cave and surface samples at each of these time points was
performed using PERMANOVA analyses (Table 1). The F-ratio between Panel Sinkhole
and Stock Creek was the highest of any of the pairwise comparisons, suggesting the
greatest difference. We also generated longitudinal volatility plots to compare the o
(Shannon) and B (PCoA) diversities between Panel Sinkhole and Stock Creek at
each time point. The Shannon indexes between the two sample sites diverged (albeit
insignificantly) during the bloom months suggesting minor changes in the amounts of
diversity between the two sites (Fig. 4B). PCoA comparisons demonstrated that late in the
bloom (29 November) the microbes present at the two sites diverged significantly and this
change persisted for several months (Fig. 4C).

A comparison of the taxa found uniquely in the cave to those shared between the cave
and the surface revealed that the proportion of cave-specific taxa increased during the
bloom months (Fig. 5A) but decreased dramatically afterwards. Since the number of cave
specific taxa was reduced we analyzed the phyla to see which had been affected. The taxa
detected from all the cave phyla are presented in Fig. 5B and show a marked increase
during the bloom and decrease afterwards, specifically among the Proteobacteria,
Actinobacteria, Acidobacteria, and Chloroflexi. A focus on ASV taxa unique to the
cave revealed decreases among taxa in the phyla Firmicutes and Bacteroidetes, while
Actinobacteria, Chloroflexi, and Acidobacteria increased during the bloom but were once
again undetectable after the bloom (Fig. 5C). Interestingly, many of the cave specific
microbes detected prior to the bloom were undetectable once the bloom subsided.

The most highly affected were taxa from the phyla Firmicutes, Chlamydiae, and
Deferribacteres (Fig. 5C).
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Figure 4 Microbiome longitudinal comparisons of cave and surface water. (A) Average number of
distinct ASVs identified at each timepoint (orange—Panel Cave sinkhole, blue—Stock Creek surface site),
error bars = SE. (B) Volatility plot based on Shannon indexes (alpha diversity) calculated for all replicates
collected at each timepoint (orange—panel sink hole site, blue—stock creek surface site). (C) Volatility
plot based on PCoA distances (beta-diversity) calculated for all replicates collected at each timepoint

(orange—panel sink hole site, blue—stock creek surface site).
Full-size k&l DOL: 10.7717/peerj.10757/fig-4
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Figure 5 Community succession of the Panel Cave Sinkhole microbiome. (A) Stacked bar plot
demonstrating the number of taxa (distinct ASV's) detected from each phylum in the Panel Cave sinkhole
before, during, and after the bloom. (B) The percentage of taxa (distinct ASVs) found only in cave water
collected from the Panel Cave sinkhole (orange) and those found both in Panel Cave sinkhole and Stock
Creek (blue), before, during, and after the bloom event. (C) Sankey diagram showing the relative number
of cave specific taxa from each phylum before (pre-), during (bloom), and after (post-) the bloom.
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The sequencing process was unsuccessful for some of the Panel Cave Pool and Waterfall
sampling times, so the longitudinal data sets were incomplete. A summary of the
average number of unique ASVs from all sites and times (complete and incomplete)
are shown in Fig. S3. The Panel Pool (epikarst-fed and very low flow velocity) had a
significantly higher overall average number of ASVs, than the pre- and post-bloom
Sinkhole (surface fed, constantly running stream) according to a Student’s ¢-test
(p = 0.017). The surface Waterfall samples had a significantly higher different number
of taxa than Stock Creek (p = 0.00001). The Waterfall site was dry during the mid-late
summer months so no samples could be collected.

Correlation of environmental factors to longitudinal microbiome
changes

Over the course of this study, environmental data (temperature, humidity, light, dissolved
oxygen, conductivity, chlorine, nitrate, and ammonia) were collected inside Panel Cave
at the two sample sites. This enabled correlation modeling and analyses to try and
determine if the microbial bloom occurred due to changes in the environmental conditions
in the cave. First, BEST analysis was conducted, which suggested that changes in pH
and conductivity coincided with the change in the microbiome, may explain 31.5% of the
variation, and that all other factors combined explained <1% of the variation. A focused
analysis on conductivity and pH was then completed using dbRDA (Fig. 6A) and pH
aligned more closely with the distribution of the fall bloom samples than conductivity.
A line graph with pH, conductivity, and the read counts from the fall microbial bloom
suggests that the shift to alkalinity in the Panel Cave Sinkhole coincided with the increase
in bacteria (Fig. 6B).

DISCUSSION

In this study, environmental DNA metabarcoding was used to survey planktonic microbes
from cave water collected from two sites within a single cave over the course of a year.
Our purpose was to characterize the bacterioplankton micriobiome of a cave whose
soils and speleothems had been assayed in a previous study (Thompson et al., 2019).
This approach was taken to determine (1) the similarity of the bacterioplankton
microbiome between water in the cave interior compared to surface water; and

(2) if the cave prokaryotic microbiome changes over time.

Cave microbial taxa

The microbiomes of the two sample sites had moderately distinct PCoA distributions
(Fig. 2A) and a relatively low PERMANOVA F statistic (Table 1) suggesting they were
mildly dissimilar. These differences may be related to their contrasting flow regimes.
The dye trace experiments demonstrated a presumably direct connection between the
surface and the Sinkhole stream but the Pool dye results were negative to ambiguous.
Also, the passive sampling strategy used for the dye trace experiments meant we were
unable to determine flow through times for the tracer tests, but based on similar dye traces
we assume that the flow-through/residence time from sinking stream to the cave is on the
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Figure 6 Environmental factors associated with the bacterioplankton bloom in Panel Cave Sinkhole.
(A) dbRDA plot of the Panel Cave sinkhole sample distribution related to the two environmental
variables that BEST modeling suggested were correlated to changes in the microbiome. (B) Average
conductivity and pH values (+SEM) of the Panel Sinkhole water samples along with the total number of
reads collected at each time point.
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order of hours, including residence time flowing across the floors of the big room before
entering Sinkhole swallet; whereas, residence time for water in the epikarst-fed such as
Pool is likely days to weeks.

The microbiome compositions from two bodies of water from Panel cave is inconsistent
with observations from Béarenschacht cave system in Switzerland where community
overlap between different freshwater pools was found to be very low (Shabarova &
Pernthaler, 2010). Tt is also inconsistent with speleothem studies that have shown cave
features can harbor dissimilar assemblages of microbes regardless of their proximity
(Legatzki et al., 2011, 2012; Ortiz et al., 2013; Lavoie et al., 2017; Wu et al., 2015). The most
abundant bacterioplankton phyla in Panel cave—Proteobacteria, Bacteroidetes,
Actinobacteria, and Planctomycetes, Chloroflexi, and Acidobacteria are common
constituents of cave microbiomes (reviewed in Tomczyk-Zak & Zielenkiewicz (2016))
including bacterioplankton in karst (Brannen-Donnelly ¢» Engel, 2015; Shabarova &
Pernthaler, 2010) and extreme environments (Burow et al., 2019; D’Angeli et al., 2019).

Most other published metabarcoding studies have surveyed soil and speleothems
(Porca et al., 2012; Ortiz et al., 2013; Wu et al., 2015; Mendoza et al., 2016; Lavoie et al.,
2017; Vardeh, Woodhouse ¢ Neilan, 2018; Wisechart et al., 2018, 2019; Thompson et al.,
2019; Dong et al., 2020). The most abundant phyla identified in these studies were also
found in the Panel Cave water samples. Different phyla appear to predominate, however,
in the cave soil vs water microbiomes. In soil, Actinobacteria is the most abundant,
followed by Proteobacteria (Wu et al., 2015; Wisechart et al., 2018, 2019; Thompson et al.,
2019; Zhu et al., 2019). In the water samples collected in Panel Cave, Proteobacteria clearly
dominated the microbiome (>21% of the total taxa), with either Bacteroidetes or
Actinobacteria as the second most abundant (>5%). This is consistent with the aquatic
bacterioplankton of 8 karst caves in the Yunnan-Guizhou Plateau of China (Zhu et al.,
2019). Also, Wu et al. (2015) observed the phylum Nitrospira was more prominent inside
the Jinjia Cave in the western Loess Plateau of China than in surface soils, which is
consistent with our observations from water inside and outside of Panel Cave. Our results,
did differ from these other studies in the Order that was most abundant, for example
B-Proteobacteria were most abundant in the Barenschacht whereas a-Proteobacteria were
most abundant in Panel Cave.

Differences between the soil, speleothems, and water in Panel Cave occurred among
those phyla comprising minor proportions of the microbiome. The proposed divisions
AD3 and GOUTA4 detected in soil and on speleothems by Thompson et al. (2019) were
not found in the bacterioplankton. Phyla identified from Panel Cave water that were
previously unreported comprised minor components—BHI80139, Deferribacteres,
Elusimicrobia, FBP, FCPU426, Fusobacteria, GAL15, Lentisphaerae, NKB19,

OC31, PAUC34f, SBR1093, Spirochaetes, SR1, Synergistetes, WPS2, Caldithrix, and
Kazan3B28.

Cave vs exterior microbiome comparison
The majority of Panel Cave’s bacterioplankton microbiome, 86.9%, was also found in
surface water. This provides a stark contrast to the metabarcoding identified assemblages
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of cave speleothems and soils compared to the surface. Rock walls and speleothems have
distinct microbiomes and share very few microbes with the exterior environment, the
highest reported overlap being 21% (Ortiz et al., 2013; Wu et al., 2015; Lavoie et al.,
2017; Thompson et al., 2019). Cave soils share more microbes with the surface than
speleothems but it is still relatively low, for example, there was a 53.8% overlap between
Appalachian karst caves and the surface (Thompson et al., 2019) and comparably low
overlaps have been reported from other karst environments such as the Jinjia Cave
(Wu et al., 2015) and the Manao-Pee cave in Thailand (Wisechart et al., 2018).

Those observations suggest that cave features and soils harbor a greater proportion of
cave-specific microbes than cave water. Comparisons of adjacent speleothems and lava
cave mats have shown that each has a distinct microbiome regardless of their proximity
(Ortiz et al., 2013; Lavoie et al., 2017), which would be the case if microbes are rarely
and randomly transported to aerial solid substrates. It has also been observed that
bacterial abundance and richness in a karst cave pool can be temporarily increased by a
flood event but that richness degrades as the pool stagnates (Shabarova, Widmer ¢
Pernthaler, 2013). So even though bacteria are introduced into caves on a regular basis,
the vast majority are unable to survive in the cave environment, even fewer would be
transported into the soils or onto speleothems, and then fewer would have the ability to
survive on a rock surface. This reinforces that caves provide niche habitats for microbes
with highly specialized metabolic adaptations but that they are limited to the walls,
speleothems, and soils.

Our survey of bacterioplankton in Panel Cave and the surrounding surface
demonstrates that water exchange transports bacteria between the surface and the
subsurface, albeit at varying rates depending on conduit vs epikarstic transport.

These bacterioplankton, however, must rarely colonize the cave. This is consistent with
a study by Brannen-Donnelly ¢ Engel (2015) who demonstrated that transport of
microbes from the surface and through an epikarst layer did not result in the formation of
AMEC in an Appalachian karst cave stream. We would like to note, however, that the
majority of the cave specific ASVs we recovered were found in the Panel Pool, raising the
possibility that AMEC may exist in cave water bodies fed by epikarstic water and very low
flow rates.

Longitudinal changes in the planktonic microbiome

Water samples were collected over the course of a year to maximize the survey of
biodiversity and to see if changes in the microbiome could be detected. Reads and the
number of taxa were low in samples collected from the Panel Cave sites and for some
months no reads were detected from the Pool site. We believe this is due to very low
numbers of bacteria present in this body of water fed only by groundwater seepage. Most of
the water samples removed from the Sinkhole and Pool sites had low species richness
and bacterial populations which is consistent with previous studies. Cave interior
microbial biomass has been calculated to be 150,000 times lower than on the surface
(Barton et al., 2006) and a quantitative PCR approach estimated surface soils to have
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1-2 orders of magnitude greater microbial biomass than cave samples (Wu et al., 2015).
The number of bacterioplankton present in karst cave pools, as determined by microscopic
examination, has been reported to be very low (Shabarova ¢ Pernthaler, 2010) and is
lowest in very low velocity bodies of water (Shabarova, Widmer ¢ Pernthaler, 2013), like
the Pool site in Panel Cave. In contrast, the Sinkhole site experienced a very obvious
change in its bacterioplankton profile with an increase in its species richness and
abundance in the late fall and early winter that rivaled the richness and abundance seen on
the surface. After this “bloom” event subsided and the levels of bacteria were once again
reduced to previous levels, the taxa comprising the microbiome were not the same.

A comparison of the Panel Sinkhole to the Surface revealed an increase in diversity in
the cave during this event resulting in a microbiome that diverged from the surface
before and afterwards (Figs. 4B and 4C). There was also an increase in the number of
cave-specific taxa during the bloom. We interpret these results as evidence that perched
groundwater (and accompanying bacteria) were transferred from storage in the epikarst
rather than directly from the surface.

It is generally believed that microbes are constantly entering caves from meteoric
water (Simon, Benfield ¢» Macko, 2003; Engel ¢~ Northup, 2008). Three studies have implied
the transport of microbes from the surface into cave pools. Laiz et al. (1999) cultured
bacteria from water dripping from cave formations and found taxa similar to those in
surface soils rather than those on damp cave ceilings. Shabarova, Widmer ¢ Pernthaler
(2013) noticed that stochastic flood events brought microbes from other environments into
deep alpine karst cave pools but that the species richness and abundance would
dramatically decline over time as the pools were starved of fresh recharge. Those pools
would experience a nearly complete water replacement by flooding, which prompted the
authors to speculate that these systems represented an extreme example of the mass
effect theory of bacterial biogeography, that is, changes in a microbiome can be attributed
to stochastic dispersal of current microbes (emigration) followed by recruitment of
new microbes (immigration) from the displacement event (Logue ¢ Lindstrom, 2008).
W et al. (2015) found the elemental and bacterial composition of water from a shallow
karst cave to be much more similar to the surface than cave sediment or surfaces of
speleothems. They posited that a cave receiving meteoric water would have a constantly
changing microbial community due to drip water but the very low abundance and richness
was attributable to dispersion of the microbes as the water percolated into the cave
through semi-solid substrate. We do not know if the event we observed was due to flooding
since we did not install flow meters at any of the sample sites, but it did follow several fall
storm events after several months of drought. We also noticed a dark precipitate of
unknown composition on the sandy substrate when the collections were made along with a
noticeable change in pH and conductivity (Table S7).

The Sinkhole stream is very likely fed by a combination of surface and epikarstic
water. With the connection to the surface and epikarst we propose three possible
explanations for the bloom and changes in hydrochemistry. (1) The bloom and the
hydrochemistry change could be coincidental. (2) The bloom may have changed the pH of
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the water as the microbes utilized the more labile organic matter introduced from the
surface. As respiration increased, CO, would have off-gassed into the water and cave
interior increasing the pH and conductivity. (3) The change in pH and bacterial
biodiversity were the result of an increase in water flow from the epikarst into the cave.
We posit that the evidence supports the third explanation. We hypothesize that the
appearance of large numbers of bacteria in Panel Cave was associated with dissolved and
particulate organic matter transported into the epikarst from the surface due to plunging
temperatures, rain-driven recharge events, and leaf fall. The increases in pH and
conductivity may have been due to the movement of calcite-saturated water that was
pushed into Panel Cave by a pressure pulse (piston effect) of older epikarstic water pushed
through the vadose zone by fresh recharge (Ford ¢ Williams, 1994). The sample area and
Chestnut ridge is heavily forested and some of these changes in the fall could also be
associated with root respiration shutting down, which would lower P, in the soil zone as
winter approaches (Shilling ¢ Jacobson, 2015). The increase in cave-specific microbes in
the Panel Sinkhole suggests they were not transported directly from the surface but
could have been residing in stored epikarst water. The epikarst areas are known to
harbor a diverse array of invertebrate fauna (Pipan ¢ Brancelj, 2004; Pipan ¢ Culver,
2005) and would presumably also house microbes. We currently do not know if this
exchange of water occurs regularly or was due to a stochastic set of meteorological and
geological events. A temporal metabarcoding study by Brannen-Donnelly ¢ Engel (2015)
in a comparable Appalachian cave stream in Kentucky saw no significant changes in
bacterial richness from June to December, suggesting the later may be true.

CONCLUSIONS

In this study, we used a combination of geological, hydrological, and molecular genetic
techniques to conduct a year-long longitudinal planktonic microbiome metabarcoding
survey of cave water. Our results demonstrated that an underground constantly

flowing body of water (Panel Cave Sinkhole) fed by a combination of surface and
epikarst water, transported microbes from the surface and epikarst zone to underground
systems. These results demonstrate that waters within karst caves with direct

hydrologic connections to the surface lack the endemic populations of cave bacteria
found in the soils and features of these same caves. We also witnessed a dramatic change
in the underground bacterial population which coincided with a change in pH and an
increase in microbes not found on the surface which suggests an influx of microbes from
the epikarst zone.

ACKNOWLEDGEMENTS

The authors wish to thank Wally Smith, Lindsey Harper, Katy Mullins, Kyle Hill,
Adam Jones, Thomas Nauss, Claire Cahoon, and Joseph Cahoon for aid in sample and
data collection. Dr. Regina Lamendella’s laboratory and Juniata College are thanked for
housing and training KVM in microbiological bioinformatics as well as Dr. Ray Mohseni
of East Tennessee State University’s Analytical Services laboratory.

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 19/26


http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This project was funded by the John C. Buchanan Chair in Biology endowment. Kendall V.
Morse and Dylan R. Richardson were supported by the UVa-Wise Fellowship in Natural
Sciences. Meteorology equipment was purchased with funds provided by UVa-Wise’s
Chancellor Donna Henry and the UVa-Wise foundation. There was no additional external
funding received for this study. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

John C. Buchanan Chair in Biology endowment.

UVa-Wise Fellowship in Natural Sciences.

UVa-Wise’s Chancellor Donna Henry and the UVa-Wise Foundation.

Competing Interests
The authors declare they have no competing interests.

Author Contributions

e Kendall V. Morse conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Dylan R. Richardson conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

e Teresa L. Brown conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

e Robert D. Vangundy conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

e Aubrey Bruce Cahoon conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Specimens were collected at the Natural Tunnel State Park in Duffield, VA, USA.
Permission was granted by the Commonwealth of Virginia Department of Conservation
and Recreation (Research and Collecting Permit NT-RCP-121819).

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 20/26


http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Data Availability
The following information was supplied regarding data availability:
All raw sequence reads are available at GenBank’s SRA database: PRINA656557.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10757#supplemental-information.

REFERENCES

Adam D, Maciejewska M, Nadmé A, Martinet L, Coppieters W, Karim L, Baurain D, Rigali S.
2018. Isolation, characterization, and antibacterial activity of hard-to-culture actinobacteria
from cave moonmilk deposits. Antibiotics 22(2):28 DOI 10.3390/antibiotics7020028.

Aley T. 2019. The groundwater tracing handbook. Ozark Underground Laboratory, Protem MO.
Available at https://www.ozarkundergroundlab.com/assets/oul_groundwater_tracing_handbook-
2019-revised.pdf.

Badino G. 2010. Underground meteorology: what’s the weather underground? Acta Carsologica
3(3):427-488 DOI 10.3986/ac.v39i3.74.

Baldini JUL, McDermott F, Hoffmann DL, Richards DA, Clipson N. 2008. Very high-frequency
and seasonal cave atmosphere Pcq, variability: implications for stalagmite growth and oxygen
isotope-based paleoclimate records. Earth and Planetary Science Letters 272(1-2):118-129
DOI 10.1016/j.epsl.2008.04.031.

Banner JL, Guilfoyle A, James EW, Stern LA, Musgrove M. 2007. Seasonal variations in modern
speleothem calcite growth in central Texas, U.S.A. Journal of Sedimentary Research
77(8):615-622 DOI 10.2110/jsr.2007.065.

Barton HA, Northup DE. 2007. Geomicrobiology in cave environments: past, current and future
perspectives. Journal of Cave and Karst Studies 69:163-178.

Barton HA, Taylor NM, Lubbers BR, Pemberton AC. 2006. DNA extraction from low-biomass
carbonate rock: an improved method with reduced contamination and the low-biomass
contaminant database. Journal of Microbiological Methods 66(1):21-31
DOI 10.1016/j.mimet.2005.10.005.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley GA,

Caporaso JG. 2018. Optimizing taxonomic classification of marker-gene amplicon sequences
with QIIME 2’s q2-feature-classifier plugin. Microbiome 6(1):90
DOI 10.1186/s40168-018-0470-z.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H,
Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ,
Brown CT, Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK, Da Silva R, Diener C,
Dorrestein PC, Douglas GM, Durall DM, Duvallet C, Edwardson CF, Ernst M, Estaki M,
Fouquier J, Gauglitz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J,
Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK,
Jiang L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I,
Kosciolek T, Kreps J, Langille MGI, Lee J, Ley R, Liu Y-X, Loftfield E, Lozupone C, Maher M,
Marotz C, Martin BD, McDonald D, Mclver L], Melnik AV, Metcalf JL, Morgan SC,
Morton JT, Naimey AT, Navas-Molina JA, Nothias LF, Orchanian SB, Pearson T,

Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A, Robeson MS 1I,
Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford AD,
Thompson LR, Torres PJ, Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S,

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 21/26


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA656557
http://dx.doi.org/10.7717/peerj.10757#supplemental-information
http://dx.doi.org/10.7717/peerj.10757#supplemental-information
http://dx.doi.org/10.3390/antibiotics7020028
https://www.ozarkundergroundlab.com/assets/oul_groundwater_tracing_handbook-2019-revised.pdf
https://www.ozarkundergroundlab.com/assets/oul_groundwater_tracing_handbook-2019-revised.pdf
http://dx.doi.org/10.3986/ac.v39i3.74
http://dx.doi.org/10.1016/j.epsl.2008.04.031
http://dx.doi.org/10.2110/jsr.2007.065
http://dx.doi.org/10.1016/j.mimet.2005.10.005
http://dx.doi.org/10.1186/s40168-018-0470-z
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Van der Hooft JJJ, Vargas F, Vazquez-Baeza Y, Vogtmann E, Von Hippel M, Walters W,
Wan Y, Wang M, Warren J, Weber KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld JR,
Zhang Y, Zhu Q, Knight R, Caporaso JG. 2019. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nature Biotechnology 37(8):852-857

DOI 10.1038/s41587-019-0209-9.

Brannen-Donnelly KB, Engel AS. 2015. Bacterial diversity differences along an epigenic cave
stream reveal evidence of community dynamics, succession, and stability. Frontiers in
Microbiology 6(729):832 DOI 10.3389/fmicb.2015.00729.

Brent WB. 1963. Geology of the clinchport quadrangle Virginia. Report of investigations 5,
Virginia Division of Mineral Resources, Charlottesville VA. Available at https://www.dmme.
virginia.gov/commercedocs/RI_5.pdf.

Bullar K, Waglechner N, Pawlowski A, Koteva K, Banks ED, Johnston MD, Barton HA,
Wright GD. 2012. Antibiotic resistance is prevalent in an isolated cave microbiome. PLOS ONE
7(4):€34953 DOI 10.1371/journal.pone.0034953.

Burow K, Grawunder A, Harpke M, Pietschmann S, Ehrhardt R, Wagner L, Woigt K, Merten D,
Biichel G, Kothe E. 2019. Microbiomes in an acidic rock-water cave system. FEMS Microbiology
Letters 366(13):fnz167 DOI 10.1093/femsle/fnz167.

Cahoon AB, Huffman AG, Krager MM, Crowell RM. 2018. A meta-barcoding survey of
freshwater planktonic protists in Appalachia—Natural Tunnel State Park, Virginia, USA.
Metabarcoding and Metagenomics 2:€26939 DOI 10.3897/mbmg.2.26939.

Callahan BJ, McMurdie PJ, Ropsen MJ, Han AW, Johnson AJA, Holmes SP. 2016. DADA2:
high-resolution sample inference from Illumina amplicon data. Nature Methods 13(7):581-583
DOI 10.1038/nmeth.3869.

Caparosa JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, Fiere N,
Knight R. 2011. Global patterns of 16S rRNA diversity at a depth of millions of sequences per
sample. Proceedings of the National Academy of Science 108(Suppl. 1):4516-4522.

Caumartin V. 1963. Review of the microbiology of underground environments.
National Speleological Society Bulletin 25:1-14.

Cheeptham N. 2013. Advances and challenges in studying cave microbial diversity.

In: Cheeptham N, ed. Cave Microbiomes: A Novel Resource for Drug Discovery. Berlin: Springer,
35-45.

Chelius MK, Moore JC. 2004. Molecular phylogenetic analysis of Archaea and Bacteria in Wind
Cave, South Dakota. Geomicrobiology Journal 21(2):123-134 DOI 10.1080/01490450490266389.

Clarke KR, Gorley RN. 2015. PRIMER v7: user manual/tutorial. Plymouth: PRIMER-E.

Coble PG, Green SA, Blough NV, Gagosian RB. 1990. Characterization of dissolved organic
matter in the Black Sea by fluorescence spectroscopy. Nature 348(6300):432-435
DOI 10.1038/348432a0.

D’Angeli IM, Ghezzi D, Leuko S, Firrincieli A, Parise M, Fiorucci A, Vigna B, Addesso R,
Baldantoni D, Carbone C, Miller AZ, Jurado V, Saiz-Jimenez C, De Waele ], Cappelletti M.
2019. Geomicrobiology of a seawater-influenced active sulfuric acid cave. PLOS ONE
14(8):0220706 DOI 10.1371/journal.pone.0220706.

Dapkevicius MLNE. 2013. Cave biofilms and their potential for novel antibiotic discovery.

In: Cheeptham N, ed. Cave Microbiomes: A Novel Resource for Drug Discovery. Berlin: Springer.

Dong Y, Gao J, Wu Q, Ai Y, Huang Y, Wei W, Sun S, Weng Q. 2020. Co-occurrence pattern and
function prediction of bacterial community in karst cave. BMC Microbiology 20(1):137
DOI 10.1186/512866-020-01806-7.

Morse et al. (2021), PeerJ, DOI 10.7717/peerj.10757 22/26


http://dx.doi.org/10.1038/s41587-019-0209-9
http://dx.doi.org/10.3389/fmicb.2015.00729
https://www.dmme.virginia.gov/commercedocs/RI_5.pdf
https://www.dmme.virginia.gov/commercedocs/RI_5.pdf
http://dx.doi.org/10.1371/journal.pone.0034953
http://dx.doi.org/10.1093/femsle/fnz167
http://dx.doi.org/10.3897/mbmg.2.26939
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1080/01490450490266389
http://dx.doi.org/10.1038/348432a0
http://dx.doi.org/10.1371/journal.pone.0220706
http://dx.doi.org/10.1186/s12866-020-01806-7
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Dublyanski VN, Dublyanski YV. 2000. The role of condensation in karst hydrology and
speleogenesis. In: Klimchouk AB, Ford DC, Palmer AN, Dreybrodt W, eds. Speleogenesis:
Evolution of Karst Aquifers. Huntsville: National Speleological Society, Inc, 100-111.

Engel AS, Northup DE. 2008. Caves and karst as models for advancing microbial sciences.

In: Martin JB, White WB, eds. Frontiers of Karst Research: Proceedings and Recommendations of
the Workshop Held May 3 through 5, 2007 in San Antonio, Texas, USA. Leesburg: Karst Waters
Institute, Inc, 37-48.

Fairchild IJ, Treble PC. 2009. Trace elements in speleothems as recorders of environmental

change. Quaternary Science Reviews 28(5-6):449-468 DOI 10.1016/j.quascirev.2008.11.007.

Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation
61(1):1-10 DOI 10.1016/0006-3207(92)91201-3.

Farnleitner AH, Wilhartitz I, Ryzinska G, Kirschner AKT, Stadler H, Burtscher MM,
Hornek R, Szewzyk U, Herndl G, Mach RL. 2005. Bacterial dynamics in spring water of alpine
karst aquifers indicates the presence of stable autochthonous microbial endokarst communities.
Environmental Microbiology 7(8):1248-1259 DOI 10.1111/§.1462-2920.2005.00810.x.

Ford DC, Williams PW. 1994. Karst geomorphology and hydrology. London: Chapman & Hall,
601.

Handelsman J. 2004. Metagenomics: application of genomics to uncultured microorganisms.
Microbiology and Molecular Biology Reviews 68(4):669-685
DOI 10.1128/MMBR.68.4.669-685.2004.

Hasegawa W, Watanabe Y, Matsuoka H, Ohsawa S, Brahmantyo B, Maryunani KA, Tagami T.
2018. Environmental parameters controlling stalagmite growth in tropical areas: new insights
from cave monitoring at Petruk Cave, Central Java, Indonesia. Journal of Cave and Karst Studies
8(1):19-27 DOI 10.4311/2015LSCO118R3.

Hernes PJ, Bergamaschi BA, Eckard RS, Spencer RGM. 2009. Fluorescence-based proxies for
lignin in freshwater dissolved organic matter. Journal of Geophysical Research 114(4):GO0F03
DOI 10.1029/2009]G000938.

Hobbs HH III, Culver DC. 2009. An overview of cave biology in the USA. In: Palmer AN,
Palmer MV, eds. Caves and Karst of the USA. Huntsville: National Speleological Society, Inc,
392-400.

Hoeg OA. 1946. Cyanophyeae and bacteria in calcareous sediments in the interior of limestone
caves in Nord-Rana, Norway. Nytt Mag Naturvidensk 85:99-104.

Igreja RP. 2011. Infectious diseases associated with caves. Wilderness and Environmental Medicine
22(2):115-121 DOI 10.1016/j.wem.2011.02.012.

Jernigan JW, Carson B. 2011. Cumberland Piedmont Network’s cave meteorology report for
Mammoth Cave National Park: annual report 2009-2010. Natural resource data series NPS/
CUPN/NRDS-2011/218. Fort Collins: National Park Service.

Jones WK. 2013. The physical structure of the epikarst. Acta Carsologica 42(2-3):311-314
DOI 10.3986/ac.v42i2-3.672.

Kelley JB, Rowe H, Springer GS, Gao Y. 2019. Multi-year cave dripwater frequency and
hydrochemical monitoring of three caves in eastern North America: implications for speleothem
paleoclimatology. Journal of Cave and Karst Studies 81(3):188-202 DOI 10.4311/2017ES0110.

Klimchouk A. 2000. The formation of epikarst and its role in vadose speleogenesis setting.

In: Klimchouk AB, Ford DC, Arthur N, Dreybrodt W, eds. Speleogenesis: Evolution of Karst
Aquifers. Huntsville: National Speleological Society, Inc, 91-99.

Morse et al. (2021), PeerdJ, DOI 10.7717/peerj.10757 23/26


http://dx.doi.org/10.1016/j.quascirev.2008.11.007
http://dx.doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1111/j.1462-2920.2005.00810.x
http://dx.doi.org/10.1128/MMBR.68.4.669-685.2004
http://dx.doi.org/10.4311/2015LSC0118R3
http://dx.doi.org/10.1029/2009JG000938
http://dx.doi.org/10.1016/j.wem.2011.02.012
http://dx.doi.org/10.3986/ac.v42i2-3.672
http://dx.doi.org/10.4311/2017ES0110
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Klimchouk A, Ford D. 2000. Types of karst and evolution of hydrogeologic setting.
In: Klimchouk AB, Ford DC, Palmer AN, Dreybrodt W, eds. Speleogenesis: Evolution of Karst
Aquifers. Huntsville: National Speleological Society, Inc, 45-53.

Laiz L, Groth I, Gonzalez I, Saiz-Jimenez C. 1999. Microbiological study of the dripping waters in
Altamira Cave (Santillana del Mar, Spain). Journal of Microbiological Methods 36(1-2):129-138
DOI 10.1016/50167-7012(99)00018-4.

Lavoie KH, Winter AS, Read KJH, Hughes EM, Spilde MN, Northup DE. 2017. Comparison of
bacterial communities from lava cave microbial mats to overlying surface soils from Lava Beds
National Monument, USA. PLOS ONE 12(2):¢0169339 DOI 10.1371/journal.pone.0169339.

Legatzki A, Ortiz M, Neilson JW, Dominguez S, Anderson GL, Toomey RS, Pryor BM,
Pierson LS, Maier RM. 2011. Bacterial and archaeal community structure of two adjacent
calcite speleothems in Kartchner Caverns, AZ, USA. Geomicrobiology Journal 28(2):99-117
DOI 10.1080/01490451003738465.

Legatzki A, Ortiz M, Neilson JW, Casvant RR, Palmer MW, Rasmussen C, Pryor BM,
Pierson LS, Maier RM. 2012. Factors inﬂuencing observed variations in the structure of
bacterial communities on calcite formations in Kartchner Caverns, AZ, USA. Geomicrobiology
Journal 29(5):422-434 DOI 10.1080/01490451.2011.581326.

Logue JB, Lindstrom ES. 2008. Biogeography of bacterioplankton in inland waters. Freshwater
Reviews 1(1):99-114 DOI 10.1608/FRJ-1.1.9.

Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for comparing microbial
communities. Applied and Environmental Microbiology 71(12):8228-8235
DOI 10.1128/AEM.71.12.8228-8235.2005.

Martin KW, Leslie DM Jr, Payton ME, Puckette WL, Hensley SL. 2010. Impacts of passage
manipulation on cave climate: conservation implications for cave-dwelling bats. Wildlife Society
Bulletin 34(1):137-143 DOI 10.2193/0091-7648(2006)34[137:I10PMOC]2.0.CO;2.

Mendoza MLZ, Lundberg J, Ivarsson M, Campos P, Nylander JAA, Sallstedt T, Dalen L. 2016.
Metagenomic analysis from the interior of a speleothem in Tjuv-Ante’s cave, Northern Sweden.
PLOS ONE 11:¢0161577 DOI 10.1371/journal.pone.0151577.

Miller RL, Brosge WP. 1954. Geology and oil resources of the Jonesville Distict, Lee County,
Virgina. Geological Survey Bulletin 990, United States Department of the Interior,
Washington, DC. Available at https://pubs.er.usgs.gov/publication/b990.

Nakaew N, Pathom-aree W, Lumyong S. 2009. Generic diversity of rare actinomycestes from Thai
cave soils and their possible use as new bioactive compounds. Actinomycetologica 23(2):21-26
DOI 10.3209/s2j.SAJ230201.

Oksanen J, Guillaume-Blanchet F, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR,
O’Hara RB, Simpson GL, Solymos P, Henry M, Stevens H, Szoecs E, Wagner H. 2018. Vegan:
community ecology package. R package version 2.5-2. Available at https://CRAN.R-project.org/
package=vegan.

Ortiz M, Neilson JW, Nelson WM, Legatzki A, Byrne A, Yu Y, Wing RA, Soderlund CA,
Pryor BM, Pierson LS III, Maier RM. 2013. Profiling bacterial diversity and taxonomic
composition on speleothem surfaces in Kartchner Caverns, AZ. Microbial Ecology
65(2):371-383 DOI 10.1007/500248-012-0143-6.

Palmer A. 2009. Control of cave patterns by groundwater recharge. Dayton: Cave Geology,

Cave Books.

Pawlowski AC, Westman EL, Koteva K, Waglechner N, Wright GD. 2018. The complex
resistomes of Paenibacillaceae reflect diverse antibiotic chemical ecologies. ISME Journal
12(3):885-897 DOI 10.1038/s41396-017-0017-5.

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 24/26


http://dx.doi.org/10.1016/S0167-7012(99)00018-4
http://dx.doi.org/10.1371/journal.pone.0169339
http://dx.doi.org/10.1080/01490451003738465
http://dx.doi.org/10.1080/01490451.2011.581326
http://dx.doi.org/10.1608/FRJ-1.1.9
http://dx.doi.org/10.1128/AEM.71.12.8228-8235.2005
http://dx.doi.org/10.2193/0091-7648(2006)34[137:IOPMOC]2.0.CO;2
http://dx.doi.org/10.1371/journal.pone.0151577
https://pubs.er.usgs.gov/publication/b990
http://dx.doi.org/10.3209/saj.SAJ230201
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1007/s00248-012-0143-6
http://dx.doi.org/10.1038/s41396-017-0017-5
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Pawlowski AC, Wang W, Koteva K, Barton HA, McArthur AG, Wright GD. 2016. A diverse
intrinsic antibiotic resistome from a cave bacterium. Nature Communications 7(1):13803
DOI 10.1038/ncomms13803.

Perry J, Waglechner N, Wright G. 2016. The prehistory of antibiotic resistance. Cold Spring
Harbor Perspectives in Medicine 6(6):a025197 DOI 10.1101/cshperspect.a025197.

Pfendler A, Karimi B, Maron P-A, Ciadamidara L, Valot B, Bousta F, Alaoui-Sosse L,
Alaoui-Sosse B, Aleya L. 2018. Biofilm biodiversity in French and Swiss show caves using the
metabarcoding approach: first data. Science of the Total Environment 615(Suppl. 2):1207-1217
DOI 10.1016/j.scitotenv.2017.10.054.

Pipan T, Brancelj A. 2004. Diversity and peculiarity of epikarst fauna: case study from six caves in
Slovenia (Europe). In: Jones WK, Culver DC, Herman JS, eds. Epikarst. Proceedings of the
symposium held October 1 through 4, 2003. Sheperdstown: Karst Waters Institute Special,
119-126.

Pipan T, Culver DC. 2005. Estimating biodiversity in the epikarstic zone of a West Virginia cave.
Journal of Cave and Karst Studies 67:103-109.

Porca E, Jurado V, Zgur-Bertok D, Saiz-Jimenez C, Pasic L. 2012. Comparative analysis of yellow
microbial communities growing on the walls of geographically distinct caves indicates a
common core of microorganisms involved in their formation. FEMS Microbiology Ecology
81(1):255-266 DOI 10.1111/j.1574-6941.2012.01383.x.

Pronk M, Goldscheider N, Zopfi J. 2008. Microbial communities in karst groundwater and their
potential use for biomonitoring. Hydrogeology Journal 17(1):37-48
DOI 10.1007/s10040-008-0350-x.

R Core Team. 2018. R: a language and environment for statistical computing. Vienna: The R
Foundation for Statistical Computing. Available at https://www.R-project.org.

Rangseekaew P, Pathom-Aree W. 2019. Cave actinobacteria as producers of bioactive metabolites.
Frontiers in Microbiolology 10:387 DOI 10.3389/fmicb.2019.00387.

Ridley HE, Baldini JUL, Prufer KM, Walczak IW, Breitenbach SFM. 2015. High-resolution
monitoring of Yok Balum Cave, Belize: an investigation of seasonal ventilation regimes and the
atmospheric and drip-flow response to a local earthquake. Journal of Cave and Karst Studies
77(3):183-199 DOI 10.4311/2014ES0117.

Sebela S, Turk J. 2011. Local characteristics of Postojna Cave climate, air temperature, and
pressure monitoring. Theoretical and Applied Climatology 105(3-4):371-386
DOI 10.1007/s00704-011-0397-9.

Shabarova T, Pernthaler J. 2010. Karst pools in subsurface environments: collectors of microbial
diversity or temporary residence between habitat types. Environmental Microbiology
12(4):1061-1074 DOI 10.1111/j.1462-2920.2009.02151 x.

Shabarova T, Widmer F, Pernthaler J. 2013. Mass effects meet species sorting: transformations of
microbial assemblages in epiphreatic subsurface karst water pools. Environmental Microbiology
15(9):2476-2488 DOI 10.1111/1462-2920.12124.

Shilling KE, Jacobson P. 2015. Field observation of diurnal dissolved oxygen fluctuations in
shallow groundwater. Groundwater 53(3):493-497 DOI 10.1111/gwat.12218.

Simon KS, Benfield EF, Macko SA. 2003. Food web structure and the role of epilithic biofilms in
cave streams. Ecology 84(9):2395-2406 DOI 10.1890/02-334.

Spotl C, Fairchild IJ, Tooth AF. 2005. Cave air control on dripwater chemistry, Obir Caves
(Austria): implications for speleothem deposition in dynamically ventilated caves. Geochimica et
Cosmochimica Acta 69(10):2451-2468 DOI 10.1016/j.gca.2004.12.009.

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 25/26


http://dx.doi.org/10.1038/ncomms13803
http://dx.doi.org/10.1101/cshperspect.a025197
http://dx.doi.org/10.1016/j.scitotenv.2017.10.054
http://dx.doi.org/10.1111/j.1574-6941.2012.01383.x
http://dx.doi.org/10.1007/s10040-008-0350-x
https://www.R-project.org
http://dx.doi.org/10.3389/fmicb.2019.00387
http://dx.doi.org/10.4311/2014ES0117
http://dx.doi.org/10.1007/s00704-011-0397-9
http://dx.doi.org/10.1111/j.1462-2920.2009.02151.x
http://dx.doi.org/10.1111/1462-2920.12124
http://dx.doi.org/10.1111/gwat.12218
http://dx.doi.org/10.1890/02-334
http://dx.doi.org/10.1016/j.gca.2004.12.009
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

Peer/

Thompson BA, Richardson DR, VanGundy RD, Cahoon AB. 2019. Metabarcoding analysis of
six cave prokaryotic microbiomes in Southwest VA. Journal of Cave and Karst Studies
81:244-253 DOI 10.4311/2019MB0112.

Tomczyk-Zak K, Zielenkiewicz U. 2016. Microbial diversity in caves. Geomicrobiology Journal
33(1):20-38 DOI 10.1080/01490451.2014.1003341.

Vardeh DP, Woodhouse JN, Neilan BA. 2018. Microbial diversity of speleothems in two southeast
Australian limestone cave arches. Journal of Cave and Karst Studies 80(3):121-132
DOI 10.4311/2017MB0119.

Vazquez-Baeza Y, Pirrung M, Gonzalez A, Knight R. 2013. EMPeror: a tool for visualizing
high-throughput microbial community data. GigaScience 2(1):16 DOI 10.1186/2047-217X-2-16.

Wefer FL, Lucas PC. 2015. Meteorology of butler cave. In: White VWB, ed. The Caves of Burnsville
Cove. Switzerland: Springer, 407-420.

Weiss A, Xu ZZ, Peddada S, Amir A, Bittinger K, Gonzalez A, Lozupone C, Zaenveld JR,
Vazquez-Baeza Y, Birmingham A, Hyde ER, Knight R. 2017. Normalization and microbial
differential abundance strategies depend upon data characteristics. Microbiome 5(1):27
DOI 10.1186/s40168-017-0237-y.

Wisechart A, Mhuanthong W, Thongkam P, Tangphatsornruang S, Chantasingh D,
Pootanakit K. 2018. Bacterial diversity and phylogenetic analysis of type II polyketide synthase
gene from Manao-Pee cave, Thailand. Giomicrobiology Journal 35(6):518-527
DOI 10.1080/01490451.2017.1411993.

Wisechart A, Mhuantong W, Tangphatsornruang S, Chantasingh D, Pootanakit K. 2019.
Shotgun metagenomic sequencing from Manao-Pee cave, Thailand, reveals insight into the
microbial community structure and its metabolic potential. BMC Microbiology 19(1):144
DOI 10.1186/512866-019-1521-8.

Wooley JC, Godzik A, Friedberg I. 2010. A primer on metagenomics. PLOS Computational
Biology 6(2):¢10000667 DOI 10.1371/journal.pcbi.10000667.

Wu Y, Tan L, Liu W, Wang B, Wang J, Cai Y, Lin X. 2015. Profiling bacterial diversity in a
limestone cave of the western Loess Plateau of China. Frontiers in Microbiology 6(1440):244
DOI 10.3389/fmicb.2015.00244.

Wynne JW, Wang L-F. 2013. Bats and viruses: friend or foe? PLOS Pathogens 9(10):e1003651
DOI 10.1371/journal.ppat.1003651.

Yiicel S, Yamag¢ M. 2010. Selection of Streptomyces isolates from Turkish karstic caves against
antibiotic resistant microorganism. Pakistan Journal of Pharmaceutical Sciences 23:1-6.

Zhu H-Z, Zhang Z-F, Zhou N, Jiang C-Y, Wang B-]J, Cai L, Liu S-J. 2019. Diversity, distribution
and co-occurrence patterns of bacterial communities in a karst cave system. Frontiers in
Microbiology 10:1726 DOI 10.3389/fmicb.2019.01726.

Morse et al. (2021), Peerd, DOI 10.7717/peerj.10757 26/26


http://dx.doi.org/10.4311/2019MB0112
http://dx.doi.org/10.1080/01490451.2014.1003341
http://dx.doi.org/10.4311/2017MB0119
http://dx.doi.org/10.1186/2047-217X-2-16
http://dx.doi.org/10.1186/s40168-017-0237-y
http://dx.doi.org/10.1080/01490451.2017.1411993
http://dx.doi.org/10.1186/s12866-019-1521-8
http://dx.doi.org/10.1371/journal.pcbi.10000667
http://dx.doi.org/10.3389/fmicb.2015.00244
http://dx.doi.org/10.1371/journal.ppat.1003651
http://dx.doi.org/10.3389/fmicb.2019.01726
http://dx.doi.org/10.7717/peerj.10757
https://peerj.com/

	Longitudinal metabarcode analysis of karst bacterioplankton microbiomes provide evidence of epikarst to cave transport and community succession ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


