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ABSTRACT

The dark, humid, and generally nutrient-depleted conditions of caves set limitations on their
habitability, which causes the microbial diversity and community structure of caves to differ
from those in surface environments. Recent studies investigating cave microbiomes reveal that
Pseudonocardiaceae, a family of bacteria belonging to the phylum Actinomycetota, are abundant
in cave sediment and on rocks as subaerial biofilms. However, little work has been done to
understand their ecology and geomicrobiological impact in the cave environment. This study
used shotgun metagenomics to characterize the functional potential of Pseudonocardiaceae, as
well as other microbes, from in Carter Cave, located in Knox County, Tennessee. From 16S
rRNA gene sequence analysis, done to understand the microbial diversity at the family and genus
levels, Crossiella, a genus belonging to the Pseudonocardiaceae, were the most abundant
members of the biofilms. These findings are consistent with literature describing other cave
biofilm community compositions. Two high-quality Metagenome Assembled Genomes (MAGS)
with >90% completeness and <10% contamination were obtained that were taxonomically
affiliated with the Pseudonocardiaceae, and revealed the functional potential for
chemolithoautotrophic CO> fixation, denitrification, trace gas uptake, antimicrobial defense, and
calcite precipitation. Two other MAGs, belonging to the classes Blastocatellia and
Gammaproteobacteria were also retrieved, which contained carbon metabolic pathways
indicative of heterotrophy and trace gas uptake of hydrogen and methane. All four MAGs also
revealed the potential for the production of carbonic anhydrase, which has been associated with
microbially induced calcite precipitation (MICP), various forms of antibiotic resistance, and the
production of bacterial toxins. If metabolically active, then the Pseudonocardiaceae likely play
crucial roles to the ecosystem by producing organic carbon, acting as a sink for carbon monoxide
in cave air, limiting microbial interactions in biofilms, and participating in microbe—mineral
interactions that can lead to calcite precipitation. This work highlights the functional potential of
dominant microbial groups found in cave-wall biofilms and explores their innovative strategies
that enhance their ability to thrive in the subsurface. This investigation reinforces the connections
between microbial ecology and the biogeochemistry of an environment and raises interests for

possible applications in biotechnology, pharmaceuticals, and astrobiology.
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SECTION ONE
INTRODUCTION

Caves are dark environments with high relative humidity and generally stable
temperatures, but can also have depleted concentrations of available nutrients and organic carbon
that would be needed to sustain subsurface ecosystems. Such conditions set limitations on
habitability and control microbial diversity, metabolism, and community structure that differ
from surface environments. Yet, across a range of subsurface settings, from caves in karst
landscapes, volcanic caves or lava tubes, tombs, and mines, two phyla dominate microbial
communities, the Actinomycetota (the phylum previously referred to as Actinobacteria) and
Pseudomonadota (the phylum previously referred to as Proteobacteria) (Ortiz et al., 2014; De
Mandal., 2017; Li et al., 2018; Alonso et al., 2019; Long et al., 2019; Wiseschart et al., 2019;
Zhu et al., 2019; Frazier, 2020; Turrini et al., 2020; Cimermanova et al., 2021; Gonzalez-
Pimentel et al., 2021; Ma et al., 2021; Zhu et al., 2021; Martin-Pozas et al., 2022). The
Pseudonocardiaceae, a family within the Actinomycetota, can have among the highest relative
abundances of 16S rRNA gene sequences associated with the phylum, but many are not
taxonomically related to previously cultured bacteria (e.g., Lynch et al., 2014; Turrini et al.,
2020; Ghezzi et al., 2021; Gonzalez-Pimentel et al., 2021). Consequently, despite the prevalence
of this group in a range of habitats, their ecology is not well understood, especially within the
context of the cave environment. Put simply, we lack insight into what the Pseudonocardiaceae
are doing metabolically within the cave ecosystems.

Currently, the best information about the metabolism of the Pseudonocardiaceae family
comes from a combination of chemotaxonomic studies and 16S rRNA gene surveys that allude
to diverse members of the family being capable of heterotrophy, meaning that they obtain their
carbon and energy from organic carbon (Borsodi et al., 2012; Franco and Labeda, 2014; Cao et
al., 2015; Cao et al., 2017; Fang et al., 2017; Rangseekaew and Pathom-aree, 2019). But, other
metabolisms have been suggested, including chemolithoautotrophy through both aerobic and
anaerobic CO; fixation, energy metabolism from trace gases, such as carbon monoxide (CO), as
well as oxidation of different nitrogen compounds and methane (Lynch et al., 2014; Ortiz et al.,
2014; Martin-Pozas et al., 2020; Martin-Pozas et al., 2022). A breakthrough came from Frazier
(2020) using cave-wall biofilm samples from Carter Cave in Knox County, Tennessee (state cave
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inventory number KN14). Stable carbon and nitrogen isotope ratio analyses of the cave biofilms
overwhelmingly dominated by Pseudonocardiaceae suggest chemolithoautotrophic fixation of
CO: from the cave air because the §*3C [delta 13-C] values of the biofilm biomass were more
negative than would be predicted if the microbes were heterotrophs and using organic carbon
from within the cave. Moreover, low 8*3C values also point to methane-derived carbon
incorporation. Nitrogen isotope analyses suggest the presence of nitrifying and nitrogen-fixing
microbes within the cave biofilm samples.
Research Objectives
This study expands on the previous 16S rRNA gene sequencing and geochemical
analyses from Frazier (2020) and takes a shotgun metagenomics approach to investigate the
diversity and metabolic strategies of the Pseudonocardiaceae and other microbial groups from
within the cave-wall biofilms, specifically focusing on the ability of these microbes to fix CO>
and/or use CO and/or CH4 as chemolithoautotrophs. To our knowledge, this investigation is the
first to use metagenomics to tie cave-wall biofilm Pseudonocardiaceae to carbon and energy
acquisition pathways, as well as among the first studies to assign specific functions to other
microbes common to cave-wall biofilm communities using metagenomics.
The main research objectives are four-fold:
e Characterize and describe the microbial diversity and metabolic functions from cave-wall
biofilms using 16S rRNA gene sequences and metagenome-assembled genomes (MAGS).
e Investigate the possibility of chemosynthesis via trace gas utilization.
e Investigate survival strategies, such as DNA repair mechanisms, biofilm formation, and
antimicrobial production, in cave-wall biofilm MAGs.
e Determine the taxonomic relationships among cave-wall biofilms, with a specific focus
on members of the Pseudonocardiaceae.
Research Hypotheses
The following hypotheses were tested:
1) Because cave-wall biofilms from Carter Cave contain low diversity and are dominated by
members of the Pseudonocardiaceae (Frazier, 2020), it will be possible to obtain MAGs

belonging to the family Pseudonocardiaceae.



2) Pseudonocardiaceae MAGs contain genes that encode chemolithoautotrophy enzymes
involved with CO3 fixation.

3) If the metagenomic assessment indicates that the cave-wall biofilm MAGs contain
chemolithoautotrophy genes, then trace gas utilization genes will be present for the
purpose of providing energy in the absence of sunlight.

4) MAGs will harbor sets of genes that encourage mutualism within biofilm communities
and aid in biofilm defense against outside competitors.

5) Members of the Pseudonocardiaceae from Carter Cave cave-wall biofilms are novel taxa.

Thesis Organization

This thesis is organized into five additional sections following this introductory section.
Section Two is a literature review of the current knowledge about cave microbiomes, focusing
specifically on the Actinomycetota, to highlight potential carbon and nitrogen metabolisms that
could be occurring within caves. The usefulness of geochemistry as a tool to understand cave
microbiology is also included. Section Three describes the metagenome methods used in this
research, with a summary of the field and other methods from Frazier (2020) that were relevant
to this current study. Section Four provides the results, specifically identifying key metabolic
functions in the obtained MAGs. Section Five is the main discussion and evaluation of the
research hypotheses, focused on assessing the potential for chemolithoautotrophic carbon
fixation by key Actinomycetota in cave-wall biofilms. Section Six concludes the thesis and

provides a discussion of future research directions.



SECTION TWO
LITERATURE REVIEW
The Cave Environment

The input of allochthonous organic carbon into caves, naturally from streams, fauna, and
air currents, shapes subsurface food web dynamics, biogeochemical cycling, as well as microbial
diversity (Barton and Jurado, 2007). Throughout their extent, caves contain numerous
microhabitats, such as in water, as subaerial or cave-wall biofilms, and within sediment. Previous
studies demonstrate that cave microbial communities tend to be dominated by heterotrophic
microbial activity, being dependent on allochthonous organic carbon sourced from the surface
(Barton and Jurado, 2007; Gabriel and Northup, 2013; Oliveira et al., 2017). However, microbes
capable of chemolithoautotrophy can also be present (Chen et al., 2009; Ortiz et al., 2014;
Oliveira et al., 2017; Zhao et al., 2018; Zhu et al., 2019; Ortiz et al., 2021; Zhu et al., 2021; Ray
et al., 2022), particularly when organic carbon concentrations are low, which is a condition
referred to as oligotrophic. To begin to understand the importance of carbon and other nutrients
to the cave microbiome, the following sections describe our current knowledge about microbial
functional systems that are relevant to a cave microbiome, including carbon metabolism focused
on chemolithoautotrophic carbon fixation pathways and nitrogen metabolism.

Carbon Metabolism

Despite the physical, geochemical, and biological diversity of all ecosystems on Earth,
the fact remains that all living organisms need an energy source, growth substrate, and a source
of carbon to sustain themselves. There are several metabolic processes responsible for fixing
inorganic carbon into organic carbon and biomass, including the reductive pentose phosphate
pathway (RPP) or Calvin Benson-Bassham Cycle (CBB), the reductive acetyl-coenzyme A
(acetyl CoA) or Wood-L jundahl pathway, the reductive tricarboxylic acid (rTCA) cycle, and
others. Most autotrophic CO- fixation occurs through the reductive pentose phosphate (RPP)
pathway (Bar-Even et al., 2012; Liang et al., 2020) where CO is reduced to glucose via the
ribulose-1,5-bisphosphate carboxylase (RuBisCO) enzyme (Hugler and Fuchs, 2005; Hugler and
Sievert, 2011). RuBisCO catalyzes the addition of one CO2 molecule to ribulose biphosphate,
and the product of this carboxylation reaction is split into two 3-phosphoglycerate molecules

(Shively et al., 1998; Sharkey, 2019). The oxidative branch of this pathway, the pentose



phosphate pathway, is primarily used by heterotrophs (Bar-Even et al., 2012). The acetyl-CoA
synthase enzyme serves as an excellent marker for identifying the reductive acetyl-CoA pathway
in prokaryotes, as it catalyzes the final step that synthesizes acetyl CoA by combining CO and a
methyl group (Wood et al., 1986; Bar-Even et al., 2012). Using this pathway, microbes can form
multiple carbon compounds, like acetate, with H> as an electron donor (Wood et al., 1986; Bar-
Even et al. 2012; Liang et al., 2020). Among aerobic bacteria, the enzyme CO dehydrogenase
catalyzes the reduction of CO> to a carbonyl group, using CO- as a source of carbon and CO as a
source of energy. Moreover, the 3-hydroxypropionate (3HP) cycle can also result in CO> fixation
using acetyl-CoA and propionyl-CoA (Hugler and Fuchs, 2005; Higler and Sievert, 2011). The
3HP pathway was previously confined to green non-sulfur bacteria that use reduced sulfur
compounds as electron donors (Alber and Fuchs, 2002), but key enzymes in this pathway have
also recently been detected in members within the Actinomycetota and Pseudomonadota
(Garritano et al., 2022).

Carbonic anhydrase (CA) is another enzyme associated with atmospheric CO. uptake by
microbes (Liu et al., 2020; Gonzalez-Pimentel et al., 2021). From subsurface settings, Martin-
Pozas et al. (2022) link high abundances of CA genes to Actinomycetota, and specifically the
genera Crossiella and wh1-P19. For the Actinomycetota living in caves, CA has been
hypothesized to help organisms survive long periods of nutrient depletion and perhaps can be
used to produce energy in carbon-depleted environments (Ortiz et al., 2014; Ortiz et al., 2021)

Seven bacterial phyla contain members capable of atmospheric gas uptake, such as Ho,
CO, and methane (CHya), using enzymes like [NiFe]-hydrogenase, [MoCu]-carbon monoxide
dehydrogenase, and methane monooxygenase, respectively, including the Actinomycetota (Ray
et al., 2022). These metabolisms have been identified from cave ecosystems, as well (Ortiz et al.,
2014; Ortiz et al., 2021; Martin-Pozas et al., 2022; Ray et al., 2022). While CO and H> oxidation
have not been measured in cave microbial ecology studies, microbes in soil ecosystems can
oxidize both trace gases even if below atmospheric concentrations (Cordero et al., 2019;
Greening et al., 2022). Methane-oxidizing (also referred to as methanotrophic) bacteria can be
found in both aerobic and anaerobic environments (Oremland and Culbertson, 1992; Kou et al.,
2017). Aerobic methanotrophs convert oxygen and methane into formaldehyde, which is then

further processed by one of three pathways, the ribulose monophosphate pathway, the serine



pathway, or the ribulose biphosphate cyclic pathway (Stein et and Dunfield, 2012; Khmelenina
et al., 2018). The conserved functional gene pmoA is necessary for the membrane-bound
particulate methane monooxygenase enzyme (pMMO), which catalyzes the conversion of CH4 to
methanol (CH3OH) (Miyaji, 2011). Methane oxidation is a biological sink for atmospheric
methane (Tveit et al., 2019), which makes understanding this pathway in caves a valuable
prospect for climate change mitigation.
Nitrogen Metabolism

Despite the typically low (Frazier, 2020; Paula et al., 2020; Lerch, 2011) to limited (Ortiz
et al., 2014) concentrations of dissolved ammonium (NH4"), nitrate (NO3’), and nitrite (NO2) in
cave water, a range of microbes capable of metabolizing different nitrogen compounds, including
nitrogen gas (N2), can be found in the subsurface. Ammonia oxidation is a two-step process.
Under aerobic conditions, ammonia-oxidizing bacteria and archaea convert ammonia to nitrite or
nitrate (Hatzenpichler, 2012), which can also provide a source of inorganic energy for
chemolithoautotrophs (Hathaway et al., 2014). The major enzymes used include ammonia
monooxygenase, which is encoded for by the required amoA gene (Gilch and Schmidt., 2009;
Hathaway et al., 2014), and hydroxylamine (NH-OH) oxidoreductase, encoded for by the hao
gene, that converts hydroxylamine to nitrite (Lancaster and Caranto, 2018). Assimilatory nitrate
reduction is carried out by assimilatory cytoplasmic nitrate reductase, nitrite reductase, and
membrane-bound nitrate reductases (Feng et al., 2014). Genes belonging to the nas gene family
encode for nitrite reductase and nitrate reductase (Lin et al., 1993). Dissimilatory nitrate
reduction can also play a role in autotrophic nitrogen metabolism when oxygen is limited
(Shapleigh, 2009; Feng et al., 2014). Assimilatory nitrate reduction involves the production of
ammonia that is introduced into the cell to assemble proteins and amino acids (Shapleigh, 2009;
Kamp et al., 2015). Nitrite can also be produced in some cases as a metabolic intermediate (Ortiz
et al., 2014). Under aerobic conditions, autotrophs are typically associated with N fixation and
assimilatory nitrate reduction (Zehr et al., 2003; Ai et al., 2022). Some taxa within the
Actinomycetota can fix N2, such as Mycobacterium, Arthrobacter, and Streptomyces. Nitrogen
fixation requires the genes nifH, nifD, and nifK that encode for different nitrogenase enzyme
subunits (Zehr et al., 2003).



Anoxic environments are the typical ecological niche for microorganisms that perform
dissimilatory nitrate reduction (Moreno-Vivian et al., 1999); however, competition and
mutualism within microbial communities in oxic environments, such as biofilms, may encourage
the use of nitrate as an electron acceptor instead of oxygen, even in the presence of oxygen
(Hennecke et al., 1981; Richardson et al., 2001; Shapleigh, 2009; Feng et al., 2014). For instance,
Lv et al. (2017) observe and describe members of the Actinomycetota and Pseudomonadota
capable of denitrification in the presence of oxygen. Dissimilatory nitrate reduction to nitrous
oxide (N20), N2, or ammonium (Moreno-Vivian et al., 1999; Richardson et al., 2001; Feng et al.,
2014) is a four-step process, involving the use of six different enzymes and twelve key genes
(Mohan and Cole, 2007). The first step is the conversion of nitrate to nitrite via periplasmic
nitrate reductase, encoded by both the nap and nar gene families (Sparacino-Watkins et al.,
2014; Chen and Wang, 2015). The second step reduces nitrite to nitric oxide (NO). The principal
enzyme is Cu-NIR, which allows this pathway to function more efficiently in aerobic
environments (Lawton et al., 2013), and is encoded by the nir gene family. Although NO can
serve as an energy source for some microbes, it can be toxic to others. At high concentrations,
NO displays antimicrobial potential and its presence can act as a defense mechanism against
competing microbes and invading viruses (Fang, 2004; Toyofuku and Yoon, 2018). Microbes
that use NO do so through the nitric oxide reductase enzyme, encoded by nor gene family, and
produce N2O as a byproduct (Fang, 2004; Moénne-Loccoz, 2007; Borrero-de Acuiia et al., 2016;
Toyofuku and Yoon, 2018). The NorB subunit is responsible for accumulating two NO
molecules, whereas the NorC subunit is responsible for electron transfer and receiving electrons
from electron donors (Toyofuku and Yoon, 2018). The final step for N2O to N2 reduction, used
for respiration via the N2O reductase enzyme, is encoded for by nos gene family (Berks et al.,
1995).

Cave Microbiomes

Studies from within the last two decades using 16S rRNA gene surveys and other
methods from different types of caves, including those in karst and volcanic landscapes, show
that Actinomycetota and Pseudomonadota consistently dominate microbial communities in
biofilms (e.g., Barton and Jurado, 2007; Stomeo et al., 2008; Chen et al., 2009; Ortiz et al., 2014;
Lavoie et al., 2017; Li et al., 2018; Long et al., 2019; Wiseschart et al., 2019; Zhu et al., 2019;



Frazier, 2020; Gonzalez Pimentel et al., 2021; Ma et al., 2021; Zhu et al., 2021). The
Actinomycetota phylum is one of the largest and most diverse, being comprised of bacteria
found in terrestrial, subterranean, aquatic, and marine ecosystems. Table 2.1 summarizes some
past studies about Actinomycetota, listed with class- to genus-level classifications, if possible.
The Pseudomonadota are prominently known for their association with human disease and gut
microbiomes (e.g., Ravcheev and Thiele., 2017), although diverse Pseudomonadota taxa have
unique survival strategies, like N2 fixation (e.g., Tsoy et al., 2016), that likely explain why they
are among the most abundant and diverse groups of bacteria on the planet, including subsurface
settings like caves (Tomczyk-Zak and Zielenkiewicz, 2016; Turrini et al., 2020).

The remainder of this section is a literature review of our current understanding of the
Actinomycetota and Pseudomonadota, including their metabolic diversity, notable survival
strategies, and possible explanations why these phyla are prevalent in cave, subsurface, and
similar environments. For instance, the prevalence of Actinomycetota and Pseudomonadota in
cave-wall biofilms may be because the extreme conditions of the cave wall environment,
specifically oligotrophy and changes in moisture content, select for and support the growth of
distinct taxa within these phyla (Barton and Jurado, 2007; Turrini et al., 2020). Further,
biosynthetic pathways and bioactive compound production, typically by many different
Actinomycetota, control biofilm diversity, such that some groups are excluded from a biofilm
community to enhance survival of others (Wiseschart et al., 2019; Turrini et al., 2020). Overall,
however, there has been limited research done to understand the key genes associated with
biofilm formation, antimicrobial resistance, bacterial toxins for cave-wall biofilm communities,

which motivates exploration of these topics for this thesis.

The Actinomycetota Phylum and the Family Pseudonocardiaceae
Actinomycetota are prevalent in extreme environments, such as caves, deserts, and
coastal sediments based on 16S rRNA surveys (Table 2.1) (e.g., Barton and Jurado, 2007;
Gabriel and Northup, 2013; Ortiz et al., 2014; Brannen-Donnelly and Engel, 2015; Frazier, 2020;
Zhu et al., 2021; Benaud et al., 2022; Martin-Pozas et al., 2022; Ray et al., 2022). Research on
Actinomycetota in extreme environments can advance various industries (Qin et al., 2019)

because of their biochemical properties and secondary bioactive metabolites (Barka et al., 2016;


https://www.sciencedirect.com/science/article/pii/S0944501320304523#bib0450

Table 2.1: Studies (not an exhaustive list and focused mostly on caves) that report Actinomycetota average relative abundances and
specific genera within the phylum according to targeted 16S rRNA or other gene sequencing from cloning (C) experiments or gene
surveys (GS), metagenomes (M), isolations (I) from culturing, as well as in the context of sampling location, sample type, and biofilm

color (W = white, Y = yellow, G = gray, P = pink, B = blue).

. Sample Biofilm Relative . Method(s)
Location Abundance Most Abundant Taxa (%, if reported) Study
Type Color (%) Used
Biofilm, Genera: Pseudonocardia, Nocardioides,
Carls_b ad Cavern, New weathered NA 80 Rhodococcus, Mycobacterium, C,GS Barton and
Mexico, USA ; Jurado, 2007
rock Curtobacterium
Ardales, Southern Spain, and . Genera: Pseudonocardia, Streptomyces, Stomeo et
Biscay, Northern Spain Biofilm W 44-66 Rubrobacteridae C,GS al., 2008
Altamira Cave, Spain Biofilm Vé \P( 50 Genera: Pseudonocardinae C,GS Porc?_:z(a)f; al.,
Altamira Cave, Spain Biofilm Y, W,G 78 Genera: Pseudonocardia (17) C,GS C;Iezz\(/)algt
Kipuka Kanohmg Cave Biofilm Y, W 16 Genera: Pseudonocardiaceae GS Hathaway et
Preserve, Hawai’i al., 2014
Atacama Desert volcano Genera: Pseudonocardia (56-72), Lynch et al
N : Soil NA 98 Saccharopolyspora (9-13), Actinomycetales, GS, M y N
debris field, Chile S ; 2014
Acidimicrobiales, Rubrobacterales
. . Orders: Actinomycetales (~75), Ortiz et al.,
Kartchner Caverns, Arizona Stalactites NA 66 Rubrobacterales (~60), Acidimicrobiales (~5) GS 2014
Genera: Mycobacterium, Corynebacterium, De Mandal
Mizoram, Northeast India Sediment NA 65 Rubrobacter, Actinoplanes, Saccharothrix, GS
. etal., 2017
Pseudonocardia
West Lake Cultural Landscape Stone NA 87 Genera: Arthrobacter, Curtobacterium, Gs Lietal.,
of Hangzhou, China monuments Microbacterium 2018
. s Genera: Arthrobacter, Crossiella, Alonso et
Dordogne region, France Biofilms NA 49 Nocardioides, Lentzea GS al.. 2019
. . Streptomyces (52), Actinoplanes (13), Long et al.,
Shuanghe Cave, China Soil, rock NA 42-48 Nocardioides, Crossiella GS, | 2019




Table 2.1. Continued.

. Sample Biofilm Relative . Method(s)
Location Abundance Most Abundant Taxa (%, if reported) Study
Type Color (%) Used
Genera: Mycobacterium (15), Streptomyces
(12), Nocardioides (9), Marmoricola (5),
Crossiella (4), Amycolatopsis (4), and others,
Manao-Pee C_ave, . . including Nocardia, Pseudonocardia, Wiseschart
Kanchanaburi province, Soil NA ~51 . . GS, M
. Saccharopolyspora, Actinoplanes, Frankia, etal., 2019
Thailand L . !
Spirillospora, Aeromicrobium,
Micromonospora, Rhodococcus, Salinispora,
Sporichthya, Saccharothrix
Water,
Chongging, Sichuan, and sediment, . . Zhuetal.,
Yunnan provinces; China weathered NA 38 Family: Pseudonocardiaceae GS 2019
rock
g P, W, Pseudonocardiales (44), Crossiella (27-52), Frazier,
Carter Cave, Tennessee, USA Biofilm Y. B NA Solirubrobacter (2) GS 2020
New_Gumea Highlands, Papua Biofilm Y. W 40 Actinomycetota, Pseudonocardiales, GS. M Turrini et
Province Streptomycetales al., 2020
Slovinky, Gelnica, and I://lv;nsltzg NA NA Genera: Arthrobacter, Streptomyces, Gs | Cigzrtn;?no
Hnust’a mines, Slovakia ' Crossiella, Actinomyces ! o
sludge 2021
Sediment . . .
. . Genera: Euzebya, Actinobacterium, Gaiella, Ma et al.,
Heshang Cave, China We?(t)f;ired NA 26 Rubrobacter, Solirubrobacter, Crossiella GS 2021
se\iivierlrt]zrr;t Genera: Streptomyces, Actinomycetes, Zhu et al
Guizhou Province, China ' NA 65 Crossiella, Arthrobacter, Nocardioides, GS, M, I N
weathered . - : . 2021
rock Nocardia, Microbacterium, Janibacter
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Table 2.1. Continued.

. Sample Biofilm Relative . Method(s)
Location Abundance Most Abundant Taxa (%, if reported) Study
Type Color (%) Used
Biofilm, Acidimicrobiia (5), Actinomycetota (13) Gonzalez-
La Palma Island, Spain mineral Y, W 13 Nitriliruptoria (3) ‘ y ‘ GS Pimentel et
deposits P al., 2021
Imawari Yeuta Cave, Auyan - Genera: Crossiella, Acidothermus, Ghezzi et
Tepui, Venezuela Biofilm G 50-80 Mycobacterium GS al., 2021
Mackay Glacier region, South . N - Ortiz et al.,
Victoria Land, Antarctica Soil NA 10-40 Order: Solirubrobacterales M 2021
. Rock wall, Genera: Crossiella (4), Pseudarthrobacter Aietal.,
Zhijin Cave, China sediment NA 20-40 (24), Gaiella (3) GS 2022
Drip water, . S ..
Nerja Cave, Spain carbonate NA 12-19 Actlnomycetqtg, Acidimicrobiia, Gs Jurado et al.,
L Thermoleophilia, Streptomyces 2022
precipitates
National Park Kornati, eastern Genera: Aquiluna, Corynebacterium, Kajan et al.,
Adriatic Sea, Croatia Water NA 22-42 Cutibacterium, Lawsonella GS 2022
Carbonate Genera: Crossiella (1-27), Pseudonocardia Martin-
Pindal Cave, Asturias, Spain recipitates NA 16-36 (~1), Pseudarthrobacter (~1), GS Pozaset al.,
precip Streptomyces (~1) 2022
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Qinetal., 2019; Rangseekaew and Pathom-aree, 2019; Wiseschart et al., 2019), such as those
used as pesticides, antibiotics, and anti-tumorals (Lee et al., 2020; Silva et al., 2020), as well as
because of their contributions to soil health in agriculture and forestry (Servin et al., 2008) by
serving as major drivers of carbon, nitrogen, phosphorus, and potassium cycling (Hill et al.,
2011; Zhang et al., 2019). Members of this phylum have diverse ways of degrading, or breaking
down, organic molecules as heterotrophs (Anandan et al., 2016). For example, Streptomyces
metabolize a range of organic compounds and, in so doing, produce secondary metabolites that
act as insecticides, fungicides, and bactericides (Olanrewaju and Babalola, 2019). In surface
environments and soils, Actinomycetota possess key enzymes that can help growth in nutrient-
limited environments (Bao et al., 2021), like nitrogenase used for N> fixation and antibiotic
synthase for suppressing microbial competition, as well as carbohydrate-active enzymes (CAZy)
used for carbohydrate degradation. However, the function and ecological roles of
Actinomycetota in extreme environments, like caves and other subsurface habitats, needs to be
studied because living in the subsurface or other oligotrophic habitats likely requires even more
novel metabolisms compared to if they were growing in surface habitats.

Most genomic and metagenomic studies of Actinomycetota have been from arid and cold
environments (Table 2.1) (e.g., Ray et al., 2022), which calls into question whether similar
metabolisms can be expected for Actinomycetota in caves. Recently, gene sequencing has
revealed that some Actinomycetota can use CO, H», different nitrogen compounds, including
atmospheric N, and other trace gases to obtain their energy (e.g., Ortiz et al., 2014; Liu et al.,
2018; Zhao et al., 2018; Bay et al., 2021; Martin-Pozas et al., 2022; Narsing Rao and Li, 2022;
Ray et al., 2022). Shivlata and Tulasi (2015) describe members from the orders Frankiales and
Streptomyctales that fix atmospheric N2 by using CO as an electron donor. Ray et al. (2022)
suggest that some members of the Actinomycetota have RuBisCO and high-affinity
hydrogenases, which could mean that they have the flexibility to switch between using H> and
CO as electron donors. Other extremophilic bacteria, such as Carboxydothermus
hydrogenoformans, use CO uptake to catalyze CO> through the reductive acetyl-CoA pathway
(Wu et al., 2005; Ruickoldt, 2023).

In caves, there is evidence that trace gas uptake by microbes is responsible for the

consumption of subsurface CO2 and CHa4. For instance, Martin-Pozas et al. (2022) investigate
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CO:. fixation and CHg fluxes, as well as the genetic potential for these pathways in microbial
communities from Pindal Cave, Spain. Methanotrophic Pseudomonadota consume CH4, but CO2
uptake, either from cave air or as the byproduct of methanotrophy, was tied to the genus
Crossiella (Actinomycetota, Pseudonocardiales, Pseudonocardiaceae) that had RuBisCO and CA
enzymes, as well as lived in association with moonmilk precipitation, a hydrated carbonate
mineral deposit typically found on moist cave walls. Such a link between moonmilk and the
presence of Crossiella has previously been hypothesized (Riquelme et al., 2015; Gonzalez-
Pimentel et al., 2018; Maciejewska et al., 2018; Gonzalez-Pimentel et al., 2021), but the
suspected association relied on predicting the presence of functional genes in the microorganisms
based on only their 16S rRNA gene sequence data. Therefore, the microbes responsible for these
pathways, and confirmation that these pathways are actively being performed in the caves, have
not been linked genomically for any of the cave-wall biofilm taxa. Application of shotgun
metagenomics could circumvent these limitations by linking the taxa to their functional potential.

The order Pseudonocardiales contains a single paraphyletic family,
the Pseudonocardiaceae. All known members of the family are aerobes. There are currently 27
described species, all of which had previously been classified within the order
Actinosynemmataceae (Park et al., 2008; Franco and Labeda, 2014; Nouioui et al., 2018).
Nouioui et al. (2018) suggest that the Pseudonocardiales should be further expanded to include
the families Actinopolysporaceae and Mzabimycetaceae that currently belong to the order
Actinosporales. Franco and Labeda (2014) report that most members within the
Pseudonocardiales are soil-dwelling heterotrophs that use alcohols, disaccharides,
monosaccharides, and polysaccharides for growth and oxygen as a terminal electron acceptor,
although some genera form symbiotic and pathogenic relationships with insects, plant roots, and
animals that may influence their metabolism.

Most of what is known about members of the Pseudonocardiaceae comes from
chemotaxonomic studies of species that were isolated and characterized on growth media (e.g.,
Borsodi et al., 2012; Franco and Labeda, 2014; Cao et al., 2015; Cao et al., 2017; Fang et al.,
2017; Rangseekaew and Pathom-aree, 2019). But, even from this work, their metabolic functions
are not well understood in oligotrophic environments, like caves, and despite their prevalence

within microbial communities (Table 2.1). Species within the genus Pseudonocardia are the
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most extensively studied and have been identified as a “key indicator genus” within in cave and
desert environment communities, as well as from cave paintings and subsurface tombs (Table
2.1) (e.g., Lynch et al., 2014; Zhu et al., 2021). Similarly, the genera Crossiella and Lentzea are
known from caves (e.g., Borsodi et al., 2012; Franco and Labeda, 2014; Cao et al., 2015; Cao et
al., 2017; Fang et al., 2017; Rangseekaew and Pathom-aree, 2019), along with the genus
Kutzneria, which has also been found in carbonate fissures in permafrost regions (Demirci and
Ordu, 2020). Kutzneria can produce several bioactive compounds (Jakubiec-Krzesniak et al.,
2018). Other Pseudonocardiaceae genera identified or described from caves include
Actinoalloteichus, Allokutzneria, Actinokineospora, Actinosynnema, Actinomycetospora,
Actinophytocola, Alloactinosynnema, Amycolatopsis, Kibdelosporangium, Prauserella,
Saccharomonospora, Saccharopolyspora, Saccharothrix, Sciscionella, Streptoalloteichus, and
Thermocrispum (e.g., Schabereiter-Gurtner et al., 2004; Niyomvong et al., 2012; Tomczyk-Zak
and Zielenkiewicz, 2016; Fang et al., 2017; Wiseschart et al., 2019; Jurado et al., 2020; Turrini et
al., 2020; Katti et al., 2021; Selensky et al., 2021).

From genome predictions according to 16S rRNA gene surveys of Pseudonocardia spp.
sampled from the Atacama Desert, Chile, Lynch et al. (2014) predict that Pseudonocardia are
capable of aerobic heterotrophy, nitrate and ammonia utilization, H, and CO oxidation, CO>
fixation, and methanotrophy. These findings agree with other studies for different
Pseudonocardia species. Specifically, P. sulfidoxydans, P. benzenivorans, P.
chloroethenivorans, P. dioxanivorans, and P. nitrificans use various organic carbon sources for
energy (Lee et al., 2004; Mahendra and Alvarez-Cohen, 2005; Kampfer et al., 2006; Franco and
Labeda, 2014). Other species perform CO: fixation by oxidizing Ha, including P. autotrophica,
P. petroleophila, and P. saturnae (Franco and Labeda, 2014). Park et al. (2008) also describe a
novel strain of P. carboxydivorans that oxidizes CO. One species, P. ammonioxydans, is a
facultative mixotroph dependent on nitrogen (Franco and Labeda, 2014)

To date, Crossiella equi and Crossiella cryophila are the only cultured species within this
genus. However, other 16S rRNA gene sequences with high sequence identities to C. equi and C.
cryophila dominate microbial communities in caves, from weathered rock, subaerial biofilms,
and paintings, as well as biofilms on weathered monuments (Table 2.1) (e.g., Li etal., 2018;
Alonso et al., 2019; Zhu et al., 2019; Frazier, 2020; Cimermanova et al., 2021; Ghezzi et al.,
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2021; Ma et al., 2021; Xie et al., 2021; Zhu et al., 2021). In a study investigating the relationship
between microbial ecology and moonmilk, Li et al. (2018) hypothesize that Crossiella spp. may
be directly responsible for moonmilk formation in caves because the genus comprised 84% of
the moonmilk community based on relative abundances of sequence reads. Gonzalez-Pimentel et
al. (2021) also identify the enzyme urease from moonmilk, which uses amine and amide groups
to produce ammonia (Low, 1996), a metabolic process that increases the pH of the immediate
environment and would make moonmilk deposition favorable (Maciejewksa et al., 2017). Frazier
(2020) suggests that Crossiella-like groups might also influence carbonate precipitation and
affect the carbon isotope composition of secondary carbonates (e.g., speleothems).
The Pseudomonadota

The Pseudomonadota are morphologically and metabolically diverse, with mixed
tolerance to, and use of, oxygen (Kosznik-Kwasnicka et al., 2022). This phylum is comprised of
the classes Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. Despite their
metabolic versatility, some members of the class Alphaproteobacteria are known for nitrogen
and methane metabolism, and occupy cave habitats (e.g., Riquelme et al., 2015; Tsoy et al.,
2016; Lavoie et al., 2017; Kumaresan et al., 2018; Zhu et al., 2019; Frazier, 2020; Jurado et al.,
2020; Addesso et al., 2021). Some members within the order Hyphomicrobiales (formerly
known as the Rhizobiales) fix N2 (Carvalho et al., 2010) while others oxidize methane
(Guerrero-Cruz et al., 2021). Similarly, the class Gammaproteobacteria includes taxa that are
important for CO: fixation using the CBB cycle or the rTCA cycle with sulfur compounds or
nitrate as electron acceptors, like in coastal sediments (e.g., Dyksma et al., 2016; Vasquez-
Cardenas et al., 2020; Vineis et al., 2021). But, other members of this class can also obtain their
carbon and energy through methanotrophy, such as the family Methylococcaceae (Bowman,
2014). Within caves, Gammaproteobacteria like Methylococcaceae, as well as other taxa, can be
prevalent (e.g., Chen et al., 2009; Brannen-Donnelly and Engel, 2015; L et al., 2018; Zhao et
al., 2018; Ojeda et al., 2019; Jurado et al., 2020; Addesso et al., 2021; Zhu et al., 2021).

Geochemistry as a Tool to Trace Metabolism and Ecological Function

Not only does geochemistry play an important role in the composition of a microbial

community and the relative abundances of community members (e.g., Tolar et al., 2020; Zada et

al., 2021), but the geochemistry of an environment or habitat can also hint to which metabolisms
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are present (e.g., Selensky et al., 2021). This is because ecological functions and specific
microbial metabolisms often leave geochemical footprints. Stable carbon and nitrogen isotope
ratios are among the most widely used geochemical indicators of microbial processes (e.g., Blair
et al., 1985; Ryabenko, 2013; Miyamoto et al., 2022). Carbon isotopes can be used to interpret
heterotrophic and autotrophic contributions to carbon pools within a system (e.g., Reichardt et
al., 2011; Adrian and Marco-Urrea, 2016; Wiseschart et al., 2019). In cave and karst settings,
specifically, carbon isotopes have been used to evaluate food webs and key autotrophic
functions, such as CO; fixation and CH4 oxidation, from distinct isotope discrimination against
the heavy carbon isotope, $3C (e.g., Engel et al., 2004; Hutchins et al., 2016; Frazier, 2020;
Martin-Pozas et al., 2020; Selensky et al., 2021; Nicolosi et al., 2022). In standard delta ()
notation, CO fixation through the CBB cycle can produce biomass with a §*3C value that is up
to 20 to 30 per mil (%o) lighter (i.e., having more negative values) than the initial carbon source,
whereas carbon use from methanotrophy can result in biomass isotope compositions that are up
to 80%o lighter (e.g., Penger et al., 2012; Selensky et al., 2021). Heterotrophic carbon
metabolisms result in §3C values are generally within 3%o of the dissolved organic carbon
(DOC) source used (Hayes, 2001; Boschker and Middelburg, 2002). In contrast, use of nitrogen
isotopes as tracers is challenging because there may be low concentrations of nitrogen species to
measure in an environment and because various biotic and abiotic processes affect the isotopic
composition of nitrogen species differently (e.g., Ryabenko, 2013). Nevertheless, in the previous
of study of Carter Cave, Tennessee, cave-wall biofilms dominated by Pseudonocardiaceae
(Frazier, 2020), bulk 5'3C analyses from the biofilms indicate chemolithoautotrophic CO;
fixation, despite the cooccurrence of other heterotrophic microbial groups. However, although
provocative, the methods used in the Frazier (2020) study were based on 16S rRNA gene surveys
from the same samples used for the geochemical analyses, and metabolism was inferred based on
putative functions from the literature. A deeper way of assessing metabolic function within the
biofilms was needed and serves as the foundation for the metagenomic approach taken in thesis

research.
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SECTION THREE
MATERIALS AND METHODS
Site Description
This study used samples previously collected from Carter Cave (state cave KN14),
Tennessee, in 2020 (Frazier, 2020). The cave formed in interbedded limestone and dolomite of
the Kingsport Formation (Hardeman et al., 1966). A stream flows through the cave that can
introduce organic carbon to the cave walls during floods. During the Frazier (2020) study, the
cave was well ventilated and had overall air temperatures that averaged 11.46 °C at nearly 100%
relative humidity. The percent moisture of cave-wall surfaces ranged from 19% to 84%. Biofilms
near the stream and around cave drips had higher moisture content. Samples collected from site 1
were approximately 0.9 m above the cave stream and from a biofilm of pink, white, and blue
colonies, whereas samples from site 4, which was approximately 2.15 m above the stream and
near site 1, had white and yellow colonies. Percent moisture varied, with site 1 biofilms having a
reading of 44% and site 4 of 19%. The temperatures at both locations were 9.7°C and 10.5°C,
respectively. The 5'3C of carbonates from sites 1 and 4 site were -9.03%o and -8.88%o, values
indicative of microbial induced calcite precipitation (MICP; Lii et al., 2018). Overall, §**Ccoz
values for Carter Cave air was -14%o. The samples from these sites were chosen because of their
isotopic compositions and dominance of Pseudonocardiales (i.e., having more than 50%, based
on relative abundances, of retrieved 16S rRNA gene sequences). The site 1 biofilms had 5'°C
values that averaged -42.45 + 0.58%o (n = 3) and a 5'°N value of -1.02 %o, whereas site 4
biofilms had §*3C values of -38.30 + 1.18%. (n = 3) and a 8*°N value of -2.55% (Frazier, 2020).
DNA Extraction and 16S rRNA Gene Sequence Analysis
DNA was extracted from the site 1 and site 4 cave-wall biofilm samples of Frazier
(2020). For Carter Cave, DNA was collected from biofilms using a combination of three swabs
and one scrape for each site. Samples that were obtained through scrapes were derived from
multiple biofilm features, including the underlying substrate (e.g., mud, rock, etc.), while a swab
was used to sample a particular biofilm feature from the top surface. DNA was extracted from
swabs and scrapes separately. Briefly, DNeasy PowerSoil DNA Isolation kits were used,
following manufacturer instructions (Qiagen, Hilden, Germany), with modifications to lyse

Gram-positive cells (i.e., Actinomycetota) by incubating lysate at 70°C for 10 minutes prior to
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the bead beating. The Illumina MiSeq platform was used to sequence the V4 region of the 16S
rRNA gene with the primers 515F and 806R (Molecular Research LP, MRDNA, Shallowater,
TX). The resulting paired-end raw sequences were unbinned, and primers and linker sequences
were removed using FASTgProcessor software (MRDNA, Shallowater, TX).

Frazier (2020) used the SILVA v.138 database, created by the SILVA ribosomal RNA
gene database project, to classify the taxonomy of 16S rRNA gene sequences (Quast et al.,
2013), but this reference file no longer reflects recent changes and updates to microbial
taxonomy (Oren et al., 2022). Therefore, the 16S rRNA gene sequences from Frazier (2020)
from sites 1 and 4 (i.e., 8 total samples) were reprocessed using the updated (as of 27 Aug 2020)
SILVA reference file v.138.1. Sequences were acquired from the NCBI
(http://www.ncbi.nlm.nih.gov/bioproject/ PRINA649551). The computer program MOTHUR
v.1.44 was used, following the standard operating procedure (Schloss et al., 2009; Schloss, 2020)
specific for MiSeq technology. Briefly, R1 and R2 files were combined into contigs, then
sequences that were the length errors and/or had ambiguous bases were removed using the
pre.cluster command, followed by the chimera.vsearch command to check for chimera, which
were also removed. To assign taxonomy, the classify.seqs command used the SILVA v.138.1
reference file. The dist.seqs command was used to calculate pairwise distances between aligned
sequences, followed by the cluster command to assign each operational taxonomic unit (OTU) to
a taxonomic rank at 97% sequence identity using the classify.otu command. Amplicon sequence
variants (ASVs) were assigned to a taxonomic rank using the same command, by replacing the
0.03 cutoff with the ASV label, as described by Schloss et al. (2020), to identify exact sequences.
Microbial abundance plots for phylum, order, family, and genus ranks of the Carter Cave
samples were created using the taxonomy and OTU files. The command rarefaction.single was
used to calculate Shannon and Simpson indices for alpha-level diversity.

Shotgun Metagenomic Sequencing

Frazier (2020) found no significant differences between microbial community
composition and biofilm colors for either the swabs and scrapes. Therefore, metagenomes were
sequenced from a composite sample from site 1 (i.e., three swabs and one scrape) DNA and from
site 4 DNA (i.e., three swabs and one scrape) at MRDNA using the same DNA extracted from

Carter Cave (Frazier, 2020). These samples also had low alpha diversity, with Shannon’s
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Diversity indices of 2.73 to 2.83, and Simpson’s indices of about 0.72. Collectively, the results
suggested that the samples were good candidates to recover Pseudonocardiales MAGs.
Metagenome shotgun sequencing libraries were prepared using a Tagmentation library
preparation kit (Illumina), following the manufacturer's user guide. A Qubit® dsDNA HS Assay
Kit (Life Technologies) was used to measure the initial concentrations of DNA, after which the

evaluation was made that concentrations were too low (i.e., 14.10 ng/ul for site 1 and 12.10

ng/ul for site 4). Whole genome amplification was carried out by using Qiagen a REPLI-g Midi
kit, following manufacturer instructions, and the resulting linear amplified DNA was cleaned
using a Qiagen DNEasy PowerClean Pro Cleanup Kit, following manufacturer instructions,
before sequencing using the Illumina Novaseq 6000 platform to generate up to thirty million
reads per sample with paired-end read lengths of 2x150bp.

Metagenome Assembly, Binning, and Gene Calling

Metagenome libraries were analyzed using the Department of Energy’s data science
platform Systems Biology Knowledgebase (KBase) and following the “Genome Extraction from
Shotgun Metagenome Sequence Data” narrative (Arkin et al., 2018). Reads were cropped of
adapters to purify the FASTQ files using Trimmomatic v0.36 (Bolger et al., 2014), which also
removed reads that had PHRED scores of 15 or lower. The quality of each file was assessed
using FastQC v0.11.9 (Andrews, 2010). Because Pseudonocardiales dominated both site 1 and
site 4 samples, Merge Reads Libraries v1.0.1 (Arkin et al., 2018) was used to combine all of the
libraries to increase coverage.

Reads were co-assembled separately using IDBA-UD v1.1.3 (Peng et al., 2012),
metaSPAdes v3.15.3 (Prjibelski et al., 2020), and MEGAHIT v1.2.9 (Li et al., 2015), where each
output was individually evaluated for contig length using the Compare Assembled Contig
Distributions v1.1.2 application (Arkin et al., 2018). metaSPAdes generated the longest contig, at
195,228 bp, and from 19 contigs also produced the largest assembly of 2,442,036 bp in length.
Therefore, from this metaSPAdes assembly, contigs were then clustered into bins using three
separate methods, MaxBin2 v2.2.4 (Wu et al., 2015), MetaBAT2 Contig Binning v1.7 (Kang et
al., 2015) and CONCOCT v1.1 (Alneberg et al., 2014). The results of each binning method were
run through DAS Tool v1.2 (Sieber et al., 2018) to optimize and integrate the results of each

binning method into a final binning output. Average Nucleotide Identity (ANI) values were
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determined by making pairwise comparisons of orthologous gene pairs between MAGs and other
members of the Pseudonocardiaceae using fastANI (Jain et al., 2018).

The completion and contamination of each binning method, including DAS Tool, was
assessed via CheckM v1.0.18 (Parks et al., 2015). The Das Tool binning optimization resulted in
a total of 6,629 contigs grouped into 11 bins (Figure 3.1), which were filtered to select for nearly
complete bins, using the criteria of Parks et al. (2015). This selection yielded four bins with
>90% completeness: Bin.005, Bin.008, Bin.010, and Bin.011 (Tables 3.1 and 3.2). Regarding
the Minimum Information about a Metagenome-Assembled Genome (MIMAG) standard of
Bowers et al. (2017), Bin.008 and Bin.011 were recognized as high quality. Although Bin.005
and Bin.010 would normally be recognized as medium quality because contamination was
slightly above 5%, but because completeness was greater than 90%, both bins were used because
they could provide important information for this study.

Initial taxonomic classifications were done for the four high-quality MAGs using GTDB-
Tk Classify v1.7.0 (Chaumeil et al., 2019) in KBase using single-copy phylogenetic markers and
prior to reannotation following methods outlined by the Annotate Microbial Genome application
in RASTtk to make gene predictions via Prodigal (Hyatt et al., 2010) and adding SEED
(Overbeek et al., 2014) functions and annotation to protein-encoding genes. After determining
taxonomic affiliations, SpeciesTree v2.2.0 was used to visualize phylogenetic relatives to each
MAG using a set of 49 core universal genes defined by clusters of orthologous groups (COG)
gene families (Arkin et al., 2018).

The annotated MAGs were evaluated using the Annotate and Distill Assemblies with
DRAM application (Shaffer et al., 2020) to view metabolic summaries and functions of interest.
MAGs that had complete sets of genes for multiple carbon pathways identified through DRAM
were further evaluated in KEGG to visualize complete metabolic pathways as well as Enzyme
Commission (E.C.) numbers belonging to each pathway (Kanehisa et al., 2023).

Sequence Deposition and Data Availability

The 16S rRNA gene sequences obtained by Frazier (2020) and reanalyzed in this study
were deposited under the NCBI BioProject accession number PRINA649551
(http://www.ncbi.nlm.nih.gov/bioproject/ PRINA649551). MAGSs resulting from this study,

using the same BioSamples, are deposited under the same BioProject number.
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Figure 3.1: CheckM quality tests of the Das Tool binning output in KBase (Arkin et al.,
2018).



Table 3.1: Bins, with completeness and contamination noted, along with taxonomic affiliations. Bin quality is based
on Parks et al. (2015). “*” indicates exceptions that were made to the criteria of Bowers et al. (2017).

Bin

Taxonomy

N50

N75

Completeness

Contamination

Quality

Bin.001

Phylum: Pseudomonadota
Class: Alphaproteobacteria
Order: Dongiales

Family: -

Genus: -

4,164

2,391

30.60%

2.77%

Low Quality

Bin.002

Phylum: Pseudomonadota
Class: Gammaproteobacteria
Order: JACCXJO01

Family: JACCXJ01

Genus: USCy-Taylor

20,429

9,347

88.34%

1.23%

Medium
Quality

Bin.003

Phylum: Actinomycetota
Class: Thermoleophilia
Order: Solirubrobacterales
Family: Solirubrobacteraceae
Genus: -

8,178

3,996

85.99%

17.34%

Low Quality

Bin.004

Phylum: Pseudomonadota
Class: Gammaproteobacteria
Order: Xanthomonadales
Family: Xanthomonadaceae
Genus: -

18,334

9,134

86.58%

17.09%

Low Quality
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Table 3.1, Continued.

Bin

Taxonomy

N50

N75

Completeness

Contamination

Quality

Bin.005

Phylum: Actinomycetota
Class: Actinomycetia

Order: Pseudonocardiales
Family: Pseudonocardiaceae
Genus: GCA-003244245

36,243

17,110

91.89%

6.39%

High
Quality*

Bin.006

Phylum: Pseudomonadota
Class: Alphaproteobacteria
Order: DSM-16000
Family: Inquilinaceae
Genus: Inquilinus

4,450

3,253

82.71%

51.07%

Low Quality

Bin.007

Phylum: Pseudomonadota
Class: Alphaproteobacteria
Order: Rhodospirillales
Family: Reyranellaceae
Genus: -

6,800

4,280

44.07%

0.00%

Low Quality

Bin.008

Phylum: Actinomycetota
Class: Actinomycetia

Order: Pseudonocardiales
Family: Pseudonocardiaceae
Genus: GCA-003244245

58,690

30,353

98.22%

3.83%

High Quality

Bin.009

Phylum: Pseudomonadota
Class: Gammaproteobacteria
Order: Xanthomonadales
Family: Xanthomonadaceae
Genus: -

11,167

7080

68.84%

1.35%

Medium

Quality

Bin.010

Phylum: Acidobacteriota
Class: Blastocatellia
Order: RBC074

Family: -

Genus: -

24,995

12,772

91.98%

8.12%

High
Quality*
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Table 3.1, Continued.

Bin Taxonomy N50 N75 Completion | Contamination Quality
Phylum: Pseudomonadota
) Class: Gammaproteobacteria ) )
Bin.011 | order: JACCXJO1 29 652 16,929 90.18% 2.16% High Quality

Family: -
Genus: -
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Table 3.2: Summary and statistics of the four highest quality bins that were generated and

extracted from the Das Tool binning optimization tool.

Nearly

Number of Number of
Cog}ﬁlsete Length (bp) GC content Contigs Features
Bin.005 5,078,116 66.86% 161 5,651
Bin.008 7,098,898 68.62% 337 8,534
Bin.010 10,790,763 59.22% 730 10,356
Bin.011 4,349,206 63.69% 252 4,537
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SECTION FOUR
RESULTS
Updated 16S rRNA Microbial Community Analysis

A total of 10 phyla from the Carter Cave biofilms had relative abundances above 1%,
(Figure 4.1). The top four most abundant phyla included Actinomycetota (ranging from 46% to
63% relative abundance), Pseudomonadota (19-30%), Acidobacteriota (1-11%), Chloroflexota
(1-5%), and Planctomycetota (1-4%). At the order level, the Pseudonocardiales were the most
abundant taxa (47-55%), followed by Hyphomicrobiales (6-8%) and Steroidobacterales (1-8%),
as well as unidentified members of Blastocatellales, Steroidobacteraceae, and Inquilinaceae
(Figure 4.2). Pseudonocardiaceae (Figure 4.3) and Crossiella (Figure 4.4) were the most
abundant family and genus, respectively, within their taxonomic ranks. Other abundant members
at the genus level included unidentified members of the Blastocatellales, Inquilinus,
Steroidobacter, and unclassified bacteria (Figure 4.4).

Because of their prevalence, Crossiella sequences were analyzed separately to determine
ASV-level (i.e., identical sequences) relationships. In total, there were 142 ASVs with more than
a single read that belonged to Crossiella. Of these, ASV001 made up 98.2% of all Crossiella
sequences. The number of Crossiella ASVs indicated that there is strain level diversity, which
may contribute to the retrieval of similar but functionally distinct Pseudonocardiaceae MAGsS.

Taxonomic Classification and Phylogenetic Placement of MAGs

The taxonomy of the four high-quality MAGs was evaluated according to GTDB-Tk
classification and phylogenetic tree assignments. Two MAGs (Bin.005 and Bin.008) belonged to
the phylum Actinomycetota, order Pseudonocardiales, and family Pseudonocardiaceae (Table
3.1). Although both MAGs belonged to the same family, Bin.008 contained approximately two
million more base pairs than Bin.005 and had less contamination. One MAG (Bin.010) was
affiliated with the Acidobacteriota phylum, class Blastocatellia, and was identified as an
uncultured isolate (RBC074) from a municipal wastewater treatment plant in Guelph, Ontario,
Canada (Spasov et al., 2020) (Table 3.1). Lastly, the fourth high-quality MAG (Bin.011) was
identified as a member of the Pseudomonadota phylum, class Gammaproteobacteria, and was
most closely related to the novel putative methanotrophic order JACCXJO01 that was observed in
Antarctic desert soils by Ortiz et al. (2021) (Table 3.1).
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Figure 4.1: Relative abundance of taxa at the phylum level for Carter Cave sites 1 and 4, from
samples collected by Frazier (2020) as swabs or wall scrapes. Only taxa with relative
abundances greater than 1.0% are shown.
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Figure 4.2: Relative abundance of taxa at the order level for Carter Cave sites 1 and 4, from
samples collected by Frazier (2020) as swabs or wall scrapes. Only taxa with relative
abundances greater than 1.0% are shown.
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Figure 4.3: Relative abundance of taxa at the family level for Carter Cave sites 1 and 4, from
samples collected by Frazier (2020) as swabs or wall scrapes. Only taxa with relative
abundances greater than 1.0% are shown.
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Figure 4.4: Relative abundance of taxa at the genus level for Carter Cave sites 1 and 4, from
samples collected by Frazier (2020) as swabs or wall scrapes. Only taxa with relative
abundances greater than 1.0% are shown.
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Phylogenetic trees for both Pseudonocardiaceae MAGs were made based on a set of 49
core universal genes for COG gene families (Figures 4.5 and 4.6). Actinoalloteichus hoggarensis
was the closest relative to both MAGs. However, ANI values revealed that the closest relative to
Bin.005 and Bin.008 MAGs as Gandjariella thermophila at 77.2% and 77.8%, respectively,
whereas the ANI values compared to Actinoalloteichus hoggarensis were 76.4% and 76.2%,
respectively (Table 4.1). Using the cutoff criteria of Xu et al. (2021), the values suggested that
both MAGs showed enough genetic relatedness to be categorized within the same family. The
Bin.010 Blastocatellia MAG was closely related to Pyrinomonas methylaliphatogenes (Figure
4.7), with an ANI value of 75.51%. The Bin.011 Gammaproteobacteria MAG’s closest relative
was Nitrosococcus halophilus (Figure 4.8); however, the ANI value between the MAG and N.
halophilus genome was 54.41%, indicated order-level differences.

Functional Annotations
Carbon Metabolism

Metabolic functions were annotated for each of the high-quality MAGs using the RastTK
application and visualized using DRAM (Figure 4.9) and KEGG Mapper (Figures 4.10-4.13).
Both Pseudonocardiaceae MAGs (Bin.005 and Bin.008) had similar potential functions.
According to DRAM, both MAGs contained all sets of genes necessary for the RPP (or CBB)
pathway and rTCA cycles, six out of seven genes necessary to perform the pentose phosphate
cycle for heterotrophy, and seven out of nine genes necessary for glycolysis. Bin.005 also had
50% of the genes needed for the 3HP cycle. KEGG Mapper indicated that both bins only had a
complete RPP pathway (Figures 4.10 and 4.11), and that Bin.005 also had multiple steps missing
during the conversion of 2-oxogluterate to succinyl-CoA in the TCA cycle (Figure 4.12),
compared to Bin.008 that had a nearly complete rTCA cycle (Figure 4.13). The Blastocatellia
MAG (Bin.010) had no complete carbon pathways (Figure 4.9). The Gammaproteobacteria
MAG (Bin.011) had genes for the pentose phosphate pathway and the TCA cycle, as well as
three-quarters of the genes necessary for the glyoxylate cycle, and rare genes needed for the 3HP
cycle and the reductive acetyl-CoA pathway (two of seven genes). All four MAGs had genes that
encoded for acetyl-CoA synthetase, an enzyme that facilitates the conversion of acetate to
methane during methanogenesis (Figure 4.14) (Kurade et al., 2019). The Pseudonocardiaceae

Bin.008 and Gammaproteobacteria Bin.011 had genes encoding for acetate kinase, typically
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Figure 4.5: A phylogenetic tree created using Species Tree v2.2.0 for the MAG resulting
from Bin.005, which was most closely related to Actinoalloteichus hoggarensis within

the Pseudonocardiaceae (Actinomycetota), and other close relatives based on a set of 49
core universal genes for COG gene families (Arkin et al., 2018).
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Figure 4.6: A phylogenetic tree created using Species Tree v2.2.0 for the MAG resulting
from Bin.008, which was most closely related to Actinoalloteichus hoggarensis within
the Pseudonocardiaceae (Actinomycetota), like bin.005, and other close relatives based
on a set of 49 core universal genes for COG gene families (Arkin et al., 2018).
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Figure 4.7: A phylogenetic tree created using Species Tree v2.2.0 for the MAG resulting
from Bin.010, which was most closely related to Pyrinomonas methylaliphatogenes
within the Blastocatellia class (Acidobacteriota), and other close relatives based on a set
of 49 core universal genes for COG gene families (Arkin et al., 2018).
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Figure 4.8: A phylogenetic tree created using Species Tree v2.2.0 for the MAG resulting
from Bin.011, which was most closely related to Nitrosococcus halophilus Nc_4 within

the Gammaproteobacteria class (Pseudomonadota), and other close relatives based on a

set of 49 core universal genes for COG gene families (Arkin et al., 2018).
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Figure 4.9: Heat map visualization of pathways involved in carbon metabolism for the high-
quality MAGs obtained from cave-wall biofilms in Carter Cave, Tennessee.
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Figure 4.10: KEGG map of the reductive pentose phosphate (RPP) pathway in the Bin.005
Pseudonocardiaceae MAG. Green-shaded boxes refer to the presence of genes necessary

for the function of the RPP pathway.
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Figure 4.11: KEGG map of the reductive pentose phosphate (RPP) pathway in the Bin.008
Pseudonocardiaceae MAG. Green-shaded boxes refer to the presence of genes necessary for

the function of the RPP pathway.
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Figure 4.12: KEGG map of the TCA cycle in the Bin.005 Pseudonocardiaceae MAG.
Green-shaded boxes refer to the presence of genes necessary for the function of the TCA
cycle. Red boxes indicate the absence of genes.
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Figure 4.13: KEGG map of the TCA cycle in the Bin.008 Pseudonocardiaceae MAG.

Green-shaded boxes refer to the presence of genes necessary for the function of the TCA
cycle. Red boxes indicate the absence of genes.
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Figure 4.14: Heat map visualization using DRAM of methane metabolism pathways for
high-quality MAGs from cave-wall biofilms, Carter Cave, Tennessee.
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Table 4.1: Comparison of ANI values of the Pseusonocardiaceae MAGs (Bin.005 and
Bin.008) to other Pseudonocardiaceae genera. Determinations were made using FastANI
(Jain et al., 2018).

Pseudonocardiaceae Genera Bin.005 ANI (%) Bin.008 ANI (%)
Comparison Comparison

Actinoalloteichus hoggarensis 76.4 76.2
Actinokineospora alba 76.8 77

Actinomycetospora chiangmaiensis 76.5 76.5
Actinophytocola algerensis 76.6 76.7
Actinosynnema mirum 76.6 76.8
Allokutzneria albata 76.9 77.2
Amycolatopsis acidicola 76.7 76.9
Crossiella equi 77.1 77.2
Gandjariella thermophila 77.1 77.8
Goodfellowiella sp. 76.9 76.9
Haloechinothrix alba 76.4 76.6
Halopolyspora algerensis 76.7 76.9
Herbihabitans rhizosphaerae 77.0 77.1
Kibdelosporangium aridum 76.6 76.7
Kutzneria albida 76.9 77

Labedeae rhizosphaerae 76.7 76.8
Lechevaliera xinjiangensis 76.3 76.4
Lentzea albida 76.1 76.4
Prauserella coralliicola 76.5 76.2
Pseudonocardia autotrophica 76.7 76.8
Saccharomonospora amisosensis 76.6 76.7
Saccharothrix algeriensis 76.8 77.1
Sciscionella marina 76.3 76.5
Tamarichihabitans halophyticus 76.8 76.7
Thermocrispum agreste 76.8 77.2
Umezawaea tangerina 76.5 76.5
Yuhushiella deserti 76.9 77.3
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found in hydrogenotrophic methanogens that use CO, and H> as a substrate in anoxic
environments (Wagner et al., 2018). The potential for complete methanotrophy was unique to
Bin.011, which had genes that encoded for methane oxidation to methanol via pMMO.
Nitrogen Metabolism

All MAGs, except for the Blastocatellia MAG (Bin.011), had genes related to nitrogen
metabolism (Table 4.2). Pseudonocardiaceae (Bin.005) contained complete sets of genes for both
assimilatory and dissimilatory nitrate reduction. Pseudonocardiaceae (Bin.008) and
Gammaproteobacteria (Bin.010) contained complete sets of genes for dissimilatory nitrate
reduction, as well. The Blastocatellia MAG did not possess genes for the oxidation or reduction
of nitrogen species for energy (Table 4.2).

Trace Gas Uptake

Genes associated with H> uptake were present in Bin.005, Bin.008, and Bin.010 (Table
4.3). All three MAGs contained structural genes necessary to encode [Ni-Fe] hydrogenase, along
with multiple accessory genes (Lacasse and Zamble, 2016). Structural genes that are responsible
for encoding all necessary subunits (CoxL, CoxM, CoxS) for CO dehydrogenase were also
present in both Pseudonocardiaceae MAGs, as well as Bin.010. Accessory proteins were present
in both Pseudonocardiaceae MAGs, with only Bin.008 containing coxD and coxF. The accessory
gene coxD is crucial for the maturation of the CO dehydrogenase active site and plays a key role
for growth in the presence of CO, whereas coxF is used in the electron transport chain (Pelzmann
et al., 2009; Pelzmann et al., 2014). Genes for H> and CO uptake were absent in Bin.011.

Microbe-Mineral Interactions

Because of the association of carbonic anhydrase (CA) and putative calcite precipitation,
genes encoding for CA were investigated (Table 4.4). All MAGs contained genes that encode for
variants of CA, with beta-class CA being the most shared among the MAGs. Both
Pseudonocardiaceae MAGs also contained genes necessary for the expression of BicA, although
Bin.005 was the only MAG to contain genes associated with alpha-class CA.

DNA Repair Strategies

Genes for DNA repair strategies were present in the high-quality MAGs (Table 4.5).

Both Bin.005 and Bin.008 had all necessary genes required for the RecF DNA repair pathway, a

common DNA repair mechanism associated with single-strand DNA breaks (Handa et al., 2009).
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Table 4.2: Genes involved in nitrogen metabolism in cave-wall biofilm MAGs from Carter
Cave, Tennessee. Determinations were made using DRAM and KEGG Mapper.

MAG

Metabolism

Genes Present

Pseudonocardiaceae
(Bin.005)

Assimilatory nitrate reduction

Dissimilatory nitrate reduction

nasC, nasD, naskE

narG, narH, narl, nirB, nirD

Pseudonocardiaceae
(Bin.008)

Dissimilatory nitrate reduction

narG, narH, narl, nirB, nirD

Blastocatellia (Bin.010)

N/A

N/A

Gammaproteobacteria
(Bin.011)

Dissimilatory nitrate reduction

narG, narH, narl, nirB, nirD
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Table 4.3: Genes present in the high-quality MAGs from cave-wall biofilms, Carter Cave,
Tennessee, that could be involved with the production of trace gas uptake enzyme systems.
Determinations were made using DRAM and KEGG Mapper.

MAG [Ni-Fe]-hydrogenase Carbon monoxide dehydrogenase
structural structural
accessory genes accessory genes
genes genes
Pseudonocardiaceae hydA, hydB hypA, hypB, coxL, coxM, coxD
(Bin.005) hypC, hypD, coxS
hypE, hypF
Pseudonocardiaceae hydA, hydB hypA, hypB, coxL, coxM, coxD, coxF
(Bin.008) hypC, hypD, COXS
hypE, hypF
Blastocatellia hydA, hydB hypA, hypB, coxL, coxM, N/A
(Bin.010) hypC, hypD, COXS
hypE, hypF
Gammaproteobacteria N/A N/A N/A N/A

(Bin.011)
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Table 4.4: Genes present in the high-quality MAGs from cave-wall biofilms, Carter Cave, Tennessee, that could be involved in
carbonic anhydrase (CA). Determinations were made using DRAM and KEGG Mapper.

MAG Potential Carbonic Anhydrase Enzymes
Pseudonocardiaceae (Bin.005) e Carbonic anhydrase, beta class
e Na+ dependent bicarbonate transporter, Carbonic anhydrase, beta class
(bicA)
Pseudonocardiaceae (Bin.008) e Carbonic anhydrase, alpha class

e Carbonic anhydrase, beta class
e Na* dependent bicarbonate transporter Carbonic anhydrase, beta class

(bicA)
Blastocatellia (Bin.010) e Carbonic anhydrase, family 3 (yrdA)
e Carbonic anhydrase, beta class
Gammaproteobacteria (Bin.011) e Carbonic anhydrase

e Carbonic anhydrase, beta class
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Table 4.5: The presence (v') or absence (X) of genes that encode for the RecF/MutHLS pathways. Determinations were made
using DRAM and KEGG Mapper.

MAG reck | recO | recR | recJ | recN | recG recQ | recA | lexA | mutH | mutL | mutS
Pseudonocardiaceae v v v X v v v v v X X X
(Bin.005)

Pseudonocardiaceae

(Bin.008) v v v X v v v v v X X X
Blastocatellia

(Bin.010) v X v 4 X v v v X v v v
Gammaproteobacteria X v v v v v v v v v v v
(Bin.011)
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In this process, LexA controls the expression of genes that participate in the RecF pathway.
RecN and RecR are responsible for recognizing damaged single-stranded DNA and directing
Rec proteins. RecF then binds to the damaged DNA strand and promotes the activation of RecA,
which is stabilized by RecO to separate the damaged DNA strand and conduct repairs. Genes
encoding enzymes used to fix damaged double-stranded DNA were absent. Although Bin.010
and Bin.011 did not have genes encoding for the RecF repair pathway, both had genes that
encoded for DNA mismatch repairing mechanisms and genes that encoded the MutHLS
pathway, where the MutS protein is responsible for recognizing and binding to mismatched base
pairs and recruits the MutL protein. Moreover, MutH is responsible for marking a newly
synthesized DNA strand that will be used after the damaged strand degrades (Marti et al., 2002).
Survival Strategies and Biofilm Formation

Genes related to physical, biological, and environmental stressors were also investigated.
All four MAGs had genes that encoded cold-shock proteins, although Bin.010 and Bin.011 were
unspecified. Bin.005 and Bin.008 had CspB through the cspB gene. RNA polymerase is also
associated with responses to harsh conditions. RNA polymerase has an alpha subunit (RpoA), a
beta subunit (RpoB), and a beta prime subunit (RpoC), along with multiple sigma factors that
recognize specific promotor regions of DNA during stress (Sutherland and Murakami, 2018). All
four MAGs had all RNA polymerase subunits (Table 4.6), as well as rpoD, rpoE, rpoN, and rpoS
that encode for Sigma D, Sigma E, Sigma N, and Sigma S, respectively. Sigma D regulates
genes involved with cell growth and stress response (Wade and Struhl, 2004) and is typically
expressed during the transition from exponential growth to stationary growth when nutrients are
limited (Pletnev et al., 2020). Sigma E regulates genes involved with cold stress and entry into
the stationary phase (Miticka et al., 2003). Sigma N is responsible for activating genes involved
with environmental nitrogen limitation response, and typically allows for alternative nitrogen
compound use for energy (Dong and Schellhorn, 2011). It has also recently been associated with
motility and biofilm formation (Liu et al., 2021; Zhang et al., 2021). Sigma S is associated with
identifying and expressing genes that respond to dehydration during stationary growth (Chen and
Goulian, 2018), as well as biofilm formation (Keenan, 2016). The only MAG that contained

rpoH was Bin.011. This gene encodes for Sigma H, which regulates the expression of genes
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Table 4.6: The presence (v') or absence (X) of genes encoding for the four subunits of RNA
polymerase and various sigma factors. Determinations were made using DRAM and KEGG
Mapper.

MAG rpoA | rpoB | rpoC | rpoD | rpoE | rpoH | rpoN | rpoS | rpoZ
Pseudonocardiaceae v v v v v X v v v
(Bin.005)

Pseudonocardiaceae

. v v v v v v v v
(Bin.008) X

Blastocatellia

; v v v v v v v
(Bin.010) X X
Gammaproteobacteria

) v v v v v v v v v
(Bin.011)
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involved in response to higher temperatures, detoxification, and responses to oxidative stress
(Zhao et al., 2005). Biofilm formation serves multiple purposes, including combating harsh
conditions, nutrient acquisition, and communication. Although KEGG Mapper contains only
references for biofilm formation from Pseudomonas aeruginosa, Vibrio cholerae, and Eschericia
coli, all four cave-wall biofilm MAGs contained genes associated with putative biofilm
formation, motility, and maintenance, including crp, rposS, rpoN, fliA, vpsU, trpE, and pelF
(Table 4.7). However, none of the MAGs contained a complete set of genes for any specific
pathway. The Blastocatellia MAG and Gammaproteobacteria MAG contained a broader variety
of biofilm formation genes compared to both Pseudonocardiaceae MAGS.

Defense against microbial competitors may also play a large role in the dominance of
major taxa in cave-wall biofilms. Antimicrobial resistance and bacterial toxins are important
mechanisms that can prevent foreign microbes from interfering with microbial processes within
biofilms, and toxin-antitoxin systems can serve the same role by regulating gene expression, cell
growth, and inducing a dormant state during unfavorable conditions (Unterholzner et al., 2013).
Defensive mechanisms in the MAGs included antimicrobial resistance genes/pathways,
toxin/antitoxin systems, and bacterial toxins (Table 4.8), including TlyC pore-forming toxins and
resistance to beta-lactam antibiotics. Both Pseudonocardiaceae MAGs contained the potential for
resistance to beta-lactam antibiotics, TlyC pore-forming toxins, and the VapC-VapB
toxin/antitoxin system. The Blastocatellia and Gammaproteobacteria MAGs also had a variety of

multi-drug resistance modules.
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Table 4.7: Genes associated with biofilm formation, motility, and maintenance using V.
cholerae, P. aeruginosa, E. coli as reference pathways. Determinations were made using
DRAM and KEGG Mapper.

Pseudonocardiaceae

Pseudonocardiaceae

Blastocatellia

Gammaproteobacteria

(Bin.005) (Bin.008) (Bin.010) (Bin.011)
crp crp cpr cpr
rpoS rpoS rpoS rpoS
rpoN rpoN rpoN rpoN
fliA fliA uvrY uvryY
vpsU vpsU hfq CcsrA
trpE trpE cyaA cyaA
pelF trpG vspU cyaB
glgA glgA gspC fis
glgC glgC pilJ hfq
glgP glgP pilH flrA
chpA fliA
cyaB vpsU
trpE gspC
trpG pilJ
uvry pill
pslA pilH
cyaA pilG
dksA chpA
bcsA cpdA
wza trpE
glgA rhiB
glgC pPPKA
glgP pslA

dksA
wza
pgaC
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Table 4.8: Presence of genes used in antimicrobial resistance, toxin-antitoxin systems, and
bacterial toxins for the high-quality MAGs from cave-wall biofilms, Carter Cave,

Tennessee. Determinations were made using DRAM and KEGG Mapper.

MAG Antimicrobial Resistance Toxin-Antitoxin Bacterial Toxins
Genes/Gene Sets Systems
Pseudonocardiaceae Beta-lactam resistance YoeB-YefM tlyC; magnesium and
(Bin.005) e  penP; beta-lactamase cobalt exporter
class A VapC-VapB
Vancomycin resistance
e vanX; zinc D-Ala-D-Ala FitB-FitA
dipeptidase
Pseudonocardiaceae Imipenem resistance YoeB-YefM tlyC; magnesium and
(Bin.008) e CUSR, copR, silR cobalt exporter
VapC-VapB
HigB-HigA
Blastocatellia Beta-lactam resistance YoeB-YefM tlyC; magnesium and
(Bin.010) e penP; beta-lactamase cobalt exporter
class A ParE-ParD
Imipenem resistance
e cusR, copR, silR HigB-HigA
Vancomycin resistance
e vanX; zinc D-Ala-D-Ala
dipeptidase
Multi-drug resistance modules
e MexAB-OprM
o MexJK-OprM
e MexXY-OprM
e  MexPQ-OpmE
e AcrEF-TolC
o MdtEF-TolC
Gammaproteobacteria | Beta-lactam resistance MazF-MazE tlyC; magnesium and
(Bin.011) e penP; beta-lactamase cobalt exporter
class A YoeB-YefM
Vancomycin resistance
e vanX; zinc D-Ala-D-Ala HigB-HigA
dipeptidase
Multi-drug resistance modules VapC-VapB
e MexAB-OprM ) ]
e MexJK-OprM FitB-FitA
e MexXY-OprM
e AcrEF-TolC
e MdtEF-TolC
e BpeEF-OprC
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SECTION FIVE
DISCUSSION

Microbial metabolism in cave ecosystems, especially of the most abundant taxonomic
groups, is responsible for carbon and nutrient cycling. Prior investigations of the Carter Cave
cave-wall biofilms (Frazier, 2020) suggest that microbes capable of chemolithoautotrophy using
CO- and possibly CH4as carbon sources were responsible for imparting negative bulk biofilm
carbon isotope values and that members of the Pseudonocardiaceae were the most abundant
groups according to 16S rRNA surveys. Despite Pseudonocardiaceae being repeatedly observed
in high relative abundances from caves (Table 2.1) (e.g., Cuezva et al., 2012; Porca et al., 2012;
Ortiz et al., 2014; Lavoie et al., 2017; Li et al., 2018; Long et al., 2019; Wiseschart et al., 2019;
Zhu et al., 2019; Frazier, 2020; Gonzalez-Pimentel et al., 2021; Ma et al., 2021; Zhu et al.,
2021), their metabolic functions have remained a mystery. Consequently, the purpose of this
investigation was to focus on cave-wall Pseudonocardiaceae to understand potential carbon and
energy acquisition pathways, along with mechanisms involved in biofilm formation, mutualism,
and competition. Because Pseudonocardiaceae made up over half of the Carter Cave biofilm
community for some samples, in addition to their low overall diversity, these samples were ideal
for metagenome sequencing. To our knowledge, this is the first known study to turn to shotgun
metagenomics to describe cave-wall biofilm Pseudonocardiceae and associated members of the
microbial community, including to the Blastocatellia and Gammaproteobacteria, also common in
cave-wall biofilms but with limited knowledge about their metabolic potential (Spasov et al.,
2020; Ortiz et al., 2021).

Metabolic Potential for Pseudonocardiaceae in Cave-wall Biofilms

The two high-quality Pseudonocardiaceae MAGs contained all steps for the RPP pathway
and the TCA cycle, nitrate reduction, and Hz and CO uptake (Figures 4.9-4.12, Tables 4.2 and
4.3). Coupled with §'3C values from Frazier (2020) for the same samples, there is strong
evidence that these Pseudonocardiaceae are capable of autotrophy. MAG annotation using
DRAM and KEGG indicated a complete RPP pathway in both MAGs, but the rTCA cycle was
complete according to DRAM and incomplete with KEGG. The RPP pathway is the most widely

used mechanism for CO> fixation in photoautotrophs and chemolithoautotrophs with suitable
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electron donors, which could include Hz and CO based on the complete suite of structural and
accessory hyd and cox genes in the MAGs (Table 4.3).

The use of CO and Hz is more widespread than previously thought (Cordero et al., 2019;
Greening et al., 2022). The average CO concentration in the atmosphere at ground level varies
daily and seasonally, from about 0.05 to 0.3 ppm or higher. Hydrogen gas is also present at about
0.5-0.6 ppm in the atmosphere at ground level. Carboxydotrophs metabolize CO to supplement
energy and carbon requirements in environments with elevated CO concentrations, but
chemolithoautotrophic growth can be supported at levels as low as 0.05 ppm (King et al., 2007,
Cordero et al., 2019). Cordero et al. (2019) also report that carboxydotrophs can oxidize CO to
support the RPP pathway. Chemolithoautotrophs can also use H; at atmospheric concentrations
with the aid of high affinity Ni-Fe hydrogenases (Greening et al., 2022). Microbial degradation
of organic matter (e.g., fermentation) can supply high concentrations of H.. Greening et al.
(2022) note that H> oxidation in aerobic bacteria is well studied from soil ecosystems, but is
understudied in subterranean environments, although CO and H2 concentrations in caves are
virtually unknown. Future cave microbial ecology studies should consider the use of
transcriptomics in combination with H2 and CO measurements to verify that there are microbbes
with cave-wall communities capable of these metabolic functions.

The TCA cycle is considered a heterotrophic metabolism that generates ATP and NADH
by combining acetyl-CoA with oxaloacetate to produce CO- during respiration (Kanehisa et al.,
2023), which could also include nitrate use as an alternative terminal electron acceptor. Both
MAGs indicated dissimilatory nitrate reduction, although Pseudonocardiaceae (Bin.005) also had
a complete set of genes for assimilatory nitrate reduction (Table 4.2). Although neither MAG
was 100% complete, and some genes could be missing from the MAGs, the noted differences
among these gene presences/absences could indicate that there is potentially strain-level diversity
between the MAGs. Even so, MAGs are not considered to be identical to the actual genomes of
the organisms in question, requiring greater consideration for the absence of genes in high
quality MAGs and placing further emphasis on future attempts for cultivation and whole-genome

sequencing.
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Pseudonocardiaceae Taxonomy

Determining the taxonomic identity of the two Pseudonocardiaceae MAGs could have
been straightforward if the reference databases contained representatives for all genera in this
family, but the SILVA v.138.1 reference database used for 16S rRNA gene phylogenies and the
GTDB-Tk database used for metagenome taxonomic determination are incomplete. Associating
a taxonomic identity to both MAGs was further complicated because both MAGs lacked 16S
rRNA genes, a common dilema associated with short read MAGs (Orellana et al., 2023). The
16S rRNA survey revealed that the genus Crossiella is the dominant Pseudonocardiaceae genus
within the biofilm samples (Figure 4.4). This genus has also been reported as the most prevalent
from other cave biofilms studies (Table 2.1), but this could also be an artifact of others using the
SILVA database. However, the GTDB-Tk database has only two cultured Crossiella species
genomes for reference. Based on phylogenetic analysis a set of 49 core universal genes for COG
gene families from the two cave MAGs, gene homologs were not more closely related to those
from Crossiella reference genomes but to Actinoalloteichus hoggarensis, yet ANI values for
both MAGs were highest when compared to G. thermophila, at 77.1% and 77.8% (Xu et al.,
2021) (Figures 4.5 and 4.6, Table 4.1). Neither A. hoggarensis nor G. thermophila were retrieved
from the 16S rRNA gene surveys from the cave. Representative sequences exist in the SILVA
database for A. hoggarensis from which phylogenetic analyses could be made, but representative
sequences for G. thermophila are absent in the SILVA database yet present in the GTDB-tk
database. The 16S rRNA gene was extracted from the Gandjariella MAG in the GTDB-tk
database and ran through BLAST to determine its sequence similarity to both Crossiella and
Actinoalloteichus, revealing inter-genus relatedness (95.32% and 94.66% sequence identities,
respectively). Moreover, previous work reports that A. hoggarensis was isolated from Saharan
soils and it metabolizes a range of organic compounds (Boudjelal et al., 2015), which is
inconsistent with the reconstructed metabolism of the two cave MAGs. G. thermophila was also
recently identified in forest soils near a geothermal environment (Ningsa et al., 2019). It is
currently the only species belonging to this genus and genomic information regarding carbon
acquisition is inconconclusive. Consequently, it is still possible that the Carter Cave MAGs
belong to an novel species of Crossiella, as the 16S rRNA analysis may suggest. The sequences

belonging to ASV001 (to which 98.2% of all Crossiella sequence reads belonged) were ran
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through BLAST. Resulting sequence similarities above 98.65% belonged to unclassified

Pseudonocardiales. Future work should address this issue and perhaps generate metagenomes

using long sequence reads that could yield 16S rRNA genes and perhaps more complete MAGs.
Metabolic Potential and Taxonomy of Other MAGs in the Cave-wall Biofilms

Ecologically, Blastocatellia are slow-growing, aerobic heterotrophs capable of surviving
desiccation and oligotrophy (Huber et al., 2014; Pascual et al., 2015; Wist et al., 2016). The
Blastocatellia MAG from this study had carbon metabolism pathways indicative of heterotrophy,
including the PP and TCA pathways, as well as the glyoxylate cycle. The MAG also had genes
for H2 and CO uptake as an alternative source of energy, but did not recover genes related to
nitrogen metabolism (Figure 4.9, Table 4.3). Wist et al. (2016) describe members within this
class as K-strategists, and Addesso et al. (2021) hypothesize that Blastocatellia are opportunists
in caves by oxidizing metabolic compounds from nearby Gammaproteobacteria, which may
explain why they have an array of biofilm formation, antimicrobial resistance, and toxin-
antitoxin genes. The Blastocatellia MAG was taxonomically unresolved, which likely supports
that the Carter Cave species is novel.

The recovered genes from the Gammaproteobacteria MAG suggested a heterotroph
because of having complete PP and TCA pathways using oxygen (Figure 4.9), as well as genes
that indicated nitrate use for energy as a terminal electron acceptor (Table 4.2). No genes were
present for Hz and/or CO use, but there were genes for methanotrophy, specifically the pmoA,
that encodes for the methane monooxygenase subunit A (Figure 4.14). Taxonomically, the most
closely related species to this MAG was taxonomy N. halophilus, but the ANI value was low
(Figure 4.8). Based on taxonomic affinity for the 16S rRNA genes, Steroidobacter was one of
the most abundant gammaproteobacterial groups (Figure 4.4). More research is needed to resolve
the identity of this MAG, which is likely a novel organism.

Biofilm Lifestyle — Formation, Maintenance, and Survival Implications

Lack of light, carbon, and nutrients, low temperatures, high humidity, and microbial
competition are all factors that affect microbial growth in cave-wall biofilms. The formation of
biofilms serves multiple purposes, including mutualism, protection from environmental
conditions, nutrient acquisition, nutrient source, and protection from foreign microbes. All
MAGs contained the CRP/FNR family transcriptional regulator gene, crp (Table 4.7). CRP has
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been associated with promoting biofilm formation in E. coli and K. pneumoniae by inhibiting the
production of fimbrae to adhere to surfaces (Liu et al., 2020). Similarly, fliA encodes for the
transcription factor FliA, which is associated with the development of type 1 pili and chemotaxis
that are important for colonizing surfaces (Buck et al., 2021). Only trpE, responsible for
catalyzing the first step of the tryptophan pathway and early stages of biofilm production, was
present in all MAGs (Hamilton et al., 2009). Moreover, the Gammaproteobacteria MAG also had
genes to produce type 4 pili, which aids in adhesion, motility, and chemotaxis (Leong et al.,
2017). All MAGs contained vspU, a gene responsible for maintaining biofilm morphology
through VspU, although a multitude of vps genes (e.g., vpsU, vpsA-K, vpsL-Q) are required for
exopolysaccharide production during biofilm building (Gao et al., 2020). All MAGs had pelF,
which encodes glycosyltransferase and is responsible for the production of a glucose-rich
polysaccharide biofilm matrix (Rastgar et al., 2022). A glucose-rich biofilm can be beneficial
because it forms a more adhesive and rigid structure that can act as a barrier against
environmental stressors (Whitfield et al., 2020). Both Pseudonocardiaceae MAGs and the
Blastocatellia MAG contained genes associated with glycogen biosynthesis and biofilm
formation (Chen et al., 2019). The accumulation of glycogen increases the size of biofilms and
can also act as a source of carbon and energy (Bonafonte et al., 2000).

Therefore, biofilm production affects the metabolic flexibility of community members
but also can protect against environmental stress. All four MAGs had genes encoding for RNA
polymerase (Table 4.6) that regulate gene expression in response to changing environmental
conditions, such as cold or changing temperatures and oligotrophy, through sigma factors
(Burgess, 2001; Miticka et al., 2003; Wade and Struhl, 2004; Zhao et al., 2005; Lovely et al.,
2011; Pletnev et al., 2020). All MAGs also contained cold-shock genes that encode proteins
typically expressed at colder temperatures. Both Pseudonocardiaceae MAGs contained genes of
unspecified cold-shock proteins, but the Blastocatellia and Gammaproteobacteria MAGs had
cspB, a cold-shock protein expressed during stationary growth phase (Kram et al., 2020). The
ability to maintain stationary growth while conserving energy during environmental stress, is
encoded for by rpoS and results in the formation of smaller biofilms (Sheldon et al., 2012). This
may explain why biofilms on cave walls, even if dominated by microbes with large cell sizes in

high relative abundance, are small and generally do not cover all available surfaces.
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Moreover, oligotrophy encourages competition. Bacteria deal with competition using a
plethora of strategies that include antimicrobial resistance and toxin production. All MAGs had
genes necessary for various forms of antimicrobial resistance, toxin-antitoxin systems, and
bacterial toxins that protect against antibiotics and cellular damage, as well as the production of
pore-forming toxins that are meant to degrade cellular structures (Table 4.8). Specifically, one of
the Pseudonocardiaceae MAGs (Bin.005), and the Blastocatellia and Gammaproteobacteria
MAGs, had penB, a gene responsible for encoding class A beta-lactamase, an enzyme associated
with beta-lactam resistance (Somprasong et al., 2020). Beta-lactam is a class of antibiotics that
include compounds like penicillin, amoxicillin, and ampicillin (Holton and Onusko, 2000).
Pseudomonadota, Bacillota, and other members of the Actinomycetota can produce beta-lactam
antibiotics (Adesoji and Ogunjobi, 2016; Lazarus et al., 2019), and are all members found
repeatedly in cave-wall biofilm communities (Ortiz et al., 2014; Lavoie et al., 2017; Li et al.,
2018; Long et al., 2019; Wiseschart et al., 2019; Zhu et al., 2019; Frazier, 2020; Gonzalez
Pimentel et al., 2021; Ma et al., 2021; Zhu et al., 2021). Vancomycin resistance genes were also
found in the Bin.005 Pseudonocardiaceae MAG, and the Blastocatellia and
Gammaproteobacteria MAGs. Vancomycin is an antibiotic that is commonly associated with the
Pseudonocardiaceae taxa, Amycolatopsis orientalis, and is used to treat infections caused by
Staphylococcus aureus (Applbaum and Bozdogan, 2004; Lee et al., 2016).

Collectively, living with active competitors also requires antimicrobial/antibiotic
resistance, and some bacteria likely evolved mechanisms to combat antimicrobial compounds
and maintain a critical advantage when competing with other microbes on surfaces. For instance,
the Gammaproteobacteria and Blastocatellia MAGs had Mex-Opr complexes that are found in
Gram-negative bacteria that pump antimicrobial compounds out of the cell, thereby reducing
compound potency (Aeschlimann, 2003; Tsutsumi et al., 2019). This system has been well
studied in Pseudomonas aeruginosa (Fujiwara et al., 2022). Similarly, toxin-antitoxin systems
aid in survival during environmental disturbance, antibiotic exposure, genetic damage, and
nutrient starvation. All four MAGs contained genes for the YoeB-YefM toxin-antitoxin system,
as well as VapC-VapB (Pseudonocardiaceae Bin.005, Pseudonocardiaceae Bin.008,
Gammaproteobacteria) or HigB-HigA (Pseudonocardiaceae Bin.008, Blastocatellia,

Gammaproteobacteria), which have been linked to stress response, persister cell production, and
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biofilm formation (Maisonneuve et al., 2011; Shavit et al., 2016; Wood and Wood, 2016; Yang
and Walsh, 2017; Eroshenko et al., 2020; Xue et al., 2020; Ma et al., 2021; Patel et al., 2022).
Moreover, all MAGs contained the genes to produce the pore-forming toxin TlyC, which lyses
bacterial cell walls and degrades peptidoglycan (Vigneron et al., 2022). The tlyC gene was the
only gene in the Carter Cave MAGs associated with bacterial toxicity. To defend against
microbial competitors and their toxins that cause DNA mismatches and direct DNA damage,
microbes need DNA repair mechanisms. All MAGs possessed DNA repair genes. Both
Pseudonocardiaceae MAGs had genes for the RecF pathway used to repair single-strand DNA
breaks. Only one other study has observed and described the RecF pathway in cave microbiomes
(Bendia et al., 2022). Also, the Blastocatellia and Gammaproteobacteria MAGs encoded for the
MutHLS complex to correct base pair mismatches. Further work would need to be done to
pinpoint specific survival mechanisms under the influence of these genes, should they be
expressed.
Implications for the Cave Habitat

To understand potential microbial roles in the karst environment, genes encoding for
carbonic anhydrase (CA) were investigated (Table 4.4). Along with functions regarding
metabolism and homeostasis, CA is one of the main enzymes responsible for microbe-induced
calcite precipitation (MICP) (Riquelme et al., 2015; Gonzalez-Pimentel et al., 2018;
Maciejewska et al., 2018; Liu et al., 2020; Gonzalez-Pimentel et al., 2021). All four MAGs
contained genes to produce CA variants, and all MAGs contained beta-class CA genes and both
Pseuonocardiaceae MAGs also had genes for BicA, an Na*-dependent bicarbonate transporter
that transports bicarbonate ions across the cell membrane using Na* as an electrochemical
gradient for the main purpose of regulating cellular pH (Bernardo et al., 2006). The only MAG
that had genes for alpha-class CA was the Bin.008, a Pseudonocardiaceae MAG. Both classes of
CA, along with BicA, perform similar functions for CO, uptake and storage, pH regulation, and
have comparable influence on calcite precipitation (Frost, 2014; Price and Howitt, 2014; Murray
and McKenna, 2019; Wang et al., 2019; Martin-Pozas et al. 2022). Precipitates resulting from
MICP typically are nanocrystal specks that accumulate at the base of the biofilm and grow
outward (Li et al., 2015; Zambare et al., 2020). Li et al. (2015) also describe how the

development of calcite precipitation can act to regulate the structure and composition of biofilms,
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by deforming biofilm morphology and detaching bacterial cells. The presence of CA genes in the
MAGs also supports that microbes have different ways of bringing inorganic carbon into the cell,
which can regulate the pH of the surrounding environment and influence mineral precipitation.
Furthermore, the potential for MICP can impact biofilm dynamics, including biofilm stability
and community control. Frazier (2020) notes secondary carbonate speleothems in the vicinity of
the sampled biofilms, which also had lighter carbon isotope compositions than expected if
precipitated from the dissolved inorganic carbon of dripwater coming into the cave. The
hypothesis was that the speleothems could be MICP, and future work should investigate these
speleothems and associated biofilms in more detail given the metabolic potential from recovered

MAGs.
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SECTION SIX
CONCLUSIONS

Four high-quality MAGs were generated using samples from Frazier (2020) and analyzed
for genes related to carbon metabolism, nitrogen metabolism, biofilm formation, and survival
strategies. Two of the MAGs belonged to Pseudonocardiaceae, and the other two belonged to
Blastocatellia and Gammaproteobacteria. The two high-quality Pseudonocardiaceae MAGs
contained all steps for the RPP pathway and the TCA cycle, nitrate reduction, and H> and CO
uptake. Coupled with §*3C values from Frazier (2020) for the same samples, there is strong
evidence that these Pseudonocardiaceae members are capable of autotrophy. Due to the array of
results regarding their taxonomic identity, both MAGs likely represent novel members of the
Pseudonocardiaceae. The Blastocatellia MAG contained all of the necessary genes for the
pentose phosphate pathway, the TCA cycle, and the glyoxylate cycle, which suggests this
microbe is a heterotroph, but there is also the potential to uptake Hz and CO. The
Gammaproteobacteria MAG possessed evidence of heterotrophy and mixotrophy, based on a
suite of genes for the pentose phosphate pathway, the TCA cycle, nitrate reduction, and possibly
methanotrophy. All four MAGs contained the genetic potential for unique survival strategies,
including response to cold conditions, nutrient limitation, biofilm production and maintenance,
antimicrobial resistance, and virulence, all traits that improve their ability to survive on the
extreme cave-wall environment.

Although shotgun metagenomics is a useful tool that can provide insight for the
metabolic functions of a microorganism, this approach cannot guarantee that functions of interest
are expressed by members of the microbial community. Therefore, future studies regarding the
metabolism of the Pseudonocardiaceae should utilize 1) metatranscriptomics to understand
which carbon and energy acquisition genes are being expressed, along with the quantity of genes
that are actively expressed, and 2) metaproteomics to understand the production of proteins that
are used for carbon and energy metabolism. Given the evidence that the cave-wall biofilm
microbes are likely novel species, it is possible that their proteins are also novel. Furthermore,
steps should be taken to quantify active members of the Pseudonocardiaceae in biofilms via
guantitative PCR. Apart from the Pseudonocardiaceae, the Blastocatellia had also been recovered

from other cave microbiome studies, albeit in lower relative abundances (Frazier, 2020; Jurado et
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al., 2020; Addesso et al., 2021; Gonzalez-Pimentel et al., 2021; Jurado et al., 2022). Wiist et al.
(2016) provide discussion regarding the survival of Blastocatellia in harsh environments, like
caves, and Addesso et al. (2021) note a possible mutualistic relationship among various members
of Blastocatellia and Gammaproteobacteria in caves. This relationship should be explored to
understand the survival of K-strategists in oligotrophic environments. Finally, mechanisms
involved in cave biofilm formation, maintenance, and defense are understudied. Understanding
enzymes of cave biofilms may partly explain why certain taxa appear in higher relative
abundances and elaborate on microbe-microbe interactions in the cave environment, as these
interactions are ultimately what attracts attention to the pharmaceutical and biotechnology
industries to cave microbiomes (Radhakrishnan et al., 2014; Pawlowski et al., 2016; Pipite et al.,
2022).
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