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ABSTRACT

The Frasassi Cavélaly) aredeveloped ircalcium carbonateocks and contaisulfide
from groundwater and oxygen franoththe cave atmospheamddownward percolating
meteoric waterThe presence of sulfide and oxygen allows for both the abiotic and biotic
formation of sulfuric acid, whicBubsequentlyeacts with calcium carbonate cave wadls
enlarge the cav&Vhile the contributionof abiotic processesn cave development hasen
studied less research has focused on microbial contributimoesigh the complete oxidation of
reduced sulfur sources.

| usedculturedependent and cultuiedependenimethodgo studythe metabolic
properties off hiobacillus baregensjs dominansulfur oxidizing bacteriunm sulfidic streams
within the cave systepand a novestrainof Sulfuricurvum kujienséSulfuricurvumsp. strain
Frasasgi the first Epsilonproteobacterium successfully cultured from the Frasassi Gawes.
T. baregensiss abundanandcapable otompletelyoxidizing multiple reduced sulfur sourcets
is likely to contribute to cave developmevithile Sulfuricurvumsp.strain Frasassxhibits
growth on reduced sulfur sourc¢és ability to completely oxidize sulfur remains to be tested
Both T. baregensiandSulfuricurvumsp. strain Frasassi shaxowth on nitrate, a chemical
species perennially below detection limiighe Frasassi Cavdsuture studies should focus on
obtaining aenic cultures of both bacteriasing whole genome sequencing to elucidate their

metabolic propertiesand determining whether or not nitrate is present in Frasassi Cave streams
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CHAPTER 1: INTRODUCTION

1.1 Hydrogeological ackground of the Frasassi Caves

The Frasassi Caveseaan extensive cave system in central Italy with over 25 km of
passageways Figure 11). Situatedn theanticlinetransected bthe Frasassi Gorge, thave
system is predominantly located in the Calcare Massiccio Fm. This formation contains over 99%
calcium carbonate and is highly porous due to fractures within the formation aribthef the
limestoneas a carbonate platfor(@aldenzi and Maruok&003). Above the Calcare Massiccio
Fm. sits a thin layer of loypermeability limestone known as the Bugarone Fm. (Galdsrati,

2008). Although the lowpermeability of the Bugarone Fm. would impede meteoric water flow,
fractures allowwater to move fronthe overlying permeable Cretaceous limestone layers to the
Calcare Massiccio Fm., as showrFigurel.2 (Galdenziet al, 2008). The geologic history of

the Frasassi cave system allows for a uniqgue combination of reduced and oxidized groundwater
to coexist in the caves.

Two chemically distinct types of groundwater, bicarbonate and sulfidic water, exist in the
Frasassi caves (Sighinolfi, 1990; Tazietlial, 1990; Cocchionét al, 2003). The oxidized
bicarbonate water originates from downward peraodatneteoric water and is characterized by
low salinity (200 to 400 mg L), high dissolved oxygen, and low sulfate concentrations
(Galdenziet al, 2008) This differs from the reduced sulfidic water, which flows upwaes
higher salinity (up to 2 gt) and is likely to have originated frooidermeteoric water that
traveled through an underlying anhydrite formation (Tazbhl, 1999 Galdenziet al,, 20089.
Throughout the year, the bicarbonate water dilutes thielisulvater between 30% and 60%
based on seasonality (Galdemtial, 2008). Theedox disequilibria betweehe bicabonate and

sulfidic water allowfor biological processes to contribute to cave development.



1.2 Sulfuric acid peleogenesis

Sulfuric acid speleogenesis (SAS) occurs when sulfuric acid produced from the complete
oxidation of sulfide dissolves calcium carbonate cave walls (Principi, 1931; Egemeier, 1973).
Originally thought to be abiotic, SAS was proposed to occur both aboueetowd the water
table (Davis, 1981; Galdenzi, 1990; Egemeier, 1981). Subaqueous dissolution occurs when
sulfide in groundwater reacts with oxygen to produce sulfuric acid for calcium carbonate
dissolution (equations 1 and 2). This differs from subaeripsigy replacement, when sulfide
volatilizes and reacts with atmospheric oxygen to form sulfuric acid, which subsequently reacts
with the calcium carbonate walls to form gypsum crusts (equations 1 and 3). As the gypsum
crusts develop and detach from the wialhe cavéecomes largeAlthough SAS ighought to
take place in fewer that0% of caves worldwide, it is responsible for the development of caves
in Italy, the United States, Romania, and Mexico (Egemeier, 18l131990; Palmer, 1991,
Galdenzi andMenichetti, 1995; Sarbet al, 1996;Hoseet al, 200Q Engelet al.,2004b.

HS+2QY 8O 1)
H.SO,+ CaCQ Y C&* +SQZ + COy+ H,0 (2)
H,SO,+ CaCQ+H,0 Y C&IB@+CG  (3)

Although abiotidimestonedissolution wa®riginally accepted as the primary mode of
speleogenesis caves affected by SA#ore recenevidence shows that sulfur oxidizing
bacteria contribute to cawievelopment (Hubbaret al., 1990;Angertet al, 1998;Hoseet al,

2000; Vlaseanuet al, 2000; Engekt al, 2001 Engelet al, 2004b; Macaladgt al, 2007. In
the process of energy production, subuidizing lithotrophs increasthe amount of sulfuric
acidin cave environmentgsausingaster rates of calcium carbonate dissolution (Pettet,

2009; Lutheret al, 2011). Furthermore, microbes are capable of concentrating sulfuric acid on



cave walls by colonizing surfaces for localized dissolution (Eeigel, 2004b). The realizatio
that microbes contribute to SAS created a pavadigm in the field.

In the Frasassi Caves, the rate of limestone dissolution from abiotic and biotic processes
is comparable above and below the water table (Galétatj 1997). Relevant abiotic
processes include subaqueous calcium carbonate dissolution and subaerial gypsum replacement
(Galdenzi, 1990; Galdenet al, 1997; Galdenzi and Maruoka, 2003; Galdextal, 2008;
Galdenzi, 2012). Relevant biotic processesudelsubaqueous and subaerial microbial sulfur
oxidation (Macaladt al, 2006; Macaladet al, 2007;Jone<et al, 2008 Macaladyet al,
2008; Jonest al, 2012). Although previous research has focused on the contributions of abiotic
processes and cavall biofilms to the development of the Frasassi Caves, less work has been
completed on the contribution of subaqueous microbes to cave development. Since the streams
host microbes capable of sulfur oxidation, and the cave system is dissolving atrsitedar
above and below the water table, it is likely that microbes in the cave streams contribute to SAS.
It is therefore important to understand the metabolic contributions of dominant microbes within

the cave streams.

1.3Microbes in sulfidic aves

Sufidic caves are aphotic environments that support aqiatof microbial life. Without
carboninput from surface environments, such caves consist of trophic systems supported entirely
by lithoautotrophy (Jonest al, 2008; Porteet al, 2009). Althoughmicrobial diversity in
sulfidic caves variegeographically, there are recurring patterns irtakenomiccomposition of
cave walls and streams. Apart from microbial communities embedded in gypsum crusts, sulfidic
caves generally havevmawalls with irregular patterns of mud and clay known as

biovermiculations, and biofilms that dangle from the cave kradlwn as snottiefHoseet al,



2000; Vlasceanu et al., 2000; Engehl, 2001; Macaladt al, 2007; Jonest al, 2008). Cave
streams typically contaironspicuous white biofiimdominated bysulfur oxidizing
Epsilonproteobacteria and Gammaproteobac{&aabuet al, 1994; Angeret al, 1998; Engel
et al, 2001; Engeet al, 2003; Rohwerdeet al, 2003; Engeét al, 2004a; Macaladgt al,
2006). Biovermiculations, snottites, and stream biofilms have theesubject of previous
studiesin the Frasassi Caves.

Although biovermiculations and snottites both exist on Frasassi Cave walls, they differ
significantly in tieir physical microbial compositions. Biovermiculations were found to range
between pH 8.0 and cordined high microbial diversityvith 48 representative phylotypégsm
15 bacterial lineagggonest al, 2008). Caversely, snottites were castentlymeasured
between pH € and were dominated Acidothiobacillusthiooxidans whichaccounted for
greaterthan 70% otll cells(Macaladyet al, 2007; Jonest al, 2011; Jonest al, 2014).A.
thiooxidanss asulfur-oxidizing Gammaproteobacteriufikely to be directly involved in SAS
(Jone=et al, 2014).

Frasassi Cave streams are neutral in pH and contain white biofilms with microbes
involved in sulfur cycling (Macaladgt al, 2006).Biofilms forming at the sedimentater
interface over fineediment are dominated ltlye filamentous sulfuoxidizing bacterium
BeggiatoaBiofilms attached to rocks and coarse sediment in flowing veatesain
Deltaproteobacterjd& psilorproteobacteriaanda large amount of the filamentous suifur
oxidizing bacteum Thiothrix by biomass. Macaladgt al (2008)established a niche model with
greater amounts dthiothrixin areas with low sulfide to oxygen rati@eggiatogprevailing in

slow-flow regions regardless of sulfide to oxygen ratarsd filamentou&psilonproteobacteria



dominating in environments with high sulfide to oxygen rafit¥)8).Field photographs of
typical stream biofilmsstudied in this projecire shown irFigurel.3.

Although preliminary work showed th@hiobacillus baregensiabundanes do not
correlate with sulfide and oxygen ratios, Macalatigl. determined that. baregensiss both
dominantand abundant in cave streams (2008)paregensisvasoriginally isolatedfrom
sulfidic waterin the Bareges region of France dra$ a SSU rDNA sequence deposited in the
GenBank databas&he culture was subsequently lost, and tlensains a candidate species
(Hédoinet al, 1996). Sincd. baregensiss pervasivan the Frasassi Cavess metabolic
properties are likely to havesggnificant impact on the distribution and abundance of sulfur
speciesincluding sulfuric acid

Determining the metabolic propertiesksilonproteobacterig of particular interest
becausdpsilonproteobacteriarethe leasstudied class of Proteobacteaiad havdew cultured
representativedVhile the majority of Epsilonproteobacteria clones withinRheesassi @ves lie
within Arcobacterspp. and the Sulfurovumales groagew representatives are also found in the
1068 ad Sulfuricurvales groups (Macaladyal, 2008).Metagenomic analyses conducted in
parallel with this projecshowed thafArcobacterspp.andSulfuricurvumspp.may contribute to
cave formation through the completeidationof sulfur sourceswhile bactria within
Sulfurovumales aréikely to precipitate elemental sulfur through incompltéide oxidation
(Hamiltonet al, 2014). IsolatingEpsilonprotebacteria from thaforanentioned groups is of
interestin orderto increase the number otiltivatedrepresentative€ulturing T. baregensiand
Epsilonproteobacteria from the Frasassi Caves and studyingrabolic propertiewill allow

for greater insight into the role of bacteria in sulfur cycling and cave development.



1.4Figures

Spring-_Fissu
Cave Spring

apn  Stefan

GROTTA GRANDE
op.. DEL VENTO

Senting River

700

Cristalli

—Ramao
Sulfureo

MY GROTTA
4. DEL FIUME

Y
\

om0 200 500

Figure 1.1 Map of the Frasassi Caves. Labels point to various sampling locations, thick black
lines show major caves, and dashed lines reveal surface topography. The inset positions the
caves within Italy. Base map courtesy of the Gruppo Speleologico CAl daRabri
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Figure 1.2 Hydrogeologic schematic of the Frasassi Caves. The white area filled with
perpendicular black lines represents the Calcare Massaccio Fm., which consists of highly porous
limestone. The gray area represents the Bugarone Fm., whisilstsaf lowpermeability

limestone. The white area filled with parallel black lines represents porous limdstpne.

from Galdenzi and Maruoka, 2003.



Figure 1.3 Images of cave stream biofisfrom Pozzo i Cristalli with filled black arrows
pointing toa biofilm with streamer morphologynd a black arrowutline pointing toBeggiatoa
dominated biofilmat the sedimentvater interface(A) Closeup with @rabiner for scale. (B)

Pen for scalePhoto credits: J. Macalady.
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CHAPTER 2: THIOBACILLUS BAREGENSIS, A SUCCESSFUL BACTERIUM IN
FRASASSI CAVE WATERS, IS METABOLIC ALLY VERSATILE

2.1 Abstract

Thiobacillus baregensigopulations are bothbundantind widespread in biofilms
colonizing sulfidic streams ithe Frasassi CaveEhe original 1996 culture df. baregensis
(now lost) and closeultivated relativeJ hiofaba tepidiphileandThiovirga sulfuroxydanare
known to oxidize sulfide with oxygen, similar to other ecologically successful populations in
Frasassi stream biofilms. Previous work on the taxonomic composition of cave stream biofilms
showed that the relative abundances of sulfur oxidizers imsérsacan be predicted based on
concentration ratios of dissolved total sulfide to oxygen. In apparent contrast to this prior result,
fluorescent irsitu hybridizationexperimentshowedthat thearearatiosof Thiobacillus
baregensiselativeto all bactera donot correlate with sulfide concentratiomss@iuared 0.1)1
oxygen concentration® 03, sulfide to oxygen ratiog<{squared 0.2 or oxygen to sulfide
ratios ¢(-squared 0.04 The lack of correlationan be explained if. baregensisisesalternative
or additional electron donors and accept@ulturedependent methods weused taest
whether or noT. baregensiss capable of using sulfide, elemental sulfur, thiosulfatel
hydrogenas electron donors, and oxygen and nitrate as efeatroeptorsT. baregensigrew on
sulfide, elemental sulfur, artiosulfate paired with nitraterior to being outcompeted by
competing populationdHowever jts growth in cultures containinigydrogen andultures
containingoxygenwasdifficult to establishdue to quickovergrowth by other population$he
cleanest culture was obtained using thiosulfate and nitrate. These culturing results sfiow that
baregensiss capable of using multiple redox paiosproduce energynd provides onpossble
explanationas towhy its niche could not badequately described basedsutfide and oxgen
concentrations amatios.My culturing resultaaresupportedy metagenomic evidenabtained
in a parallel study. Together, the studiedicate thafl. baregensigprovides organic carbon to
the cave system through carbon fixat(antotrophy) thatit is likely to contribute to cave
developmenthrough the formation of sulfuric acid, and that nitrate magrbemportant electron
acceptoiin Frasassi Cavstreamwaters even thoughitrate concentrations apereniallybelow
detectionlimits. Future work should focus on obtaining an axenic culbfifie baregensis
acquiring a wholegenome sequengcand determining whether or nbt baregensislirectly
contributes to cave developmdayt measuringhe amount of sulfuric acid produced By
baregensisinder various growth conditions, or by directly measutimegrate of calcium
carbonate dissolution in culturaader variousgrowth conditions

2.2 Introduction

Candidatus Thiobacillus baregensssa bacterium within class Betaproteobacteria
(Hédoinet al, 199§. Originally described from sulfenich thermal waters in Bareges, France
(Hédoinet al, 1996; Hédoin, 1997losely related 16S rRNA sequences hsinee been

retrieved fromother sulfusrich groundwaters and cave aquiférsluding Frasassi Caand
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associated springs Italy (Macaladyet al, 2006; Macaladet al, 2009, Parker Cave in the
U.S.A.(Angertet al, 1998) Movile Cave inRomania/Chenet al, 2009) and Acquasanta
Terme in ltaly(Jone<et al, 2010) Outsideof groundwateenvironments, close relatives with
sequence similarities greater than 90% have also been described from wastieniatsr(lto et
al., 2004; Itoet al, 2005, column reactobiofilms (Ferreraet al, 2009, a membrandioreactor
(Vanniniet al, 2008),and a Japanese hotspring (Mori and Suzuki, RO8Ihoughthere are no
publications describing the metabolic propertie$.dbaregensisand the original 1996 isolate
has apparently been logite environmental geochemistry bfbaregensisiabitatsand metabolic
properties otlosecultivatedrelatives strongly suggest thatbaregensiss a sulfur oxidizing
bacterium.

Sulfidic greamsin the Frasassi Cavese colonized byiofilmswith high abundances of
T. baregensidn similar biofilms filamentousSulfurovumalesyroupEpsilonproteobacteria and
Thiothrix spp.were previously shown to have sepaetelogicalniches based odissolved
sulfide to oxygematios(Macaladyet al, 2008).Giventhe numerical importance at
baregensipopulations in the biofilrs | askedvhether or noT. baregensisiominated biofilms
could similarly be described based osdlived sulfide to oxygen ratios. | also asked haw
baregensisnetabolisnrelates to biogeochemical cycling isulfidic Frasassi Cave groundwater
If T. baregensisises reduced sulfur compalsto produce sulfuric agigvhichcorrodescalcium
carbonateave walls, iis directly involved in cavéormation However if T. baregensis
incompletely oxidizesulfide it may produceslemental sulfyran economicallyaluable
chemical intermediate that caisobe usedis an energy source fotherlithotrophicor

organotrophignicroorganisms
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2.3 Methods
2.3.1 Field site and geochemistry

Microbial biofilms and corresponding water samples were collected between 2006 and
2013 from Stefan Spring (SS), Cave Spring (CS), Fissure Spring (FS), V&midotto(VC),
Grotta Sulfurea (GS), Acquasanta (AS), Pozzo di Cristalli (PC), and Ramo Sulfureo (RS).
Biofilm sampges were collected with sterile plastic pipettes, stored in sterile tubes, placed on ice,
andprocesseavithin 4-6 hours of collection. Subsamples were fixed in 4% (w/v)
paraformaldehydéPFA) and stored a20€ in preparatiorfor fluorescenin situ hybridization
(FISH).

Dissolved sulfide and oxyen concentrations were measuiredituaccording to
Macaladyet al.(2008) Two total dissolved hydrogen sulfiqel,Sr) measurements were
obtained for each samplgth a portable spectrophotometer (Hach, Loveland, CO) using the
methylene blue method (Hach method 69Bree dssolvedoxygenmeasurements were
obtainedusing a Hach HQ40d portable meter with a LDO101 dissady#idal probe(Hach Co.,
Loveland, CO, USA)Oxidation reduction potential was measured using a MTC101 ORP probe
attache to a Hach HQ40d portable meter (Hach Co., Loveland, CO, USaler temperature,
pH, and conductivity were measured using a 350i multimeter andhélanorobes (WTW,
Weiheim, Germany).
2.3.2 FISH analysis

FISH wasperformedusingmethodsdescribed in Amanrnl@95 with probesEtUB338,
EUB338Il, EUB-III, and Thar581, asummarizedn Table 2.1 ProbeTbar581 was designed to
targetT. baregensistrains retrieved from Italian sulfidic cawatersand excludes the original

lost isolate(Macaladyet al, 2006;Macaladyet al, 2008 Jonet al, 2010Q. The stringency b
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the probe was optimized usiagure culture off hiofabatepidiphila(Mori and Suzuki, 2008,
whichhas a 1 bp mismatch to the probe sequehiter hybridization, ells were counterstained
u s i n gdiamidino@-phenylindole (DAPI) and mounted using Vectashield (Vectashield
Laboratories Inc., Burlingame, CA, USA). A Nikon EB00 epifluorescence microscope was used
to viewthe preparedlides. The cell count and arezuat tools from NIS Elements AR 2.30,
Hotfix (Build 312) image analysis software were used to count cellestidate the areaf
Thiobacillusbaregensisells (Thar581)relative to all bacterigEUBMIX). The mean area ratio
was calculted for each fieladf view. Multiple fields of view were analyzashtil 1000 cells
were counted for each sampléde finalT. baregensiarea ratio wasalculated for each sample
by averaginghearea ratios determined from multiple fields of vi@ne standard deviation was
calculated among the microscope fields of vigvihenthe cellular ratios were plotted against
sulfide and oxygen data, thedguared values revealed whether or not a correlation existed
betweenTl. baregensisbundances and the sge chemical parameter.
2.3.3Sample collection anchechment culturing

Biofilm was collected from Stefan Spring m downstream from the emergence
March13, 2013andreturned to PSU for use as cultimeculum. An image of the Stefan Spring
collection site is shown in Figure 2HBnrichment culturing wasarried out ira series of 1:10
dilutions in modifiedsulfur oxidizing bacteria3OB) mediaadapted from Kueneet al.(1991).
Modified SOB mediaontainedd.5 mM K;HPOy, 2.2 mM KHPOy, 7.4 mM NHCI, and 1.6
mM MgSQO,.7H,0 under N/CO, (80:2Q by volume) The mediunwas supplemented with 2
mL/L trace metal solutioadaptedrom Vishniac and Santer (195@9ntainingl34 mM EDTA,
7.7 mM ZnSQ.7H,0, 49.7mM CaCb.2H,0, 12.63 mM MnCJ.4H,0, 18.0 mM FeSQ7H,0,

2.8 MM (NH)sM00,4.4H,0, 0.8 mM CuSQ5H,0, and 2.1 mM CoGl6H,;0O. Electron donors
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consisted of 15 mM b8, 0.44g/L S, or 6.5 mM $SOs%. The electron acceptwas 0.74 mM
NOjs". The mediumwas supplemented with01g/L erythromycin andsubsequentladjusted to
pH 7.2 prior to inoculationCultures were incubaten the darkn serum vialsvithout shaking
Bacterial growth was evaluated using FIByHhybridizingprobe Thar581, scanning FISH slides
with a fluorescence microscope, and estimating the area rafidbafegensisells to total cells.
The compositionsf alternative experimental media disted inTable 2.2
2.3.4 16S rRNA phylogeny

A 16SrRNA genetree was built texaminethe phylogenetic position df. baregensis
amongst closely related organisms. The dBISA genesequences were obtained frémasassi
Cave metagenoméblamiltonet al, in prep and the NCBUdatabasgncludingthreeThiothrix
sp. selected as outgroup9lEGA 6 was used to align tlsequences usirglustal W and to
construct aNeighborJoiningtreewith 500 bootstrap replications.
2.3.5 Metagenomics

Metagenomic analysis wasarried ouin a parallel studypy Hamiltonet al. (in prep.
Environmentaimetagenomsampleglesignated ASG7, FS0610, FS083, GS095, GS10610,
PC083, PC0864, andPC0866 were sent to the Joint Genome Institute (JGI) for deep
sequencing via Illlumina Hseq scaffold assemblyand scaffold annotatioAnnotation was
completedusing Kyoto Encyclopedia of Genes and Genomes (KH&&nehiseet al, 2004)
Clusters of Orthologous Group of proteins (COQGatusovet al, 2000) ProteinFamily (Pfam)
(Sonnhammeet al, 1997) andTIGRFAM (Haft et al,, 2003. Scaffoldswere taxonomically
differentiated using tetranucleotide frequencpitomicrobes bypopulation orspecies (Diclet

al., 2009).EMIRGE, an iterative method for assembling small subunit rib@d&NA genes
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from short sequencing readgas usedo reconstruct near fulength 16S rRNA sequences for
taxonomiccategorization (Milleet al, 2011).

TheT. baregensibin in sample FS04.0was assessed for completeness by checking for
the presence of conserved tRNA synthetases gAnestated genesere examinedn order to
understand how. baregensisycles C, S, and N compounalsdprovide information for
medium constructianThese included functional genes involved in chemical cyclingyands

coding for antibiotic resistance

2.4 Results
2.4.1 Tbhar581 probe description

Probe Tbar581 hits 72 16S rRNA sequences in the database, all belonging to uncultured
Gammaproteobacteridhese include¢he T. baregensisequences obtained from the Frasassi
Caves. Interestingly enough, Thar581 has 1 bp mismatch to the ofig8&rI. baregensis
isolate(Hédoinet al., 1996.
2.4.2Distribution of Thiobacillusbaregensigopulations in Frasassi biofilms

SinceT. baregensiss abundantn Frasassi Cave stream biofilms ayahcontribute to
cave formation through sulfuric acid productibimvestigated its ecological nich8pecifically,
| askedwhether or noits distributioncanbe predicted based aulfide and oxygen
concentrations amatios as demonstrated mther abundant sulfeoxidizing populations in
similar biofilms (Macaladt al, 2008) Cellular arearatiosof T. baregensiso all bacteriaare
listedin Table 2.3along with silfide concentrations, oxygen concentrations, sulfide to oxygen
concentratiomatios and oxygen to sulfideoncentratiomatios Sulfide concentrationseplicates
are within 3% of each other, and oxygen concentratigpigcates arevithin 20% of each other.

The area ratios of. baregensiso all bacteria do not correlate withh$lconcentrations (Figure
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2.2), G concentration (Figure 2.3),,8 to GQ concentratiomatios (Figure 2.4), or £10 H,S
concentratiomatios (Figure 2.5)asindicatedby the low rsquared values which ranged between
0.03 and 0.27Furthermore, no distinct patterns wésendwhen area ratios were plotted against
total dissolved sulfide versus oxygen concentrations, as shown in Figuiéid.6urther shows
the lack of relationship betwed@n baregensigbundances arglilfide to oxygen concentrations.
2.4.3Metagenomic analysis

Metagenomic analysis wasarried ouin parallel to this studgnd enabled u® browse
for T. baregensiassociatedunctional genes involved in yeahemical cycling and antibiotic
resistance. Although metagenomics does not typicallgalall genesassociated with a
population or speciesneT. baregensisnetagenome bin wanostlycomplete, as evidencéxy
the presence @0% of theamino acid tRNA synthetase ger{@able 2.4) C, S,0,and N
functional genesresummarizedn Table2.5. Antibiotics which may hinder contaminant growth
without killing T. baregensigare listed inTable 2.6
2.4.4Samplegeochemistry andneichment culturing

Stefan Spring water surrounditige biofilm used as inoculum for enrichment culturing
had a pH of 7.55, temperaturelef°C, conductivity of 2.9 mS/cm, and oxidation reduction
potential of-300 mV.Based on FISHesults,T. baregensisnade ub9+23% of the biomass in
thesample An image of the inoculurstainedwith DAPI and hybridizedvith EUB338,
EUB338Il, EUB338-1ll, and Thar581 probes is shownRigure 2.7 T. baregensishowed
growth inmedia containingulfide, elemental sulfur, and thiosulfate as electron donors and
nitrate as the electron acceptiledia containinghe same electron donaaad 1%o0xygenas an
electron acceptaesulted inrapid contaminant growth within three daysis thereforadifficult

to ascertairwhether or nof. baregensiss capable of using oxygen as an electron accepier.
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most highly enriched cultur@ntainedhiosulfate, nitrate, anthe antibioticerythromycin.This
culturecontained 8010% T. baregensigfterabait 168 hours of growth. eintaining highly
enrichedT. baregensisulturesrequiredhigh erythromycin concentratior(9.01 g/L)

An increase in contaminants apdor T. baregensigrowth were associated with many
failed liquid culturing attempten modified SOB medium, especialin the absence of
erythromycin Using hydrogen as an electron donor resulted in rapid growth of a contaminant
Epsilonproteobacterium described in ChaptdfiBthermore, whild. baregensiss likely to be
afacultativeanaerobgan increase in contaminant populatiansirelativelack of T. baregensis
growthwere observed whewmxygenwas used as the terminal electron acceptor regardless of
whethersulfide, elemental sulfur, or thiosulfagened as electron donorsicreasing the
concentration of nitrate did neignificantlyalter T. baregensisr contaminant growth Although
yeast extact and nutrient brotare known tancrease the growth rate sbmeslow growing
bacteria, additions adither substancgeldeda high abundance of contaminaaisd poofT.
baregensigrowth Whenthiosulfatemediumwas supplemented with serine, asparagine,
arginine, and thiamine, dividing. baregensisells were observed after three days, but
contaminants later dominated the cultire/o additional antibiotics, bleomycin and bacitracin,
were tested to try to obtain an axemidaregensisulture.Adding bleomycin led to the
presence of dividind@. bargensiells along witrsomecontaminant cells, not unlike the result
obtained by adding erythromycihhesamee s ul t occur r ed @&dcitraein. addi ng
When a higher dose of bacitracin veaided to the mediufn 2 7 . 0 3no grgwh w3s
observed after two weeks. The use of a second base igadaim (Kodama and Watanabe,
2004) led to heavy contamimagrowth in seven days regardless of wheth, I, or SO5*

wasused ashe electron donavhen NQ' served as the electron acaapt
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Agar datingwas attempted usingodified SOB mediunwithout erythromycinPlates
containing the described mediwith S;0:* and $ incubated undeair led to the formation of
contaminant colonies. These contaminamsich grew orboth SOs* and S plates included
Halothiobacillus neapolitanustrain CIP 104769 (accession number JN17533& )ell as a
previoudy unculturedGammaproteoacteriumwith 99% sequence similarity to a bacterium
previouslydescribed from a sulfidicave(Porteret al, 2009) The 16Ssequence of the
previously uncultured Gammaproteobacteriwas deposited into the NCBI datab@aecession
number KM979607)The 16S rRNAgenesequence and corresponding phylogenetic tree are
shown in Fgure 2.8 When the samplates were incubated undes/@0,/H, (80:10:10, by
volume) with HS and NQ, the contaminameromonas hydrophildAK4 (accession number
CP006579.1) was isolatedo colonies were retrieved whetateswith 2 g/L bicarbonate,
S,04%, and NQ were incubated underiH. (50:50, by volume)Lastly, bacteria were
incapable of growth when plated in 500 mlassbottles under NCO,/H, (40:20:40, by
volume) with BS, $,057, and NQ". The bottles could not tetoredupsidedownbecause the
solidified mediumdid not hold on to the glass bottle. When the bottles were incubated in an
upright position, condensation eventually fell onto tindage of the agadisrupting the colonies
and preventing further enrichment attempts.
2.4.5T. baregensiphylogenetic tree

The 16SRNA genetree used to examine the phylogenetic position. dfaregensis
amongst closely related organisms is showfRigure 2.9 The bacteria within the tree i four
distinct clusterswhich separate thHE6SrRNA genes at the genus lev&hese clusters include
Thiobacillussp., Thiofabasp., Thiovirgasp., and thre&hiothrix sp. usedor theoutgroup

Separation of the reconstructed I&HNA genes from the Frasassi Cave metagenomes show
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how manyof thesequences lie within the three genétecordingto Figure 2.9 eight
reconstructed sequences lie witfliniobacillussp., one sequence lies withihiofabasp., and
10 sequences lie withifhiovirgasp.
2.5 Discussion
2.5.1Thiobacillusbaregensidiomasscorrelations with sulfide and oxygeoncentrations

FISH waspreviouslyused tostudy niche separatidretweemabundansulfur-oxidizing
bacterial groups in the Frasassi CafMacaladyet al, 2008) That work showed that the
relative abundanced two major biofilm populationdjlamentous Epsilonproteobacteria and
Thiothrixspp., are predictableased omlissolvedsulfide and oxygen ratios. In contragsults
from this studyshowthatT. baregensisbundances are not correlated with dissolved sulfide and
oxygen concentrations or ratidsgical explanatns for these resultgethatT. baregensiss
incapable of using sulfide as an electron donor and oxygen as an electron acceptor, or that
baregensisusesother redox pairs in addition sulfide and oxygerCulturedependent
methodology was subsequently usedxplore the metabolic capabilities Df baregensis
2.5.2 Enrichment culturing and implications on biogeochemical cycling and miceabialgy

Both alture-dependenandcultureindependent resulghow thafl. baregensiss an
autotroph.The successful enrichment medium contained no organic caliule contaminant
populationscould have served as a carlsmurce, the high abundancelofbaregensisind lack
of additional sources of organic carbon strongly sugapbstrwise Aside from organic carbon,
the total dissolved inorganic carbon (DIC) level in the enrichment medium was about twice the
amount meased in Frasassi Cave streams. The cultures had a DIC concentration of 13.42 mM,
while the Frasassi Cave streams have a DIC concentration of 6.34 + 1.(8imeMthese two

values are comparable, it is unlikely tHatbaregensi®iad to invest extra energy obtain
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carbon or adapt to high carbon levelsulture Culturedependent suggestions of autotrophy
agrees with metagenomic analysuhich shows the presence of RuBis@a enzyme

responsible for catalyzintpe first step of carbofixation, and carbonic anhydrase, an enzyme
used in the interconversion of carbon dioxide and bicarbonattee T. baregensidin (Hamilton

et al, in prep. T. baregensiss an autotroph that contributes organic carbon to the aphotic cave
food web.

The mediunthatled to high enrichments @f. baregensisontainededuced sulfur
sources aslectron dona. Thisis consistentwith functional genegvolved in sulfuroxidation
found in theT. baregensibin. The presence of SoxAX§ox B,SoxCD,andSoxYZ allow for
full oxidation from tiosulfate tosulfate(Friedrichet al, 2001;Hamiltonet al, in prep.
Although isolation attemptsere less successfwhen sulfideor elemental sulfur were provided
as electron donors, thapid contaminant growth observeddoes not necessariigdicatethat T.
baregensiss incapable of oxidizing sulfider elemental sulfurlt is highly likely thatT.
baregensiss capable of growing on treforanentioned electronathors, but that the
contaminant populatiortsave a competitive advantaigemetabolizinghosechemical species
under the growth conditiorigrovided In fact,genedn theT. baregensidin includedthe
complete set of SOX genes (SoxAX, SoxB, SBxSoxrZ) as well asSQR SOR andfccC
genegHamiltonet al, in prep. If expressedthe complete set of SOX genesuld permitT.
baregensifgo completelyoxidizereducedand intermediatsulfur compoundsuch asulfide,
elemental sulfur, sulfiteandthiosulfateto sulfate(Sauveéet al, 2007). Aside from the SOX
genesgexpression ofhe SQR(Shahalet al, 1992)and fccC(Chenet al, 1994; Morriset al,
1994)geneswvould also allowT. baregasisto oxidizesulfide, andexpressiorof the SOR gene

would allowit to executeareversible reactiobetweersulfide and elemental sulf¢Kletzin,
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1992. Overall, metagenomic analysis strongly suggestsTthbaregensiss capableof

oxidizing a variety of reduced sulfur species, including sulfide, elemental sulfur, and thiosulfate,
completely to sulfateSinceT. baregensias the molecular machinery to completely oxidize
reduced sulfuspeciesit is highly likely that it contributes to the enlargement of the Frasassi
Caves via sulfuric acid production.

T. baregensignrichment culturingvas most successfulhen nitrate was provided as the
electran acceptorThis agrees with metagenomic data, which revediesimilatorynitrate
reduction genes in the baregensibin (Hamiltonet al, in prep).Although nitrate reduain
genesarepresentthe denitrification pathway isotcomplete. A incomplete reduction pathway
may bean artifactof theincomplete genome, or may show tfiabaregensisan produce
ammoniaHowever, since the genorbé is not missing many genes, as shown by the presence
of amino acidRNA synthetasgenedn Table 2.4 it is likely thatT. baregensiproduces
ammonia

The quick increase in contaminant cells under microaerobic conditions does not show
thatT. baregensiss incapable ofurviving in low oxygen environment&enes found in thé.
baregensidin responsible fooxygen reductiomcludea cbb3type cytochrome ¢ oxidase aad
bd-type cytochrome ¢ (Sakamott al, 1996; Pitcheet al, 2002,Hamiltonet al, in prep. In
addition to the aforementioned genes, the presence of the sulfur oxidizing gene SOR further
suggests thal. baregensiss capable of survivingh the presence afxygenbecause the
molecular machinery associatetth the gene is only activatehen oxygen ipreseniKletzin,
1992; Hamiltoret al, in prep)

Even thoughT. baregensiss capable of using oxygen as an electron acceptor, it is

interestinghatit appears to have a selective advantage when provideditvéte in cultureln
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cavestream@® x ygen concentrat i omtrste @mcentraignsateo 25 ¢ M,

perennialyb el ow det ect i on e (Maaaladyet &, 2008). Bincd Maregensis a t
is capable of using nitrate am electron acceptoand nitrate levels are extremely low in the
Frasassi Cavesjtratemay bea limiting resource for energy generation by the autotrophic
bacterial ecosystem

The ability of T. baregensiso usemultiple sulfur sources as electron donors and both
oxygen ad nitrate as electron acceptongy provide an explanation farhy T. baregensis
biomass in nature doest correlate withldissolvedsulfide or oxygen concentrations, or sulfide
to oxygen ratiosThe lack of correlatiomvith sulfideto oxygen ratiogogether with culture
resultssuggesthatT. baregensisioes nopreferentiallyuse sulfide and oxygen to gain enengy
situ, andthatwhen nitrate is unavailabl&, baregensiss outcompeted by organisms which
appear to use oxygeBven thougiT. baregensisloes nosolelyuse thesulfide and oxygen
redox pair that would allovior the greatest energy yie{dupplemental calculationghe high
abundance of. baregensig cave watersvith awide variety of sulfide and oxygen
concentrationgFigure2.3) suggestshatits ability to use multiple energy sources is an
ecological adantage.
2.5.3Poential reasons for contaminant growth

Despite quick initial growthtiwas difficult to obtain a highly enriched cultweT.
baregensisThis shows thathe base medium was not ideal for culturindaregensisOne
method to create a msnediunthat includes all chemical species required for growbyifirst
using metagenomics to look for missing pathways. This can potentially the@ahino acids,
vitamins, and mineralhatT. baregensiss incapable of synthesizing on its ovBuch

metagenomic analysis can be important in developisgccessful enrichmemtedium f T.
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baregensidas asyntrophicrelationship with anther microbe irthe environment. In this case,
gradually enriching foll. baregensisvould simultaneously decrease the abilityfobaregensis
to grow.Although | usé results from metagenomics to infomy culturing, | was still unable to
obtain an axenic culture af baregensisAnother issue that arosetime enrichment process was
the quick growth of antaminant population®lthough contaminants stopped growingh a

high concentration of erythromycin, this aldowed the growth of. baregensis

2.5.4 16S phylgenyof T. baregensiand closely related bacteria

The phylogenetitree inFigure 2.9showsthatT. baregensiss closely related to
ThiofabaandThiovirgasp The ThiofabaandThiovirgaclades eachave one cultivated
representativel hiofabatepidiphilaandThiovirga sulfuroxydansAll three species arebligate
autotrophs (lteet al, 2005; Mori and Suzuki, 2008furthermore, all are sulfur oxidizers
capable of oxidizing sulfide, elemental sulfur, and thiosulfateefltd., 2005; Mori and Suzuki,
2008). WhileThiofaba tepidiphilavasshownto oxidize tetrathionate, tetrathionate oxidation
capabilities were not tested @hiovirga sulfuroxydan@Mori and Suzuki, 2008All three
bacterial species are also capable of usirnygen as a terminal electron acceptor.

Interestingly, a major difference among the three bacterial species is the ability to use
nitrate as a terminal electron accepWhile Thiofaba tepidiphileand Thiovirga sulfuroxydans
are both incapable of anaerobic growth with nitratepbacillus baregensis capable of using
nitrate as an electron acceptor. This is an important feature that distinguislaesgensisrom
its close relatives.
2.5.5Conclusionsimplications,andfuture work

SinceT. baregensiss bothwidespread and abundant in Frasassi Cave stream biofms

metabolism is likely to have a significagffect onbiogeachemical cyclingn that environment
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As an autotrophT. baregensiprovides organic carbon to thghoticecosystem and thereby
allows heterotrophsncluding macrointertebrate survive.lts lithotrophc metabolisnis
versatileandlinks T. baregensiso both sulfur and nitrogecycling. SinceTl. baregensisan
oxidize multiple reduced sulfurompoundsnd is capable dheircomplete oxidation, it
producessulfuric acidas a waste product.

Properties off . baregensisnetabolismhave implicatios for both science and society.
Understanding . baregensisnetabolism ismportant forgeoscienc@ot only becausg.
baregensiswhich has been found in multiple sulfidjpoundvaterenvironmentsssociated with
actively corroding cave@\ngertet al, 1998 Macaladyet al, 2006; Macaladgt al, 2008;Chen
et al, 2009;Jone<et al, 2010, produces sulfuric acid and is likely be involved in cave
formationthrough SAS, but also becauteability to reduce nitrate hints at bacterial
contributiors to nitrogen cyclingvithin the Frasassi Caves. Tlésnoteasily decipheredith
undetectable nitrate levah sulfidic Frasassi Cave stream waferbaregensisitrate reduction
in streams with detectable oxygen levels also leads to an implication for microbiology. The
prevailing wisdom is that organisms cajgabf using multiple redox pairs for energgoduction
will choose the pair thatieldsthe most energyThe high abundance @t baregensig sulfidic
Frasassi Cave streams along withgitsater growth onitrate can serve as evidence otherwise.
Lastly, T. baregensisulfur metabolism has implications society.High sulfide levels can be
an issue fomdustry, such as the tanningdustry (Vanniniet al, 2008).Discoveringand
culturing more SOB aabe useful for bioremediation in @dto conert sulfide to its more
oxidized forms.

Future work should first focus on obtaining an axenic cultufe biregensisThis may

be completed bgontinuingserialdilutions. After an axenic culture is obtained, studies should

26



focus onobtaining a whole genome sequence estdblishing whether or n®t baregensis
forms biofilms on calcium carbonatsurfacespotentially localizing production of sulfuric acid
and increasinghe rate of cave enlargement,sagjgested fosulfur oxidizingmicrobes inother
sulfidic caves Engelet al, 2009. This maybe completed byneasuring the amount of sulfuric
acid produced by. baregensisinder various growth conditions, or by measuring limestone
dissolution rates in cultures under various growth conditioastly, its ability to use nitrate as
an electron acceptor and quick contaminant growth under microaerobic conslitjyestshat
nitrate is preserdnd rapidly cycledn Frasassi Cave waters regardless of the fact that it is
perenniallybelow detection limitFuture detection afiapA a gene responsible for nitrate
reductionwith greater efficiencyn the presence of oxygerguldsupport this hypothesis
(Gaviraet al, 2009. Obtaininga pure culture of . baregensisor complete genome sequencing
will be useful in further identifying howhis microorganisncontributes to biogeochemical

cycling within the Frasassi Caves.
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2.6 Tables and Figures

Table 2.1 Oligonucleotide probes used for FISH.

Probe Target group Sequence (3' = 3') Formamide (%)| Target site Reference
EUB338° Maost bacteria GCTGCCTCCCGTAGGAGT 0-30 165 (338-355) Amann, 1935
EUB338-11° Planctomycetales GCAGCCACCCGTAGGTGT 0-30 165 (338-355) | Daims ef al., 1999
EUB338-NP° Verrucomicrobiales GCTGCCACCCGTAGGTGET 0-50 165 (338-355) | Daimsetal., 1939
Thars581 |Thiobacillus baregensis /Thiofaba clade| CCGACTGATCAAACCGCCTAC 45-50 165 (581-601) this study

&Combined in equimolar amounts to make EUBMIX.

Figure 2.1 Image of biofilms from Stefan Spring collected for inoculaflndparegensis

enrichment. Red disk for scale (22.6 cm in diameter). Photo credit: J. Macalady.
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Table 2.2 Summary of media that led to overgrowth of contaminant populations. All media
were adjusted between pH 6.9 and 7.2. Solidified media were incubated in plates unless stated

otherwise.

Base Media (Citation) Experimental Factor Gases Electron Donor Electron Acceptor
Maodified SOB Media (Liquid) Electron Donor MN,/CO5/H; H, NO3 (0.74 mM)
(Kuenen et al., 1991) (40:20:40, by volume) (40% headspace, by volume)

Electron Acceptor N,/CO, H,5 (15 mM) 0,
(80:20, by volume) s° (0.44 g/L) (1% headspace)
$,05% (6.5 mM) NOz (5 mM)

Amino Acids
Serine (0.5 g/1)
Asparagine (0.5 g/L}
Arginine (0.5 g/L)

N,/CO,
(80:20, by volume)

5,05 (6.5 mM)

NO; (0.74 mM)

Vitamin N,/CO, $,057 (6.5 mM) NO; (0.74 mM)
Thiamine (0.2 g/L} (80:20, by volume)
Antibiotics N,/CO, 5,05 (6.5 mM) NO; (0.74 mM)

Bleomycin (1 pg/mL)
Bacitracin (0.54 pg/L)
Bacitracin (27.03 pg/fL)

(80:20, by volume)

Yeast Extract (0.1% wyv)

N,/CO;
(80:20, by volume)

H,S (15 mM)
sP(0.44 g/1)
$,05% (6.5 mM)

NO; (0.74 mM)

Nutrient Broth (0.016 g/L)

No/CO,
(80:20, by volume)

H,S (15 mM)
s° (0.44 g/1)
$,05% (6.5 mM)

NO5 (0.74 mM)

Maodified SOB Media (Solid)
(Kuenen et al., 1991)

Electron Donor

N5/CO,/H;
(80:10:10, by volume)

H;

(10% headspace, by volume)

NO; (0.74 mM)

H,S (15 mM)

Electron Acceptor Air s° (.44 g/1) 0, (20.95%)
5,05 (6.5 mM)

Bicarbonate (2 g/L) N,/H, H, NO; (0.74 mM)

(50:50, by volume)

(10% headspace, by volume)

$,05% (6.5 mM)

Plating in a 500 mL Bottle

N,/CO,/H;
(40:20:40, by volume)

H;

(10% headspace, by volume)

H,S (15 mM)
$,05% (6.5 mM)

NO; (0.74 mM)

Low lon-Strength Medium (Liquid)
(Kodama and Watanabe, 2004)

Different Base Medium

N»/CO,
(80:20, by volume)

H,S (15 mM)
s° (0.44 g/1)
$,05% (6.5 mM)

NO5 (0.74 mM)
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Table 2.3 Microbial samples used for FISH analysis with theiresponding HS
concentrations, ©&concentrations, 6 to G ratios O, to H,S ratios, and araatiosof T.
baregensizells based on FISH

Sample |[H;S] (pM)| [O,] (pM]) | [H.51/10,] | [0,1/[H,5] | Area ratio of T. baregensis
G510-4 17.53 29.69 0.59 1.69 0.01
G510-5 17.53 29.69 0.59 1.69 0.09
C510-2 34.93 57.81 0.60 1.66 0.07
C510-3 34.93 57.81 0.60 1.66 0.47
C513-1 30.20 39.00 0.77 1.29 0.13
G506-3 23.70 25.34 0.94 1.07 0.03
G506-4 23.70 25.34 0.94 1.07 0.06
VC10-7 37.75 35.16 1.07 0.93 0.01
VC10-2 39.53 35.16 1.12 0.89 0.13
VC10-4 39.53 35.16 1.12 0.89 0.13
VC10-5 39.53 35.16 1.12 0.89 0.07

5513-102 204.50 85.75 2.38 0.42 0.60

C513-13 117.89 28.13 4,19 0.24 0.11

5513-103 321.40 46.30 6.94 0.14 0.78

F513-13 246.08 20.83 11.81 0.08 0.00

C513-17 111.03 5.78 19.20 0.05 0.15

PCOB-66 402.33 15.50 25.96 0.04 0.05

R508-71 114.19 4.34 26.29 0.04 0.00

PCO7-21 438.82 16.63 26.39 0.04 0.72

RS08-70 137.27 4.34 31.60 0.03 0.01
ASOE-2 420.95 7.69 54.76 0.02 0.00
G507-4 205.02 2.16 95.08 0.01 0.33

PC13-11 363.73 2.48 146.40 0.01 0.14

PC13-12 363.73 2.48 146.40 0.01 0.11

PC13-13 363.73 2.48 146.67 0.01 0.03

PCOG-110 289.90 1.94 149.63 0.01 0.36
G507-5 213.66 1.16 184.78 0.01 0.00
G507-6 213.66 1.16 184.78 0.01 0.08

AS08-3 812.58 4.06 200.02 0.00 0.08

F506-10 435.83 1.53 284.86 0.00 0.81

F506-12 435.83 1.53 284.86 0.00 0.81
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Figure 2.6 Plot of T. baregensis bundances with sulfide and oxyg
Yellow dots indicatél'. baregensigo all bacteria ratios between 0 and 0.25, orange dots indicate

T. baregensiso all bacteria ratios between 0.25 and 0.5, red dots indic&taregensiso all

bacteria ratios between 0.5 and 0.75, and purple dots indichsgegensiso all bacteia ratios

between 0.75 and Colored error bars from Macalady al. show the mean and one standard

deviation of major bacteria groups within Frasassi Cave biofilms (2008).
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Table 2.4 Table summarizing amino acid tRNA synthetase COGs (clusters of orthologous
groups of proteins) found i@ nearly complet&. baregensisnetagenomibin (Hamiltonet al,

in prep.

tRNA synthetase COGID | T. baregensis bin
Ala-tRMNA synthetase COG0013 0
Arg-tRMA synthetase COG0o018 5
AspfAsn-tRMA synthetase COGoo1y 1
Asp-tRMA synthetase COG0173 1
Cys-tRNA synthetase COG0215 1
Glu- and Gln-tRMNA synthetases | COGO008 3

Gly-tRNA synthetase

o-Subunit COG0752 1
B-Subunit COGO751 1
Class 1l COG0423 1
His-tRNA synthetase COG0124 1
lle-tRMA synthetase COG0060 0
Leu-tRMA synthetase COG0485 4

Lys-ERNA synthetase

Class | COG1384 0
Class |l COG1190 0
Met-tRMA synthetase COG0143 1

Phe-tRNA synthetase

o-Subunit COGO016 1

B-Subunit COGO072 1
Pro-tRMA synthetase COG442 2
Ser-tRMA synthetase COG0172 1
Thr-tRMNA synthetase COG0441 1
Trp-tRMA synthetase COGO1E0 0
Tyr-tRMA synthetase COG0162 1
Val-tRMA synthetase COG0525 1
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Table 2.5 Summary of C, SO, and N cycling genes found in the T. baregensis bin through
metagenomics (Hamiltoet al, in prep).

T. baregensis

CQ, fixation
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) Yes
Carbonic anhydrase Yes
S-oxidation
Sulfide:quinone reductase (5QR) Yes
S0OX system Yes (soxAX, CD, YZ, B)
soxCD Yes
Thiosulfate:quinol reductase (TQO) Mo evidence
Tetrathionate hydrolase (TTH) Mo evidence
Sulfur oxygenase reductase (SOR) Yes
Flavocytochrome C [focC) Yes
Dissimilatory sulfite reductase {dsrAB) Mo evidence

O-metabolism
chb3-type cytochrome c oxidase Yes
bd-type cytochrome ¢ Yes

N-metabolism

M.-fixation (nifH, D, K} Mo evidence

Ammonia assimilation Yes
Ammonia permease Mo evidence
Glutamine synthetase Yes

Mitrate reduction Yes (partial pathway)

Table 2.6 Summary of metagenomics results for antibiotic resistance in.tbaregensibin
with corresponding CO@fam, and KO database identificait codes (Hamiltort al, in prep).
Clusters of Orthologous Groups of proteins (COGs) groups proteins based on phylogeny
(Tatusovet al, 2000), Pfam groups protein domain families (Sonnhanetal, 1997) and

KEGG Orthology KO) annotates genes based on experimental evidence of protein interactions
(Kanehiseet al, 2004)

Antibiotic Description CoG Pfam KO
Bleomycin Bleomycin resistance protein COG0246 | pfam00503| KO1759
Erythromycin Erythromycin resistance leader peptide - pfam0B057 -
Methylenomycin A| Methylenomycin A resistance protein - pfam07690] KO08166
Eacitracin Bacitracin resistance protein Bach COG1968 |pfam02673| KO06153
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Figure 2.7 FISH images of thenoculum used in culturindg@lue DAPI stain shows all DNA,
green EUBMIX probes shows all bacteria, and red Thar581 probe JhdnasegensisScale bar
is 10 e&m.
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CACCGUGGCAAUGC UGAUCCACGAUUACUAGCGAUUCCGACUUCAUGCAG
UCGAGUUGCAGACUGCAAUCCGGACUAAGAUCGGC UUUAUGGGAUUGGCU
CCACCUCGCGGUUUGGCUACCCUCUGUACCGACCAUUGUAGCACGUGUGU
AGCCCUGGCCAUAAGGGCCAUGAUGACUUGACGUCAUCCCCACCUUCCUC
CGGUUUGUCACCGGCAGUCUCUUUAGAGUUCCCACCAUAACGUGCUGGCA
ACUAAAGAUAAGGGUUGCGCUCGUUGCGGGACUUAACCCAACAUCUCACG
ACACGAGCUGACGACAGCCAUGCAGCACCUGUCUCAGAGUUCCCGAAGGC
ACCAAGUCAUCUCUGACGAGUUCUCUGGAUGUCAAGGCCAGGUAAGGUUU
UUCGCGUUGCAUCGAAUUAAACCACAUGC UCCACCGCUUGUGCGGGCCCC
CGUCAAUUCCUUUGAGUUUCAACCUUGCGGCCGUACUCCCCAGGCGGUCU
ACUUAACGCGUUAGC UCCGUCACCGAAAGNNUUAGCCCUCCCGACGACAA
GUAGACAUCGUUUAGGGC GUGGACUACCAGGGUAUCUAAUCCUGUUUGCU
CCCCACGCUUUCGUACCUCAGCGUCAAUGUUGGCCCAGGUGGCUGCCUUC
GCCAUUGGUGUUCUUUCUGAUAUCUACGCAUUUCACCGCUACACCAGAAA
UUCCGCCACCCUCUACCACAUUCUAGAUGUUCAGUAUCCAAUGCAAUUCC
CAGGUUGAGCCCGGGGAUUUCACAUCAGACUUAAACGUCCGCCUACGCAC
GCUUUACGCCCAGUAAUUCCGAUUAACGC UUGCACCCUCCGUAUUACCGC
GGCUGCUGGCACGGAGUUAGCCGGUGCUUUUUCUUUGAGUAACGUCAAAC
AGUCAGACUAUUAACCUAACUGCGUUCUUCCUCAACAAAAGUGCUUUACA
ACCCGCAGGCCUUCUUCACACACGCGGCAUUGCUGGAUCAGGCUUUCGCC
CAUUGUCCAAUAUUCCCCACUGCUGCCUCCCGUAGGAGUCUGGGCCGUGU
CUCAGUCCCAGUGUGGCCGUACACCCUCUCAGGCCGGCUACUGAUCGCAG
CCUUGGUGAGCCAUUACCUCACCAACUAGCUAAUCAGACAUGGGCUCAUC
CUUUGGCACGUGGUCCGAAGAUCCCACGCUUUGCUCCGAAGAGGUUAUGC
GGUAUUAGCGUUAGUUUCCCAACGUUAU

Frasassi cave stream clone (EU101071)
Bioreactor clone (AM950233)
Candidatus Thiobacillus baregensis (Y09280)
Thiofaba tepidiphila BDA453 (NR 041602)
Thiovirga sulfuroxydans SO07 (NR_040986)
Frasassi Isolate (KM979607)
Sulfidic spring clone (JX521749)
Acid mine drainage clone (KC620653)
100| - Halothiobacillus sp. HT1(GU013549)
Halothiobacillus neapolitanus c2 (CP001801)
Thiobacillus sp. JPM-2009-2 (FM992406)
Ectothiorhodospira sp. AM4 (EU252492)
] 100 Thiorhodospira sibirica B8-1 (HQ877088)
Thioalkalivibrio sulfidophilus HL-EbGr7 (CP001339)
Thioalkalivibrio thiocyanoxidans ARh 4 (CP007029)
Pseudomonas stutzeri N2 (KF863235)
Gamma proteobacterium JAM-GA1201 (AB362308)
Nautilia profundicola AmH (NR_074388)
_10—0{— Sulfurospirillum deleyianum DSM 6946 (NR_074378)

Gammaproteobacteria

Epsilonproteobacteria

0.05
Figure 2.8 16SrRNA sequencénformation of a previousluncultured Gammaproteobacterium
isolated from 805> and $ plates withO.. (A) The 16S rRNA sequence of tiselated
bacterium. (B) AL6S rRNAtree showing the phylogenetic position of the isolated bacterium (in
bold) among closely related organismith sequences obtained from the NCBI database
Accession numbs are given in parentheses
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Figure 2.9 Maximum likelihood phylogeny of 16E8RNA sequencefrom Frasassi
metagenomeshown in boldand the NCBI database. Accession numbers are given in
parenthesed 6S rRNA sequences that hybridize te Tbar581 probe are shown in italics.

38



