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Introduction

Studies of cave bacteria have proven to be an incredibly

promising research avenue for geology and biology alike –

bacteria found in caves have shaped our understanding of

everything from evolved antibiotic resistance (Pawlowski

et al., 2016) to the vital role that certain microbes play in

cave formation (Parker et al., 2017). This type of research

may also prove useful for cave conservation: time-series

monitoring of microbial communities within caves has been

proposed as a sensitive method for identifying the effects of

human travel through cave environments (Lü et al., 2018).

Motivated by the discovery of diverse, metabolically-

active, microbial-only communities in the aquifer lakes

of Wind Cave (Hershey et al., 2018), we began an inves-

tigation of the microbial communities in nearby Brooks

Cave, which is also contained in the Madison limestone

of the Black Hills (Long et al., 2012). We chose Brooks

Cave for its lake; microgravity measurement studies have

suggested that the lake in Brooks is a a perched lake (Roth

and Long, 2012)––a body of water that is separate from

nearby aquifers except at particularly high water levels.

Recent studies have demonstrated that profiling the diver-

sity and stability of microbial communities in underground

water sources can inform researchers about the water’s

previous depth (Bougon et al., 2012), nutrient availability

(Anderson et al., 2006), and position along hydrologic flow

paths (Maamar et al., 2015). With continued time-series

monitoring of the microbial communities in Brooks Lake,

it will be possible to determine whether an intermittent

connection exists between the lake and the aquifer.

Materials and Methods

We sought to characterize the microbial communities in

Brooks Cave through unbiased genomic profiling. During

two sampling campaigns in June 2019 and October 2020,

10 mL samples were collected outside of the path-of-human-

Fig. 1a. A historic map of Brooks Cave, most recently
extended by Bruce Zerr who added 500 ft to the survey
in 1971. Brooks Cave was discovered by Jim Brooks
and John Dyer in 1954 (Black Hills Cave and Nature
Conservancy, 2020).

Fig. 1b. A rendering of the lake in Brooks Cave, cartog-
raphy by Dan Austin. Compass and Tape Survey con-
ducted by members of the Paha Sapa Grotto 2004-2007
(Austin et al., 2007).

travel using aseptic technique and immediately preserved

in vivoPHIX (RNA Assist Ltd, RD-VIVO-20). To reduce

the likelihood of confounding contamination, preparation

controls were created as previously described (Hershey
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Fig. 2a. Brooks Cave Lake, as it appeared during the
first sampling campaign in June 2019.

Fig. 2b. Riley Drake (Shalek Lab, MIT) and Olivia
Hershey (Barton Lab, University of Akron) taking water
samples from Brooks Cave Lake in June 2019. Photo by
Dave Springhetti.

et al., 2018) by subjecting all the sampling equipment to

experimental processing in the absence of sample, including

assembly both in the lab and at the field-site. Preparation

controls were collected at every sampling site and processed

in parallel with the samples, and remained site-separated

through amplicon sequencing.

Samples were kept on ice for transportation and stored

at -80°C before processing to prevent degradation. Cells

were isolated via centrifugation at 1,000G for 10 minutes

at 4°C. At an RNA clean workstation maintained using

RNAzap (Invitrogen AM9780), cell pellets were washed 2x

in 80% ethanol using sterile, low-retention filtered pipette

tips (Rainin 30389166, 30389171, 30389173). Cell pel-

lets were subsequently lysed with 10M Guanidinium Thio-

cyanate (Sigma Aldrich G9277) supplemented with 2%

β-mercaptoethanol (Sigma Aldrich 63689) and agitated via

bead-beating. Pulldown of genetic material was performed

using RNAClean XP beads (Beckman Coulter A63987)

which were subsequently washed 3x with 80% ethanol on a

tube magnet (Eppendorf 12321D). After drying, the genetic

material was eluted off of the AMPure beads using 15µL

ultrapure water (Gibco 15230001). The DNA/RNA eluent

was then PCR amplified using the universal primers 515F

and 860R in three separate reactions (Caporaso et al., 2011)

Fig. 3a. Number of sequences recovered from Brooks
Lake water samples and corresponding controls, identi-
fied via 16S rRNA. Phyla representing less than 2.1% of
total recovered sequences are omitted for clarity.

Fig. 3b. Relative composition of sequences recovered
from Brooks Lake during the two sampling campaigns,
identified via 16S rRNA. As above, phyla representing
less than 2.1% of total recovered sequences are omitted
for clarity.
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Fig. 4. (a) shows the number of sequences identifiable via 16S rRNA recovered from different sampling sites during
the second sampling campaign in October 2020. (b) shows the number of identifiable sequences recovered from the
preparation controls exposed at each site. Panels (c,d) normalize the data of (a,b) to show the relative composition
of the microbial communities recovered from each sampling site. In all panels, phyla representing less than 1% of the
sample population were omitted for clarity.

following the 16s Illumina Amplicon protocol developed by

the Earth Microbiome Project (Earth Microbiome Project,

2016). Each sample was dual-indexed with Illumina N500

and N700 indices (Ilumina 20027213) using the Nextera XT

DNA Library Preparation Kit (Illumina FC-131-1096) and

the amplified DNA library was sequenced on an Illumina

MiSeq using a MiSeq 600 Cycle Reagent Kit v3 (Illumina

MS-102-3003) at Koch Institute BioMicro Center.

Analysis

The resulting read data were demultiplexed and sequencing

artifacts were removed using the Galaxy Pipeline (Blanken-

berg et al., 2010). Quality filtering and trimming was per-

formed using the FASTX toolkit (Gordon, 2010). Chimeric

sequences were identified and removed using UCHIME

(Schloss et al., 2009), and sampling-site specific assem-

bly was performed using SPAdes (Bankevich et al., 2012).

Subsequent assemblies were annotated using Kraken V2

(Wood and Salzberg, 2014; Lu and Salzberg, 2020), and

figures were generated with custom R code (Version 3.6.3)

using the Matplotlib (Hunter, 2007) and ggplot2 packages

(Wickham, 2016).

Results

We identified considerable microbial diversity in Brooks

Cave Lake; our initial sampling (June 2019) revealed 37

different orders of bacteria and archaea over 228 identifi-

able sequences as compared to the preparation control for

that sample, which contained 13 orders of bacteria over 37

identifiable sequences. Similar diversity was observed in

the resampling trip (October 2020), where we recovered 35

orders of bacteria over 152 identifiable sequences, with a

preparation control that contained 6 orders of bacteria over

11 identifiable sequences. Between the two lake samples,
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Fig. 5. Voronoi treemap diagram showing the relative abundance (indicated by the size of cells) and the class (indi-
cated by cell color) of bacteria and archaea found in Brooks Lake during two sampling campaigns in June 2019 and
October 2020. The image was generated by David Yang and Riley Drake using the SysbioTreemaps R package.

the relative composition of the microbial communities ap-

peared relatively stable despite large observed fluctuations

in the water level between sampling trips (Fig. 3b). If the

water in Brooks Cave Lake were primarily surface water,

we would have expected the composition of the microbial

community to be unpredictable and subject to seasonal

fluctuations (Griebler and Lueders, 2009). Brooks Cave is

relatively short and shallow: the total surveyed length is

3,454.6’ and the lake room, the lowest point in the cave,

is just 92’ below the datum (Austin et al., 2007). We

wondered whether the microbial communities in such a

short cave could be significantly different from those near

the entrance. By progressively sampling several sites from

the cave entrance to the lake, we found that the relative

composition of the bacterial communities varied through-

out the length of the cave (Fig. 4c,d), with a far higher

absolute number of microbes further from the entrance

(Fig. 4a,b).

The data we collected clearly demonstrates the existence

of microbial communities which are compositionally dis-

tinct from the surface communities. Since the samples,

taken over a year apart, had a relatively consistent compo-

sition, we suggest that the source of the water in Brooks

Cave Lake is unlikely to be primarily surface water and is
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more likely to be ground-water or aquifer derived. Because

our data spans just two sampling trips, we do not yet

believe it is sufficient to make broad conclusions about the

stability of the microbial communities within Brooks Cave

Lake. Future study of proposed perched ponds continues

to be an exciting research avenue, especially if microbial

monitoring proves useful in making predictions about local

surface-groundwater mixing phenomena.
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