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The goal of this project was to characterize the taxonomic and functionaltglivers
and document biogeographic patterns of microbial communities in an ecosystem
influenced by active serpentinization. Serpentinization is a geochemicatpnobich
occurs when ultramafic rocks characteristic of the Earth’s mantle undgugous
alteration to produce altered mineral compositions (referred to as segsniti his
reaction results in highly-reduced, high pH fluids enriched in hydrogen, methane, and
small organic acids, and depleted in dissolved carbonate. Serpentinization is common in
environments such as slow-spreading mid-ocean ridges, where tectonty aotthe
seafloor results in exposure of ultramafic rocks, and in ophiolites (sites wbeanic
crust has been displaced onto continental margins). Environments associated with
pervasive serpentinization tend to be anaerobic and highly alkaline (pH 10-12) and
creates a range of unique niches for microbial colonization and diversificatibite the
process of serpentinization provides abundant fuels to support the growth of
chemotrophic microorganisms, the highly alkaline, highly reducing environmental

conditions challenge the limits of microbial physiology.

This work focuses upon the analysis of microbial communities that inhabit

diverse niches within the Tablelands Ophiolite Complex, a serpentinizing environme



located within Gros Morne National Park in western Newfoundland, Canada. A key
element of this research was to assess the overall diversity of pro&grgptilations in a
terrestrial serpentinite-hosted ecosystem and to evaluate how thistdivarss in

relation to habitat characteristics. These analyses provided insight imemteeof
microorganisms that are able to exist in these settings, and provide @ leagkte their
physiological and metabolic adaptations. A widely used method to assesstiwie
diversity of microbial communities is through the analyses of the 16S ribosomal RNA
(16S rRNA) gene. The 16S rRNA gene is an ideal target because it is fuhgtional
constant, of a sufficiently length to permit detailed phylogenetic arslgsé distributed
throughout all domains of life. In addition to an assessment of microbial taxonomic
diversity, this project was also concerned with discerning the spatiabdt&in of
microbial communities, and how these populations differ based on their proximity to the

alkaline seeps created by serpentinization.

Finally, all of these genetic assays were conducted against a backdrop of
contextual data including total microbial cell counts determined by epiflu@resc
microscopy, viable cell counts by dilution plating on high pH media, and geochemical
data. Taken together, this information provided a thorough report of how the abundance
and the composition of microbial communities vary in relation to point sources of

alkaline seepage.

Fluid and rock samples were collected in July 2009 and used to complete the
analyses described above. Microscopic analyses found relatively low total cel
concentrations (< Paells mi*) with no discernable differences between sites.

Phylogenetic analyses of bacterial 16S rRNA showed overall taxonomisitliweithin



the site ranging from Alpha Proteobacteria to Firmicutes. Howevetpssiee diversity

varied significantly, with minimal species overlap between communities.

This study represents one of the first detailed microbiological studies of a
terrestrial serpentinite ecosystem. Furthermore, by mapping theityiaerd abundance
of organisms in relation to the point sources of seep fluids, we have begun to generate an
idea of which organisms are serpentinite-influenced, and which are serpeadagited,

which will aid in the exploration of the serpentinite hosted biosphere.

Analysis of these samples indicated low diversity and low abundances cdmpare
to more moderate ecosystems, likely due to the challenges of living in highdy basi
environments such as maintaining membrane integrity and preventing cell lysi
generating a proton motive force across the cell membrane, and limitbéiaiof
exogenous terminal electron acceptors. In terms of diversity and spesiestpdestinct
patterns emerged concerning the spatial arrangement of microbial comsimitie
relation to active serpentinization sites. Communities directly exposetivte alkaline
seepage were subjected to high pHs and highly reducing conditions and were more
limited in diversity, compared to more moderate sites. Overall, microbiakdive
appeared to increase away from the point sources of alkaline seepage. Taissrttat
the taxonomic diversity and abundance of microbes is inversely affectbd bikaline,
reduced conditions associated with serpentinization. The data supports a trend that in
general, the more extreme the pH, the lower the microbial diversity. The ohsgecies
identified and diversity levels are similar to findings from other microbiokdgi
assessments of serpentinite ecosystems. Low diversity and spdgiesiafites and

Alpha-proteobacteria have also been reported at sites such as a non-saline alkaline spring



in Portugal and a slow-spreading mid-ocean ridge in the deep sea kntherl_Last City
Hydrothermal Field. The parallels between these sites suggest peitsgzation
supports growth and activity of a narrow range of species, and that the extreme

conditions associated with serpentinization will consistently limit obied diversity.
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Chapter 1: Background

Serpentinization is the hydration and alteration of ultramafic rock cleaisdat of
the Earth’s mantle (the region of the Earth from 10 km to 2890 km depth). The minerals
olivine and pyroxene undergo compositional alterations upon exposure to water,
converting them to serpentinite minerals such as lizardite, chrysotileprietidprucite,
and iron hydroxide (Schulte et al, 2006). The following reaction illustrates the puafces

serpentinization:

Reaction 1:

FeSiO, + 5SM@SIO, + 9H,0> 3MgSiQ, + Mg(OH), + 2Fe(OH)

Fayalite + Forsterite + WaterSerpentine + Brucite + Iron hydroxide

The iron hydroxide that is produced can undergo a subsequent reaction:

Reaction 2:

3Fe(OH) > Fe0; + 2H0 + Hs

Iron hydroxide> Magnetite + Water + Hydrogen

Reaction 2 generates molecular hydrogen, magnetite, and water, whichhender t
appropriate conditions has been shown to through experiment, observation, and theory to
facilitate the abiotic production of hydrocarbons such as methane and smalsalkane

(Schulte et al, 2006)



Minerals such as olivine and pyroxene are thermodynamically stableragithe
pressures and temperatures typically observed in subsurface regions such as the
lithosphere, which comprises the crust and the upper mantle. However, in certain
circumstances tectonic forces can act upon these rocks to thrust them to tleeveleizc
they interact with seawater. Once water infiltrates the pores and chasthaisthese
rocks, the volumes of the materials expands and generates enough buoyancy to further
fracture the ultramafic rocks and create fresh reactive surfacesn &\fthafic mineral,
such as olivine, meets the oxic water, it becomes thermodynamically unsthble. T
minerals will promptly react with the water and undergo serpentinizatieldjryg altered

mineral compositions.

In addition to the serpentine minerals produced, these systems release highly
reduced fluids containing high quantities of molecular hydrogen, as well as othe
molecules such as methane and small alkanes (Sherwood-Lollar et al, 2002). When the
reduced fluids meet oxic seawater in marine serpentinites, it cesateterface that can
be a source of free energy in the form of chemical disequilibria for variookdnical
processes (McCollom et al 2007). The hydrogen is critical in this aspect bacause
universal electron donor, and can supply protons to electron acceptors involved in
catabolic reactions (Fruh-Green et al, 2004). For example, microorganisicetalyze
the oxidation of hydrogen with carbon dioxide to yield methane and water in a process
known as methanogenesis (Nealson et al, 2005). Moreover, the disequilibrium generate
by serpentinization can also promote other form of chemotrophy, such as sulfate

oxidation, iron oxidation, and aerobic hydrogen oxidation.



Ultramafic exposures are common in slow-spreading areas of the mid-ocean
ridges, comprising up to 25% of the seafloor in slow-spreading ridge environments
(Fruh-Green et al, 2004). A prime example is the Lost City Hydrotherrelal ECHF),
located in the middle of the Atlantic Ocean (Kelley et al, 2001). Serpentonzatthe
LCHF releases warm (20 — 93°C), reduced, alkaline fluids at the seafloor throgggh la
carbonate “chimneys.” This slow-spreading ridge provides a unique halatataigl
independent of active magmatism. The elevated temperatures and chent€tiHFok
influenced by exothermic reactions resulting from the interactions of uficaroek with

the seawater, resulting in fluid temperatures up to 93°C (Kelley et al, 2001).

In addition to mid-ocean ridges, ophiolites also present a typical setting eoaduc
for serpentinization. An ophiolite is a terrestrial exposure of peridotite rockewhe
younger, denser oceanic crust is superimposed upon lighter, granitic (also lsnown a
felsic) continental rocks (Schulte et al, 2006). This emplaces ocean-decksdnto
the continents, where they can react with freshwater and undergo hydration and
oxidation. Ophiolites offer a more accessible location for scientists to study
serpentinization and collect samples due to the costs and other technicabelsalle

associated with accessing the deep seafloor.

Specifically, the Tablelands Ophiolite is series of rock formations thabig ab
500 million years old (Cardace, 2009). It consists of exposed ultramafic hatks t
originated from oceanic mantle and crust that were displaced onto the contiremnggal, m
located on present-day Newfoundland. These rocks are composed predominately of the
minerals olivine and pyroxene, which become unstable upon exposure to water. This

phenomenon results in active serpentinization at Tablelands. Previous field work has



shown that the reduced fluids of this ophiolite contain up to 500 ppm hydrogen and 6-8
ppm methane, with a pH’s greater than of 11 (Cardace, 2009). The abundance of
hydrogen is anticipated to fuel an array of microbial metabolisms that desgey as a

reducing agent, such as methanogenesis or hydrogen oxidation.

A critical attribute of serpentinization is the highly basic pH assatiaith these
environments. Most enzymes function optimally at or near a neutral pH. This pr@sent
major challenge for organisms trying to survive in alkaline conditions (Sorokin et
2005). At a high pH of about 12 there are far fewer dissociated hydrogen protons as
compared to a more acidic setting. The hydrogen pumps used for ATP synthesis and
other physiological functions are rendered unavailable. Microbes in these ereritesnm
must adapt and develop alternative membrane pumps for transport involving sodium ions
for instance (Skulachev, 1989), and/or use substrate level phosphorylation (SLP) to
generate ATP. Organisms that have adapted to grow and survive in basic systems are
known as alkaliphiles, and are expected to be prevalent at regions of serptoriiniza
Another challenge to life in serpentinization-influenced ecosystems issawcterminal
electron acceptors to couple to the abundant electron donors. The highly reducing
conditions which lead to hydrogen production and abiotic organic synthesis also
minimize access to these critical compounds. One solution to both of these problems
may be that serpentinite-adapted microorganisms rely upon the fenefabrganic
compounds, which can serve as both electron donors and acceptors, and utilize SLP.
Finally, dissolved inorganic carboad. the carbonate anion) is extremely low in these
high pH systems due to its near spontaneous precipitation as calcium carbomads (suc

the carbonate chimneys at LCHF) in the presence of calcium cationsddemhehe



ultramafic rocks. Therefore, serpentinite-hosted microorganisms mustimndimited,
or utilize other carbon sources such as methane, alkanes, and other organreaigds c

abiotically by serpentinization.

Relatively little empirical data exists about how serpentinization presedtect
microbial life. Specifically, few studies have focused on the terresaitihgs of
serpentinization (ophiolites) and it is largely unknown which microbial spe@esbée to
exist in these environments and how they obtain energy. Even less is known about
whether life can and does exist in the serpentinite subsurface. The workeketuoei
microbiological analysis of samples from the Tablelands Ophiolite in Newfawhdla
Canada which provides a map of microbial communities are distributed within a
serpentinite-hosted ecosystem, and how communities vary based on how close they are t

sources of alkaline fluids.

Although there is a dearth of microbiological analyses of serpentiogted
ecosystems, previous research can be used as a template to predity diversi
abundance levels, and also to give an idea of what species may exist dti¢henta
site. A study of bacterial and archaeal diversity at the Lost Cityddyermal Field
revealed the presence of Bacteria that use metabolisms such as sulfuomxsdgfiir
reduction, and methane oxidation. Genetic analyses indicated there werel spbeea
such as methanogens (species that use methanogenesis as their peitmadyarin
obtaining energy), as well as anaerobic methane oxidizers (Brazellp2@2&). From
a physiological standpoint, methanogens are well-suited for these high pH, reduced
systems because they are anaerobic and use the hydrogen released from the

serpentinization reactions to fuel their metabolisms. Moreover, many ofdteziah



species found at LCHF belonged to a broad phylum known dSrimecutes. This
phylum constitutes predominately gram-positive bacteria that have the bsurvive
in extreme conditions, such as the alkaline setting of serpentinization I{Bneeteal,

2006).

Sequences related to themicutes were also recovered from alkaline
groundwater in Cabeco de Vid&rtugal (Tiago et al, 2004). This site consists of water
with a high calcium-hydroxide concentration (pH ~11.4), resulting from active
serpentinization. Using sequence analysis of the 16S rRNA gene, it was detktinait
approximately 81% of the bacterial strains isolated from this site Wesely related to
one of three species of the Phyléatinobacteria: Dietzia natrolimnae, Clavibacter, and
Microbacterium kitamiense. Several strains were also identifiedAysha-proteobacteria
andFirmicutes species (Tiago et al , 2004). The majority of the isolates from this site
were found to be alkali tolerant, not necessarily alkaliphilic. Even though the pH of
groundwater was 11.4, only two of the strains were able to grow on media of pH 11.
Most isolated strains optimally grew on media with a pH between 7 and 9.ndlluates
that bacteria exposed to alkaline seepage at the Cabeco de Vide site haviythe aibi
least survive in highly basic water, even if they grow optimally at a moreahetir
Moreover, cell counts estimated abundances in the range of 6.0 - Z2eil§0ni*,

signifying a low standing stock of microbial biomass (Tiago et al ,2004).

The parallels between the LCHF site and the Cabeco de Vide alkaline
groundwater site suggest that similar species would be expected to be eb ke
Tablelands Ophiolite, in particular memberd=afmicutes and Alpha-proteobacteria, and

that microbial diversity should be highly limited at Tablelands, or any othengierpe



hosted ecosystem. Similar to the Cabeco de Vide site, the Tablelands site Swuld al
host low cell abundances. It is also expected that Tablelands will host maly alk
tolerant microorganisms that are able to adapt their metabolisms to thelbaghd
conditions, as well as alkaliphiles that grow optimally in hyperalkalinangst{pH 10-
12). In general, biomass is expected to be low at sites of active serpdotinazai

result of the highly reduced and highly basic fluids that limit resourcesduitly,

The unique conditions created by serpentinizati@n (edox interface, high pH,
abundance of hydrogen, etc.) provide geochemical energy for a variety ofrdiffere
metabolic reactions, as listed in Table 1. As previously mentioned, slow-spraddeg) r
such as LCHF has been shown to harbor populations of methanogens, sulfate-reducing
bacteria, and anaerobic methane oxidizers. Despite the low free eredgyfor the
reaction anaerobic methane oxidizers are presumed to rely on syntrophimséiats in
which they are coupled to another microorganism, such as sulfate-reducing bacteria
(Brazelton et al, 2006). Methane oxidation is essentially the reverse of methammgene
in which methane is consumed and converted to carbonate, using sulfate as the terminal
electron acceptor. Hydrogen transfer between the two cells creatgstexady
favorable (AG) conditions for the methane oxidizer, allowing it to carry out its energy-
yielding pathways (Nauhaus et al, 2002). While methane oxidation requires syrittophy
be energetically favorable, methanogenesis is a high energy-yieldhwgayathat does
not require coupling to another reaction. Methanogens are able to take advattiage of
abundance of hydrogen, reacting hydrogen (an electron donor) with carbon dioxide (a

terminal electron acceptor) to produce methane.



Minimal research has been performed on what types metabolisms exist at
terrestrial sites of serpentinization, like the Tablelands Ophiolite. Becalfsir
concentrations are expected to be very low in these freshwater seeps insamipar
marine systems, sulfate reduction/ is unlikely to be a significant pathwaygah#lite,
where sulfate is a predominant anion. However, redox reactions such as methasogenesi
and hydrogen oxidation would be highly favorable at an ophiolite due to the large
guantities of hydrogen. Hydrogen acts as a reducing agent by reducing carhda idiox
methanogenesis and reducing oxygen in hydrogen oxidation. The microbial communities
at an ophiolite would likely differ substantially from those found at deep maeitiegs
of serpentinization, like a slow-spreading ridge. Microorganisms in ophiolilesso
have much more direct access to sunlight, making photoautotrophic metabolisms
potentially possible, especially near the surface. Also, these strédabevater springs
have direct exposure to the atmosphere, and therefore have a more direct air-fluid
interface. The presence of dissolved oxygen and sunlight would likely make hdblela
a very different environment than LCHF or any other deep ocean alkalimg séhe
alkalinity of this site should greatly limit species diversity. Howevard should still be
a variety of chemolithotrophs (catabolize an inorganic carbon source), photoautotrophs
(use light to yield energy) and heterotrophs (consume preexisting orgarpowads).

Finally, the occurrence of serpentinized ophiolites on continental margins hordguge
world, widely separated in space and time provides a fascinating seriesysteessto

study microbial colonization and dispersal.



Figure 1. Serpentinitized ultramafic rock at Tablelands.

Vein pattern distributed throughout the rock’s surface indicated where serpeidimiz

has occurred, causing the olivine minerals to be altered, forming new serpeintnals.
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Figure 2: View of Gros Morne National Park, Newfoundland, Canada.

Tablelands Ophiolite can be seen in the background of this photo. The oxidized

ultramafic rocks give the complex a distinct rust color that contradtstheathighly
vegetated surrounding terrain. Ultramafic rock provides scarce opportunitgarior

growth due to poor soil development, high pH, and arid conditions.
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Figure 3: Electron micrograph of a section of olivine-containing peridotite.

Sample recovered from the Coast Range Ophiolite in California. Image indit¢eges w
olivine has undergone alteration and has been transformed into serpentine. The
appearance of the magnetite and hydroxide is indicative of serpentinizatiory asethe

two chemical species produced by the reaction. From Schulte et al, 2006.
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Table 1: Microbial metabolisms associated with sites of serpentinization.

Type of Metabolism Reaction
Methanogenesis COr 4H, 2> CH, + 2H,0
Hydrogen Oxidation 2b+ O, 2 2H,0
Sulfate Reduction 2CHD+ SO > 2HCO™ + H,S
Anaerobic Oxidation of Methane GH SQ” © HCO; + HS + H,0
Acetogenic Fermentation 681,06 (sugar)> 3CHCOO + 3H'

The listed reactions represent a snapshot of some of the metabolic pathwangs that a
utilized by microbes at sites of serpentinization. Sulfate reduction ancbbitae

oxidation of methane are typically found in deep ocean settings, such as LCHF.
Dissolved sulfate is found in abundance in marine environments, typically around 2,701
ppm (Anthoni, 2006). Chemical analysis of the nonsaline alkaline groundwater of
Cabeco de Vide showed a minimal sulfate concentration of app. 0.03 mM (Tiago et al,
2004) However, the plethora of hydrogen and methane at ophiolites should promote
pathways such as hydrogen oxidation and methanogenesis. Above reactioBsofiiom

Biology of Microorganisms, 12" ed.
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Figure 4: Molecular pathway of methanogenesis
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The above schematic depicts the steps involved in methanogenesis. The criive, enz
methyl-coenzyme M reductasadr or CoM), is shown to catalyze the reduction of the
methyl group (-CH) to methane (CkJ. This process generates a proton motive force

that yields energy in the form of ATP. Image courtesBrotk Biology of

Microorganisms, 12" ed.



Figure 5: Test strip indicating a pH ~11 for the WHC2 alkaline spring.
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Chapter 2: Objectives

1. Site Description/Microbial Species Diversity

The primary focus of this project is to assess the relationships between the
geochemistry and the microbiology of serpentinization-influenced eemsystVery
little is known about the diversity of microorganisms, their physiology, or tesociated
metabolisms within serpentinite-hosted environments. This study is ainrexlessing
the understanding of how serpentinization impacts the surrounding microbial egosyste
The major objective is to assess the microbial taxonomic diversity of #higssitg the
total genomic DNA extracted from seep fluids and rock samples from the Taldela
serpentinite in Newfoundland, Canada. A second goal is to determine differenees in th
biogeographic distribution of microbial communities at the Tablelands siteiape
how these distributions vary near and away from the point sources of serpentinization-
influenced fluids. Additionally, a survey of specific functional genes (MCRrdgen
oxidation, etc.) likely to be utilized in the serpentinite ecosystem was coddacte

determine what metabolisms may be operative in these habitats.

2. Cell Abundances

One of the first-order challenges at the Tablelands site was to detenmine t
abundance of microbial cells at each location. Do these ecosystems suppotiqropula
sizes consistent with other habitats that have more moderate environmentabicenaiit
does its unique state put a limit on population growth? Collectively, microorgaaisms
able to thrive in a diverse range of habitats. However, the extreme conditiohgfi.e

pH, lack of oxygen) should inhibit the survival and growth of most species. Cell
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abundances measured from the fluids and rocks at the Tablelands provided a quantitative
background to the analysis of extracted nucleic acids. Physical and dhemica
measurements from the same sites were also conducted to provide geogbiaioitat

data related to these samples.

3. Biogeography (Community Overlap)

An assessment of the spatial distribution of microorganisms was also conducted
to determine community similarity between different sites. A goal sfstuidy was to
examine spatial patterns and see how species composition changed in based upon the
sample’s proximity to an active serpentinite-driven seep. Would diffesengH and
red-ox values influence species distribution? Also, would sites with verlasimi
conditions share many of the same species, or would they have their own, unique
communities? Comparing the number of operational taxonomic units (or OTWelisha
between each site was used to determine species overlap between eachtgigaem a

sense of how serpentinization influences microbial communities.

4. Presence of Functional GenesncrA, Hydrogenase)

Little to no published research exists on the presence or absence of certain
functional genes at terrestrial sites of serpentinization, such as theahdbl€@phiolite
(Blank et al, 2009). Sequence analysis using the 16S rRNA gene allowshesetrc
assess the diversity from a taxonomic standpoint. However, screening fdicspeci
functional genes is informative as to what reactions these microbes aregitdinbtain
energy. For instance, methanogenesis has been shown to occur at serpentiniges such a

the Lost City Hydrothermal Field (Schrenk et al, 2004). A crucial enzymésthat
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required for this pathway is methyl-coenzyme M reductase (mcr). MGR/zas the
terminal step of methanogenesis and is therefore a useful tool for deterifhmiagbes

use this pathway. MCR is composed of alpha, beta, and gamma subunits. Thus far, all
sequenced genomes of methanogens have contained the mcrA subunit operon. Using
primers specific for mcrA, it is possible to identify the potential fothraeogenic activity

(Hallam et al, 2003).

Another functional gene of interest is hydrogenase, an enzyme that catadyze
only the oxidation of hydrogen, but also the oxidation of excess reducing equivalents of
fermentative reactions, which produces hydrogen (Boyd et al, 2009). Screenhmg for t
gene that codes for hydrogenase, hydA, can be used to determine if a miisoo s
the capability of performing hydrogen oxidation. To this point, evidence of hydA has
been limited to anaerobic bacteria and a minimal amount of green algae (Bbyd et
2009). The alkaline seeps at Tablelands provide a suitable environment for this
metabolism, which may provide an interesting comparison to the acidic, fatiestr

springs where this metabolism has been previously studied.

5. Presence of Archaea

Genomic DNA recovered from the environment was also screened for the
presence of the 16S rRNA archaeal gene to determine if archaeal spereigsegent at
Tablelands. Gel electrophoresis was used to indicate if Archaea ocduzesth af the 6
sites. Archaea are typically predominant in extreme environments, such aséydebt
vents, hot springs, or other high-temperature environments. Because Archaealare us

much less abundant in lower temperatures and nonsaline conditions, this screening was
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performed to determine if the serpentinite-hosted ecosystem could suppoggarcha

communities in a low temperature terrestrial setting.

6. Culturable Microbial Diversity

This project also focused on isolating microbial strains in pure culture from the
Tablelands site. Obtaining cultures of alkaliphiles and/or akali-tolerantriaagtevided
further information concerning how they obtain energy (heterotrophic, chemotrophic,
etc.), their growth responses in the presence or absence of oxygen (aerefmbia)ya
and the influence of pH upon growth. Phylogenetic relationships between thesisolate
and the environmentally-derived DNA were determined through sequence anatiisis of
16S rRNA gene. Once strains were grown in culture, further experiments were
conducted to assess how certain conditioestémperature, light, pH, and presence or
absence of oxygen) affected microbial activity. Because the pH of the WiHICPL& 1
sites were in the range of pH 10-11.5, pH 11 media consisting of yeast extract, peptone,

and bicarbonate was used to grow these microbes on agar plates at a tempetrat@e of



Chapter 3: Hypotheses

1. Species diversity will be lowest in the most extreme environmisn(.e. high pH).

Microbial diversity at this site of active serpentinization is expketide low.
The extreme settings of these environments should significantly constraimspleicies
are able to grow. Three major factors that limit life in serpentinite hestesystems are
high pH, a lack of electron acceptors, and low organic carbon. The high pH would create
a lack of protons, which are necessary to drive the proton motive force across the
cytoplasmic membrane. Also, serpentinite ecosystems are often lowtioele
acceptors, which are critical for oxidative catabolic pathways used to obtagy.ene
Furthermore, the availability and requirements for nutrients and trave e are
completely unconstrained. These factors necessitate specific adaptationsrdbes to
survive and to grow, likely limiting the number of different species thatlmeay

supported.

2. Species diversity will increase away from the alkaline seep source.

Substantial variation in the number of species present at each unique site is also
expected. The sites of pH 11.6 (WHC2-A, WHC2-B, and WHC2-C) are predicted to
harbor the lowest range of species due to its highly basic pH, as indicated in Tabe 4. T
pH 10.19 (TLE1-B) and 10.37 (TLE1-D) sites should have a greater diversity of
microorganisms than the WHC2 sites, due primarily to the lower pH, reporteflm3.a
However, this site is also very basic and will likely have relatively loxgrdity as well.

The control site (WHB), which had a pH of 7.19, is predicted to have a significantly
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greater number of microbial species than either of the ultrabasic siteseding pH

should promote more growth and put less stress on microbial cells, while still th@pefit
from the fuels produced by nearby serpentinization. Therefore, the basilinguindeng
followed is that the higher the pH of the fluids, the lower the microbial diversity.
Diversity should be the lowest at the direct source points of serpentinization, ndere t
fluids will be highly reduced (mean redox value of -457 mV for site WHC2 compared to
-200 mV for TLE1-D, -67 mV for TLE1-B, and +208 mV for WHB, as shown in Tables
4 and 5) and have an alkaline pH. Higher reduction potentials promote higher
concentrations of electron-donating chemical species such as hydrogemfaviors
anaerobic metabolisms and limits opportunities for microorganisms that gronadpti

in more oxidized, neutral pH environments. Moving away from the seep source, the pH

should gradually decrease and promote higher diversity.

3. Community overlap between different sites will be low.

In addition to low overall microbial diversity, each site is anticipated to have i
own unique community of microorganisms. The different pHs will select forelifte
metabolic and physiological groups of microborganisms. Therefore, the WHC2, TLE
and WHB sites should share little overlap and have only a small number of species i
common. However, there should be substantial overlap between the WHC2-A, WHC2-
B, and WHC2-C sites. These samples were obtained from different locatitims thwit
same alkaline pool, and the resident microorganisms would have been exposeduto simil
conditions (pH, temperature, red-ox values, etc.). The same concepts apply tolhe TLE
B and TLE1-D sites, which should also have high overlap due to similar pH conditions.

Diversity is also likely to be influenced by the availability of oxygen andltve fates of
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the reduced fluids. The WHB site is a creek with a higher flow rate and msoévdisd
oxygen compared to the WHC2 sites, which are from a stagnant, highly basic ool wi
little flow. Meanwhile, the TLE1 sites had the highest concentrations of dskol
oxygen (report the values here). The TLEL1 sites were situated on a hillsade tive
water source was a shallow seep, which likely would cause the water to mix more
vigorously with the air. These subtle differences are likely to haveat gnpact on not
only what types of species are present, but the community diversity thegigais able

to host. Overall, sites with similar pH values and flow conditions should share a
relatively high number of species, while comparisons of sites with noticddétasent

pHs should reveal little overlapd. unique communities).
4. Biomass will be lower at sites of active serpentinization.

Due to the distinctive nature of serpentinizing systems, cell abundancegbioma
should be lower than what is expected in more moderate conditions. Only microbes that
are specifically adapted to the environmental challenges of high pH, low sglabilit
dissolved carbonate, and low Eh should be able to take advantage of the available
geochemical energy resources. The notion of low biomass is supported by a study of
hyper-alkaline spring waters in Magarin, Jordan. Cell concentrations in theHig
waters were estimated at*100° cells/mL, which is substantially lower than microbial
concentrations of app. 1@ells/mL that are typically observed in neutral pH groundwater
(Pedersen, 2004). It could be anticipated that the high pH Tablelands fluids support
similar biomass levels. In contrast the WHB site, having a neutral pH, shoulthkave
highest cell abundances. In other words, diversity and biomass is expected to be vary

proportionally when comparing the different sampling sites.
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5. Functional genes for methanogenesim¢rA) and hydrogen oxidation fiydA) will

be present near sites of alkaline seepage.

Because of the reduced fluids high in volatiles, it is likely that methandgenes
and hydrogen oxidation both occur at the Tablelands serpentinite. Microenvironments in
the alkaline seeps that are underneath rocks or in the subsurface where caarditions
more anaerobic will likely promote these pathways. Methanogens would be able to use
the abundant hydrogen to carry out their anaerobic metabolisms. Methanogenesis is
energetically favorable in these highly reduced systems and should ocacin aff ¢he
alkaline sites (WHC2-A, B, C and TLE1-B, D). The neutral pH brook, WHB, likely will
not contain evidence of methanogens because of the more oxidized conditions that
contain less hydrogen and likely promote aerobic and heterotrophic communities. The
same concept applies for hydrogenase. Anaerobic bacteria should be aldby/te ta¢
reaction of hydrogen with dissolved oxygen to produce ATP, releasing watey-as a b
product. However, hydrogen oxidation would not be a favorable pathway in a neutral
pH, oxidized environment due to lower levels of molecular hydrogen and competition by

other microorganisms such as heterotrophs or phototrophs.

6. Presence of Archaea will be confirmed.

The unique, reducing conditions should promote methanogenic activity carried
out exclusively by a prokaryotic domain known as the Archaea. Therefore, coupled
screens of the total genomic DNA for archaeal 16S rRNA genes basitéhemcrA
gene, should indicate the presence of not only methanogenic microorganisms, but also

confirm that Archaea occur at Tablelands ophiolite.



23

This Tablelands is located in a relatively cold, Northern climate and evka i
summer when readings were taken, water temperatures were around 18-205€ in m
locations. These temperatures were recorded in July; therefore, the watterateire of
these alkaline seeps likely decreases significantly in the fall andrvm@nths. This is
significant because Archaea generally predominate in high tempenatn@nenents
such as hydrothermal vents or hot springs. Archaea are also more likely to be abundant
in the deep ocean seafloor, where conditions are highly anoxic and anaerobic
metabolisms are commonplace. The proximity to the atmosphere and acaasigght,
combined with the moderate to low water temperatures, make it likely thatloveral
Bacteria will be more prevalent than Archaea at the Tablelands ophiobigevdr,

archaeal species such as methanogens should still be present in low numbers.

7. Microbial isolates can be enriched on high pH media from the seepitis and

they will be alkaliphilic.

Culturing studies should reveal the presence of microorganisms physidiogical
and metabolically adapted to function at high pH. Because nutrient-rich, aerobic media
was utilized for the enrichment cultures, it should promote the enrichment of microbes
that are able to break down the organics. Because ophiolites are tersgegitidey are
exposed to the atmosphere, there are likely niches within the serpentiniéd thetbit
provide opportunities for colonization by aerobic microorganisms. Rock and fluid
samples recovered from the shallow, alkaline pools have access to both light amd oxyge
Conversely, anaerobic metabolisms exist at Tablelands, they likely oateeper pools
or in the subsurface, within rock layers that have close proximity to the active

serpentinization seep.



Chapter 4. Methods

Field Work

The field work was completed in Newfoundland, Canada at Gros Morne National
Park in July 2009. This park contains a series of ultramafic (peridotite) rouktions
referred to as the Tablelands. This site contains abundant serpentinitesratieralte
products of serpentinite rocks, and the resulting high pH springs. First, playxica
chemical conditions were assessed. The YSI 85 Handheld Dissolved
Oxygen/Conductivity Instrument was used to measure the temperature, phy,salini
dissolved oxygen, and conductivity of the water. An ORP Redox Meter (Oakton) was
used to quantify the red-ox values in terms of Eh, which is the reduction potential
promoted between a platinum electrode and a reference hydrogen electrodg (Vanc
1996). The water sources that were studied included stagnant pools of water denerate
by serpentinization, as well as a typical brook fed by snowmelt with an apptekima
neutral pH to serve as a control. Another site located on a mountain slope that exhibited

calcium carbonate deposits and moderate water seepage was also studied.

A portion of the samples were placed in 50-mL Falcon tubes containing 3.7%
formaldehyde fixative to preserve them for microscopy. A portion of the romksdach
of the field sites were put into 50-mL Falcon tubes, which were subsequertywith a
solution known as RNAlater (Ambion). This is an aqueous reagent that stabilizes and
preserves nucleic acids. This alternative approach was used due to theabigy aif
dry ice or a freezer. In addition to rocks, sterile 250 mL Nalgene bottles wertouse

collect fluid samples from each of the locations and refrigeted at 4°C untikphoge
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Distribution of Sample Collecting

Rock samples were analyzed from the following sites: WHC2-A, WHC2-B,
WHC2-C, TLE1-B, TLE1-D, and WHB. WHC2-A, WHC2-B, and WHC2-C are three
separate locations in the alkaline water pool containing a pH of approxirhatéland a
mean reduction potential of -457 mV. TLE1-B is at the bottom of a precipitatednsalc
carbonate deposit with alkaline water seepage (pH=10.19 and a reduction pote6al
mV), and TLE1-D is located at the top of this structure (pH=10.37 and reduction
potential of -200 mV). WHB represents a flowing stream with a pH of 7.19 and a
reduction potential of +208 mV. Water temperatures of each sampling s¢te we
anywhere from cool to moderate, giving an approximate range of 13-23°Ges#ahhd
5 give a summary of the data from these sites, including pH, reduction potential, wate

temperature, conductivity, salinity, and dissolved oxygen readings.
DNA Isolation from Rocks

DNA extractions from rock samples were completed using a modified of the
protocol of Schrenk, et al. 2004 (Schrenk et al, 2004). Rocks were transferred into sterile
whirl pack bags, pulverized into smaller (few mm sized) grains using éhesokner, and
approximately one gram per extraction was placed into a 2-mL micridagattubes.
Subsequently, they were mixed with 5000f Extraction Buffer A (200 mM NaCl, 200
mM Tris, 2 mM sodium citrate, 10mM CaCb0 mM EDTA; pH 8.0), 2@.L of 10%
sodium pyrophosphate, and 8D of lysozyme (10 mg/mL), and then agitated for at 150
rpm for 1 hr. at 37° C. Following the addition of dl0 of 20% SDS and 60L of

Proteinase K (20 mg/mL), a second incubation was done at 50° C for 30 min. at 150 rpm.
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A third incubation, also at 50° C for 30 min. at 150 rpm, required the additionuaf 80

5 M NaCl and 8Q.L of 10% CTAB in 0.7 M NaCl. Three freeze-thaw cycles of -80°C

and 65°C were completed after adding 20®mf 20% SDS. The sample was mixed with
500uL of phenol: chloroform: isoamyl alcohol (PCI (25: 24: 1)) and spun for 10 min. at
12000 x g (4° C). The supernatant was transferred to a new microcentrifuge tube and
mixed with an equal volume of PCI, and spun again for 10 min. at 12000 x g. The top
phase was transferred to another tube and mixed with an equal volume of isopropanol and
one-tenth the volume of 3 M sodium acetate to precipitate theDNA. The mixture was

then spun for 20 min. at 13000 x g. The supernatant was decanted and for the pellet was
washed with approximately 1%Q of cold 80% ethanol, then centrifuged for 10 min. at
13000 x g. Repeating the previous step, the supernatant was decanted and the pellet was
air-dried for 10 min. The DNA was suspended in fib®f lysis buffer and purified

using the Wizard® Genomic DNA Purification Kit (Promega). Finally, the DNifepe

was resuspended in 4Q of sterile, molecular biology grade water.

Measuring the DNA Concentration

A Nanodrop 2000 Spectrophotometer (ThermoScientific) was used to give values
of DNA concentrations isolated from the samples, reported in nanograms paitemicr
A microliter of sterile water was used as the blank, after whidh DNA samples were
loaded onto the nanodrop to be measured. The nanodrop used absorbances of 260 nm

and 280 nm.
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PCR Assays

DNA was amplified using a polymerase chain reaction (PCR) assagaéior
bacterial or archaeal 16S rRNA PCR reaction the following reagentsadeee: 5x
green GoTagq buffer, 8Q&M of dNTP, 5uM of forward primer (27F for Bacteria, 21F
for Archaea), .uM of reverse primer (1492R for Bacteria, 958R for Archaea), 110 &
molecular biology grade water, 0.5 U of Taq, and-1f template. The tubes were
mixed gently and briefly centrifuged. A BioRad C1000 thermal cyeées used to run

the PCR. The primers used for each assay are reported in Table 3.

Gel Electrophoresis

Electrophoresis using a 0.8% agarose gel was used to confirm the preseece of t
correct sized amplicon in the PCR products. To make the gel, 0.4 g of agarose was adde
to 50 mL of 1x TBE (Tris-Borate-EDTA) buffer. ThenuR of GelRed (Biotium, Inc.)
was mixed with the solution, which was microwaved for 1.5 min. Once the gel
solidified, 2uL of 1-kb ladder (Invitrogen) was added to one well, with 5:1®f PCR
product in each of the other wells. After the gel had been run for 45-60 min. with a
voltage between 95-110 mV, a BioRad gel imager (it would be good to report what this
is, specifically) was used to visualize the DNA and measure the sizetansitiy of the

amplicons.
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Gd Extraction and DNA Purification

Distinct bands of PCR amplified DNA was excised from the gel and purifiad tie
QIAquick Gel Extraction Kit (Qiagen), according to the manufactureosopol. The

purified PCR product was used for cloning reactions.

DNA Cloning using Chemically Competent E. coli Cells

Cloning was performed using the TOPO® TA cloning kit (Invitrogen). A lugati
reaction at room temperature was prepared involving df sample, JuL of salt
solution, and 1L of TOPO® vector. The transformation procedure was completed in
accordance with the One Shot® Chemical Transformation Protocol, using TORISF’ ¢
The transformed cells were spread on LB plates containipg/s0L ampicillin, 40uL
of 40 mg/mL X-gal, and 4QL of 100 mM IPTG. After allowing the colonies to grow
overnight in a 37°C incubator, the white colonies (which contain the plasmids of interest)
were checked for the presence of the correct sized insert and subsegsehfigr

sequencing.

Plasmid Preps and Sequence Analysis

Plasmid preps of the selected white colonies were completed using the QIAprep
Miniprep Kit (Qiagen) according to the manufacturer’s instructions. The<ldaries
consisted of 70-90 partial sequences of bacterial 16S rDNA for each of tke,6 sit
totaling 490 sequences for all 6 sites (DNA sequencing performed by Deayss M
the Genomics Core Facility for East Carolina University). The pasigliences were

constructed using the 27F primer. Raw sequence data was cleaned usingvére soft



29

Sequencher (Gene Codes Corporation). Each of the partial 27F sequences v@&& 400-

bases long going in one direction (forward).

The software Mothur was used to align the sequences, create distancesnatric
calculate diversity statistics, and generate figures such aaagt@oefcurves and Venn
diagrams (Schloss et al, 2009). The 494 partially sequenced clones yielded 176
operational taxonomic units (OTU’s), with 37 of the OTU’s containing 2 or more
sequences. Microorganisms are considered to belong to the same operational taxonomic
unit (i.e. “species”) if they share at least 97% genetic similadgbcerning the 16S rRNA
genes that have been partially sequenced. Because of the highly vianabnal
diversity that is found between prokaryotes, it is difficult to define a spemmepared to
the eukaryotic domain. Therefore, OTU’s provide an alternative solution thasall
microbiologists to group similar microorganisms together for claasiic and

phylogenetic purposes.

One sequence from each of these 37 OTU’s was chosen to be fully sequenced,
using the primers 8F, 1492R, 926F, 907R, 515F, and 519R (sequences of primers listed
in Table 3). Also, the four cultured isolates obtained from the Tablelands (WHC2-A
Red, WHC2-A Yellow, TLE1-B, and TLE1-D) were sequenced using the same set of
primers. The sequences from the cultures and environmental DNA werealargphe
matched with their closest relatives using a program called Grees @Gas®antis et al,
2006).The aligned sequences and the reference sequences were organizsdugiggth
BioEdit, which was used to save all the sequences under the same Fastaefilasit
file of sequences was input into a tree-generating program calleioG&(Brummond

et al, 2009). A phylogenetic tree were generated and used to study the talations



30

between the cultures, environmental sequences, and the reference sequewess tha
identified as closely related species. The tree was a consensus of 1@le ¢yaes,

using the neighbor-joining building method and the Tamura-Nei genetic distance model

Functional Gene Screening

Functional gene assays were performed to confirm whether or not the functional
genes mcrA and hydA were present in the recovered samples. Purifiedr@NAadch
site was used for PCR assays with primers specific for each functemal @ gel was

run to indicate the presence or absence of the targeted gene for each sample.

The PCR assay for hydA consisted of auhOreaction containing 1x green
GoTaq buffer, 80@M of dNTP, 0.5uM of FeFe27F primer, 0.6M of FeFe27R primer,
0.25 U of Taq, 1.5 mM of MgG| 0.4ug/uL molecular grade BSA (bovine serum
albumin), 20uL of sterile water, and gL of template. The PCR assay used a 4 min.
initial denaturation step at 94°C, 35 cycles of denaturation at 94°C for 1 min., annealing
at 56.5°C for 1 min., primer extension at 72°C for 1.5 min., and a final extension at 72°C

for 20 min (Boyd et al, 2009).

PCR for mcrA also used a (- reaction that consisted of 1x GoTaq buffer, 800
uM of dNTP, 0.251M of mcrA-F primer, 0.25uM of mcrA-R primer, 27uL of sterile
water, 0.5 U of Taq, andd. of template. This assay used an initial denaturation step at
94°C for 3 min., 34 cycles of denaturation at 94°C for 45 sec., annealing at 50°C for 45

sec., primer extension at 72°C for 1.5 min., and a final extension at 72°C for 5 min.
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Microscopic Cell Counts

Cell abundances were determined using an Olympus BX61 Spinning Disk
epifluorescence confocal microscope at 100x magnification. Fluid samplepassed
through a filter using vacuum filtration, trapping the cells on a 0.22 um black
polycarbonate membrane filter (Millipore). The trapped cells wereestdor 20 min
using a 2.0 ug/ml solution of 4’,6’ diamidino-2- phenylindole (DAPI) prior to
observation using blue excitation (Reference Porter and Feig, Limnology and
Oceanography 1980). The area of the filter was 176.62% e area of each
microscopic field was 0.006710886 rnTThe ratio of the area of the filter to the area of
the microscopic field was calculated to be 26319.176, which represented the total number
of microscopic fields contained on the filter. The number of cells in each figldwwf
was counted to determine an approximate average of the cells present in a field. The
mean cell count per field was multiplied by the total number of fields (26319.176) to
attain the estimated number of cells on the entire filter. This number wasddnyidiee
amount of fluid in milliliters that passed through the filter. The final numbecael

the number of cells estimated per milliliter of fluid (cells/mL).

The cell count estimates for the rock samples were measured in cellsrpafgra
rock, or cells/g of mineral, following a brief sonciation and extraction procedure. Rocks
were crushed and transferred to Eppendorf tubes. A 2% paraformaldehyde/phosphate
buffered saline (PFA:PBS) solution was added enough to submerse the crushea rocks i
solution. The mixture was sonicated for 30 min., then briefly centrifuged at higt.spe
The supernatant was vortexed for 30-60 sec, and subsequently passed through a filter

identical to the protocol for the fluid samples.
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Culturing

Several strains of bacteria from Tablelands were enriched in culturgshign
pH media. To make the pH 11 media, 2.5 g yeast extract, 2.5 g peptone, 450 mL water,
10 M NaOH, and 7.5 g bacto agar were added to a 1000-mL pyrex bottle. This mixture
was autoclaved. After it was allowed to cool, 5 mL of 1 MQ3; was added. The

media was poured onto petri plates, where it solidified.

Fluid samples from selected sites (WHC2-A, TLE1-B, TLE1-D) wereaponto
pH 11 agar plates using a series of dilutions. Growth of colonies was allowed to take
place for up to two weeks at in situ temperature of approximately 15°C. Oncertiffe
colonies had formed on each plate, each type of colony was streaked on a segiarate pl

for isolation.

Additional analyses were performed on the cultures to assess theirlgptmth
conditions. Two isolates, WHC2-A Red and TLE1-D, were subjected to different
conditions (either light and oxygen, light and no oxygen, oxygen and no light, no light
and no oxygen). This was performed to determine if these strains relied on
photosynthesis and to determine if they were strictly aerobic or anaerobict ufpotbes
experiment, dilutions of the colonies were prepared. A sterile loop was useditoaobta
small amount of the streaked colonies. These colonies were mixed in 10 mL of tthe liqui
pH 11 media. Once the dilution was made, 80 pL of the solution was spread on each
plate. Four plates were used for each strain, using the four possible conditions [yrevious
described. A period of 5 days was allotted to allow for possible colony growth. The

results were then quantified by counting the colonies that had formed.



33

Table 2: Tablelands Field Sites and Abbreviations

Site Name Abbreviation
Stream (pH=7.19) WHB W
Large Pool (pH=11.6) WHC2-A, B, C A B,C
Top of CaCQ deposits TLE1-D TD
(pH=10.37)
Bottom of CaCQ@ TLE1-B TB
deposits (pH=10.19)

The above table indicates the 6 sites that were used for cell counts and geagsic ass
WHB stands for Winter House Brook, and is the control site. Three sites (A, B, and C)
were used at WHC2, or Winter House Canyon Pool. Two sites (TLE1-B and TLE1-D)
were picked from a hillside alkaline seepage. TLEL stands for Tablelandsa€asy

Slope.



Figure 6: WHB (pH 7.19)
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Figure 7: WHC2 (Large alkaline pool, pH ~11.6)
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Figure 8: TLEL1 (shallow alkaline seep, pH ~10.2)
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Table 3: Oligonulcleotide primers used in the PCR Assays (Supplied by Invitrogen)

Target Gene Primer Name| Primer Sequence
Bacterial 16S | 27F 5-AGAGTTTGATCCTGGCTCAG-3
rRNA
1492R 5-GGTTACCTTGTTACGACTT-3'
515F 5-GTGGCASCMGCCGCGGTAA-3
519R 5-GWATTACCGCGGCKGCTG-3
926F 5-GGTTAAAACTYAAAKGAATTGACGG-3’
907R 5-CCGTCAATTCCTTTRAGTTT-3'
Archaeal 16S | 21F 5-TTCCGGTTGATCCYGCCGGA-3
rRNA
958R 5-YCCGGCGTTGAMTCCAATT-3
Hydrogenase FeFe27F 5-GCHGAYMTBACHATWATGGARGA-3’
FeFe27R 5-GCNGCYTCCATDACDCCDCCNGT-3
MCR (Methyl- | mcr-a F 5-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3’
coenzyme M
Reductase)
mcr-a R 5-TTCATTGCRTAGTTWGGRTAGTT-3’
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Figure 9: Image showing enrichment/growth of colonies from Tablelands samples.

These plates show colony growth after the addition of the serial dilutions onto the soli
media. Each type of colony was streaked on a new plate for isolation. Image from

Lauren Polli.
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Figure 10: Photograph showing the process of obtaining isolated colonies from the

Tablelands enrichment cultures.

The bacterial streaks in the above image show how each strain wasdisoiat separate
plate. The isolates are WHC2-A Red (top left), WHC2-A Yellow (bottom, [EftlE1-D

(top right), and TLE1-B (bottom right). Image from Lauren Polli.



Chapter 5: Results

Data obtained from field work, as well as laboratory analyses, areatiedtin
the following figures and tables. Tables 4-6 give water data fromeluesiies and also
comparisons to other serpentinite sites that have been studied, including tempexhture
pH readings. Table 7 shows DNA vyields from rock samples. Table 8 reports the
composition of bacterial species groups for the clone libraries. Table Sdigtral
diversity statistics for each site. Tables 10-11 provides cell abundamaceTddle 12

reports the results of the culturing experiment.

Figures 11-14 show gels for the bacterial and archaeal 16S geness Bl
are epifluorescence micrographs, providing a microscopic view of the cqlhologies
and abundances contained in the Tablelands fluid samples. Figure 18 is éioarefac
curve, which plots the number of 27F sequences versus the number of OTU'’s to give a
representation of diversity. Figures 19-21 are Venn diagrams, whichtentheanumber
of OTU'’s that are shared between the sites surveyed, providing a measomaaunity
overlap. Figure 22 is a dendrogram, a phylogenetic representation ofigrbgdween
bacterial communities of different sites. Figure 23 is a phylogetreg of 37 fully
sequenced bacterial OTU'’s of the Tablelands site and their closest phyilogene

neighbors.



Table 4: Water data from primary site (WHC2).
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WHC2 WHC2 WHC2 WHC2 WHC2 WHC2
(2.4 m) (1.9 m) (1.4 m) (0.9 m) (0.4 m) (Om)
pH 11.51 11.62 11.56 11.62 11.63 11.58
Dissolved 10.58 10.39 9.62 7.70 8.08 7.45
Oxygen
(mg/L)
Salinity 0.81 1.56 1.60 1.17 1.59 1.37
Conductivity 1.60 2.99 2.86 3.37 3.09 2.65
(mS/cm)
Temp. (°C) 20.89 20.23 19.50 18.90 17.95 18.54
Redox (mV) -2.5 -263 -906 -749 -683 -140

Readings taken at 0.5 m intervals across the pool. Red-ox values, or oxidatioreneducti

potentials measured in millivolts (mV). Mean pH of WHC2 ~11.6. Mean red-ox value

of WHC2 is -457 mV.
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Table 5: Water data from the control site (WHB), and the calcium carbonate sitd {TLE

B and TLE1-D)

WHB TLE1-B TLE1-D
pH 7.19 10.19 10.37
Dissolved Oxygen 13.15 14.40 23.84
(mg/L)
Salinity 0.03 0.08 0.09
Conductivity 0.069 0.174 0.199
(mS/cm)
Temp. (°C) 22.97 22.49 12.81
Redox (mV) +208 -67 -200

The temperature and dissolved oxygen readings of TLE1-D likely deviated fronméne ot
sites because it was very shallow and had more direct exposure to the cooldoxidize

atmosphere.
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Table 6: Comparison of physical and chemical characteristics of Tableland<Citps

Hydrothermal Field (LCHF), anGabeco de ViddPortugal.

Site LCHF Cabeco WHC2 TLE1 WHB
Temp. ('C) | 20-93 21 18-21 13-22 23
pH 9-11 11.4 11.6 10.19-10.37 7.19

The above table compares pH and temperatures observed in Tablelands with two other

serpentinite-influenced systems, LCHF &@wbecade Vide. LCHF has a wide

temperature range due to the interface created between the cold seaddteated

fluids released by the serpentinization-driven hydrothermal vents (Ketligly 2005).

The terrestrial serpentinite @abeco de Vidbas very similar pH and temperature

readings to Tablelands (Tiago et al, 2004).
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Table 7: DNA yields from rock samples

Site pg of DNA recovered per gram of soil
WHC2-A 0.408
WHC2-B 0.508
WHC2-C 0.356
TLE1-B 0.392
TLE1-D 0.260
WHB 0.600
Canadian forest soil (Roesch et al, 2007) 3.200

This table indicates how much DNA was recovered per gram of soil. Collected r
samples were crushed and used in the extraction protocol. DNA concentratiens wer
relatively low from all recovered samples. The Canadian forest soil @ki@dvered by
Roesch and colleagues is used as a comparison to the low DNA recoveries antablel

The extracted DNA was used for cloning and sequence analysis.
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Figure 11: 1% agarose gel showing bacterial 16S rRNA bands for sites WHC2-B,

WHB, TLE1-B, and TLE1-D. Band size of 1,465 bases.

Lane 1:

Lane 2:

Lane 3:

Lane 4:

Lane 5:

TLE1-D Bacterial 16S rRNA gene

TLE1-B Bacterial 16S rRNA gene

WHC2-B Bacterial 16S rRNA gene

WHB Bacterial 16S rRNA gene

1-kb Ladder
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Figure 12: 1% agarose gel showing bacterial 16S bands for WHC2-A and WHC2-C.

Band size is 1,465 bases.

Lane 1: 1-kb Ladder

Lane 2. WHC2-A Bacterial 16S rRNA gene

Lane 3: WHC2-C Bacterial 16S rRNA gene

Figure 13: 1% agarose gel of archaeal 16S rRNA amplicons for an archaeal DNA
positive control, WHC2-A, WHC2-B, WHC2-C, TLE1-B, and TLE1-D. Band size is

937 bases.



HEERBNN

Lane 1: 1-kb Ladder

Lane 2: Methanocaldococcus jannaschii (an archaeal positive control)

Lane 3: WHC2-A

Lane 4: WHC2-B

Lane 5: WHC2-C

Lane 6: TLE1-B

Lane 7: TLE1-D
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Figure 14: 1% agarose gel showing archaeal 16S rRNA amplicons for WHB. Band size

is 937 bases.

Lane 1. 100-bp Ladder

Lanes 2-5: WHB Archaeal 16S rRNA genes amplicons



Table 8: Percent compositions of bacterial groups in clone libraries.

49

WHC2- | WHC2- | WHC2- | TLE1- | TLE1- | WHB | Total
A B C B D
Bacteria Group % of % of % of % of % of % of | % of
library library library | library | library | library | library
Actinobacteria 2.8 18.2 11 1.2 27.9 8.8 9.9
Alpha-proteobacteria 1.4 0 11 1.2 326 176 9.4
Bacteriodetes 2.8 0 0 0 35 4.4 1.8
Beta-proteobacteria 23.5 3.9 58.2 7211 162 23.1 33.8
Chloroflexi 0 0 55 0 1.2 6.5 2.4
Cyanobacteria 0 0 6.6 0 2.3 6.6 2.8
Deinococcus 0 0 3.3 0 1.2 0 0.8
Delta-proteobacteria 1.4 0 0 0 0 7.7 16
Firmicutes 66.7 77.9 5.5 0 8.1 11.0 25|8
Gamma-proteobacterip 0 0 16.5 256 4. 2\2 8.5
Gemmatimonadetes 1.4 0 0 0 1.2 7.7 1,8
Nitrospira 0 0 2.2 0 1.2 4.4 1.4
# of bacterial clones 71 77 89 86 87 84 494
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Figure 15: Epifluorescence micrograph of DAPI-stained microbial cells frond flui

samples of WHC2. Magnification of 100x. Area of field ~672¢um

The micrograph of WHC2 shows that many of the cells in this samples hadeaa r

bacilli shape.
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Figure 16: Epifluorescence micrograph of DAPI-stained microbial cells frondl flui

samples of TLE1-B. Magnification of 100x. Area of field ~6720°um

The microbial cells of site TLE1-B appear larger than the other two sitielseae a rod,

or bacilli shape.
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Figure 17: Epifluoescence micrograph of DAPI-stained microbial cells framal fl

samples of WHB. Magnification of 100x. Area of field ~6720°um

Cells of WHB appear to be smaller than those of WHC2 or TLE1-B. Most cells have a

round, or cocci shape.
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Figure 18: Rarefaction Curve (based on 97% similarity)

Tablelands Rarefaction Curve: A Measure of Diversity
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Rarefaction curves were generated measuring the number of partialceEsjoé
bacterial 16S rDNA from each sample versus the number of operational taxonosiic unit
present in all of the sequences using Mothur. The slope of each line is directly

proportional to community diversity.
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Figure 19: Venn diagram of WHC2-A, TLE1-D, and WHB.

Wenn Diagram at distance 0.03

The number of species ingroup & is 20

The number of species ingrowp TD is 53

The number of species in group W is 70

The total richness of all the groups is 136

The number of species shared between groups Aand TD is 3
The number of species shared between groups Aand Wis 3
The number of species shared between groups TD and W is 2
The wtal shared richness is 1

Venn diagrams were also constructed using Mothur in order to look at community
overlap and to determine how many species were shared between the sitesnThe Ve
diagrams are based on a definition of OTU’s as >97% sequence simiBeityw the

Venn diagram is a list summarizing the number of species contained in eachrgtoup a

the number of species shared between each group.



Figure 20: Venn diagram of WHC2-A, WHC2-B, WHC2-C, and WHB.

“enn Diagram at distance 0.03

The number of species in group 4 is 20

The number of species in group B is 24

The number of species in growp Cis 17

The number of species in group Wis 70

Trne number of species shared between groups A and B iz &
The number of species shared between groups & and Cis 1
The number of species shared between groups & and W is 3
The number of species shared between groups Band Cis 0
The number of species shared between groups B and 'W is 2
The number of species shared between groups C and 'Wis 0
The number of species shared between groups 4, Band Cis O
The number of species shared between groups &4, Band W is 2
Thne number of species shared between groups &4, Cand W is 0
Thne number of species shared between groups B, Cand W is 0
Tre total richness of all the groups is 121
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Figure 21: Venn Diagram of TLE1-B, TLE1-D, and WHB.

Venn Diagram at distance 0.03

The number of species in group TB is &

The number of species ingroup TD is 52

The number of species in group W is 70

The total richness of all the groups is 125

The number of species shared between groups TB and TD is 2
The number of species shared between groups TB and Wis 0
The number of species shared between groups TD and W is 2
The total shared richness is 0
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Figure 22: Dendrogram used to group closely related sites and express similarity

between communities.
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The dendrogram was generated using Mothur software. It is a represeotat
the similarity between the bacterial communities of each site. It greugdig
sequences into clusters based on degree of similarity, using the Jaccaoikobeffi
(Schloss et al, 2009). The Jaccard coefficient is a statistical valuadhatires diversity
and overlap between two groups by dividing the number of attributes the two groups
share by the total number of possible attributes. The results are organized into a
dendrogram, which resembles the shape of a phylogenetic tree. Groups with btenpara
diversity levels and strong overlap will be placed close to each other on thedree
paired into clusters, while farther distances on the tree indicate highenildisty

(Schloss et al, 2009).
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Table 9: Diversity statistics for bacterial sequences obtained from the Tiadidetite.

(distance=0.03, or 97% similarity).

#0of OTU's ACE richness | Chaol Simpson’s
estimator richness Reciprocal
estimator Index
WHC2-A 21 95.5-268.1 31-147 0.11-0.25
WHC2-B 24 108.0-249.2 43-264 0.10-0.24
WHC2-C 18 23.2-90.3 21-74 0.24-0.44
TLE1-B 6 0-0 7-43 0.46-0.65
TLE1-D 53 184.5-365.1 86-240 0.01-0.03
WHB 71 203.1-728.6 190-685 0.001-0.009

Value ranges reported as 95% confidence intervals. These statisecgemerated using

Mothur. The number of unique OTU’s was calculated for each sample. Additionally, the

ACE (abundance-based coverage estimator) and Chaol richness estimaaseddo

give 95% confidence intervals for the species richness at each site. Sinipscipi®cal

Index is a numerical value that represents the microbiological divelstyalues report

the likelihood that two randomly selected organisms in a sampling are not members of

the same species. Low Simpson’s reciprocal index values indicate high diversity




60

Figure 23: Phylogenetic Tree of Tablelands OTU'’s
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The phylogenetic tree depicted above was generated as a neighbor-joining tree
using the Tamura-Nei genetic distance model. The Geneious softwareegié
replicates of the tree, with the final result being a consensus treereptloates. The
bootstrap values on the tree indicate how many times a particular branchamg patt
occurred out of the 100 replicates. For example, a value of 100 signified that the
particular phylogenetic branch occurred in every tree that was gehefidie lengths of
the branches indicate the genetic distances between the sequences agwlt thpres
number of nucleotide changes per 100 base pairs. The sequences from the Tablelands
clone libraries are indicated by rectangular boxes. The bacteyig) gepresenting each

region of the tree is noted on the side.



Table 10: Cells per gram of mineral (wet weight)
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Sample Avg. 95% LCI 95% UCI

WHC2-A 1.78E+05 1.63E+05 1.92E+05
WHC2-B 5.45E+05 5.14E+05 5.77E+05
WHC2-C 8.03E+06 7.66E+06 8.40E+06
TLE1-B 2.36E+07 2.28E+07 2.43E+07
TLE1-D 5.02E+06 4.68E+06 5.36E+06
WHB 4.61E+06 4.41+06 4.81E+06

Cell counts were completed to measure abundances for each of the sites. Counts were
made for mineral and fluid samples. The values reported are the average cedld count
per gram of mineral or milliliter of fluid. Also given is the 95% confidencerviaiefor

the average cell count data.



Table 11: Cells per mL of fluid
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Sample Avg. 95% LCI 95% UCI
WHC2-A 1.67E+05 1.49E+05 1.85E+05
WHC2-B 7.14E+04 6.32E+04 7.95E+04
WHC2-C nd nd nd

TLE1-B 2.25E+05 2.05E+05 2.45E+05
TLE1-D 4.01E+05 3.53E+05 4.49E+05
WHB nd nd nd

Nd= not determined
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Table 12: Results of Culturing Experiment with isolates TLE1-D and WHC2-A Red.

Isolate Oxygen| Light | # of Colonies Description
TLE1-D + + 1000+ Spreading of many small colonies
some large colonies present.
TLE1-D + - 1000+ Spreading of many small colonies
very few large colonies.
TLE1-D - + 40 Almost all large colonies.
TLE1-D - - 112 Mostly large colonies, cluster of
small colonies on middle of plate.
WHC2-A Red + + 0 No growth.
WHC2-A Red + - 0 No growth.
WHC2-A Red - + 4 Several small, red pigmented
colonies.
WHC2-A Red - - 5 Several small, red pigmented

colonies.




Chapter 6: Discussion

The overlying theme that the more extreme the environment (i.e. the higher the
pH), the lower the microbial diversity was supported by the findings of this.siliuy
WHB site (serving as the control with an approximately neutral pH) contdirddghest
number of different bacterial species, followed by TLE1-D, WHC2-B, WHCRZVAIC2-

C, and lastly TLE1-B. WHB samples yielded 71 unique OTU'’s, and had the highest
predicted species richness (190-685) according to the Chaol richness estithator. T
Chaol richness estimator represents a saturation point on the rarefaction mather |
words, if more sequences were processed from this particular site, i geint the
number of different OTU’s that could possibly be contained within these sequences
would level out. Therefore, any new sequence analyzed from this site wouldnyield a

OTU that has already been identified.

The three sites from the WHC2 pool of pH 11.6 (WHC2-A, WHC2-B, and
WHC2-C), shared relatively similar diversity levels, although WHC2&S noticeablly
lower in richness than the other two sites, based on the Chaol and ACE richness
estimators. The number of OTU’s for WHC2-A, WHC2-B, and WHC2-C were 21, 24,
and 18, respectively. Furthermore, samples from these three sites all geneyated ve
similar rarefaction curves. The Chaol richness estimator predicted that ribaseof
three sites could possibly contain more than 264 OTU's, while the neutral pH site WHB
could have as many as 685 OTU'’s based on this estimator. Therefore, it can be

reasonably postulated that the alkaline WHC2 pool has a relatively uniform distribut
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of diversity throughout its sediments, and overall diversity at this site is rowen than

the oxidized, neutral pH brook.

Opposite of the WHC2 findings, TLE1-B and TLE1-D differed remarkably in
species diversity. Sequence analysis of the clone library revealedB b&4 only
having 6 OTU'’s, while TLE1-D contained 53 OTU’s. Even more, the Chaol richness
estimator predicts only 7-43 possible OTU'’s for TLE1-B, compared to 86-240 GdlJU’s
TLE1-D. The likely explanation for this stark variation is the combination of many,
small factors including the fact that TLE1-D had a more shallow watertfiat would
have been more directly exposed to the cooler, oxidized atmosphere. Even though the
two sites had similar pH values and similar alkaline seep conditions, othes flast®or
obvious could have influenced this outcome. One site could have had rocks recovered
that were mostly underground or buried under layers of other rocks and consequently had
less access to the sunlight and oxidized atmosphere. Also, chemical cormrentsaith
as hydrogen or methane levels, could have deviated greatly between the tvonsocati
The rarefaction curve shows TLE1-D (pH 10.37) has more diversity than the pH 11.6
WHC2 sites as expected. Also, it is much less diverse than the neutral pH, sitewbl
WHB. The diversity of TLE1-D is likely greater than the WHC2 sites becafiess
alkalinity (pH 10.37 vs. pH 11.6), less reducing conditions (-200 mV for TLE1-D vs. -
457.25 mV for WHC2), and also because the TLEL1 site is a shallow seep that will have
more exposure to the oxidizing atmosphere and more access to sunlight. These findings
support the hypothesis that WHB would have the most diversity, followed by the TLE
sites and lastly by the WHC2 sites. The fact that TLE1-B is less ditremsell of the

WHC2 sites is likely an anomaly and not the norm. This is because the TLE1 site is
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much more oxidized and has a less basic pH than WHC2, which would make it more
suitable to host a wider range of species diversity. More comprehensive analiS8s
rRNA diversity between sites should help to verify this assumption. If si@®were
selected from the TLE1 seeps, the majority of those sites should have more IRAFU’s t

the WHC2 pool.

Cell counts using fluorescent microscopy techniques served as a usefubmdicat
for the general abundance levels expected to be seen at the Tablelands sites of
serpentinization. The results show that overall this environment has a relaiwely |
biomass, similar to the abundance levels observed by Tiago and colleaguekatittee a
groundwater site in Portugal (2004). Abundances at the Tablelands site fiaomgyel.54
x 10° to 6.03 x 18in rock samples, while the cell count range of the fluid samples was
2.12 x 1610 4.01 x 18 Cell counts of the fluid and rock samples yielded no discernable
differences, as both were relatively low. A neutral pH pool containing rock sarfac
would be expected to host biomass levels of abduecdls/mL (Hoehler et al, 2007).

From a broad-scale view, it is evident that the low diversity of a sergertiosted

ecosystem correlates to low biomass. Harsh conditions (i.e. reduced fluids, highkoH, |

of nutrients, etc.) should not only limit the different types of species this envinbigne

able to host, but also curtail the population densities due to the amount of energy required

to sustain habitability and cell integrity (Hoehler et al, 2007).

Community overlap (species shared between sites) was noticeablydlittle, t
nonexistent in cross-comparisons between the six sites. Venn diagramd,assavel
dendrogram, were used as representations for community overlap, indicating how many

species, or OTU’s, were shared between each of the sites. The highesbflegree
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similarity between sites was observed with WHC2-A and WHC2-B. The Veagnasin

in Figure 7 reports that WHC2-A and WHC2-B contain 20 and 24 species or unique
OTU's, respectively. Of these different species, 6 are shared betweegrdaps. In

other words, 30% of the species found at WHC2-A were also found at WHC2-B. The
noticeable overlap is expected since both sites were from the stagnant, hdghbdre

pH 11.6 pool. Both sample sites were near the rim of the pool (on opposite sides), at
which the water was shallow and filled with ultramafic rock. In sharp canéiésough
WHC2-C samples are from the same basic pool, it only shares one OTU with WHC2-
and does not have any species overlap with WHC2-B. The WHC2-C site is sulmected t
roughly the same pH (11.6), however the rocks were from a deeper part of the pool,
which could have influenced access to light, as well as the redox conditions. Redox
conditions were found to be both highly heterogeneous and highly reduced at the WHC2
location. The various redox gradients of hydrogen, methane, hydroxide, and other
chemical species distributed throughout the pool could have created numerous
microenvironments, each of which were suitable for a specific range of microlbiss. T
could explain that while all three sites had approximately equal pHs, theldtiea

overlap. Even though WHC2-A and WHC2-B had a moderate correlation, each of these
three locations within the pool appeared to host their own unique community of
microorganisms. Also, efforts should be made in the future to better constrain these

distinct niches and more accurately define the parameters of the site.

The TLEZ1 sites, TLE1-B and TLE1-D, were located on a hillside at the bottom
and top of a carbonate precipitate, respectively. Both sites were subjectadaiopsls,

and both had shallow, water flowing over the carbonate formations. Despite thelparall
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between the sites, community overlap was at a minimum. Only two speceshaeed
between the two sites. Each site hosted distinct microbial communities, imglidet
microenvironments specific to each location likely had high degrees of variatioa i
concentrations of certain chemical species and had unique redox gradients.k$he roc
collected from each site could have also been exposed to different amounts of sunlight

depending on how the rocks were positioned on the mountain slope.

The neutral pH brook, WHB, showed no discernable overlap with the other
serpentinite-influenced sites. WHB only shared two OTU’s with WHC2-B arkil 1D,
and had three OTU’s in common with WHC2-A. TLE1-B and WHC2-C did not have
any species identical to those identified in WHB. This is likely becagse tiwo sites
had the lowest species diversity and therefore had a less likely chahegiod similar
species with other sites. Specific parameters unique to each locaipi( redox
gradients, temperature, exposure to light) appear to create novel commuriitieséha

little relation to microbial communities of other sites.

The dendrogram supports the data presented by the rarefaction curve and the
Venn diagrams. The structure of the dendrogram indicates which sitesiéae @nd
which sites have the most diversity. Groups that are clustered together have more
similarity in terms of species present and diversity. Also, the tree rotagiitg the
microbial species diversity from most diverse (at the top of the tree) talleasse. The
dendogram supports the notion that WHC2-A and WHC2-B have more overlap and
similar diversities than any other sites. WHB and TLE1-D, which had steafid
second highest levels of species diversity respectively, were at the togrektiaad

clustered together. TLE1-B and WHC2-C, which had the two lowest divenrsgig land
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had almost no overlap with the other samples, were clustered at the bottom of the tree.
Essentially, the dendogram provides further evidence that the control site of S\B i

most diverse, and that WHC2-A and WHC2-B shared the highest degree ofigimila
WHC2-A (20 OTU’s) and WHC2-B (24 OTU'’s) had 6 species in common, which shows
substantially higher overlap than any other comparison between two sites.cflihatfa

all three of the WHC2 sites (all highly reduced with pH ~11.6) promoted low diversity
levels, especially compared to TLE1-D (less reduced, pH 10.37) and WHB (highly
oxidized, pH 7.19), supports the hypothesis that the extremely basic, reducing conditions
will limit diversity and promote unique microbial communities that have adaptée to t

parameters specific to their environment.

Table 8 lists the bacterial species composition of each individual site, and
Tablelands as a whole. The bacterial clones contained a total of 12 different groups of
Bacteria. Over half of the bacterial clones from Tablelands were Eittmaicutes
(25.8%) orBeta-proteobacteria (33.8%). Site WHB contains clones within 11 of the 12
bacterial groups identified at this location. WHB appears to have a much morenunifor
distribution of species than the other sites. This adds further evidence that WHB, wi
oxidizing conditions and a neutral pH, is the most diverse Bitenicutes predominate
the WHC2 site, comprising 47.1%, or nearly half, of the clones obtained from WHC2-A,
B, and C. Firmicutes have been identified in a wide variety of environments and appear
to be able to resist harsh conditions such as the alkalinity and high reducing values
observed in WHC2Beta-proteobacteria made up 30.4% of the bacterial clones from
WHC2. These findings indicate thairmicutes andBeta-proteobacteria represent the

bacterial groups that are most suitable for adapting to the extreme conditibas
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alkaline seeps. The presencd-oimicutes correlates to the findings of Tiago et al, 2004
at the Cabeco de Vide alkaline spring, whtenobacteria andFirmicutes were the

most prevalent Bacteria cultured. However, wiiténobacteria made up 81% of the
bacterial clones from the Cabeco de Vide site cultéwesiobacteria only comprised
9.9% of the Tablelands library (Tiago et al, 2004). Distribution of bacterial speages
noticeably different at the alkaline seep of TLE1 as compared to the stagH&a# W
pool. The major bacterial groups identified at TLE1 westa-proteobacteria (44.2%)
andAlpha-proteobacteria (16.9%). Beta-proteobacteria seem fairly ubiquitous at
Tablelands, as they make up at least 30% of the clone library for each of WHC2, TLE1,
and WHB. Because of the abundancé&iomicutes clones obtained from WHC2, the
most basic and reducing site, it appears this bacterial group well-adagtedtitve this

extreme environment.

The phylogenetic tree shown in Figure 23 illustrates the relationshipsdetinee
different bacterial species of Tablelands, as well as how they telspecies of other
sites that have high sequence similarity. The three major groups of Baatsgatpn
the tree ar&irmicutes, Beta-proteobacteria, andAlpha-proteobacteria. The Tablelands
clones A10, A50, B42, B80, and B81, BilFmicutes, show high relatedness to 7 clones
of Firmicutes of the Cabeco de Vide site (Tiago et al, 2004). The prevalence of
Firmicutes at both sites indicates that this group of Bacteria comprises a significant
proportion of the microorganisms present at terrestrial ophiolites such asnbestes.
A reference clone obtained from an alkaline lake, Lake Van in Turkeyeshow
phylogenetic similarity to Tablelands clone TD93, both of whichAypha-

proteobacteria. Two other clones from the Cabeco de Vide nonsaline, alkaline spring
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were incorporated into the tree. One showed very high similarity to clone TB27, a
Gammaproteobacteria, while the other Cabeco de Vide clone was related to CBdaa
proteobacteria. The species distribution of Tablelands and Cabeco de Vide show
significant parallels. Both sites consist primarily of bactemalgs such aBirmicutes,
Beta-proteobacteria, Actinobacteria, andAlphaproteobacteria. A limited range of other
groups, such aSamma-proteobacteria andBacteriodetes, are less prevalent at these
systems. The similarities between these two sites in terms of divamslitypecies
composition suggest that nonsaline, alkaline seeps throughout the world are likely to
promote comparable microbial communities. Therefore, it can be reasonably
hypothesized that serpentinite-hosted ecosystems promote certain pHtsgrecies
distribution, based on parameters such as pH, reduction potential, and temperature of the
environment. Also of note, species compositions similar to those found in serpentinites
are also observed in alkaline soda lakes. For instance, 16S rRNA analysovefedc

DNA from Mono Lake, California (a soda lake) revealed bacterial spkeleaging to
groups such asirmicutes, Alpha-proteobacteria, andActinobacteria (Humayoun, 2002).

All of these bacterial groups, particularly themicutes, were found at the Tablelands

site.

Four strains were isolated in pure culture: TLE1-B, TLE1-D, WHC2-A Red, and
WHC2-A Yellow. The two WHC2-A isolates were named Red and Yellow raspbct
because they produced brightly pigmented colonies of those particular coloesis8ec
they were able to consume organic materials and grow on the pH 11 media, each of the
strains were determined to be alkaliphilic heterotrophs. Partial sequehssamsing

the 27F primer indicated that the TLE1-B isolate belonged to the ¢eseamonas, a
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member of the\lpha-proteobacteria. The TLE1-D isolate was identified as a
Paenibacillus, which is aFirmicute. Both WHC2-A isolates belonged to the genus

Aquiflexum, a member of thBacteriodetes.

The culturing experiments in which two strains (TLE1-D, WHC2-A Red) were
exposed to either oxygen and light, oxygen and no light, light and no oxygen, or neither
indicated both strains were alkaliphilic heterotrophs. TLE1-D colonies wexéagiow
on the pH 11 media in all four conditions. The two TLE1-D plates exposed to oxygen
had relatively uniform distribution of small colonies covering most of the surfeesoh
the plate, each containing over 1,000 colonies. Both TLE1-D plates grown in anaerobic
conditions showed much less growth, and the presence of fewer large coloniesdhstea
many small colonies. The TLE1-D plate with no oxygen and no light revealadeakiat
higher growth (112 colonies) than the plate with light exposure but no oxygen (40
colonies). The TLE1-D isolate is likely a heterotrophic, facultative abaerBecause
the aerobic plates had many more colonies than the anaerobic plates, TLE14B &ppea
prefer oxygen, but is still able to grow in the in an anoxic environment. Also, because it
had significant growth on pH 11 media, it is presumably an alkaliphile. Further

experiments are required to definitively characterize these isolates

The WHC2-A Red strain only showed colonies on the anaerobic plates following
the 5-day incubation period. Neither of the plates exposed to oxygen, regardigiss of li
exposure, showed any signs of bacterial growth. Both plates placed in the anaerobic
chamber revealed roughly the same amount of growth (5 colonies in the abseyitg of |
4 colonies in the presence of light). Because the anaerobic chamber cannot 100% mimic

an anoxic environment, there is likely a trace amount of oxygen in the chamber.
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Therefore, WHC2-A Red is most likely aerotolerant, that does not utilize oxyges
metabolism. Also, like TLE1-D, it is probably an alkaliphile since it was abierin
colonies on pH 11 media. The two plates fully exposed to the oxygenated atmosphere
were not able to grow because the oxygen concentrations were too high to support

microaerophilic activity, or because they had slower growth rates.

The findings of the culturing experiments support what would be expected of
microbial activity at the Tablelands ophiolite. The WHC2-A Red straingsasn from
rock samples obtained from the bottom of the alkaline pool, where it was highly reduced
and oxygen levels were low. Moreover, TLE1-D responded more favorably to aerobic
conditions because it was isolated from rocks of a very shallow, flowing seeypatha
subjected to more oxidized conditions. The pHs of WHC2 and TLE1-D were 11.6 and
10.37, respectively. This correlates strongly to the culturing results that proiwddeee
that these species can grow in highly basic conditions, and can still grow wiggmoxy
levels are low or even if the environment is completely anoxic. Overall, thadmadi
the culturing experiments support the hypothesis that microorganisms rectreenehe

alkaline seeps of Tablelands could be grown on high pH media.

The presence of functional genes for methanogenesis (mcrA) and hydrogen
oxidation (hydA) was not confirmed in any of the sites. However it should not be
assumed that neither of these metabolisms exist at the Tablelands sgepedtie
problem is that biomass is low at this site and DNA yields from recovered recks w
very low, ranging from 0.26-0.60 pg/g of soil (Table 7). Also, the field site was
relatively isolated within a national park and there was no access to liquiceniwogry

ice. Therefore, it was likely that a substantial quantity of DNA was dedraelfore the
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samples were transported back to the laboratory and stored in a -80°C freeaer. As
result, additional field work must be completed to make a more accuratenassess to

the presence or absence of certain functional genes, as well as thesisexpr The

reducing and anoxic conditions produced by serpentinization create thermodytyamica
favorable conditions for methanogenesis and hydrogen oxidation. It would be premature

to discount the existence of these anaerobic metabolisms at the Tablelandteophioli

Screening for the archaeal 16S rRNA gene indicated that each of the 6 sites
contained Archaea in low abundances. Qualitative analysis of the 16S gel bands show
WHB likely has the highest archaeal diversity due to its strong bands. €ee/MC2
sites all gave very weak bands, while the TLE1 bands were miniscule andvisitséy
Because the bacterial 16S bands were much stronger and brighter, Tablel&nds like
supports greater bacterial abundances than archaeal abundances. AltgrifaizENA
extraction and purification procedure could bias against the recovery of DNA from
Archaea, although identical procedures have yielded Archaea DNA frooCttié The
predominance of Bacteria is expected, as most archaeal-dominated habédisdra
found in the deep ocean, subseafloor sediments, as well as other extreme environments
(i.e. high salinity, high temperatures, low oxygen, etc.). Even though Tablelands presents
a very unique environment, the non-saline water combined with close proximity to the
oxidized atmosphere would favor heterotrophic Bacteria over Archaea, whichllypi

utilize anaerobic metabolisms.

Overall, there are still many unknowns about how serpentinization reactions
and life processes interact with each other, and exactly to what degree wseced the

other. We know that life can exist at active serpentinization sites, butesatlwique
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biosphere specific for this process? This is the first study to charadtegizpecies
distribution at the Tablelands site. The results point towards to low diversity and low
biomass at serpentinite-hosted ecosystems. In general, the trend appedisat the
more alkaline and reducing an environment is, the lower the microbial speciestgliver
will be at the site. Further research needs to be completed to fully adoels w
functional genes are present in such an environment. Knowing which functional genes
are present will provide clues about metabolisms that exist at ophiolites. A¢gonta
better understanding of what species are currently present and abtAvsh@uld be
isolated and sequenced. While 16S rRNA analysis of DNA paints a picture of what
species are at this site, it does not tell which species are currentéyaaad what
metabolisms they are using. DNA could be from an active cell or remnantsad a de
cell. However, due to its high turnover rates, RNA indicates a species is d&h\ve.
analysis will provide stronger evidence concerning what energy-yietditiyvays are

currently being utilized.

Biogeography is a field concerned with the spatial distribution and biodiversity
over the course of time (Martiny et al, 2006). A long-standing issue has bedemdret
not microorganisms exhibit distinct patterns of biogeography as seen in amshals a
plants. Does the environment select for certain species and promote highenabsinda
for some microbes as compared to others? Sequence analysis of the Taltelands s
provides evidence for biogeographical patterns, in which there is minimal community
overlap between sampling locations. The parameters unique to eacle.gté, (
reduction potential, temperature, etc.) appear to promote different spetidsgfarent

levels of diversity. It would be interesting to see how this biogeographitabdisn of
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microorganism changes over time by studying successional pattemsuldtalso be
interesting to conduct consistent biogeographical comparisons betweenisgepent
ecosystems, not just at the Tablelands, but at other ophiolites such a Caeco de Vide, the
Coast Range Ophiolite in California, etc. Is there a serpentinitefisgeosphere? How

are communities transferred between sites? How long have they been isolateddr

another?

One field that has a particular interest in serpentinization and it¢sefiedife is
Astrobiology. Astrobiology is the multidisciplinary study of the origin and evahudif
life in the universe. It focuses on life in terms of the past, present, and futur| as w
the prospect of extraterrestrial life. Understanding the interactiong&etwtramafic
rocks and water and how it is able to sustain life on Earth could be used as an analogue
for analyzing other planets and moons in our solar system, and even planets outside of

our solar systeme(g. exoplanets).

The possibility of previous or current serpentinization-like reactions on islafs
special interest. The plethora of peridotite rock on Mars makes it an ideal ¢andida
have possibly hosted serpentinization at some point in time (Schulte et al, 2006). If there
was ever liquid water on Mars at any point in time, then the occurrence of thissproces
would have been highly likely. The knowledge of how serpentinization impacts life on
Earth could be used to predict whether or not this reaction could have hosted some form
of life on Mars (Shock et al, 1997)). For instance, methane sources have been detected
on Mars. Future missions will study these methane outputs to determine ifghey a

abiotic or biotic in origin, and if serpentinization is involved (Krasnopolsky et al, 2004)
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Also, because the early Earth had conditions highly conducive for
serpentinization, it is hypothesized that this event could have played a role irgth@bri
life, or could have at least provided habitats for primitive life (Martin et al, 2088)h
plate tectonic activity and the abundance of ultramafic rock/water intamaatiould
have created scenarios where altered mineral compositions and electrongdonat
chemical species could have provided habitats for early life in the formpefigeite-

driven hydrothermal systems.

To understand how serpentinization may have occurred on the early Earth or
possibly on Mars, it is critical to first understand its properties and how it iciise
environments on present-day Earth. The Tablelands study, along with other seéepentini
studies such as the Cabeco de Vide alkaline spring and LCHF, can serve as a blueprint
for predicting species diversity, metabolisms, and cell abundances air Sit@$ that
have not been extensively studied. Parallels between different serpeiotingzats will
be informative about exactly how this process influences microbial colonization and
growth, and how serpentinization may have fueled metabolisms of some of tbstearli

organisms.
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Appendix A: Glossary of Terms

1. ophiolite-a portion of the Earth’s crust or upper mantle that has been displaced onto the

continental margin as a result of tectonic activity.

2. serpentinization- the aqueous alteration of ultramafic rock, yieldingdh@rerals
(serpentines), as well as reduced, high pH fluids containing chemicalsspecieas

hydroxide, hydrogen, methane, and other hydrocarbons.

3. alkaliphile- a microorganism that grows optimally at high, basic pHs. It [seeofy

extremophile, and is found in environments such as soda lakes and serpentinites.

4. chemolithoautotrophy- using an inorganic carbon source as a substrate to obtain energy

through chemical reactions.

5. operational taxonomic unit- a concept used to group organisms that have greater than
97% genetic similarity. It represents an alternative method to glagsties in the

realm of microbiology.

6. ultramafic- a type of igneous rock common in the mantle that is formed by tiegcool

and solidifying of magma.

7. methanogenesis- the process of reducing carbon dioxide to methane, with hydrogen
being the reducing agent. The production of methane is an energeticalpblavor

reaction that microorganisms can utilize to generate ATP.

8. hydrogen oxidation- the process of reacting molecular hydrogen with oxygen to

produce water, catalyzed by the enzyme hydrogenase. It is endiygé&ivarable.
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9. substrate level phosphorylation- a reaction that yields ATP by the phosgpibargfa
ADP by an inorganic phosphate.
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