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Bacteria play in integral role in the marine carbon cycle by mediating crucial transfor-
mations of organic and inorganic matter. Within the organic carbon pool, heterotrophic
bacteria control the flux of labile and recalcitrant organic compounds, which has significant
impacts on the marine food web and nutrient cycling. In this dissertation, I used a suite
of culture-dependent and culture-independent techniques to investigate the functional roles
and distributions of key microorganisms in the marine carbon cycle. The SUP05 clade of
marine gammaproteobacteria is an abundant group of closely related sulfur-oxidizing bacte-
ria. Members of the SUP05 clade have the genetic potential for autotrophic, heterotrophic,
and mixotrophic growth. SUPO05 is widely distributed throughout the world’s oceans includ-
ing oligotrophic gyres, eutrophic estuaries, hydrothermal vent plumes, and oxygen minimum
zones. In chapter one, we used laboratory techniques including physiological growth experi-
ments, proteomic surveys, and genomic reconstructions to find that a potentially mixotrophic
strain of SUP05 predominantly functions as a heterotroph under oligotrophic and copi-
otrophic conditions. In chapter two, I sequenced the complete genome of a third isolate

from the SUP05 clade and compared its genomic content to other complete and incomplete



SUPO5 genomes. While the SUPO5 strains were all very similar at the 16S rDNA level,
striking differences in metabolic potential exist in the SUP05 clade. Notably, the newly
sequenced genome does not contain the metabolic potential for carbon fixation, which was
previously thought to be a defining characteristic of the SUP05 clade. Finally, in chapter
three I expand my exploration of key carbon and energy-cycling microbes beyond the SUP05
clade to explore the heterogeneous distribution of microbes across fresh lava from a deep-sea
volcanic eruption. Collectively, the results from this research show that closely related mi-
croorganisms may differ wildly in their role in the marine carbon and energy cycles. Further,
fine-scale disturbances in geochemical parameters have the potential to alter the composition

of microbial communities, potentially impacting the overall community function.
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Chapter 1

INTRODUCTION

Though diminutive at the individual level, the shear abundance and widespread distribu-
tion of microorganisms allow for their dominance of global biogeochemical cycling of carbon,
nitrogen, and sulfur. In the sunlit surface waters of the world’s oceans phototrophic mi-
crobes capture sunlight to fuel carbon fixation, which supplies abundant organic carbon to
the pelagic marine food web. In the absence of sunlight, chemoautotrophic microbes supply
additional organic carbon to higher trophic levels through several carbon fixation pathways
fueled by a diverse suite of reduced chemical species (Hiigler and Sievert, 2011). Contrast-
ingly, heterotrophic microorganisms throughout the water column utilize fixed organic carbon
for both assimilatory and dissimilatory reactions resulting in the remineralization of organic
carbon to inorganic forms. The tradeoff between autotrophic, both light and chemical driven,
and heterotrophic microbial lifestyles determines the fate of carbon in the marine environ-
ment thus controlling the concentrations of CO5 and O in the atmosphere and Earth’s redox

balance.

The global ocean is responsible for over half of net primary production on Earth (Falkowski
et al., 2000), yet the fate of fixed organic carbon in different oceanic regions remains un-
known. In mathematical terms, net community production (NCP) is equal to gross primary

production (GPP) minus community respiration (R). If NCP is greater than 0, then the



autotrophic ecosystem is a sink for atmospheric COs. The converse is true when NCP is
less than 0, thus defining a heterotrophic system. The nutrient-rich waters of coastal seas
cover only 6% of sea surface area but account for over one-third of the global net primary
production making these zones highly autotrophic-dominated systems (Gattuso et al., 1998;
Ducklow and McCallister, 2005). Conversely, for decades scientists have debated whether
the vast oligotrophic gyres of the open ocean are autotrophic or heterotrophic (reviewed in
Ducklow and Doney (2013)). Accurate modeling of NCP in oligotrophic reaches of the open
ocean is imperative because of the implications for predicting future global carbon cycle

fluxes due to anthropogenic-induced change.

In a 2013 review, Duarte and colleagues argue that the oligotrophic regions of the world’s
oceans are a net source of COy to the atmosphere (Duarte et al., 2013). From a compiled
dataset of 1,623 estimates of NCP from oligotrophic gyres of the North and South Atlantic
Subtropical Gyre, the North Pacific Subtropical Gyre, and the Mediterranean Sea over half
(57%) showed net heterotrophic communities (Duarte et al., 2013). These estimates were
generated from a variety of methods each with their own set of biases such as exclusion of
zooplankton respiration and bottle effects in incubation-based experiments and assumptions
in mixing rates and gas diffusivities for incubation-free approaches (reviewed in Robinson
and Williams (2005)). While discrete estimates of NCP help to inform scientists of trends in
autotrophic vs heterotrophic-dominated systems, we have not reached a consensus using these
methods after nearly two decades of collection. Variability in NCP estimates could largely be
due to heterogeneity in microbial communities across space and time that are not captured
by discrete measurements. For this reason, investigations into the specific metabolisms of
abundant oligotrophic microbes, which dominate carbon and nutrient cycling in the open

ocean, are imperative to better constrain models of global carbon cycling.



Life for marine microbes in the oligotrophic open ocean is challenged by extremely dilute
concentrations of organic carbon and other nutrient or energy sources. Despite low carbon
flux and sustained nutrient concentrations near zero, microorganisms in oligotrophic regions
make-up the majority of biomass (Schutl et al., 1997) with cell concentrations on the order of
0.5-5x10° cells mL~! of seawater (Whitman et al., 1998) owing to physiological adaptations to
extreme nutrient limitation. A better understanding of microbial adaptations to oligotrophy
will improve our ability to cultivate ecologically important marine microbes in order to
resolve their physiological roles in the global carbon cycle. This dissertation aims to using
cultivation dependent and independent approaches to understand the roles of oligotrophic

marine microorganisms in the carbon cycling.

In 1979, during the Dahlem Conference on Strategies of Microbial Life in Extreme Envi-
ronments, Hirsch and colleagues described five characteristics for microbial survival in olig-
otrophic conditions: i) cellular adaptation for low carbon requirements in regards to shape
and size, ii) the ability to use metabolic energy for nutrient uptake, particularly during pe-
riods of starvation, iii) the ability to constantly take-up nutrients from the environment, iv)
contain low-specificity, high-affinity transport systems to scavenge the dilute environment for
non-specific organic compounds, and v) maintain the ability to store and reserve nutrients
following uptake (Hirsch et al., 1979). Cultivation-dependent and -independent approaches
have since tested the above requirements for oligotrophic growth and adaptations of marine

microbes.

Until recent advances in cultivation techniques, marine oligotrophic bacteria eluded lab-
oratory isolation because they do not survive in typical nutrient-rich microbiology media
(Connon and Giovannoni, 2002; Rappé et al., 2002; Cho and Giovannoni, 2004). With the

advent of using sterile filtered seawater as media to isolate novel oligotrophs, weve begun



to understand mechanisms of survival in low nutrient conditions. Arguably one of the most
well-studied marine oligotrophic bacteria comes from the SAR11 clade, which accounts for
up to half of surface microbial communities (Morris et al., 2002). SAR11 cells are among
some of the smallest in size and maintain small, streamlined genomes, which reduces the
cellular energy demand under nutrient deplete conditions (Giovannoni et al., 2014). In the
nutrient-poor surface waters of the Sargasso Sea, a metaproteomics study highlighted that a
dominant proportion of SAR11 proteins were periplasmic substrate-binding proteins (Sowell
et al., 2009). The small genome and cell size combined with the dedication of cell volume
and energy to periplasmic space and nutrient uptake systems lends to SAR11’s survival in
oligotrophic waters and long periods of starvation, which also supports the first condition de-
scribed by Hirsch et al. (Hirsch et al., 1979). Under laboratory conditions, SAR11 continues
to express nutrient transport proteins during stationary phase presumably to compete for
sparse nutrients during periods of starvation (Sowell et al., 2008), in line with Hirsch’s third
condition for oligotrophic adaptation. Beyond the SARI11 clade, tonB-dependent trans-
porters (TBDTs) from alpha- and delta-proteobacteria represent a significant fraction of
membrane-bound proteins in the nutrient-deplete South Atlantic gyre (Morris et al., 2010).
TBDTs utilize a proton motive force, possibly harvested from sunlight by rhodopsins, to
transport nutrients across the membrane in gram-negative marine bacteria. This suggests
that oligotrophic microbes may use alternative energy sources to fuel constant nutrient ac-
quisition during daylight hours in oligotrophic regions of the ocean, further supporting the

second and third conditions described by Hirsch et al. (1979).

Members of the chemoautotrophic SUP05 clade of gammaproteobacterial sulfur oxidizers
(GSOs) inhabit oligotrophic regions of the worlds oceans and may contribute significantly

to carbon and nutrient cycling on a global scale. The SUP05 clade is particularly abundant



in suboxic and anoxic regions (Walsh et al., 2009; Glaubitz et al., 2013; Louca et al., 2016;
Rogge et al., 2017), which are currently expanding due to climate change. SUP05 bacteria
possess genes required for carbon fixation, sulfur-oxidation, and nitrate respiration (Walsh
et al., 2009; Swan et al., 2011; Anantharaman et al., 2013). Interestingly, some members
of the SUP05 clade harbor genes for carbon and energy acquisition from organic carbon
substrates suggesting a potentially mixotrophic lifestyle (Swan et al., 2011; Murillo et al.,
2014). Given SUP05’s cosmopolitan distribution and potentially globally significant roles in
carbon fixation and respiration, members of this clade are of particular interest for the focus

of physiological studies.

The SUPO05 clade is diverse and contains both free-living and symbiotic members. Phy-
logenetic analysis of the 16S TRNA gene reveals two sister clades within SUP05: sup05 and
arctic96BD-19 (Figure 2.1). The two sister clades differ in their metabolic potential as
sup05 appear to be strict chemoautotrophs while arctic96BD-19 may be mixotrophic for
both carbon and energy acquisition (Lalish, 2015). The first two chapters of this disserta-
tion examine the physiological role of members of the arctic96BD-19 clade in carbon and
energy processing. My overarching hypothesis for chapters one and two is that members of
the acrtic96BD-19 subclade of SUP05 have a flexible role in the marine carbon cycle both
on the individual and population-level depending on the availability of carbon and reduced

energy sources.

While the metabolic state of the oceans is intimately linked with biological processes,
large-scale events can locally alter the geochemical signatures of an ecosystem lending to
shifts in overall metabolisms. One such example is an eruption event along a mid-ocean
ridge (MOR) system. Eruptive events at MORs rapidly alter the geology and chemistry of

hydrothermal fluids emitted at the seafloor and into overlying pelagic zones (Butterfield et al.,



1997). Abrupt changes in chemistry following eruptive events at MOR influence microbial
communities (Huber et al., 2002, 2003; Meyer et al., 2013; Gulmann et al., 2015). Fresh basalt
from eruptive events is rapidly colonized by microbes in as few as a hours to days as biofilms
develop on the newly exposed surfaces, demonstrating predictable successional patterns over
time (Gulmann et al., 2015). Geochemical models suggest that the enriched hydrothermal
fluids that are released fuel high rates of microbial productivity (McCollom and Shock, 1997;
McCollom, 2000; Shock and Holland, 2004). Primary production within hydrothermally-
enriched plumes is only a fraction of photosynthetic production in surface waters, but the
input of organic carbon may be significant on a global scale given the broad spatial extent
of diffuse flow plumes, such as those emanating from fresh lava flows (McCollom, 2000).
The results from the third chapter of my dissertation support the hypothesis that deep-sea
eruptions along MORs alter the composition of microbial communities in the overlying water

column, which has implications for carbon and energy cycling in the deep-sea.



Chapter 2

HETEROTROPHY WITHIN A SULFUR-OXIDIZING
LINEAGE OF CHEMOAUTOTROPHIC MARINE BACTERIA

Rachel Lange Spietz, Rachel Lundeen, Anitra Ingalls, and Robert M. Morris [In prep]

2.1 Abstract

The balance between autotrophy and heterotrophy determines the size of the ocean’s carbon
sink. Shifts in the underlying metabolisms controlling carbon flux determine the contribu-
tions of major bacterial and archaeal lineages to carbon cycling in the oceans. Members
of the SUPO05 clade are often described as a single lineage of chemoautotrophic gammapro-
teobacterial sulfur-oxidizers (GSOs), but representatives from the Arctic96BD-19 subclade
have the genetic potential to both produce and consume organic matter. Ca. Thioglobus
singularis strain PS1 is a member of the Arctic96BD-19 subclade of SUP05 that was isolated
from Puget Sound, WA, USA. Strain PS1 has the genetic potential to use light, reduced sul-
fur, or organic compounds for energy and to assimilate organic and inorganic carbon for
biomass. We grew Ca. T. singularis strain PS1 on an artificial growth medium (ASW) and
quantified protein expression under variable growth conditions to test metabolic predictions
and elucidate the balance between autotrophy and heterotrophy. Here, we show that strain
PS1 uses organic substrates to meet its energy and carbon demands. The addition of a
phytoplankton lysate and individual phytoplankton-derived organic compounds significantly

enhanced the growth of strain PS1. Proteins involved in methylotrophic pathways for carbon



and energy were significantly upregulated when lysate was added to growth media, suggest-
ing that PS1 potentially uses methylated compounds derived from phytoplankton or other
marine organisms. Although sulfur oxidation is a defining characteristic of the GSO clade,
strain PS1 does not require a reduced form of inorganic sulfur for growth and there is little
evidence of inorganic carbon fixation. These data indicate that members of the widespread
Arctic96BD-19 subclade of SUPO5 have a predominantly heterotrophic role in the marine

carbon cycle.

2.2 Introduction

Phytoplankton are the major producers of organic matter in the surface ocean, and it is
estimated that 30-50% of their production is released in the dissolved fraction as dissolved
organic carbon (DOC) (Hansell and Carlson, 2015). Heterotrophic bacteria play a crucial role
in the cycling of DOM in the oceans by consuming the DOM fixed through photosynthesis
and returning some of the energy to higher trophic levels through the microbial loop (Azam
et al., 1983). It is estimated that heterotrophic microbes consume 70-90% of the labile-DOM
produced through photosynthesis (Hansell and Carlson, 2015). The DOM pool in the upper
ocean is complex and phytoplankton community composition is linked to variability in the
DOM pool (Becker et al., 2014; Sarmento and Gasol, 2012; Sarmento et al., 2013). In turn,
changes in the composition of DOM constituents are important factors in the activity and
composition of heterotrophic bacteria (Judd et al., 2006; Gémez-Consarnau et al., 2012).
Therefore, understanding the specific interactions between heterotrophic bacteria and the
DOM pool is essential for modeling and predicting global carbon flux in the face of climatic
changes and alterations in the distribution and composition of phytoplankton and the organic

substrates they produce.



The SUPO05 clade of gammaproteobacteria are among the most widespread and abundant
groups of marine bacteria and have been implicated in having a significant impact in the
transformation of nitrogen, sulfur, and carbon in the global ocean. Since the clade was first
described in a hydrothermal vent plume at Suiyo Seamount (Sunamura et al., 2004), several
subsequent studies have helped to resolve the phylogeny of SUP05 into two subclades: Sup05
and Arctic96BD-19 (Walsh et al., 2009). The Sup05 subclade has been the focus of many
studies because it is often the dominant member of the microbial community at oxic-anoxic
interfaces such as those in oxygen minimum zones, upwelling regions, and hydrothermal
systems. Environmental genomic and proteomic studies have linked Sup(05 with chemoau-
totrophic processes. Recent laboratory experiments have demonstrated that a member of
the Sup05 subclade couples sulfur oxidation and nitrate reduction to fix inorganic carbon

under anaerobic conditions (Shah et al., 2016).

The sister subclade of Sup05, Arctic96BD-19, is also widely distributed in hydrothermal
vent plumes (Anderson et al., 2013; Mattes et al., 2013), the deep-ocean (Swan et al., 2011),
oxygenated surface waters (Williams et al., 2012), and oxygen deficient zones (Walsh et al.,
2009; Wright et al., 2012). Similar to Sup05, members of the Arctic96BD-19 subclade contain
genes for carbon fixation and sulfur oxidation (Swan et al., 2011). However, partial genome
assemblies of Arctic96BD-19 from an oxygen-deficient coastal environment identified genes
for a complete TCA cycle and several transporters for organic substrates (Murillo et al.,
2014). This extends the metabolic potential of Arctic96BD-19 from a chemolithoautotroph
to a versatile mixotroph that can utilize a variety of carbon and energy sources. Further,
Arctic96BD-19 expressed transport proteins for amino acids, dipeptides, sugars, and taurine
in the Bedford Basin, a seasonally hypoxic inlet in the Atlantic Ocean, yet sulfur oxidation

and carbon fixation proteins were not identified (Georges et al., 2014). This suggests that
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members of the Arctic96BD-19 sublcade of SUP05 may function primarily as a heterotroph.

The first cultured isolate from the Arctic96BD-19 subclade was obtained from coastal
surface waters in 2015 and named Ca. Thioglobus singularis, strain PS1 (Puget Sound 1)
(Marshall and Morris, 2013). The complete genome sequence indicates that strain PS1 has
the genetic potential for autotrophic and heterotrophic metabolisms, including the ability
for lithotrophic, phototrophic, and organotrophic energy production. This suggests that
PS1 is a dual-mixotroph for both carbon and energy (Marshall and Morris, 2015). We
tested the hypothesis that Ca. T. singularis, strain PS1 grows as a chemolithoautotroph
under low nutrient (nutrient-deplete) conditions and as an organoheterotroph under high
nutrient (nutrient-replete) conditions. We combined laboratory physiology experiments with
proteomic analyses of cells grown in media either depleted or rich in nutrients, including
organic carbon, to identify shifts in the expression levels of autotrophic and heterotrophic

proteins.

2.3 Results and discussion

2.3.1 Growth on nutrient-deplete and nutrient-replete media

We adapted an artificial seawater media (ASW) Carini et al. (2012) to evaluate the potential
for Ca. T. singularis strain PS1 to use organic matter. We were unable to inhibit the growth
of strain PS1 on blank ASW media with no amendments (Figure 2.1). A previous study
of Pelagibacter ubique (SAR11) found that this oligotrophic marine microbe also grows on
minimal ASW media that included the addition of vitamins but no other organic substrates,
which led to the suggestion that SAR11 could potentially use vitamins as a carbon sources
(Carini et al., 2012). We tested the growth of PS1 in ASW without the addition of vitamins or

nitrogen and found that it grew to similar cell densities after several subsequent transfers (SI
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Figure B.1). Pelagibacter sp. can use volatile organic compounds (VOCs) (Sun et al., 2011;
Halsey et al., 2017), which could be present as a laboratory contaminant. However, strain
PS1 lacks similar genes to metabolize VOCs. Surprisingly, strain PS1 grew to higher cell
densities on ASW than on natural seawater media (NSW) (Figure 2.1), which suggests that
trace amounts of carbon and other nutrients capable of supporting the growth of extremely
oligotrophic marine bacteria are introduced as common laboratory contaminants. Regardless,
the low growth yields obtained on ASW media were sufficient as a baseline to evaluate
the potential for enhanced growth on organic substrates. After verifying purity in several
transfer cultures, strain PS1 was grown with and without reduced sulfur (1mM thiosulfate)
as a potential energy source (Marshall and Morris, 2013) and under nutrient-deplete and
nutrient-replete growth conditions. Nutrient-replete media was prepared by adding a cellular
lysate from the marine diatom, Thalassiosira pseudonana CCMP 1335. PS1 grew to similar
cell densities in NSW and ASW media under nutrient-replete conditions (2.36 x 10° and
2.35 x 109 cells mL™!, respectively) (Figure 2.1). This indicates that PS1 can use a natural

source of phytoplankton-derived organic matter to overcome nutrient limitation.

2.3.2  Comparison of protein expression on nutrient-deplete and nutrient-replete media

Protein expression profiles were compared for cells grown under nutrient-deplete (thiosulfate
only) and nutrient-replete (thiosulfate plus diatom lysate) conditions (Figure 2.2). We pre-
dicted that strain PS1 would upregulate ribulose bis-phosphate carboxylase (RuBisCO) and
other Calvin-Benson-Basham (CBB) proteins required for carbon fixation under nutrient-
deplete conditions. Using high-stringency criteria (>2 peptides in at least two replicate
injections), we identified 214 proteins from 1.46 x 10® cells grown on nutrient-deplete media

and 991 proteins from 1.49 x 10? cells grown on nutrient-replete media. These identifications
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represent 13% and 59% of all predicted proteins, respectively (Figure 2.2). Differences in the
total number of proteins detected are due to differences in biomass obtained under differ-
ent growth conditions. Although total proteomic coverage was higher when a diatom lysate
was added, the proteomic profiles were similar in both treatments (SI Figure B.2 and B.3).
Two-thirds of the proteins detected in the nutrient-deplete proteome were among the top
proteins in the nutrient-replete proteome, demonstrating that the most abundant proteins
were similar between the two treatments. In both treatments, the 25 most highly expressed

proteins included ABC transporters for organic substrates (SI Tables B.1 and B.2).

Analysis of the most highly expressed proteins suggests that Ca. T. singularis strain PS1
is assimilating organic carbon under both growth conditions (SI Tables B.1 and B.2). Of
the 212 proteins detected in both proteomes, more than half (60.2%) had a two-fold increase
in expression in the nutrient-replete treatment (SI Table B.3). Nearly a third (30.3%) of
these belonged to the translation, ribosomal structure, and biogenesis functional category.
Proteins involved in organic substrate transport and biosynthesis accounted for 27% of all up-
regulated proteins in the nutrient-replete proteome and 12% were proteins involved in energy
production and conversion. These data are consistent with higher growth rates and higher
maximum cell densities under nutrient-replete conditions. An uncharacterized membrane-
associated protein (AOAOM3T2F3) was the highest expressed protein in both proteomes but
was proportionally higher in the nutrient-deplete treatment compared to nutrient-replete.
This may suggest that the surface area to volume ratio of cells grown under nutrient-deplete
conditions was higher than the nutrient-replete cells, therefore indicating smaller cell sizes un-
der nutrient-deplete conditions. Given the higher growth rate of cells under nutrient-replete
conditions and larger cell size, it is expected that the proteins detected in both treatments

had higher concentrations in the nutrient-replete proteome (SI Figure B.3).
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Only three proteins were expressed more than two-fold higher in the nutrient-deplete
treatment relative to the nutrient-replete treatment; a C4-dicarboxylate ABC transporter
substrate-binding, a succinate-semialdehyde dehydrogenase, and an uncharacterized protein
associated with the cytoplasmic membrane (SI Table B.4). The C4-dicarboxylate ABC
transporter and succinate-semialdehyde dehydrogenase are located next to each other on
the strain PS1 genome. A BLAST search against the UniProtKB database revealed that
PS1’s succinate-semialdehyde dehydrogenase was 81.6% identical to a long-chain fatty acid-
coA ligase from Ca. Thioglobus sp. TMED218, a genome assembled from a Mediterranean
Sea metagenome. It is possible that the succinate-semialdehyde dehydrogenase may oxidize
a fatty acid or another organic substrate transported by the neighboring C4-dicarboxylate
transporter under extremely oligotrophic conditions, though further experiments are neces-

sary to discern the functions of these two proteins.

2.3.8  Proteomic evidence of organoheterotrophic growth in Ca. T. singularis

Carbon-fixing organisms express high-levels of the RuBisCO protein and the expression of
RuBisCO is affected by environmental conditions, such as sunlight (Fuszard et al., 2012).
Furthermore, many carbon-fixing marine organisms contain carbon concentrating mecha-
nisms (CCMs) to utilize bicarbonate (HCO3™) in COs-depleted seawater. However, strain
PS1 does not contain CCMs and would likely need to synthesize a surplus of RuBisCO to
rely on carbon-fixation for biosynthesis. Only two of the six proteins required for carbon fix-
ation via the CBB cycle were identified in the nutrient-replete proteome: the large subunit of
Rubsico (CbbL) and a post-translational activator protein for RuBisCO (CbbQ). The small
subunit of Rubsico (CbbS) and three accessory proteins (CbbR, CbbO, and CbbY) were

not detected. Protein CbbR is considered a master regulator of carbon fixation in chemoau-
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totrophs that use RuBisCO to fix carbon (Dangel and Tabita, 2015) and CbbY is thought to
aid in alleviating RuBisCO feedback inhibition by xylulose-1,5-bisphosphate (Bracher et al.,
2015). The absence of these two proteins could indicate a non-functioning carbon fixation
pathway where unregulated CbbL and Cbb(Q) are constitutively expressed at low levels or
have other functions in the cell. No CBB proteins were identified in the nutrient-deplete

proteome.

The specific mechanisms of organic substrate utilization were investigated further in the
proteome of strain PS1 under nutrient-replete conditions because we obtained greater pro-
teomic coverage and it was highly similar to the nutrient-deplete proteome (Figure 2.2). All
proteins required for glycolysis (data not shown) and the TCA cycle (Figure 2.3) were ex-
pressed in the strain PS1 proteome. The second most highly expressed protein in the TCA
cycle was isocitrate lyase which catalyzes the conversion of isocitrate to succinate and glyoxy-
late through the anapleurotic glyoxylate bypass. Through the glyoxylate bypass, organisms
use TCA intermediates for biosynthesis and anabolic processes rather than oxidation of the
intermediates for generation of ATP and NADPH. Isocitrate lyase was also one of the most
highly expressed proteins in the nutrient-deplete treatment (Figure 2.3), further suggesting

that strain PS1 conserves carbon through the glyxoylate bypass of the TCA cycle.

Only four of the seven proteins required for the anabolic pentose phosphate pathway
(PPP) were detected under nutrient-replete conditions. Two of the three absent proteins,
glucose-6-phosphate 1-dehydrogenase and 6-phosphogluconate dehydrogenase, are a required
part of the oxidative branch of the PPP used to generate reducing equivalents for other
energy-requiring cellular processes. Two of the three proteins that comprise the non-oxidative
branch of the PPP, ribulose phosphate epimerase and transketolase, were present in the

nutrient-replete proteome, as well as ribose phosphate pyrophosphokinase, which aids in the
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production of important nucleotide precursors. Collectively, strain PS1 appears to use the
PPP to generate pentose phosphates for nucleotide biosynthesis rather than for NADPH
reducing power for other biosynthesis reactions in the cell.

Strain PS1 contains a reduced set of genes that may be involved in sulfur oxidation includ-
ing aprMAB, dsrCKLM, three rhodaneses, sat, and sulfite reductase (Marshall and Morris,
2015). In the nutrient-replete proteome, AprAB were expressed at comparable levels to one
another indicating a relationship between the activity of these two proteins. AprM, DsrC,
DsrK, sat (sulfate adenylyltransferase), sulfite reductase, and two of the three rhondane-
ses had low levels of expression. A third rhodanese and DsrM, a membrane-bound sulfite
reductase, was not detected in the nutrient-replete proteome.

Recent surveys of abundant marine bacteria both in the lab and in the field have suggested
the importance of methylated amines and osmolytes for energy acquisition in heterotrophic
bacteria (Lidbury et al., 2015, 2017; Sun et al., 2016). In fact, the genome of strain PS1
contains all the genes necessary for complete oxidation of trimethylamine (TMA), tetrahydro-
formate (THF)-linked substrates, and marine osmolytes glycine betaine and choline (Figure
2.4). Further, all proteins involved in this mode of energy acquisition were expressed under
nutrient-replete conditions. A subset of these proteins was detected in the nutrient-deplete
treatment as well (Figure 2.4), indicating that the degradation of methylated amines is a
significant source of reducing equivalents for strain PS1 under nutrient-replete and nutrient-

deplete conditions.

2.3.4  Growth on TCA intermediates and methyl-containing carbon compounds

A complete citric acid cycle, or TCA cycle, is part of the central metabolism for strain PS1

as indicated by the expression of all required proteins (Figure 2.3). This is in contrast to an
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incomplete, or horseshoe, TCA cycle utilized by the closely-related and strictly autotrophic
Ca. T. autotrophicus (Shah et al., 2016). To further understand the role of strain PS1 in its
environment, we tested whether utilization of individual TCA intermediates as substrates
for growth. Pyruvate, a precursor to the TCA cycle, elicited a 70% increase in final cell den-
sity over the blank control media (Table 2.1). Three TCA-cycle intermediates, oxaloacetate,
alpha-ketoglutarate, and malate, had no significant effect on final cell yield. Glucose, a com-
mon organic carbon substrate widely used by heterotrophic bacteria also had no significant
effect on growth (Table 2.1). Malonate, a competitive inhibitor of succinate dehydrogenase,
increased final cell density by 84% over the nutrient-deplete control (Table 2.1).
Methylotrophy is widespread among marine microbes and strain PS1 has the genetic
potential for utilization of methylated compounds. Acetate and malonate elicited an increase
in final cell density over nutrient-deplete control media. The addition of formate to ASW
media resulted in nearly a three-fold increase in final cell density (Table 2.1). Strain PS1
expressed proteins involved in the degradation of methylated compounds including marine
osmolytes and methylated amines, which are abundant in the marine realm (Figure 2.4).
Further, the addition of 100 uM of glycine betaine, choline, TMA, and TMAO elicited a

significant increase in maximum cell yield over nutrient-deplete control (Table 2.1).

2.3.5  Growth on reduced sulfur compounds

No significant enhancement of growth was detected when 1 mM of thiosulfate was added
to blank NSW or ASW (Figure 2.1). Because Ca. T. singularis is closely related to
sulfur-oxidizing symbionts and hydrothermal vent plume microbes, alternative reduced sulfur
sources common to those environments were tested for growth responses. At concentrations

of 100 uM, thiosulfate, taurine, and thiotaurine had no significant effect on the growth of
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Ca. T. singularis in ASW media (Table 2.2). Hypotaurine inhibited growth 56%, while

sulfur-containing amino acids cysteine and methionine were toxic to growth (Table 2.2).

2.4 Conclusions

Taxa from the gammaproteobacterial clade of SUP05 commonly share the genetic potential
for sulfur-oxidation coupled to carbon fixation (Walsh et al., 2009), yet metabolic diversity
in the consumption and utilization of organic carbon may vary by taxon. Taxa from the
Arctic96BD-19 sub-clade of SUP05, including Ca. T. singularis, inhabit oxygenated waters
and have the enhanced genetic potential for transporting and processing DOC while main-
taining the genes necessary for carbon fixation, including form 1Aq of RuBisCO Marshall and
Morris (2013). Here, we show using physiologic growth experiments coupled with proteomic
surveys that strain PS1 functions as an organic carbon consuming heterotroph without a
requirement for reduced sulfur for chemosynthesis under nutrient-replete and -deplete con-
ditions.

A defining characteristic of the SUPO05 clade is its role in the sulfur cycle and as a sulfur-
oxidizing chemoautotroph. As a member of the sulfur-oxidizing SUP05 clade, strain PS1
contains the genes that encode the enzymes APS reductase (aprMAB) and ATP sulfurylase
(sat) which catalyze the oxidation of thiosulfate to sulfate, producing APS as a byproduct
(Ghosh and Dam, 2009; Lalish, 2015). An earlier study reported a positive growth response
with the addition of thiosulfate and glucose and detected globules within strain PS1 cells
that were comprised of elemental sulfur (Marshall and Morris, 2013), supporting genomic
predictions for incomplete oxidation of sulfur for energy when grown on natural seawater
media supplemented with organic carbon. In this study, we detected low levels of expression

of sulfur oxidation proteins (AprMAB and ATP sulfurylase) when strain PS1 was grown
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on nutrient-replete media. However, strain PS1 did not require the addition of exogenous
reduced sulfur when grown on ASW (Figure 2.1, Table 2.2), nor did we detect any sulfur
oxidation proteins when grown on ASW amended with only thiosulfate. In a proteomic study
of the sulfur-oxidizing bacterial endosymbiont for Riftia pachyptila, proteins essential for
sulfur oxidation were among the most highly expressed under sulfur-rich conditions (Markert
et al., 2007). While we cannot definitively state that strain PS1 did not express any sulfur
oxidation proteins under the nutrient-deplete condition, it is unlikely that sulfur oxidation
was a dominant metabolism given our proteomic coverage. This indicates that strain PS1
maintains the genetic potential for the oxidation of thiosulfate or other reduced sulfur source

but it is not a significant or primary mode of energy acquisition.

By combining genomic predictions, physiological growth responses, and protein expres-
sion data, we propose a metabolic model for the growth of strain PS1 on methylated com-
pounds primarily for energy acquisition (Figure 2.4). Methylated compounds are common
constituents of marine DOC. Marine osmolytes glycine betaine, choline, and trimethylamine
N-oxide (TMAO) produced by phytoplankton and other marine organisms are among the
most abundant methylated compounds in the DOC mix and are readily metabolized by ma-
rine bacteria (Diaz et al., 1992; Barrett and Kwan, 1985; Sun et al., 2011; Lidbury et al.,
2015, 2014). Methylotrophy has been well described for over a century; however, recent ad-
vances in genomic and physiological studies have shown that newly characterized microbes
can use novel combinations of known enzymes or have entirely undiscovered pathways of
using C1 compounds (Chistoserdova et al., 2009). When strain PS1 was grown in the pres-
ence of diatom lysate, that presumably contains diatom-derived methylated osmolytes, the
bacterium expressed all the proteins necessary for obtaining energy from the oxidation of

methyl groups. Further, strain PS1 demonstrated enhanced growth when supplemented with
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individual osmolytes or Cl-intermediates in the proposed methylotrophic metabolism (Fig-
ure 2.4). Recent culturing studies using SAR11, the most abundant marine heterotrophic
bacterium, has led to the discovery of methylovory, through which the bacteria oxidize C1
compounds solely for cellular energy, distinguishing them from methylotrophs (Sun et al.,
2011). Strain PS1 oxidized methylated compounds as indicated by an increase in growth and
expression of proteins in the methylotrophy pathway, though future studies will be necessary
to distinguish between complete oxidation for energy and biosynthetic incorporation of these

relatively abundant marine organic carbon sources.

2.5 Experimental procedures

2.5.1 Cllturing conditions for T. singularis

A defined, artificial seawater media (ASW) was used to test the carbon and energy require-
ments for growth of T. singularis (for ingredients and details of media preparation see Carini
et al. (2012). All cultures were grown in acid washed (10% HCI), autoclaved 250-ml polycar-
bonate flasks containing 50-mL of ASW at in-situ temperature 13°C under 16-hr light and
8-hr dark cycles. Purity and identification of cultures were checked using terminal restriction
fragment length polymorphism analysis and sequence of the 16S rRNA gene as previously
described (Shah et al., 2016).

Lysate from the diatom Thalassiosira pseudonana CCMP1335 was prepared by growing
the diatom on F/2 media to late exponential stage. Diatom cells were collected by con-
centrating the diatom culture via centrifugation at 3220 x G for 30 minutes at 20°C then
subjecting the cell pellet to a series of freeze-thaw cycles (at -80°C/70°C) to lyse the cells.
The lysed diatom cells were filtered through two in-line 0.2 m filters. Lysate was added to the

ASW media to a final concentration equivalent to a ratio of pre-concentrated diatom culture
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volume to ASW volume of 1:1. For example, to prepared 50 mL of ASW the equivalent of
50 mL of diatom culture (cell density 1.0x10° cells/mL) was concentrated, lysed, filtered,
and added back to the ASW. Growth experiments testing carbon substrates were carried out
in ASW amended with 1 mM thiosulfate and 100 M of each carbon substrate and ASW
with thiosulfate only as a control. Growth experiments testing reduced sulfur sources were
carried out in ASW with 100 uM of each sulfur source and blank ASW as a control. Cell
density in all bacterial cultures were enumerated by staining with SYBR Green and counted

on a Guava EasyCyte flow cytometer (MilliporeSigma, Burlington, MA, USA).

2.5.2  Protein extraction and analysis

Detailed materials and methods used for protein extraction and analysis are described in
Appendix B (SI Methods). Briefly, exponential phase PS1 cells were lysed from filters using
chemical and bead-beating techniques. Proteins were extracted from lysed cells through
disulfide reduction, alkylation, and finally in-solution trypsin/Lys-C digestion. An internal
standard containing synthetic peptides (Hi3 Escherichia coli Standard, Waters) was added
to desalted protein samples. Samples were injected onto a Waters ACQUITY M-class UPLC
coupled to a Thermo QExactive HF Orbitrap high-resolution mass spectrometer (HRMS)
equipped with a nano-electrospray (NSI) source.

Data processing was conducted using software from the trans-proteomic pipeline (TPP
v.4.8.1) (Nesvizhskii et al., 2007). Briefly, raw data was searched using COMET (Eng et al.,
2013, 2015) against a FASTA protein database consisting of either PS1 (nutrient-deplete
treatment) or PS1 and Thalassiosira pseudonana (nutrient-replete treatment), as well as the
E. coli Hi3 standard. Following COMET searches, files were searched in PeptideProphet,

iProphet (Shteynberg et al., 2011), and ProteinProphet (Nesvizhskii et al., 2003) within
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the TPP. The final list of protein identifications was filtered using a 95% or greater protein

probability as calculated from ProteinProphet corresponding to a false discovery rate <0.5%.

2.5.8 Identification of constitutively and differentially expressed proteins

Differential protein expression between the thiosulfate-only and the lysate plus thiosulfate
treatment was calculated as the logs fold change of the average normalized spectral counts
per cell. Differential expression between -0.5 and 0.5 were considered to be constitutively
expressed in the two treatments. Differential expression greater than 0.5 represented those
proteins that had at least a two-fold increase in expression in the thiosulfate-only treatment.
Likewise, differential expression less than -0.5 represented proteins that had at least a two-
fold increase in expression in the lysate plus thiosulfate treatment. Only proteins that
were detected in at least two replicate injections of each treatment were considered in the

differential protein analysis.
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Figure 2.1: Final cell densities of Cla. T. singularis strain PS1 on natural seawater media and
artificial seawater media amended with either 1 mM thiosulfate or with 1 mM thiosulfate
and a dilute diatom lysate to simulate growth under nutrient-deplete or nutrient-replete
conditions, respectively.
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Figure 2.2: Proteomic coverage of Ca. T. singularis strain PS1 grown on nutrient-deplete
and nutrient-replete media. Ring assignments from inner: (blue) proteomic coverage on
nutrient-deplete media, (green) proteomic coverage on nutrient-replete media, (gray) pre-
dicted proteome from genome using UniProt. The inner Venn diagram shows the overlap

of proteins detected in the nutrient-replete and nutrient-deplete proteomes with each other
and within the predicted proteome of strain PS1.
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Figure 2.3: The TCA cycle in Ca. T. singularis strain PS1. NCBI protein IDs highlighted
in green boxes were expressed in the nutrient-replete proteome, an (*) indicates expression
also in the nutrient-deplete proteome, and proteins in a gray box were not detected in either
proteome. Two proteins within the same box depict multiple subunits of an enzyme, while
two stacked boxes represent multiple copies of the protein-encoding gene within the strain
PS1 genome. Compounds highlighted blue enhanced the growth of strain PS1, compounds
in purple had no significant effect on growth, and compounds in white were not tested.
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Figure 2.4: Proposed model for the metabolism of methylated organic substrates and marine
osmolytes in Ca. T. singularis strain PS1. Substrates in blue text elicited an enhancement
of growth, substrates in red inhibited growth, substrates in purple did not significantly affect
growth, and substrates in black were not tested for a growth response. Proteins encoded by
the genes in green text were expressed when Ca. T. singularis was grown on a dilute diatom
lysate.
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Table 2.1: Potential organic carbon sources for Ca T. singularis strain PS1 when grown in
ASW with 1mM thiosulfate.

Potential carbon source Maximum cell density®
Diatom lysate 13.70 £ 3.68
Glycine betaine 3.01 £ 0.55
Formate 2.86 £ 1.06
Sarcosine® 2.11 + 0.10
Choline 2.12 + 0.35
TMAO 1.80 + 0.06
Malonate 1.71 + 0.13
Acetate 1.71 + 0.12
Pyruvate 1.58 £ 1.20
TMA 1.54 £+ 0.01
Oxaloacetate 1.07 + 0.29
Nutrient-deplete (control) 0.93 £+ 0.20
DHPS 0.85 4+ 0.16
a-ketoglutarate 0.84 £ 0.33
Serine® 0.83 = 0.16
Malate 0.80 £ 0.17
Glucose 0.78 £ 0.14
DMSP 0.59 £+ 0.15
Glycine® 0.35 £ 0.03

@ Displayed as 10* cells mL~*
b S.D. based on duplicates rather than triplicates
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Table 2.2: Potential reduced sulfur sources for Cla. T. singularis strain PS1 when grown in
ASW with no added organic carbon.

Potential sulfur source Maximum cell density®

Thiotaurine 1.58 £ 0.23
Taurine 1.53 + 0.11
Blank control 1.45 4+ 0.10
Thiosulfate 1.43 + 0.16
Hypotaurine 0.64 £ 0.10
Cysteine 0.03 £ 0.01
Methionine 0.03 £ 0.01

@ Displayed as 10* cells mL~!
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Chapter 3

THE COMPLETE GENOME SEQUENCE OF CANDIDATUS
THIOGLOBUS SINGULARIS STRAIN NP1, REVEALS A
STRICTLY HETEROTROPHIC REPRESENTATIVE FROM
THE SUP05 CLADE

Rachel Lange Spietz, Katharine M. Lalish, Xiaowei Zhao, Daniela Nicastro, and Robert

Morris [In prep]

3.1 Abstract

Candidatus Thioglobus singularis strain NP1 is a Gammaproteobacterium that was isolated
from the deep-chlorophyll maximum (45 m) in the Northeast Pacific oligotrophic gyre. The
complete NP1 genome was sequenced using the PacBio platform, which produced a single
circular chromosome 1.69 Mbp in length. We compared the NP1 genome to the genomes of
closely related representatives from the SUP05 clade of symbiotic and free-living bacteria to
identify differences in the metabolic potential of strains isolated from different environments.
Strain NP1 is most closely related to a coastal isolate, Ca. T. singularis strain PS1 (76.7%
identical at the nucleotide level), which was cultured from the Northeast Pacific Ocean in
Puget Sound. Similar to strain PS1, strain NP1 codes for a complete TCA cycle and can
synthesize all amino acids except histidine. Differences between strain NP1 and two other
complete SUP05 genomes include the absence of key genes for glycolysis or gluconeogenesis
(aldose 1-epimerase), the oxidative branch of the pentose phosphate pathway (glucose 6-

phosphate dehydrogenase, 6-phosphogluconolactonase, 6-phosphogluconate dehydrogenase),
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carbon fixation (RuBisCO), sulfur metabolism (dsrCKLM, APS kinase, and sulfite reduc-
tase), nitrogen acquisition (P-II regulatory protein and ammonium transporters), and type
IT pilus biosynthesis. The genome of strain NP1 contains three genomic islands relative to
other complete and incomplete SUP05 genomes. Notably, strain NP1 is the first sequenced
representative from the SUP05 clade that does not code for RuBisCO, indicating that it
lacks the ability to fix inorganic carbon using the Calvin-Bensen-Bassham (CBB) cycle. Our
analysis of the complete genome sequence of Ca. T. singularis stain NP1 indicates that
there is significant genetic diversity between closely related strains of SUP05 that may infer

varying metabolic roles in the global ocean.

3.2 Keywords

Arctic96BD-19, T. singularis, SUP05, genome

3.3 Abbreviations

PS1: Puget Sound 1 NP1: North Pacific 1 EF1: Effingham Inlet 1

3.4 Introduction

Members of the abundant and cosmopolitan SUP05 clade of Gammaproteobacteria play
important roles in carbon, nitrogen, and sulfur cycling in the world’s oceans (Walsh et al.,
2009; Swan et al., 2011; Marshall and Morris, 2013; Murillo et al., 2014; Shah et al., 2016).
Phylogenetic analysis of the 165 TRNA gene suggests that the SUP05 clade is comprised of
two closely related subclades that vary in their metabolic potential (Walsh et al., 2009). The
sup05 subclade includes both free-living and symbiotic strains and contributes significantly

to carbon-fixation fueled by sulfur oxidation, particularly in low-oxygen regions where they
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may simultaneously contribute to nitrogen loss (Glaubitz et al., 2013; Mattes et al., 2013;
Shah et al., 2016). The sister subclade, Arctic96BD-19, has the genomic potential for carbon
fixation (autotrophy), a complete TCA cycle and an abundance of organic transporters
(organoheterotrophy), proteorhodopsin (phototrophy), sulfur oxidation (lithotrophy), and
the oxidation of methylated compounds (methylotrophy), indicating the potential for dual
mixotrophy (for both carbon and energy) in the Arctic96BD-19 subclade (Walsh et al., 2009;

Anantharaman et al., 2013; Lesniewski et al., 2012).

Ecotype variation and niche-partitioning within phylogenetically distinct clades of bac-
teria is common among oligotrophic bacteria such as SAR11 and Prochlorococcus, which
demonstrate adaptive radiation to gradients in the availability of organic substrates and
differing light levels, respectively (Schwalbach et al., 2010; Brown et al., 2012; Malmstrom
et al., 2012; Morris et al., 2012). Similarly, culture-independent single-amplified genomes
obtained from the North and South Pacific indicate that members of the SUP05 clade may
also display genotypic variation in the content of genes encoding different metabolisms (Swan
et al., 2011). The ability for these different groups of marine bacteria to diversify, while also
maintaining small genomes and cell sizes, allows them to be highly competitive for scarce

resources and aids in their success in the open ocean (Giovannoni et al., 2014).

While most SUP05 have eluded cultivation, cultivated isolates provide insight into the
complete genomic potential and physiological traits within the clade (Marshall and Morris,
2013; Shah et al., 2016; Marshall and Morris, 2015; Shah et al., 2016). Here, we present
the complete genome sequence of the third cultivated free-living representative from the
SUPO05, Candidatus Thioglobus singularis strain NP1 and compare its genomic content to
other complete or nearly complete SUP05 genomes to elucidate patterns of genetic diversity

that have enabled this clade of bacteria to populate the global ocean.
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3.5 Organism classification

3.5.1 Classification and features

Based on 16S rDNA sequence identity, strain NP1 is a member of the genus Thioglobus
and species singularis, within the Gammaproteobacteria (Figure 3.1). The closest cultivated
relative to strain NP1 is Ca. T. singularis strain PS1 (99.6% rDNA sequence identity) and
these two strains cluster within the Arctic96BD-19 subclade of SUP05. The sister subclade
(sup05) contains isolate Ca. T. autotrophicus strain EF1, which shares 96.9% 16S rDNA
sequence identity with Ca. T. singularis strain NP1 (Figure 3.1). NP1 cells are coccoid with
a diameter of 1.0-1.2 ym (Figure 3.2), similar to Ca. T. singularis strain PS1 (Marshall and
Morris, 2013). The genus name, Thioglobus, refers to intracellular sulfur (“thio”) globules
(“globus”) in SUP05, yet no sulfur globules were detected under optimal growth conditions
when excess reduced sulfur was added to the media (Figure 3.2). Other key features of Ca.

T. singularis strain NP1 are summarized in Table 3.1.
3.6 Genome sequencing information

3.6.1 Genome project history

Ca. T. singularis, designated strain NP1, represents the third cultured isolate from the
SUPO05 clade and the second from the Arctic96BD-19 subclade. As part of a larger project
to elucidate the genomic potential of the metabolically diverse SUP05 clade, the genome
sequence of strain NP1 was obtained. Strain NP1 was isolated from the oligotrophic open-
ocean, thus provides a comparison to strain PS1 isolated from a nutrient-rich coastal en-
vironment. The comparison between NP1 and PS1 is useful in understanding adaptations

to different nutrient regimes within the Arctic96BD-19 subclade. Genome sequencing and
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assembly of Ca. T. singularis strain NP1 were conducted at the University of Washington
(Seattle, WA) and the sequence has been deposited in GenBank under accession number

SAMNO7775767. A summary of the genome sequencing project can be found in Table 3.2.

3.6.2  Growth conditions and genomic DNA preparation

Strain NP1 was isolated from the deep chlorophyll maximum (45 m) in the North Pacific gyre
(46° 16726.04” N, 129° 47°43.8" W), located approximately 600 km from Seattle, WA, USA by
high-throughput cultivation, as previously described (Marshall and Morris, 2013). Briefly,
whole water samples were diluted in seawater sterilized using a tangential-flow-filtration
(TFF) unit with a 30kDa cutoff and aliquoted into 2-mL culture wells. Culture experiments
were in acid-washed, sterile Teflon culture plates that were incubated in the dark at 10°C.
Cultures were screened for growth using a Guava EasyCyte flow cytometer (MilliporeSigma,
Burlington, MA, USA) and identified by amplifying and sequencing the 16S rRNA gene.
Strain NP1 was selected for further culturing and genome sequencing.

Optimal growth of strain NP1 was obtained on natural seawater media collected from
the surface waters of Puget Sound, WA, USA, filter sterilized, and amended with 1mM thio-
sulfate and a cellular lysate harvested from the diatom, Thalassiosira pseudonana CCMP
1335, under aerobic conditions, as previously described (Marshall and Morris, 2013). Strain
NP1 was unable to grow to detectable levels on artificial seawater (ASW) media or on a
50/50 mixture of natural seawater media and ASW. To collect DNA for genome sequenc-
ing, strain NP1 was grown in twenty 200-mL cultures on natural seawater media amended
with diatom lysate and 1mM thiosulfate to satisfy potential heterotrophic and lithotrophic
requirements. Cells were harvested during early stationary phase onto 0.2pum Supor filters.

DNA was extracted from filters and purity was verified by terminal restriction fragment
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length polymorphism (TRFLP) analysis following previously described methods (Marshall
and Morris, 2013). Remaining DNA was purified on a single PowerClean DNA clean-up col-
umn (MO Bio Laboratories, Carlsbad, CA, USA). A total of 2.25 ug of high-quality, purified

DNA were submitted for genome sequencing.

3.6.3 Genome sequencing and assembly

Library preparation, sequencing, and analysis, including genome assembly, were conducted
at the University of Washington’s Genome Science Department’s Pacific Biosciences Ser-
vices lab (http://pacbio.gs.washington.edu). A PacBio Single-Molecule Real-Time (SMRT)
10kb library was constructed and sequenced using a single SMRT cell on the PacBio RSII
platform to obtain 1.3 Gbp of DNA (raw reads). De-novo assembly of the genome from
reads was conducted using Hierarchical Genome Assembly Process 2 (HGAP2) (Koren et al.,
2013). Through the HGAP2 pipeline, reads were preassembled, assembled using Celera, and
polished with Quiver. The SMRT Analysis pipeline produced a single linear contig with
overlapping ends and mean coverage of 564X. Genome ends were aligned and trimmed in

Geneious v7.1.9 to produce a 1.69Mbp genome.

3.6.4 Genome annotation

The complete, finished genome of strain NP1 was annotated using NCBI’s Prokaryotic An-
notation Pipeline and checked against RAST annotations (Aziz et al., 2008; Overbeek et al.,
2014) and IMG annotations (Markowitz et al., 2012). COG classification of proteins were

obtained from the IMG annotation pipeline.
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3.6.5 Genome properties

The genome of Ca. T. singularis strain NP1 contains a single circular chromosome that is
1,689,404 bp long, with a GC content of 34.48% (Figure 3.3). Genome properties of Ca. T.
singularis strain NP1 are summarized in Table 3.3 and an overview of COG categories are
given in Table 3.4. Coding bases accounted for 94% (1,569,404) of the overall genome. Of
the 1,738 genes in the strain NP1 genome, 1,692 are predicted to encode proteins and 46 are
ribosomal genes. Over three-quarters of the protein-encoding genes were assigned to COG
functional categories. Amino acid transport and metabolism proteins (15.79%) comprised

the largest proportion of COG-assigned proteins in the NP1.

3.7 Insights from genome

Three complete genomes from free-living members of the SUP05 showed high similarity at
the 16S level, yet vast genomic diversity and variations in metabolic potential (Figure 3.1,
SI Figure C.1, SI Table C.3). The average nucleotide identity (ANI) between the entire
genomes of strain NP1 and strain PS1 was 76.69%, calculated from 1,302 best blast hits
(BBH) between the two genomes. For comparison, the ANI between strains NP1 and EF1 was
70.37%, calculated from 457 BBH (SI Table C.2). Synteny of protein coding regions was high
between the two Arctic96BD-19 strains (NP1 and PS1) but lower between the Arctic96BD-
19 strains and EF1, reflecting evolutionary divergence between the two subclades (Figure
3.4A). Amino acid transport and metabolism proteins also comprised the largest proportion
of COG-assigned proteins in strain PS1 (15.6%), but not in strain EF1 (9.23%) (SI table
C.1). In strain EF1, proteins involved in translation and ribosome structure and biogenesis
were the most abundant COG category (12.66%).

We identified three genomic islands on the NP1 genome compared to other complete
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and incomplete SUP05 genome sequences (Figure 3.3). These long stretches of the genome
(10-200kbp) are often characterized by GC-content different from the rest of the genome
and are commonly flanked by tRNA genes (Juhas et al., 2009). In strain NP1, all three
genomic islands (GEI1l, GEI2, and GEI3) are over 10kbp and have decreased GC-content
compared to the overall average genome GC-content (Figure 3.3). Two of the three genomic
islands (GEI2 and GEI3) are flanked by tRNA sequences and are near integrative host factors
(IHF) (Figure 3.3), which may be involved with DNA recombination (Juhas et al., 2009).
The majority of genes found within the three genomic islands of strain NP1 are hypothetical
proteins without a described function or classification, potentially because they have been
recently acquired (Wilhelm et al., 2007; Juhas et al., 2009). While the precise role of genomic
islands in marine bacteria is not yet understood, they are known to be regions of the genome
where genes are rapidly gained and lost due to horizontal gene transfer and are common
in other abundant and cosmopolitan, oligotrophic bacterial clades including Prochlorococcus
and Pelagibacter (Wilhelm et al., 2007; Malmstrom et al., 2012). The presence of the three

genomic islands detected here may contribute to diversification within the SUP05 clade.

3.7.1 Metabolic potential

A comparison of the complete genome sequence for Ca. T. singularis strain NP1 to previously
sequenced isolates Ca. T. singularis PS1 and Ca. T. autotrophicus strain EF1 revealed that
the open-ocean strain NP1 genome lacked several defining genes of the genus Thioglobus
(SUPO05 clade) (SI Figure C.1, SI Table C.3). Strain NP1 is missing the genes that encode
the large and small subunits of ribulose-bisphosphate carboxylase (RuBisCO), ¢bbLS, and
rubisco accessory genes, cbbR and cbbY. In the closely related strain PS1, cbbRLS are flanked

by argJ, a protein involved in two steps of arginine biosynthesis, and an ATPase related to
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cbb@. In the genome of strain NP1 arg/ and the ATPase are adjacent to each other while
cbbRLS are missing (Figure 3.4B). This may suggest that strain NP1 has lost the genetic
potential to fix inorganic carbon via the Calvin Benson Bassham (CBB) cycle, which makes
it unique among closely related strains, Ca. T. singularis PS1 and Ca. T. autotrophicus
strain EF1 (Swan et al., 2011; Marshall and Morris, 2013; Murillo et al., 2014; Shah et al.,
2016; Marshall and Morris, 2015). Experimentally, strain EF1 has been shown to be a strict
chemoautotroph (Shah et al., 2016); however, it remains unclear whether strain PS1 utilizes

the CBB to fix inorganic carbon as part of its central metabolism.

Strain NP1 has the genomic potential to use organic carbon substrates through glycoly-
sis, a complete TCA cycle, and glyoxylate bypass. This is similar to coastal strain PS1 but
different than strain EF1, which lacks 2-oxoglutarate dehydrogenase necessary for a complete
TCA cycle (Shah et al., 2016). Like coastal strain PS1, open ocean strain NP1 codes for
an abundance of ABC-transporters for organic substrates, suggesting that its primary role
in the global ocean is to assimilate and redistribute organic matter or to convert it back to
its inorganic constituents. Interestingly, strains NP1 and EF1 lack the genes for the oxida-
tive phase of the pentose phosphate pathway (PPP) (glucose 6-phosphate dehydrogenase,
6-phosphogluconolactonase, and 6-phosphogluconate dehydrogenase) while maintain the ge-
nomic potential for the non-oxidative phase, which differs from strain PS1 that contains both
phases of the PPP (SI Table C.3, SI Figure C.1). Subpopulations of another oligotrophic
marine bacterium, SARS86, lack the oxidative phase of the PPP, which results in a decrease
of NADH generation and has been suggested to be an adaptation to utilize different carbon

sources (Dupont et al., 2012).

In the oligotrophic open ocean, nitrogen is thought to be a major limiting nutrient to

productivity (Zehr and Kudela, 2011); therefore, marine bacteria fulfill their nitrogen re-
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quirements through a variety of organic and inorganic sources. Potential nitrogen sources
within the SUPO05 clade vary between heterotrophic Ca. T. singularis strains NP1 and PS1
and strictly chemoautotrophic Ca. T. autotrophicus strain EF1. This is likely due to the
differences in the central energetic pathways between the two clades. Ca. T. autotrophi-
cus strain EF'1 uses nitrate as a terminal electron acceptor under anaerobic conditions and
consumes ammonium for biosynthetic nitrogen requirements (Shah et al., 2016). Ca. T.
autotrophicus strain EF1 has genes that encode three different nitrogen regulatory P-II pro-
teins and a single ammonium transporter (SI Table C.3). Conversely, Ca. T. singularis
strains NP1 and PS1 contain one and two nitrogen regulatory P-II genes, respectively. Both
have two additional ammonium transporter genes. Recently, field and lab-based studies
have shown that non-methylotrophic heterotrophic marine bacteria use methylated amines
to supplement their nitrogen requirements in coastal marine environments (Lidbury et al.,
2015; Taubert et al., 2017). Methylated amines are produced as osmoprotectants in marine
organisms and are abundant in productive regions of the worlds oceans, including coastal
regions and chlorophyll a maxima in the open ocean (Gibb et al., 1999; Gibb and Hatton,
2004; Beale and Airs, 2016). This may constitute a significant fraction of the dissolved or-
ganic nitrogen pool available to heterotrophic organisms. Both Ca. T. singularis genomes
(PS1 and NP1) contain the genes necessary to use methylated amines as organic carbon and
nitrogen sources (SI Table C.3), further expanding the suite of nitrogen substrates available

to this metabolically diverse subclade of SUP05.

The SUPO5 clade is often characterized by the ability of its members to oxidize reduced
inorganic sulfur (Anantharaman et al., 2013). Ca. T. singularis strain NP1 is missing key
sulfur oxidation genes found in other SUP05 (SI Figure C.1, SI Table C.3). These include

membrane-bound sulfur oxidation genes, dsrCKLM, and sulfite reductase. NP1 has retained
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aprABM, ATP sulfurylase, and four rhodaneses. For comparison, coastal strain PS1 has a
broader set of sulfur oxidation genes (aprA BM, ATP sulfurylase, dsrCKLM, three rhodaneses,
and sulfite reductase) giving it the potential for lithotrophic energy production (Marshall and
Morris, 2013; Lalish, 2015). The genome of the strictly chemolithoautotrophic strain EF1,
contains a complete set of genes to oxidize inorganic sulfur (feccAB, dsrABCH, aprABM,
sotABXYZ, ATP sulfurylase, and rhodanese sulfurtransferase) (Shah et al., 2016). Evidence
of a significantly reduced set of sulfur oxidation genes suggest that NP1 can oxidize reduced
sulfur for energy but may be limited in its ability to oxidize or reduce a wider array of sulfur
compounds or carry-out reduction of stored intracellular sulfur for assimilation because it
is lacking dsr genes and sulfite reductase (SI Figure C.1, SI Table C.3). While no sulfur
globules were found using cryo-EM (Figure 3.2), further research into the genetic pathways
for sulfur storage are necessary to determine whether strain NP1 maintains the ability to

form intracellular sulfur globules.

3.7.2  Type II Secretion

Ca. T. singularis strain PS1 and Ca. T. autotrophicus strain EF1 genomes contain an
operon of genes that encode a type II secretion system (pil TSOPQBC, pseudo-pilin pulG,
and fimbrial pilin), yet Ca. T. singularis strain NP1 lacks this entire operon (SI Figure C.1).
Type II secretion systems are thought to be involved in DNA uptake or protein secretion
in other heterotrophic marine bacteria, Pelagibacteria ubique (Zhao et al., 2017) . Lack of
this type II secretion system in strain NP1 suggests that these functions are not essential
for heterotrophic SUP05 in the open-ocean. Dissolved DNA concentrations, for example,

decrease from coastal to open ocean waters (DeFlaun et al., 1987).
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3.8 Conclusions

The complete genome sequence of Ca. Thioglobus singularis strain NP1, an open-ocean
isolate from the SUPO05 clade, lacks the genetic potential for carbon fixation via the CBB
yet maintains a complete TCA cycle, organic matter transporters, and organic and inorganic
nitrogen assimilation pathways, thus representing the first strictly heterotrophic isolate from
the SUP05 clade. Further, strain NP1 has a reduced set of sulfur oxidation genes and
lacks a complete operon for a type II secretion system. The metabolic diversity within
the SUPO5 clade is striking given the high relatedness among members at both the 16S
rRNA and whole genome levels. These results suggest that some members of the SUP05
clade, including strain NP1, potentially function strictly as chemoorganotrophs, contrary
to previously reports suggesting strict or facultative chemolithoautotrophy throughout the
ubiquitous marine clade (Swan et al.,; 2011; Anantharaman et al., 2013; Glaubitz et al., 2013;
Murillo et al., 2014).
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Figure 3.1: Phylogenetic tree showing the position of Ca. T. singularis strain NP1 within
the SUPO05 clade of marine Gammaproteobacteria. Complete genomes from cultured isolates
shown in black text, single-cell genomes in blue text, symbionts in red text, and environ-
mental sequences in green text. The 16S rRNA sequences were aligned in ClustalW and
trimmed to 1232bp. The phylogenetic tree was constructed using the Maximum Likelihood
method based on the Tamura-Nei model in MEGAT7. Boostrap values were calculated on
100 interations and values >50 are displayed.



Figure 3.2: Cryo-electron

micrography image of Ca. Thioglobus singularis strain NP1.
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Figure 3.4: Overview of genome synteny and presence of key Calvin-Benson-Basshom (CBB)
cycle genes across the complete genome sequences of three free-living isolates of the SUP05
clade. (A) Output from a progressive Mauve alignment implemented in Geneious (v 7.1.9,
Newark, NJ). Linear collinear blocks are shown in different colored boxes and were calculated
on a minimum of 30,000 matching nucleotides across two or more genomes. (B) CBB regions
on the three SUP05 genomes shows that strain NP1 is missing cbbRLS. Fe-ABC, Fe ABC
transporter binding protein; argJ, bifunctional arginine biosynthesis protein; VWA, von
Willebrand factor A.



Table 3.1: Classification and general features of Ca.
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Thioglobus singulariss strain NP1

designation.
MIGS ID Property Term Evidence codes!
Classification Domain Bacteria TAS?
Phylum Proteobacteria TAS3
Class Gammaproteobacteria TAS*
Order Unclassified NAS
Family Unclassified, S-oxidizing bacteria NAS
Genus Candidatus Thioglobus TAS®
Species Candidatus Thioglobus singularis TAS?
(Type) strain NP1 IDA
Gram stain Negative NAS
Cell shape Coccus IDA
Motility Non-motile IDA
Sporulation Unknown
Temp. range Preference for 10-13°C, psychrophile IDA
Optimum temp. Unknown
pH range; optimum Unkown, about 8.1 IDA
Carbon source Unknown
GS-6 Habitat Marine IDA
MIGS-6.3 Salinity About 35 PSU IDA
MIGS-22 Oxygen requirement Aerobic IDA
MIGS-15 Biotic relationship Free-living TAS®, IDA
MIGS-14 Pathogenicity Non-pathogenic NAS
MIGS-4 Geographic location North Pacific gyre TAS®, IDA
MIGS-5 Sample collection August 2011 TASS, IDA
MIGS-4.1 Latitude 46° 16.434'N TAS*, IDA
MIGS-4.2 Longitude 129.° 47.73W TAS*, IDA
MIGS-4.4 Altitude -45m TASS, IDA

'Evidence codes: TAS, traceable author statement; IDA, inferred from direct assay; NAS, non-traceable

author statement
Woese et al. (1990)
3Garrity and Bell (2005)
4Garrity et al. (2005)
®Marshall and Morris (2015)
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Table 3.2: Project information.

MIGS ID Property Term
MIGS-31 Finishing quality Complete
MIGS-28 Libraries used Single PacBio 10kb SMRT cell
MIGS-29 Sequencing platforms PacBio RSII
MIGS-31.2 Fold coverage 564x
MIGS-30 Assemblers HGAP2
MIGS-32 Gene calling method GeneMarkS+ (NCBI PGAP); Prodigal (IMG/ER)
Locus tag CRN91
Genbank ID SAMNO7775767
Genbank Date of Release ~ Upon publication
GOLD ID Ga0216371
BIOPROJECT PRJNA414010
MIGS-13 Source Material Identifier ~ Aquatic

Project relevance

Enviromental microbiology, open ocean, free-living, SUP05




Table 3.3: Genome statistics.

Attribute Value %age
Genome size (bp) 1,689,404 100
DNA coding (bp) 1,596,072 94.48
DNA G+C (bp) 591,027 34.98
DNA scaffolds 1 100
Total genes 1,738 100
Protein coding genes 1,692 97.35
RNA genes 46 2.65
Pseudo genes 0 0
Genes in internal clusters 220 12.66
Genes with function prediction 1,470 84.58
Genes assigned to COGs 1,349 77.62
Genes with Pfam domains 1,516 7.23
Genes with signal peptides 104 5.98
Genes with transmembrane helices 359 20.66
CRISPR repeats 0 0
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Table 3.4: Number of genes associated with general COG functional categories.

Code Value %age Descrription

J 160 10.62 Translation, ribosomal structure and biogenesis

A 1 0.07 RNA processing and modification

K 42 2.79 Transcription

L 64 4.25 Replication, recombination, and repair

B 1 0.07 Chromatin structure and dynamics

D 15 1.00 Cell cycle control, cell division, chromosome partitioning
A% 24 1.59 Defense mechanisms

T 23 1.53 Signal transduction mechanisms

M 89 5.91 Cell wall/membrane biogenesis

N 6 0.40 Cell motility

U 17 1.13 Intracellular trafficking and secretion

(@) 74 491 Posttranslational modification, protein turnover, chaperones
C 111 7.37 Energy production and conversion

G 86 5.71 Carbohydrate transport and metabolism

E 238 15.79  Amino acid transport and metabolism

F 67 4.45 Nucleotide transport and metabolism

H 119 7.90 Coenzyme transport and metabolism

1 85 5.64 Lipid transport and metabolism

P 63 4.18 Inorganic ion transport and metabolism

Q 37 2.46 Secondary metabolites biosynthesis, transport, and catabolism
R 134 8.89 General function prediction only

S 46 3.05 Function unknown

389

22.38

Not in COGs

47
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Chapter 4

DEEP-SEA VOLCANIC ERUPTIONS CREATE UNIQUE
CHEMICAL AND BIOLOGICAL LINKAGES BETWEEN THE
SUBSURFACE LITHOSPHERE AND OCEANIC
HYDROSPHERE

Rachel Lange Spietz, David Butterfield, Nathaniel J. Buck, Benjamin Larson, William

W. Chadwick Jr., Sharon Walker, Deborah Kelley, and Robert Morris [In review]

4.1 Abstract

In April 2015, pressure recorders, seismometers, and hydrophones attached to the Ocean
Observatories Initiatives (OOI) Cabled Array on Axial Seamount detected, in real-time, a
volcanic eruption predominantly located along the north rift zone (NRZ). Real-time detec-
tion enabled a rapid response cruise to augment OOI data with physical, chemical, and
biological data about the eruption and the new lava flows along the NRZ, demonstrating
the synergistic value of real-time monitoring with rapid response efforts that go beyond the
boundaries of a fixed cabled array. We show that the 2015 eruption gave rise to chemically
and microbiologically variable hydrothermal plumes over new NRZ lava flows, reflecting
unique chemical and biological linkages between the subsurface lithosphere and the oceanic
hydrosphere. The warmest and least diluted plume near new lava flows was 0.119°C above
background seawater and hosted thermophilic and hyperthermophilic taxa that are typically
identified in hydrothermal fluids emanating from the warm subsurface. Cooler and more

diluted hydrothermal plumes farther from a hydrothermal fluid source were 0.072-0.078°C
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above background seawater and hosted mesophilic and psychrophilic taxa that are typically
identified in neutrally buoyant plumes at persistent hydrothermal venting sites. Potentially
chemosynthetic microbial lineages, including Epsilonproteobacteria, Gammaproteobacteria,
and Methanococcales, were positively correlated with elevated temperature anomalies. These
data suggest that hydrothermal fluid flow through new lava flows on the NRZ supported
diverse microbial communities for several months following the 2015 eruption and that sub-
surface heterogeneity contributed to the structure of unique hydrothermal-plume hosted

microbial communities.

4.2 Background

Axial Seamount is the largest and most active volcano on the Juan de Fuca Ridge spreading
center. Annual research cruises have collected chemical, geological, and biological data at
Axial Seamount for more than two decades, making this one of the longest time-series for a
deep-sea volcanically-driven hydrothermal system. In 1998 an eruption occurred on Axial’s
south rift zone that was remotely detected by US Navy hydrophones (Dziak et al., 2007;
Chadwick et al., 2013). Axial Seamount erupted again in 2011 along the south rift zone
resulting in lava flows inside and outside the caldera with numerous snow blower vents that
emitted white floc from dense eruption-associated microbial mats (Caress et al., 2012; Meyer
et al., 2013; Kelley et al., 2014). In 2014, the Ocean Observatories Initiative (OOI) completed
installation of a regional cabled observatory that spans the Juan de Fuca plate with nodes at
Axial Seamount, that include over 20 cabled instruments within the caldera (Kelley et al.,
2016).

The OOI Cabled Array detected the most recent eruption in real time, which started
on April 24, 2015 and lasted for several weeks (Wilcock et al., 2016; Nooner and Chadwick,
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2016). This was critical for identifying new lava flows. For the first time, the locations and
timing of earthquakes and explosive events were captured as they occurred, which suggested
that activity was focused along Axials north rift zone (NRZ). This was confirmed by depth
changes detected by bathymetric resurveys and remotely operated vehicles in July and Au-
gust 2015 (Chadwick et al., 2016; Kelley et al., 2016). The thickest new lava flows were
covered by microbial mats, and there were numerous sites of hydrothermal flow (Chadwick
et al., 2016; Kelley et al., 2016). The bathymetric and visual observations detected eleven
new lava flows from at least 13 new fissures along the NRZ and within Axial caldera (Chad-
wick et al., 2016), with a combined volume of 1.48 x 10® m? making the 2015 eruption
the largest volume of lava documented since data collection began in the mid-1980s. The
morphology and chemical composition of separate lava flows varied from thin sheet flows
within the caldera to much thicker and more evolved (lower MgO) pillow lava along the NRZ
(Chadwick et al., 2016).

Eruptive events at mid-ocean ridges are responsible for high fluxes in heat, chemicals, and
biological matter from the subsurface (Baker et al., 1987; Butterfield et al., 1997; Delaney
et al., 1998). Previous studies have found that abrupt changes in the physical and chemical
environment of the seafloor and overlying water column follow eruptive events and influence
the structure and activity of local microbial communities (Huber et al., 2002, 2003). For
example, fresh basalt in areas of hydrothermal flow after eruptive events is rapidly colonized
by microbes (Gulmann et al., 2015). These benthic biofilms are dominated by chemolithoau-
totrophs (Meyer et al., 2013) that support seafloor communities at hydrothermal systems for

months to years following eruptions (Tunnicliffe et al., 1997).

Eruptions can produce new venting of hydrothermal fluids due to increased permeability

of the crust and new heat sources such as sub-seafloor magma and freshly erupted lava fields
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that are still cooling (Baker, 1998; Baker et al., 2004). Neutrally buoyant hydrothermal
plumes from long-lived vents are a mixture of entrained background seawater and <0.01% of
subsurface-derived hydrothermal fluid (Lupton et al., 1985). A recent high-resolution spatial
study of hydrothermal vent plumes along the Eastern Lau Spreading Center suggested that
ubiquitous deep-sea microbes populate plume microbial communities, while the contribution
of subsurface microbial taxa to plume communities is secondary as a result of extreme di-
lution within the hydrothermal plume (Sheik et al., 2015). Yet, some subsurface bacteria,
such as sulfur-oxidizing Epsilonproteobacteria, demonstrate strong distance-decay relation-
ships within plumes with high abundances near the source of hydrothermal flow and can be
considered indicators of hydrothermal activity (Djurhuus et al., 2017). While distance-decay
relationships and high rates of entrainment of background deep-sea microbial communities
primarily structure plume microbial communities, the geochemical and physical environ-
ment of the subsurface source fluids also impose selective pressures on microbial community

composition over time (Huber et al., 2007; Opatkiewicz et al., 2009; Anderson et al., 2013).

Newly established links between the seafloor and subsurface magma sources, as the result
of a deep-sea eruption, have the potential to create variable sub-seafloor hydrothermal con-
ditions that alter overlying seawater non-uniformly, which may be reflected in the structure
of microbial communities in newly formed eruptive hydrothermal plumes. Here, we used
physical, chemical, and biological data to characterize hydrothermal plume heterogeneity
above new lava flows along the NRZ at Axial Seamount. Our data indicate that differences
in subsurface environments associated with new lava flows can create geochemically unique
hydrothermal plumes that harbor distinct microbial communities comprised of both deep-
ocean and subsurface lineages. This has the potential to significantly impact deep-ocean

microbiology, as mid-ocean ridges span 65,000 km of Earth’s surface and are responsible for
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approximately 70% of the volcanic activity on Earth.
4.3 Results and Discussion

4.3.1 Physical and Chemical Characterization of Distinct Post-Eruption Hydrothermal Plumes

A rapid response cruise was added to the previously planned TN327 expedition to survey
the geology, chemistry, and microbiology of new lava flows. CTD tow-yo surveys above
the new NRZ lava flows collected continuous measurements for depth, temperature, salinity,
and turbidity. Potential temperature and turbidity anomalies verified the presence of near-
seafloor hydrothermal plumes 50-100 m thick extending horizontally several kilometers over
the northernmost new lava flows (Appendix D, Figure 4.1A, Table 4.1). It is estimated that
92% of the erupted volume was accounted for in the three northernmost lava flows #8-10
(numbering scheme from south to north following Chadwick et al. (2016)). Hydrothermal
plumes above these thicker northern flows had higher temperature anomalies than plumes
overlying thinner new flows within Axial Caldera or elsewhere along the NRZ. The plumes
over new lava flows #9 and 10 (46.08°N and 46.11°N, respectively) were sampled for further
characterization of plume chemistry and microbial microbiology. A total of 44 water column
samples from the caldera, NRZ and background seawater were analyzed ship board for
methane and hydrogen concentrations. From a subset of 12 water-column samples, DNA
was extracted and the microbial community was characterized by 16S rRNA gene sequencing
(Appendix D).

Temperature and turbidity anomalies, as well as methane and hydrogen concentrations,
were not uniform along the NRZ (Figure 4.1B and 4.1C) and showed regions of variability
above lava flows #9 and 10 (Table 4.1). The hydrothermal plume above lava flow #9

(samples #6, 8, and 9) had the highest temperature and turbidity anomalies, measured as
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ANTU (Figure 4.1B, Table 4.1). The plume over lava flow #10 (samples #2, 3, 4, and 5)
was characterized by the highest hydrogen and methane concentrations compared to any
other plume along the NRZ or within Axial caldera but had lower temperature and turbidity
anomalies than in the plume over lava flow #9 (Figure 4.1B and 4.1C, Table 4.1). Two
samples (#10 and 12) were collected within the broader plume, not above a new lava flow,
to compare lava-associated plumes with the non-lava associated plume (Figure 4.1B). Non-
lava temperature anomalies were similar to those over lava flow #10 (average 0.078°C),
but turbidity anomalies were lower than in both lava-associated plumes (ANTU = 0.024
vs. >0.039). Similarly, methane concentrations in the non-lava plumes were lower than
in the lava-associated plumes and hydrogen concentrations were near zero (Table 4.1). One
background sample was collected at the NRZ (sample #14) where temperature and turbidity
anomalies were not detected. Two additional background samples were collected 24 km NE
of Axial Seamount and at depths corresponding to plume samples above lava flow #9 and

10 (1500m and 1700m).

Differences in plume conditions above the two NRZ lava flows indicate variability in the
subsurface geology, chemistry, and microbiology. While no obvious differences in lava mor-
phology or composition were detected between flows #9 and 10 (Chadwick et al., 2016), the
microbial mats covering lava flows were thicker and more orange in color on lava flow #9
relative to lava flow #10. Additionally, the sharp increase in plume hydrogen and methane
concentrations over lava flow #10 indicates differences in the chemistry, and possibly micro-

biology, over the two flows.

Hydrothermal fluids enriched in reduced chemical species fuel high rates of microbial
productivity, which are commonly more productive than photosynthetically-driven parts of

the ocean (Lutz et al., 1994; McCollom and Shock, 1997; Shock and Holland, 2004; McCollom,
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2000). Geochemical models predict that most chemosynthetic primary production within
vent plumes occurs when concentrations of hydrogen and sulfide are highest. This can
occur in the early stages of hydrothermal plume development (McCollom, 2000). Microbial
characterization of persistent vent plumes has shown that sulfur- and hydrogen-oxidizing
autotrophic bacteria dominate vent fluids at their source and are present in diffuse-flow
fluids (Sunamura et al., 2004; Anantharaman et al., 2013; Anderson et al., 2013; Mattes
et al., 2013). Understanding the heterogeneity in the hydrothermal plumes associated with
new lava flows from the 2015 eruptive event is important when considering biogeochemical

models of deep-sea eruptions.

4.3.2  Microbiological Characterization of Distinct Post-Eruption Hydrothermal Plumes

To understand how microbial community structure relates to environmental heterogeneity
within post-eruptive hydrothermal plumes, we characterized microbial communities in dis-
crete samples collected from the plumes over lava flows #9 and 10, in non-lava associated
samples, and in background seawater. Non-metric multidimensional scaling of microbial
operational taxonomic units derived from 16S rRNA gene sequence analyses indicate that
Bacterial community composition was unique within each region (Figure 4.2A; ANOSIM
global R = 0.8839, p <0.01). The four regions sampled were also significantly distinct in
terms of their Archaeal communities (Figure 4.2B, ANOSIM global R = 0.4049, p <0.01).
Dispersion ellipses demarcating the standard deviations of sample points within each re-
gion indicate that microbial community composition was distinct in each of the four regions
sampled.

Distinct Bacterial communities were identified over the four different sampling regions

even at a broad taxonomic level (Figure 4.3, SI Figure D.1). The most abundant classes of
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bacteria were Alphaproteobacteria, Gammaproteobacteria and Epsilonproteobaceria (Figure
4.3A). Gammaproteobacteria were dominant in plume regions (40.0% to 49.3%). Alphapro-
teobacteria dominated communities in background seawater, averaging 45.5% of the bacterial
16S rRNA gene sequences recovered from these samples. Many of the top bacterial classes
demonstrated strong correlations with temperature and turbidity anomalies, both indicators
of hydrothermal input (SI Table D.1). The Gammaproteobacteria and Epsilonproteobacteria
had strong normal relationships with temperature (adjusted R?: 0.63 and 0.67, respectively)
and turbidity (adjusted R?*: 0.57 and 0.96, respectively) anomalies across all twelve sam-
ples, while the Alphaproteobacteria had a strong inverse relationship with temperature and

turbidity anomalies (adjusted R*: 0.78 and 0.74, respectively) (SI Table D.1).

Shifts in Archaeal communities were also evident, though patterns in distribution were
most noticeable among three low abundance orders: Methanococcales, Methanomicrobiales,
and Cenarchaeales (Figure 4.3B). Methanococcales were most abundant in the near-seafloor
plume over lava flow #9 (average 1.8%), where temperature anomalies were highest and
where there were elevated methane and hydrogen concentrations, and over lava flow #10
(average 1.4%) where temperature anomalies were lower, but methane and hydrogen con-
centrations were highest. Their contribution to Archaeal communities decreased significantly
in non-lava samples (average 0.8%) and in background seawater (0.2%). The Methanococ-
cales also had the highest correlations with temperature and turbidity anomalies (adjusted
R% 0.82 and 0.55 respectively) (SI Table D.2). Cultivation-based studies have isolated
thermophilic and hyperthermophilic hydrogen-consuming Methanococcales with tempera-
ture requirements well above the temperature of the hydrothermal plume fluids from which
they were sampled (Holden et al., 1998; Summit and Baross, 1998; Topcuoglu et al., 2016).

The implication from these studies is that mesophilic and thermophilic microorganisms in
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the heated subsurface environment are released into seawater (Delaney et al., 1998; Holden

et al., 1998; Summit and Baross, 1998).

Strictly methanogenic Methanomicrobiales were most abundant in the non-lava associ-
ated samples and least abundant in background seawater. Most members of the Metha-
nomicrobiales are pshycrophilic or mesophilic and can use either hydrogen or formate as
electron donors for methanogenesis and acetate as a carbon source. It is important to note
that while the Methanomicrobiales were most numerous in the non-lava region, their relative
abundance compared to other archaeal orders was low (1.82% of total Archaeal community)
and that the detection of a 16S rRNA gene sequence in the environment does not imply
activity. Therefore, Methanomicrobiales may persist longer than thermophilic and hyper-
thermophilic methanogens in hydrothermal plumes that cool and become more dilute with
entrained seawater, but are likely not contributing as much to methanogenesis within the
plume, as indicated by the lower concentrations of methane in mid-plume samples. Methane-
oxidizing microbes are known to dominate hydrothermal plumes at Axial Seamount (Mattes
et al., 2013). This suggests that they may contribute to the drawdown in methane in the non-
lava associated samples. These data suggest that temperature dependent niche-partitioning
among sub-seafloor methane producing Methanococcales and Methanomicrobiales is evident

in newly formed lava-associated plumes.

Indicator analyses of bacterial taxa detected over new lava flows and in background
seawater also suggest that there are detectable differences in species adapted to differences
in subsurface temperatures. There were significant increases in the relative abundance of
Epsilonproteobacteria in hydrothermal plumes (Figure 4.4). On average, they accounted
for 13.2% of the bacterial community in the higher-temperature plume over lava flow #9

and only 0.6% in background seawater. Indicator analyses suggest that thermophilic taxa
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from the Epsilonproteobacteria, including Sulfurimonas sp., are significant indicators (SI)
in these plumes. This supports the hypothesis proposed by Djurhuus et al. that members
of the mesophilic/thermophilic sulfur-oxidizing Epsilonproteobacteria are strong indicators
of hydrothermal activity (Djurhuus et al., 2017). We add that individual taxa within the
Epsilonproteobacteria demonstrate preferences for different temperature ranges or subsurface
geochemistry, which affects the distribution of different taxa across plumes of varying origin

(Figures 4.4 and 4.5).

4.4 Conclusions

Real-time data from the OOI Cabled Array at Axial Seamount enabled a rapid response
expedition to characterize the geochemistry and microbiology of post-eruptive hydrothermal
plumes overlying new lava flows from the 2015 eruption. Our results suggest that differences
in the hydrothermal sources associated with distinct lava flows and their subsurface feeder
dikes create near-seafloor plume environments that are chemically and microbiologically dis-
tinct from upper, non-buoyant hydrothermal plumes. We present a conceptual model that
incorporates different hydrothermal venting sites over new lava flows to highlight differences
in plume chemistry and microbiology at Axial Seamount (Figure 4.5). In the model, we
attribute differences in microbiology to differences in sub-seafloor microbial communities
injected into the water column, differences in the degree of mixing due to seawater entrain-
ment, and differences in residence time in the plume. These findings extend our knowledge,
indicating that post-eruptive hydrothermal output over new lava flows can continue to influ-
ence deep-sea processes for months following an eruptions and that the influence on deep-sea

chemistry and microbiology is heterogeneous.
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Figure 4.1: Bathymetry, temperature anomaly field, and gas chemistry of hydrothermal
plumes over the caldera and north rift zone of Axial Seamount caldera following the 2015
eruption. (A) Map of the 2015 lava flows (black outlines) numbered 1-to-11 from south-to-
north, corresponding with the flow numbers in Chadwick et al. (2016). CTD tow-yos during
August 2015 are shown by colored lines. Inset shows location of Axial Seamount on the Juan
de Fuca Ridge (JAFR) in the NE Pacific, offshore Oregon (OR) and Washington (WA), USA.
(B) Temperature anomaly field from CTD tow-yos. Discrete water samples were collected
at the locations indicated by open diamonds. Numbered labels refer to sample numbers.
(C) Dissolved methane (grey diamonds) and hydrogen (black squares) concentrations in
hydrothermal plumes over the caldera and north rift zone. The vertical line indicates the
Northern boundary of Axial caldera.
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Figure 4.2: Non-metric multidimensional scaling plot showing the differences between mi-
crobial communities across sampling regions at Axial Seamount following the 2015 eruption.
Microbial communities were assessed for (A) Bacterial and (B) Archaeal composition. Points
represent individual samples and the colors of points represent sampling region. Four sam-
pling regions were defined as hydrothermal plumes above lava flow #10 and lava flow #9,
non-lava samples, and background seawater not influenced by hydrothermal activity. Solid
lines define a convex hull of the set of samples within a group while the dashed-lines show a
dispersion ellipse using the standard deviation of sample point scores under a 95% confidence
limit. *Indicates p <0.01.
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the North Rift Zone of Axial Volcano following the 2015 eruption. Samples are ordered
by decreasing turbidity anomaly, a proxy for hydrothermal circulation, from left to right.
Samples have been classified into four distinct sampling regions: lava flow #9, lava flow
#10, non-lava, and background samples not influenced by hydrothermal activity.
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Figure 4.4: Phylogeny and relative abundances of bacterial taxa identified as significant
indicators for each region: lava flow #9, lava flow #10, non-lava, and background seawater.
All indicator taxa were present in at least three samples and indicator values were significant
at alpha <0.05. Bubble size is proportional to the log-transformed average abundance of
sequences detected within a region.
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Figure 4.5: Conceptual model showing the different sources of hydrothermal plumes and
the implications for overlying seawater microbial communities and chemistry. Interpreta-
tion of subsurface processes modified from Chadwick et al. (2016). The weight of arrows
corresponds to the estimated relative magnitude of hydrothermal input to plumes. Colors
outlining distinct plumes correspond to the relative temperature of the plume, with white
being cool and orange being hotter. Dashed lines outlining non-buoyant plumes indicate
that the theoretical boundaries of these plumes are not necessarily distinct but rather gradi-
ents between regions of hydrothermal input from the subsurface and background seawater.
Numbered boxes indicate microbial functional groups strongly associated with each plume
region. Note that the vertical axis is exaggerated to show detail.
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Table 4.1: Physical and chemical measurements. Discrete samples are categorized by region,
also indicated in Figure 1.

Region Sample Depth Temperature Turbidity CHy4 H,
(ID)  (m) anomaly (°C) anomaly (ANTU)  (nmol kg™!)  (nmol kg™!)
Lava flow 2 1725  0.070 0.057 333 461
#10 3 1708  0.082 0.054 406 508
4 1694  0.081 0.039 536 140
5 1733 0.054 0.035 297 25
Lava flow 6 1700  0.113 0.134 301 4
#9 8 1696  0.121 0.202 NA NA
9 1687  0.122 0.241 NA NA
Non-lava 10 1689  0.059 0.024 8 0
12 1607  0.096 0.024 168 0
Back- 14 1498  0.012 0.005 NA NA
ground 1500 1500 -0.012 0.001 BDL 1
1700 1700  0.000 0.001 1 1

NA=not available (data not collected); BDL=below detection limit
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Chapter 5
CONCLUSION

Microorganisms rule the marine world through cycling key nutrients and energy. Thou-
sands, if not millions, of different types of microbes exist in the oceans, each playing a
role in biogeochemical cycling. The majority of microbial taxa exist at low abundances or
demonstrate patchy distributions. Yet, few microbial lineages are cosmopolitan in the global
ocean. The SUPO05 clade of gammaproteobacterial sulfur-oxidizing bacteria are an example
of a widely distributed and relatively abundant type of marine bacteria. Thus, the activities
of SUPO05 bacteria in carbon cycling are important on a global scale.

Members of the SUP05 clade have the potential to drawdown atmospheric CO4y through
chemoautotrophic processes while others have the potential to act as a source of CO, when
functioning as organic-carbon consuming heterotrophs. While the distinction between au-
totrophy and heterotrophy seems clear, many members of the Arctic96BD-19 subclade of
SUPO05, including Thioglobus singularis, maintain the metabolic potential for mixotrophic
growth on several energy sources (light, reduced sulfur, or organic carbon) and inorganic or
organic carbon for biomass. The research goal for the first two chapters of this dissertation
was to better resolve the functional roles of T. singularis in the global marine carbon and
energy cycles.

The results from the first two chapters support the hypothesis that T. singularis pre-
dominantly functions as an organic-carbon consuming heterotroph. Specifically, in chapter

one I showed that T. singularis has adapted to use extremely dilute organic constituents
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for heterotrophic or methylotrophic growth without expressing proteins required for carbon
fixation. Further, in chapter two I showed that the second complete genome sequence from
T. singularis does not contain the genetic potential for carbon fixation. It is clear that T.
singularis relies on heterotrophic or methylotrophic processes for carbon assimilation and
energy acquisition. In chapter one, we began to determine some of the specific carbon com-
pounds that may be important for growth of a single T singularis strain. However, this work
has shown that vast microdiversity among closely related ecotypes within the Artic96BD-19
subclade exists, which could mean that the suite of carbon substrates utilized for growth
may also be highly variable throughout the subclade. Further characterization of growth
substrates among newly isolated and sequenced ecotypes are necessary to resolve the niche

diversity of Arctic96BD-19.

The composition and activity of a microbial community is intimately linked with and
often limited by the physicochemical conditions of its habitat. Microbial taxa have evolved
over millennia to flourish in specific windows of temperature, pH, and oxygen concentrations,
to name a few. The availability of chemical substrates for growth further refine the niche-
space a taxon occupies. Therefore, in addition to understanding the metabolic potential of
individual taxa, we must also aim to further our understanding of how sudden changes in
a habitat alters the associated microbial community. These insights could help in modeling

and predicting the response of microbial communities under future environmental changes.

In chapter three, I surveyed the effect of a deep-sea eruption on the overlying water-
column microbial communities. We found that the effect of the eruption was not uniform
across space and that different taxa were indicative of varying levels of hydrothermal influ-
ence. The results from this study highlight an important theme in microbial ecology, which

is the issue of scale. This was one of the first studies examining the water-column effect
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of a deep-sea eruption and the highest-resolution survey in terms of microbial community
characterization and sampling space. Because we collected samples in close-proximity and
obtained deeply characterized community surveys, we could discern between fine-scale local
changes in chemistry and microbiology. In dynamic environments, such as hydrothermal
systems, high-resolution sampling across space and time unveil important patchiness and
heterogeneity that support diverse microbial communities. Follow-up studies in these hy-
drothermal plume environments should focus on the active populations and metabolisms on
a fine-scale resolution to resolve the extent of hydrothermal impact on deep-sea food webs.

In conclusion, the research presented herein has resolved the roles of marine microbes
in carbon and energy cycles and has shown that environmental perturbations have great
potential to alter those roles. I suggest that future surveys of the SUP05 clade should be
conducted with higher-resolution genetic markers to distinguish between closely related yet
functionally-distinct ecotypes. While we have learned much from only three complete isolates

of the SUPO05 clade, vast diversity awaits exploration.
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Appendix A

OPTIMAL TEMPERATURE AND PH RANGE OF CA.
THIOGLOBUS SINGULARIS STRAIN PS1

Using a defined, artificial seawater media, ASW, (adapted from Carini et al. (2012)), the
optimal temperature and pH ranges for Ca. Thioglobus singularis strain PS1 were resolved.
All cultures were grown on ASW with a dilute diatom cellular lysate (see Chapter 2 Meth-
ods) and 1 mM thiosulfate to obtain maximum cell densities. Cultures for the temperature
and pH range experiments were grown in 50-mL volumes in 250-mL acid-washed, autoclaved
polycarbonate bottles in triplicate. Results from a preliminary experiment found no signif-
icant difference in growth rate or maximum cell density when Ca. T. singularis PS1 was
grown in 24-hour darkness or in a 16hr:8hr light:dark cycle (Figure A.1), so all cultures for
the temperature and pH experiment were incubated in the dark. To adjust the pH of ASW
media in the pH experiment, 1IN KOH or 1N HCI and measured using a pH probe until
the desired pH was reached. Cultures for the pH experiment were incubated at 13°C. The
pH of culture media was checked at the end of the growth experiments and no significant
fluctuations from the initial conditions were detected. Cells were enumerated by staining
with SYBR and counted on a Guava EasyFlow Cytometer.

Ca. T. singularis strain PS1 reached maximum cell densities when grown at 10°C (Figure
A.2) but had the highest growth rate at 13°C (Figure A.3). Growth of Ca. T. singularis was
not impacted by changing pH within the range of 6.8-8.1, but at pH 6.0 and 8.7 growth was
significantly inhibited (Figures A.4 and A.5).
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Figure A.1: Effect of light on Ca. T. singularis strain PS1. Cultures were grown on ASW
with diatom lysate and 1 mM thiosulfate either in light:dark cycles (diamonds) or 24-hr
darkness (squares). Negative, no growth control is represented by triangles.
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Figure A.2: Maximum cell densities of Ca. T. singularis strain PS1 at different temperatures.
Error bars show standard deviation among triplicates.
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Figure A.3: Growth rates of Ca. T. singularis strain PS1 at different temperatures. Error
bars show standard deviation among triplicates.
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Figure A.4: Maximum cell densities of Ca. T. singularis strain PS1 at different pH. Error
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Appendix B
SUPPLEMENTAL INFORMATION TO CHAPTER 2

B.1 Supplemental methods

B.1.1  Protein extraction and in-solution proteolytic digestion

Filters were thawed from -80°C, cut using sterile scissors and each filter was cut in half and
resuspended in 0.5 mL of 50 mM ammonium bicarbonate (AMBIC) with 5 mM ethylene-
diaminetetraacetic acid disodium salt dihydrate (EDTA) buffer (pH 8) in a microcentrifuge
tube containing glass beads. Control filters containing only media blanks (i.e., thiosulfate
and diatom lysate or only thiosulfate media without PS1) were processed alongside as well as
sample tubes containing only the AMBIC/EDTA buffer served as sample processing controls.
Each filter suspension was subjected to bead-beating for 30 seconds at 6 m/s, frozen at -20°C
for 45 minutes, and thawed. The bead-beating and freeze-thaw cycles were repeated twice
followed by a third bead-beating cycle and an overnight freeze at -20°C. Frozen filter resus-
pensions were thawed, cells further disrupted by vortexing with beads, and then centrifuged
at 7,000 rpm (4,600 rcf) for 2 minutes. A 250 pL aliquot from each tube containing the
one-half of its corresponding filter was combined into a new 2 mL protein LoBind eppendorf
tube for proteomic processing (see below), resulting in a total of 500 uL of protein extract

for each PS1 treatment.

Estimated bulk protein concentration for lysed cell extracts were measured using the

Lowry assay (DC protein assay, Bio-Rad). Lowry assay samples were prepared following
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the manufacturer protocol adapted for analysis using a microcuvette (requiring only 5 ul. of
sample). Protein concentrations were analyzed using a spectrophotometer (BeckmanCoulter
DUS800) and determined by comparing sample absorbance units to a bovine serum albumin
(BSA) protein concentration calibration curve (prepared only in 50 mM AMBIC, 5 mM
EDTA). For downstream proteomics analyses, we also calculated approximate protein con-
centration from cell density measurements where we assume an 80% extraction efficiency to
lyse cells by bead-beating. Thus, we have estimated approximately 1.46 108 cells (~ 1.5
pg) for PS1 grown in only thiosulfate media and 1.49 10° cells (~ 15 ug) for PS1 grown in

thiosulfate media with diatom lysate were used for downstream proteomics analyses.

Lysed cells (500 plL) were subjected to in-solution proteolytic digestion. First, RapiGest
SF (Waters), an acid labile surfactant, was added to help facilitate protein solubiliza-
tion (0.06% w/v). Next, disulfide bonds were reduced with tris(2-carboxyethyl)phosphine
(TCEP; to a final concentration of 10 mM) for 1 hr at room temperature in the dark. Re-
duced samples were then alkylated with iodoacetamide (IAM; to a final concentration of 30
mM) for 1 hr at room temperature in the dark. Excess IAM was quenched by the addition
of dithiolthreitol (DTT; to final concentration of 5 mM) for 1 hr at room temperature in
the dark. All protein extracts were proteolytically digested with mass spectrometry-grade
trypsin/Lys-C mix (Promega) at an estimated substrate-to-enzyme ratio of 25 for 19 hours
at 37°C containing a final concentration of 0.05% w/v RapiGest, 50 mM AMBIC and 5 mM
EDTA (pH 8). Following trypsin/Lys-C digestion, RapiGest was hydrolyzed by the addition
of trifluoroacetic acid (0.5% final v/v, pH <2; concurrently terminating trypsin/Lys-C ac-
tivity), heated for 45 minutes at 37°C and centrifuged at 15,000 rpm (21,130 rcf) at 4°C for
15 minutes to precipitate the water immiscible decomposition product, dodeca-2-one. The

supernatant was removed, transferred to a new protein LoBind eppendorf tube and sam-
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ples were dried to near-dryness using a centrivap concentrator (Thermo Savant SPD2010
SpeedVac). Digested samples were desalted using a MacroSpin C18 column (NestGroup)
following an established manufacturer protocol. Samples were eluted from the MacroSpin
columns using two times 200 pL of 80% LCMS-grade acetonitrile with 20% LCMS-grade
water containing 0.1% LCMS-grade formic acid. Desalted samples were concentrated using
the centrivap to near dryness and were immediately resuspended in 95% LCMS-grade water
with 5% LCMS-grade acetonitrile containing 0.1% LCMS-grade formic acid. The resuspen-
sion solution also contained an internal standard of synthetic peptides (Hi3 Escherichia coli
Standard, Waters) at 50 fmol/uL. The resuspension of 1) PS1 grown in only thiosulfate me-
dia was to an approximate 0.15 pug/puL (using the smallest possible resuspension volume of
10 uL) or 1.46 107 cells/uL. The resuspension of 2) PS1 grown with thiosulfate and diatom
lysate was to an approximate 0.6 g/L protein concentration or 5.97 107 cells/uL. All control
samples were resuspended with a 25 ul. resuspension volume. Samples were immediately

analyzed by liquid chromatography coupled to mass spectrometry (LCMS).

Samples were injected onto the column of a Waters ACQUITY M-class UPLC with an
injection volume of 2 ul in triplicate injections; the PS1 culture with only thiosulfate sup-
plemented media was only injected in duplicates due to limited sample volume. On-column
cell count estimates were 1) 2.92 107 cells (0.3 pg) and 2) 1.19 108 cells (1.2 pg). Pep-
tide separation was performed by reversed-phase chromatography using a nanoACQUITY
HSS T3 C18 column (1.8 pym, 75 pm x 250 mm; 45°C) with an ACQUITY UPLC M-class
Symmetry C18 trapping column (180 pm x 20 mm). The peptides were trapped at a flow
rate of 5 pL/min at 99% A for 3 minutes. A flow rate of 0.3 pL/min was used over a gradi-
ent between LCMS-grade water (A) and LCMS-grade acetonitrile (B), both modified with

0.1% LCMS-grade formic acid. The total 145 minute gradient method for the separation of
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the peptides started at 95% A and ramped to 60% A over the course of 120 minutes. The
gradient then switched to 15% A at 122-127 minutes followed by a ramp back to starting
conditions 95% A at 128-145 minutes.

The ACQUITY M-class was coupled to a Thermo QExactive HF Orbitrap high-resolution
mass spectrometer (HRMS) equipped with a nano-electrospray (NSI) source made in-house
following the University of Washington Proteomic Resource (UWPR) design. Using a Micro-
Tee (PEEK, 0.025”0D), the commercial analytical column was connected to a commercial
emitter (PicoTip, Waters) and the liquid path was applied a high voltage through a platinum
wire (adapted from UWPR design). All analyses were carried out in positive mode and a NSI
spray voltage of 2.0 kV. Data was collected using data dependent acquisition (DDA) using
Xcalibur 4.0 data acquisition software (Thermo Fisher). The MS1 scan range was 400-2000
m/z at 60,000 resolution with a maximum injection time of 30 ms and automated gain con-
trol of 1e6. Following each MS1 scan, data-dependent MS2 (dd-MS2) was set to perform on
the top 10 ions in a data-dependent manner at 15,000 resolution with a normalized collision
energy of 27 eV. Additional selection criteria for dd-MS2 were as follows: maximum injection
time of 50 ms with an automated gain control of 5e4, the isolation window was 1.5 Da and

dynamic exclusion was set at 20 sec.

B.1.2  Data Analysis and Protein Identification

Data processing was conducted using the software from the trans-proteomic pipeline (TPP
v.4.8.1).1 Briefly, raw data was converted to mzML and searched using COMET2,3 against
a FASTA protein database consisting of either PS1 (Uniprot 9GAMMA 1,682 proteins ac-
cessed July 2016; KEGG estimated protein genes 1,682) or PS1 combined with Thalassiosira

pseudonana (Uniprot THAPS 12,041 proteins accessed September 2016; KEGG estimated
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protein genes 11,672). Each FASTA database also contained the E.coli chaperone protein
(Hi3 standard; P63284) and was concatenated with a set of randomized sequences. Ad-
ditional COMET parameters included trypsin enzyme specificity, one allowed non-tryptic
termini, up to two missed cleavage sites, carbamidomethylation of cysteine residues as a
fixed modification (+57.02146 Da), and oxidation of methionine residues (+15.9949 Da)
and clipping of N-terminal methionine as variable modifications. The COMET pep.xml
files from each technical triplicate mzML file (or duplicate for PS1 with only thiosulfate
treatment) were then grouped and searched in PeptideProphet followed by iProphet4 and
ProteinProphet5 within the TPP. The set of randomized sequences were decoy peptides used
for the purpose of calculating peptide spectrum matching (PSM) and protein false discovery
rates (FDR). Results from each of the combined datasets searched against the PS1 database
only, PeptideProphet probabilities greater than 95% for 1) PS1 grown with only thiosulfate,
resulted in 1,159 peptides and 3,752 PSM out of a total of 28,601 MS/MS spectra, with a
corresponding FDR of 0.2% (PSM level 9/3,752) and for 2) PS1 grown with diatom lysate,
resulted in 7,618 peptides and 46,834 PSM out of a total of 120,040 MS/MS spectra, with a
corresponding FDR of <0.05% (PSM level 14/46,834).

The list of protein identifications was filtered using a 95% or greater protein probability
as calculated from ProteinProphet corresponding to a FDR <0.5%; where 292 and 1,125
proteins were identified in 1) PS1 proteome grown with only thiosulfate and 2) the PS1
proteome grown with diatom lysate, respectively. This represented approximately 17% and

67% of all the predicted proteins encoded in the PS1 genome, respectively.
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B.1.3  Label-free comparison of relative protein abundances across growth treatments

Notably, we must consider here the difference in cell biomass injected on-column for the two
PS1 growth conditions. PS1 grown with only thiosulfate had much lower biomass on-column
and thus many peptides observed were closer to the limit of detection in HRMS. In DDA, the
probability of a protein being identified is directly related to a proteins abundance, which is
made up of these observed peptide abundances. Thus, because more peptides are near the
limit of detection compared to the 2) PS1 grown with thiosulfate and diatom lysate, which
had higher biomass on-column, those proteins with higher abundance in the 1) PS1 grown
with only thiosulfate are more likely to be observed at >95% protein probability. It is likely
that more proteins are expressed in the PS1 grown with only thiosulfate treatment but they
were not detected because their peptide abundances exceeded our limit of detection. Overall,
this lends to the lower percentage of the proteome being detected in the 1) PS1 grown with
only thiosulfate treatment and to the lower percent protein coverage observed. For instance,
these analyses resulted in a higher number of proteins identified based on only one or two
peptide identifications.

To ensure adequate comparison of relative protein abundances across PS1 growth condi-
tions, we opted to further filter the protein datasets where at least one peptide (or spectral
counts) must be observed consistently across individual injections. Raw total spectral counts
across triplicates (or duplicates) were then averaged and standard deviations of these aver-
ages were calculated for error (for PS1 grown in only thiosulfate averages were calculated
based on only two injections). Following this data constraint, 993 total PS1 proteins were
observed and used for comparative analyses (Figure 2.2), representing 59% of all the pre-
dicted proteins encoded in the PS1 genome. This corresponded to 214 (13%) and 991 (59%)

proteins in 1) PS1 proteome grown with only thiosulfate and 2) the PS1 proteome grown
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with diatom lysate, respectively (Figure 2.2). Media blank control samples analyzed along-
side did not detect any proteins above 95% protein probability or averaged spectral counts
greater than the standard deviation, except for the Hi3 internal standard.

Averaged spectral counts of proteins were further normalized to the Hi3 internal standard
to account for differences in NSI ionization of peptides due to sample matrix effects (Figure
B.4). To compare normalized spectral counts across PS1 growth conditions and account for
differences in biomass injected on-column, the relative amount of protein per cell was calcu-
lated by dividing by the number of cells injected on-column (see above estimates), resulting in
a semi-quantitative estimate of normalized spectral counts per cell (with propagated error).

The subcellular localization of each protein is based on predictions from PSORTD (v3.0).
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Figure B.1: Final cell densities of subsequent transfers of Ca. T. singularis strain PS1 grown
in ASW without the addition of nitrogen or vitamins. Error bars indicate standard deviations
across triplicate cultures.



94

COG category
Cell wall/membrane/envelope biogenes..

Amino acid transport and metabolism
Translation, ribosomal structure and bi..
Energy production and conversion
Posttranslational modification, protein..
Null

Replication, recombination and repair
Carbohydrate transport and metabolism
Transcription

Coenzyme transport and metabolism
Nucleotide transport and metabolism
General function prediction only

Lipid transport and metabolism
Inorganic ion transport and metabolism
Intracellular trafficking, secretion, and ..
Extracellular structures

Function unknown

Secondary metabolites biosynthesis, tr..
Defense mechanisms

Signal transduction mechanisms

Cell cycle control, cell division, chromos..
Cell motility

RNA processing and modification

©
o
s}

0.05 0.10 0.15 0.20 0.25
Proportion of total proteome

Measure Names
Thiosulfate proportion
[ | Lysate proportion

Figure B.2: Complete proteomic profile of Ca. T. singularis grown with either thiosulfate
only or diatom lysate and thiosulfate categorized into functional annotations by COGs.
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Figure B.3: Differential expression of Ca. T. singularis proteins grown with either thiosulfate
only or diatom lysate and thiosulfate. The shaded area indicates less than a two-fold change
between the two treatments and proteins within that area are considered constitutively
expressed. Points are classified by COG functional categories.
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Figure B.4: Matrix effect analysis of Hi3 internal standard peptides as reported in averaged
spectral counts (with standard deviation reported as error bars) for multiple injections. Hi3
internal standard was resuspended at an identical concentration for each sample and injected
as 100 fmol on-column. Bar graphs represent data from PS1 along with their corresponding
sample processing control (AMBIC/EDTA buffer) and media blank controls.



97

‘oged 1xeu Uo penuIuo))

SO ®1q
jrunqgns oserowiA[od
60-HS9'T 60-H1S'9  0I-HE6'V  80-HST'L orwsedolfn  YNY Po3odIip-VNA 0SHTYINOVOV
UOISIOATOD pU®R SO eydre
9500D0D D uoponpoxd L3wuy  60-HGE'T 60-H1S9  OI-HLP'S  80-H6T'T orwsedojfn  jrunqns sseyuss J Iy YOHTVINOVOV
souotodeyd
‘IoA0UINY ure}
-oxd ‘uorjesyrpour SO Meu(q
EFr0DO0D O [euonje[surI}ISOd  60-HGE'T 60-H1S'9  OI-HI9'E  80-HEO'L orwserdoyfn  urojord ouoradey) 6LEINVINOVOV
wsTjoqelout SO urejord Surpuiq
pue j1odsuery -ojeIISqNS 19310d
€991D0D D oyerpAyoqre)  60-HS6'T 60-H98°L  0T1-HSGL'€  60-HIL'9 umouyup)  -suery Dy  1esng V8YIVINOVOV
sIseuagolq pue
2In1oNI)s [ewos SO
0500D0D [ -oqu  ‘uopesuell,  60-HLS'T 60-Hee'6  60-HSV'L 80-H16°¢C orwsedojfn  ny, 10308y uoneluoly  YHATYINOVOY
wistjoqejout SO umjord
pue j10dsuery Surpuiq-ejerysqns
7€80D0D d  poe ourmry  60-HET'L 80-HIT'T 60-HIV'T 80-HEI'T orwserdudg - wjrodsuery odv SIDTYINOVOV
8L2TDOD i uonduosuel],  60-H0E'E  80-HST'T 60-H20'T 80-H96°¢C orwserdo3dn g0 ureyoad ¥ooys-prop SAVIVINOVOV
aredox
pue  UOIJRUIQUIOD SO 109
9LL0DOD T - ‘uworpeoridey  60-HEV'C  8O-HIV'T 60-H1L°C  80-H61'C umowyu()  -e[ngar reuordosuedy, £OETYINOVOV
wsIjoqe)au SO umjoad Jurpuiq
pue 110dsuery -ojerisqns  Iojrodsue)
7€80D0D d poe ourmy  60-HEL'T 80-H89'T 0T-H90'L  80-HS6'L umowyufy  pdy  ple  oulry 0dSTVINOVOV
SO umjord
wsIjoqejou Surpurq-ejerisqns
pue jrodsuery J9q10dsueay o4av
18900000 d poe ouly  60-H9S'S  80-HCS'T 60-H1I8C  80-HV8'E oruseldiag  supsonnd /outpruzedg  @MHTYINOVOV
SO Ul
80-HV¢'c  80-H6C'8  60-HEL'9  LO-HIT'L Teyoeiyxy  -oxd  pezlIedRIRYOUN €ACLENOVOV
uors uors
ar opoo IoLd -soxdxo IoLd -soxdxo
50D 50D A10899e)) HOD aje1de( ajerde(q 9je1dey aje1dey UOIYRZI[RIO swreu urejoId I urejoid
‘o0 1od

sjunod [eI1309ds pezi[eulIoOU 98rIsAR 91} se paynuenb sem uoisserdxry] -owo9}

-oxd oje1dep-justignu o} ut surejord pesserdxe A[ySiy jsowr ¢g dof, :1°g 9[qel



98

‘98ed xeu UO paNUIIUO))

wisIoqeout SO umjord
pue j10dsuery Surpuiq-ejerysqns
€I1eDOD qd  poe oumy  0I-H68'6  60-HC8'€  O0I-H98F  60-HOT'6 orwserdiog  1oyrodsuer) odyv INTLEINOVOV
SO VIOL
60-H97'T 60-HE6'€  OT-H9V'9  60-HSE'SG umousup)  urejord QueIqUIBIN 9d7IVINOVOV
wisTjoqejou SO umjoid Surpuiq
pue j10dsuery -ojeIjsqns  Iojrodsuey)
€11CO0D d poe outy  60-HI9'L 60-H¥0V  OI-H8Y'C  60-H¥V'C oruserdiog DV duretnq/ounily  8HONFINOVOV
stseuago1q
adofaaus ‘auriq SO
YrLTOO0D W -wew  ‘rem [D)  OT-AYCY  60-HFYOF  OT-HI6'S  80-HTO'T umouu)  uejord  JUPUIG-YNA  EDO0INVINOVOV
wsTjoqejou
pue j10dsuery SO
YLI0D0D d poe oty OI-H46'S  60-HSTV  OI-HL6'F  80-HIO'T orurse[dojA  esejorjuhs suIUIRIN[D LXZTVINOVOV
SO utejoxd Surpuiq
UOISIOAUOD pu®R -ojeIjsqns  Iojrodsuey)
I81€D0D D uononpoid ASwuy  OT-HLSG  60-HSTV  TT-HPLL  OT-HIEC usouyu)  DEY °1e[Ax0qredtp-y)  SYZINVINOVOV
SO Ul
v€1€D0D S umoudun uompung - QI-HEY'E  60-U8EV  0T-HTG'C  60-HIT'E umouyu)  -oxd  pazmeRIePU)  ZHDTVINOVOV
SIsouUe301q pur
2INnJoNI)s [ewos SO €1
L800D0D r -oqu ‘uonersuel],  OI-H0S'8  60-USE¥  OT-HEOT  60-HVO'S orwsedojfn  ujord [RWOsOqIT g SVETYINOVOV
SIseueg01q pur
2INnJoNI)s [ewos SO 211/L1
¢cc0D0D r -oqu ‘wonersuel],  QT-HLS'E  60-HO9F  OT-H96'F  80-HIZ'T umouu)  ujord [RWOsOqu SO0S  SXTINVINOVOV
souoiadeyo
‘IoA0UINY ure)
-oxd ‘uoryeoyrpowr
6570000 (6] [euonje[sueIllsOd  60-HCI'T 60-HCLV  OI-HIL'E  80-UVI'L orwsedoyfn g0 urworsdeyo ey 09 TZTLENOVOY
souorodeyo
‘IoAOUINY ure)
-oxd  ‘uoryeoyrpowr
¥€20O0D O [euonje[surIsOd  OI-H88'8  60-HEL'S  OI-HICY  80-HEO'T oruserdoldny  gO uruoradeyd ey 01 LIVIVINOVOV
wisTjoqejou SO umjoid Jurpuiq
pue j1rodsuery -oyeI)sqns 19310d
157D O0D d uol orwediou]  60-H6V'T 60-4S6'G  01-HO06'L 60-U89'V orwserdidg  -suel) Dy OuULNE], CXTLEINOVOV
uots uots
ar apod 10119 -soxdxo 10119 -soxdxo
50D 50D A1089120) HOD arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snotasid woiy penunyuoy) :1°g 9[qr], IS)



99

SO ue}
0T-H61°'¢c  60-HVYI'€  OI-H89'T 60-HCS'T surIiquB[Y  -0id  PazZLIIORIRYIU() 06 TINVINOVOV
SO um}
wisTjoqejou -oxd Surpuiq-ojerisqns
pue jrodsuery Ieyrodsuer Dy poe
€890D00D d pDpe ourmy  QT-H0S'¢  60-H6S9'€  60-H6V'C  SO-HET'V umouup) - oulwre ureyo-payourlg 0OV IVINOVOV
uors uors
ar apod 10119 -soxdxo 10119 -soxdxo
50D 50D £1089%00) HOD ararda(g arorda(q ojordoy orordoy UOoT)eZI[Bd0T] ouwreu UrdjOIJ 1 uejorg

(e8ed snotasid woiy penunyuoy) :1°g 9[qr], IS)



100

‘o8ed 1xau UO panuIUO))

SO ®1q
jungns aserowiA[od
60-H99°T 60-H1S9  O0I-HE6'Y  80-US8C'T oruserdolfn  YNY Po1oap-YNd 0SHTYINOVOV
sIseuago1q pue
2INn3oNI9)s [euos SO ¥S
¢ge0D0D [ -oqu  ‘monersuel],  QT-HL0C  60-HI6'T  60-HVLT 80-H6E'T oruserdoydn  urejord [ewosoqur gog SIHTYINOVOV
wisTjoqejou SO umjord
pue j10dsuery Surpuiq-ejer)sqns
7680D0D d poe omy  60-HET'T 80-HIT'T  60-HIV'L 80-HEI'T orwseldiied  19310dsuery odv SIDTYINOVOV
wstjoqejou SO umjoid Jurpuiq
pue j10dsuery -ojeIjsqns  Iojrodsuey)
7€80D0D d poe oumry  60-HEL'T 80-H89'T  01-H90'L  80-HS6'L umouyupy  pdv - ppe  oulwy 0dSTVINOVOV
aredoax
pue  UOIJRUIqUIOD SO 109
9LL0D00 T e ‘uoneondey  60-HEY'C  80-AIV'T  60-HILT  80-H6IC umousu)  -endar [euonduosuel],  €OETYINOVOV
wisTjoqejou SO umjord
pue j10dsuery Surpuiq-ejer)sqns
€99TDH0D ) areIpAyoq.re) 60-dTE'T  80-H99°C orwserdidg  a9r0dsuey 04V LATLEINOVOV
sIsoue301q pue
2INoNI9)s [ewos SO
0€00D0D [ -oqu ‘uopersuel],  60-HLG'T 60-H2E6  60-HSV'L 80-H16°¢ orusedoydn g, 1030€) woneduoly  FHHATYINOVOV
8LC1DOD P! uonduosues],  60-H0E'€  S0-HST'T  60-HTO'T 80-H96°¢ orwsedojfn g0 uwjold }oys-piop SAVIVINOVOV
SO urejord
wistjoqejout Surpuiq-ejersqns
pue 1rodsuery 19110dsuer) ogv
L890D0D d pwoe ourmry  60-4SS¢'¢  80-HT8'T  60-HI8C  80-H¥8'E orwse[duog  oussxnd /ourprueds  SHTFINOYOY
SO umel
wsIjoqejou -oid Surpuiq-ejerjsqns
pue j10dsuery Iejrodsuer) HEy ploe
€890D0D d poe ouly  0I-H0S'¢  60-6S°€  60-H6¥'C  80-HET'V umouxupy - oufwre ureyo-paypuelyg 0OV IYINOVOV
SO Ul
80-HV¢'c  80-H6C'8  60-HEL'9  LO-HIT'L Teyoeiyxy  -oxd  pezlIedRIRYOUN €ACLENOVOV
uors uors
ar opoo IoLd -soxdxo IoLd -soxdxo
50D 50D A10899e)) HOD aje1de( ajerde(q 9je1dey aje1dey UOIYRZI[RIO swreu urejoId I urejoid
‘o0 1od

sjunod [eI1309ds pezi[eulIoOU 98rIsAR 91} se paynuenb sem uoisserdxry] -owo9}

-oxd ojerder-jusriinu oy} ur sutejolrd pesserdxe A(ySiy 1sowr Gz doJ, :g'g o[qel



101

‘98ed xeu UO paNUIIUO))

SO eydye
jungns aserowiA[od
¢0c0D0D P! uonduosuely,  0T-H¢9'9  60-H69'C  0T-HCE'S  60-HST'S orseldolfn  VNU poloalip-YNd  LHDTYINOVOV
wistjoqeyed
pue j10dsuery SO urejoid Surpuiq
‘STSOJUASOIq  S991] -ojeljsqns  Iojrodsuey)
£€997O0D O -oqejew Arepuoosg TT-HI8"L 60-HCT'T 0T-d91T°¢  60-HC0'6 umouyu)  DEYV °ye[Axoqresp-yD 8IUMENOVOV
wsTjoqelau SO umjord
pue 110dsuery Surpurq-ejerysqns
€11CO0D qd  poe oury  QI-d68'6  60-Hc¢8'¢  OI-H98'V  60-HOC'6 orwse[didg  19j10dsueny odv INTLENOVOV
SO (B1Rq
jungns oserowrA[od
9800D0D P! uonduosuely,  OT-HIF'E  60-HOS'T 0T-HEE'S  60-HES'6 orusedojf)  YNU PR Iip-VNA GUTLENOVOVY
wsIjoqejau
pue j1odsuery SO
YLI0D0D q  poe oury  QT-HLG'S  60-HST'Y  O0-HL6'F  8O0-HIO'T orwserdojdn  esejerpjuhs  ourmIRIN(D LXZ'TYINOVOV
SISeUL301q
odojoaus ‘ouriIq SO
YrLIDOD W -wew  ‘rem [D)  QI-AVCT  60-HYOF  OT-HI6'S  80-HTO0'T umowyup)  upjord Jupuig-yNAd  £D0NFINOVOV
souoiadeyo
‘IoA0UIN) urey
-oxd  ‘uoryeoyrpowr
7€20D0D (6] [puonje[suRIsod  OI-H88'8  60-HEL'S  OI-HICY  80-HEO'T orwsedoyfny g0 uruorsdeyd vy 01 LIVIVINOVOV
souorodeyo
‘IoA0UINY ure)
-oxd ‘uoryeoyrpowr SO Meu(q
EVP0O0D (@] [euonje[sueI}lsod  60-HSGE'T 60-H1S°9  OI-HTI9'¢  80-HEO'T oruserdoydy  urejord suoradey)) 6LEINVINOVOV
souotodeyd
‘IoA0UINY ure}
-oxd ‘uoryesyrpouwr
6570000 O [euonje[surI}sOd  60-HEI'T 60-HCLV  OT-HIL'€  80-HVI'T orwsedoyfny g uruorddeyod ey 09 TZTLEWNOVOV
UOISIOATOD pu®R SO eydre
9800D0D D uononpoid ASwuy  60-HGE'T 60-H1S9  OI-HLP'S  80-H6T'T orwsedojfn  jrunqns sseyuss J Iy YOHTVINOVOV
sIsoua3o1q pue
2INn3oNI9)s [euwos SO 211/L1
¢cc0O0D [ -oqu ‘uone[suel], Q[-HLSE€ 60-H09F OI-H96F  80-HIT'T umouu()  umwjoxd [ewosOqu 05 X TINFINOVOV
uots uots
ar apod 10119 -soxdxo 10119 -soxdxo
50D 50D A1089120) HOD arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snotaeid woay penuniuoy) :g'g 9qe], IS)



102

sIsouago1q pue

2INnjonI9s [euos SO oseIoJsurI)APIJod[d
G8ITO0D [ -oqu  ‘uone[suel],  OT-H.L8V 60-H9V'T 0T-HEO'V 60-H89'L orurse[dojfny  -nu 9PIIOSPNUOGLIAIO] TLSTYINOVOV
wsijoqejom
pue j10dsuery SO eseus3oip
YO0 0D d poe omty  OI-Hv0'¢ 60-H9¢C 0T-H¥S'9 60-H20'8 oruserdoyfn  -Ayep suASAyjewi( IVITYINOVOV
sIsoua3o1q pue
2Injonigs [euwos SO €1
L800D0D r -oqu ‘uonyersuel],  OI-H0S'8 60-H8¢Y  0T-HEO'V  60-HVO'S oruse[dodn  umjord [ewosoqir S0g SVETVINOVOV
uors uors
ar apod 10119 -soxdxo 10119 -soxdxo
50D 50D A10899e)) HOD ajardo(q ojerde(q ojardey ojordoy UOIYRZI[BIO awreu urejoId 1 urejoig

(e8ed snotaeid woay penuniuoy) :g'g 9qe], IS)



103

‘oged 1xeu Uo penuIuo))

SO
UOISIOAUOD pUR [dLv] eseuniixoqred
9981H0D O uwononpord 310Uy £96996.08'c  OT-AI9T  OT-HLE'E€  OI-HOV'T  60-H9EC orserdof) oyeantddjousoydsoy g 0Z0TSINOVOY
wistjoqejout
pue 110dsuery SO esejeip
6¢10D0D D oreIpAyoqie)) 6G86201¢8'C  TT-HIS'T 0T-HS¢¢'c  OT-HS8'L 60-H6S°T orwserdojdn  -Ayop  pre-AxoipAyiq  8MTLEINOVOY
SIseua301q pue
9INJONIYS [ewos SO #S
3cs0D0D [ -oqu  ‘wonjelsuel], yEOFPE98'c  OT-HL0C  60-HI6'T  60-AVL'T 80-H6E'T orwsedojfn  uwjord [RWOsOq §Og SIHTVYINOVOV
j1rodsueay
R UBICEIN pue
‘uorjerdes  ‘Surdy SO Dlex jrungns
¢98TO0D N gen  IBMIPEPRRUI968Seecl6’s 0I-HPe'e  01-U86'8  01-H98'8S  60-H9L'9 Tepn[EoeIyXy  9sedo[suel) uwjorderd  TSAMSINOVOV
SO Ul
9108¢€656'c  TI-HI9S'T 0T-d¢¢’'c  OT-HOL'T 60-HGL'T ourIiqudly  -0id  PozLIvIORIRYDU() COTCLENOVOV
wisIoqe)ed
pue j1odsuery SO urejoid Surpuiq
‘SISOUASOIq  S9I1] -ojeljsqns  Iojrodsuey)
€997DO0D O -oqejeur £1epuoddg 10L8ZIE00'E IT-HI8L  60-HCI'T  OI-HIT'E  60-HCO'6 orwsedoyfn DV oyeAx0qIedp-y)  8LYMEINOVOY
siseus3olq pue
2INJoNI)S [ewos SO #7171
£€600D0D [ -oqu  ‘uone[suRL],Z690SELVE € TT-H9¢'T 01-dHS¢'¢  01-H8E'T 60-H6¢C'¢ TenyeoeIixy  utejold [eWOSOqU S0 CIHTVINOVOV
SO umel
wisToqejow -oxd 3urpuig-ejerisqns
pue 11odsuery Iejrodsuer) HEy ploe
€890D0D q  poe ouly g€09807¢s'e  01-H0S'c  60-H6S'¢  60-H67'¢c  80-HEL'¥ oruserdojdn  oune ureyd-paydURIg 0OVIVINOVOV
sIseua8o1q pue
9INJONI)S [euwos SO 01S
1500000 [ -Oqu  ‘uorje[suel], GEEI|TESY € TT-H9S'T 01-dS¢’'¢c  0I-H69'¢  60-HCE'E orwsedoyfn  uwwjord pewosoqu 50 gD TYINOVOV
uors uots
dar 9poo a8ueyo 10110 -soxdxe 10110 -soxdxe
50D 50D £10899e)) HOD pPIod aje1do(q ojerde(q ojo1dey ojordey UOIYRZI[BIO awreu urel0Ig I ureloig

T 9e 39S sem o3urYD
PIoj-280] gono y ‘(uoisserdxo ogode(]/uoissordxe 910[doy])c30] se poje[nores
sem a8ueyd p[og '[[@d Iod sjunod [ei1joads pazijeuriou sfelase oy} se payljuenb
sem uolssordxy] -juewiyear) ago[dep-jusLiinu o) 03 pareduwod jusuryesiy sja[dalx

-JUaLIINU 9y} Jopun uorsseIdxs IoySmy Apjuedyrulis Yjm suejord :g'¢qg 9[qr],



104

‘oged 1xou Uo penuruo))

sisoue3o1q pue

2INJoNI)S [euwos S 9seIoJSuURIIAPII0d[D
G8ITO0D [ -Oqu  ‘UONe[SURAL,ZFELETS6EC  OT-HL8V  60-HOV'T  OT-HEOV  60-HS9'L orwse[dojfn  -nu opryodONUOqLIAIO] TLSTVINOVOV
SO (B1Rq
jungns oserowA[od
9800000 P! uondrosuel], 80€6LVFOV'C  OT-AIV'E  60-HOS'T  OT-HEE'S  60-HES'6 orseldoldn  YNU Po1oRlip-VYNA GUTLLENOVOV
siseua3o1q pue
2INJoNI)s [ewos SO 21
0600D0D [ -oqu  ‘uone[suell, €9vLyLL0VC  OT-HIS'T 60-U¥¢’'T  OI-HER'E  60-U8S™9 oruserdojdn  urejord pewrosoqu gOg 0TOTSINOVOV
siseus3olq pue
2INJoNI)s [euwos SO LIS
9810D0D [ -oqu  ‘uorye[suel], 10769157V 'C I1-469%v  01-U¥PL'9  OI-HI6'C  60-HCI'€ suriquidly  upjoid [ewosoqur S0g  INTINVINOVOV
siseua3olq pue
2INJoNI)S [ewos SO 1271
1920D0D [ -Oqu  ‘UOIe[SURL], Z6EVGETLY T IT-Her'e  01-"67'v  OI-HS6'L 60-H67'C orwsedojfn  uwjord [eWOsOqIr §Og YSHTVINOVOV
SIsaue301q
odopoaus ‘ouriIq SO yd
([4°1489]0]0) N -wewr  ‘[rem  [PD90€8L820S'C  OT-HVE'E  01-H86'8  0I-HES'C  60-H60'C dURIqUNIMQ  upjord  A[quiosse-GdrT TDCLENOVOV
siseusgolq pue
2INJoNI)S [ewos SO
€100D0D [ -oqu  ‘uorye[suel], ¢yL60956S T T1-H9G°1 0T-HS¢2'c  01-H66'T 60-H9E'T orwse[diog  osed  YNYI-OuIue[Yy €GOTVINOVOV
UOTSIDAUOD pU®R SO q
110900 D uwormonpoxd ASUy 0£61886S°C  TT-UGI'E  OT-H6VF  OI-HG8'T  60-HGLG oruseldojdp  jrungns oseqiuds IV - 0LASISINOVOV
stseuagolq pue
2INJONIYS [euros SO €1
6800D0D [ -oqu ‘uone[sUeL], LEL666CVIC  TT-H69V  OT-HPL'9  OT-HSLT 60-H1CV ourIquB[Y  uj0xd [eWOosOqLl S0G SINTYINOVOV
stseuagorq pue
2INJONIYS [euros SO ¥1
8800D0D [ -oqu  ‘uone[suel],86£198699°C  OT-HV9'T 0T-d19°'¢  OI-Hec'T 60-H.LG'€ orwsedojfn  upjord ewosoqu §0¢  GINLLEWOVOY
stsoua3oIq SO yureg
adofaaus ‘ouriq 1030®e] A[quiesse U}
GLLYVOOD N -weuw  ‘[em (9D FL0ZTLO0L'T  OT-H89'T 0T-H98°L  01-H66'¢  60-HIT'G suviquIly  -o1d sueIqUOW WM  EITNFINOVOY
wisTjoqejou
pue j10dsuery SO oseIow
6500000 H owiAzue0) G18GE08L'C  OT-HO8' VY  O1-H98'L  OI-HLI'C  60-HOV'S oruse[dojfny  -0s1070npal  proe-[0193] VATLENOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



105

‘oged 1xou Uo penuruo))

souorodeyd
‘IoA0OUINY uroy
-oxd  ‘uoryedyIpOW
¥re0O0D O [euone[suen})sod 1¢v¥¢6€cee’'c IT1-HLE'6 60-HSE'T  0T-H60'¢  60-HOE™9 oruserdojfn SO 1030€] 13311], 99Z"TVINOVOV
aredox
pue  UOI}RUIQUIOD SO
0950D0D T o1 ‘uoreondey 9€TV6¥€CC'C  OT-HFI'T 0T-dH19°¢  OI-HVI'IL 60-H29°¢ sueIquB) T dsemwosiodol YNA  SHUMSNOVOV
UOTSIOAUOD pU®R
€98¢O0D O uononpoid £310Uy 69790¢8€C'C  OT-HI9'T 0T-H.¢'€  01-H96'¢  60-H6S'T oruserdo3fn SO D PwoIyR0lL)  IDTNFINOVOV
j1rodsuer)
IR[NOISOA pue
‘uorjerdes  ‘Sunpdy SO V9298 jungns
€490D0D N Jgen  IeMmEoenuLieeL1e9e’es  01-HLE'9  01-UPL'9  OI-HIS'E  60-UVC'E oruserdojdy  esedo[suery ujoIq CHCLENOVOV
sIseuago1q pue
9INJONI)S [euwos SO T11IS
0010D0D [ -oqu  ‘Uone[SURL], Z96EFCIIT T IT-He1'¢  01-d67'%  OI-HEO'L 60-H91°¢ orwsedojfn  uwwjord pewosoqu §0g  OJTINPINOVOV
wisTjoqejow SO oseu
pue y1odsuery -98o1pAyep oyeydsoyd
LG00D0D 9] eyeIpAyoqae) G8L0¥S6LE T IT-HeT'¢  0T-d6¥'¥  0I-H90'C  60-H8I'C umouwuy -€-9pAyapIeInATD 66 LENOVOY
sIseua801q pue
2INJONI)S [euwos SO 21
1600D0D [ -oqu ‘uone[sued], ¢ZYILVEEC  OT-HIO'T 0T-dLe€  TI-HIP'6  60-HOL'T oruserdoydn  urejord pewrosoqu gOg LATLENOVOV
wisTjoqejow
pue 110dsuery SO ®jeq JTUNQNS d9se)
IYITO0D q OPIOIPUN €7C688TVE'C  01-UV9'T 0T-d19°¢  OI-H6T'L 60-HS8°C umowu()  -onpar NeJMSAAUPY  ETINVINOVOV
SO oseIgjsueIAyjowa
668L2199¢'c  TI-H9SG'T 0T-HS¢'c  OT-HU8E'L 60-HIT'T OUBIPIOBAI0:0)R[0JOIPAYRIIIAYIDIN  6HHTFINOVOY
wistjoqe)out
pue yrodsuery SO (Suryerdxoqresap)
€00TD0D q  pwoe ouuy $¢¢08669¢'c  0T-U¥9'T 0T-HT19°¢  OT-HS8'T 60-H06°C orwse[dojfy  9seuSoIpAYSp dUIAD T6NTVINOVOV
wistjoqe)jout
pue y1odsuery
L£L0DOD Aq OpIoSPUN BTTCLI8E'C  OT-H6T'€  OI-H6¥'¥  OT-HI8Z  60-HVET oruserdolfn SO osepnospnu-g  gMATVINOVOV
UOTSIDAUOD pU®R
€£90D00D O uworonpord AUy €S668L068°C  TT-H9S'T  OT-HSCC  T1-H99'6  60-HST'T oruserdoj£n SO UIXOPaI) Sg-047  TNUMSINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



106

‘oged 1xou Uo penuruo))

UOISIDAUOD pue

SO ¢ yungns

[44°)8910]0) D uoronpoxd £81U RYOZILIR0C  OT-HVE'E  O1-U86'8  OI-H69'T 60-H08°€ oruserdojdn  eseprxo O dWOIPOIL)  INHTVINOVOY
sisoua8o1q pue
9INJONIYS [ewos SO ¢S
¢S00D0D [ -oqu  ‘uorjersuell, T1Z9¥6060'C  OT-USS'T 60-H97'T  0T-HE6'9  60-HCTE'9 umowyu()  upjoid [ewosoqur S0g  EAUMSINOVOV
SO Hunqns
UOTSIDAUOD pueR INJ[NS-UOIT 9SeIONPAI D
€2L0D0D O uworonpord ASUFELEFE680T'C  OT-APY'T  OT-AT9S  OI-HIV'T  60-HGVC orse[dojdy  sworyoojhd-oumnbiqn  GINYTFINOVOV
SUISTURDOW UOT} SO umy
92,6200 I -oupsueny [eudigg 8 PISTIIC  OT-HI9T  OI-HLE'E€  OI-HI9T  60-HIV'T oruserdoydy  -oxd  pazieyderepun  IMOWNYINOVOY
souotodeyd
‘IoA0UINY uro)
-oxd  ‘woryesyrpouwr
9.80D0D O [euonje[sSuRIISOJ €LLYICIT'C  OT-HIIO'T 0T-dHL€€  OT-HI9'T 60-HIV'T oruserdojfn SO Hd1H uwjorg VPNIVINOVOV
wisTjoqe)out
pue 110dsueay
€950D0D q OPIOIOUN T9GEEVRTT'C  TI-H9G'T 0T-dSC'C IT-HEY'6  OT-HLL'6 umouxun) SO oseuny ore[Auspy STUMSINOVOV
jrodsueay
Te[NOISOA pue
‘uorperdes  ‘Suroy
€280D0D N Jen  IempEoenulyLl989811°'¢c  O0I-H6T'€  OT-H6V'V  OI-HVO0'C  60-HS6'T oruserdolfn SO dIoL ujold 644 TVINOVOV
siseuegolq pue
2INJONI)S [ewos SO 61S
G810D0D [ -0qu  ‘uorjersuely, Lg80SCELI'C  OT-HI9'T 0T-dA€€  T1-H9S'9  60-HCS'T orwserdoydn  urejord [ewosoqur SOg 6CZTVINOVOV
sIsaua3oIq
adoreaue ‘ourerq SO DPIA oselIos
90L0D0D N -wew ‘[rem 9D LLET699LT'C  TT-HCT'E  OT-d6FF  OI-AVF'C  60-HE0'C orwserdojdn  -ur uegord euvIqUBIN  FAZMSINOVOY
wistjoqe)out
pue y1odsuery SO oseyjuls
G610D0D H owAzuo0) 9GTTITLE8T'E  TI-H69F  OT-dVL'9  O1-USS'T 60-H90°€ umouu) suruoryjeudsouspe-g  TMPTFINOVOV
aredox
pue  UOIRUIqUIOD SO urejoid Surpuiq
6290000 T o ‘uoryeordey £89¢69561'C  OT-AFI'T 0T-H19°¢  OT-HI9'C  60-HLS'C orwsedojfny  -yYN( Ppopuels-oSurg 6ZTLENOVOV
SO umel
8¥88EE0C'c  01-USI9'T 0T-H98°L  OI-HVE€'C  60-HCI'€ sueiqudly  -oid  pezujorIeYOUN  OXAO0NFINOVOY
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



107

‘o8ed 1xou UO panuIUO))

s1seuagolq pue

2INJONIYS [euros SO ¢-AI 1030%]
¢Es0O0D [ -oqu  ‘uone[suel],yGTZOEIFR'T  OT-HLP'O  60-HO8'T  OI-HED'E  60-HST'9 oruserdojdn  wonenul - uone[suel],  ¢INDTVINOVOY
souorodeyo
‘IoA0UINY uro}
-oxd  ‘uorjedyIpow S 9seIowosl sueIy}
¢9900D0D O [euonje[sueI})soqd 1GG98THY8'T  OT-HI9O'T 0T-dL€€  OT-HIS'C  60-HIC'T orwserdoyfy  -s [Aload-[Apndad  LMPTFINOVOY
j110dsuea)
Te[NOISOA pue
‘uorjerdes  ‘Surdy SO (99§ yungns
cre0D0d N Jen  IRMEORIUIZGROTS068'T  OT-HVI'T 0T-H19'¢  0T-H¥VI'¢  60-HB80'C UMOmwu)  9seoo[surI} ura3old CSHTVYINOVOV
UOTSIDAUOD pU®R SO ®1eq
GG00D0D O uworonpord ASUFLESEI6T6'T  OT-H6S6  60-HLS'T  OT-H9E'E  60-HV6'S oruserdojdp  jrungns oseqiuds IV - 6ADTIVINOVOV
wisTjoqe)out
pue j1odsuery SO oseu
LVEED0D 9] oreIpAyoqie)) 96¢.L7.L0T6 T TT-dHe1'€  OI-U6¥'%  OI-HIT'C  60-HOL'T umouu  -d30IpAYdp ureyd-410Ys CLCLENOVOV
8LCBOLLGG'T TT-H9¢'T 01-H¢¢’'c  OI-HIC'T 0T-dVL'8 orwserdolfn SO oseury oyejredsy CISMSINOVOV
wistjoqejout
pue y10dsuery SO oser)
LETODOD q  poe oty 119668661 TT-H9¢'T 0T1-HSC'C 1T-H6C°¢  01-H66'8 oruserdojdn  -uds djeuINSOUTUISIY TIZTYINOVOV
siseuegolq pue
2INJONI)S [ewos SO
¥9¢0D0D [ -Oqu  ‘Uomesuell,69gZ9g¥900'¢  OT-HOV'9  60-HCT'T  OT-HSS'T 60-H0SGV orwsedojfn  sJ, 1030€)  uorjRSUOY 8GATVYINOVOV
SO osejonp
-9I0PIXO suoumbiqn
UOTSIDAUOD pu®R -urejordoaeyy I0]
¥790D0D D uononpoid £810uy ¢eT98.Z10C  OT-HI9'T 0T-dLe€  OI-H66'L 60-H9E T orwserdojkn  -sueay UOI309[H 9DGTVYINOVOV
souotodeyd
‘IoAOUINY uroy)
-oxd  ‘uoryedyIpOW SO eselow
09L0D00 o) [euOIIR[SURINSO] €19€80€20°C  OT-HI®'T  60-HPZ’'T  OI-H6S'€  60-HY0'S  omwuseidoldy  -ost Apoxdidpndsg  ANGTVINOVOV
stseuagolq pue
9INJONIYS [euros SO 1¢71
742000 [ -oqu  ‘uone[suel], [g6LELCVOC  OT-H6I'€  OI-H6F'¥  OI-HZI'C  60-HS8'T oruserdojdn  urejord ewosoqur §Og 8V ITVINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



‘98ed xeu UO paNUIIUO))

)
— UOTSIDAUO0D pU®R SO
6£00D0D D uoronpoxd £31uy GOGTLOSLI T TT-H9G'T 0T-dS¢’'c  01-HOC'T 0T-H0% L oURIqUITY  9seUd30IpAYSP Se[R]N CUTLENOVOV
UOTSIOAUOD pu®R SO ureyod
Gae0o0d D uononpoid £318uy 9T80TZ089 T 0T-dT19°1T 0T-HLEE IT-H7¥'8  60-H80'T orusedisg  uoisde aseyuss JIV VXTTVYINOVOV
souorodeyd
‘IoA0oUINY uroy
-oxd  ‘uoryedyIpOW
0€€0D0D O [euonjR[SUR.IIISOd 88EC69989" T 01-H00'8  60-H9V'T 0T-dST'¢  60-HOLTV oruserdojfn SO DBH upjold  6DdTVINOVOY
stseuagolq pue
9INJONI)S [euros SO .S
6700000 [ -oqu  ‘uone[suel],Z.8€LIV69 T TT-H26'6  60-HSE'T 0T-H€L'C  60-HLET oruserdoydn  urejord fewosoqui gog 66AMSINOVOV
wisToqejou
pue 11odsuery SO oseua3oip
7070000 d  Ppoe ourury LLgSI8%9L°'T  OT-H¥0'S  60-H9€'C  OT-HFS'9  60-HZO'S umouu)  -Ayep SUDASAYPWIT  9VITYINOVOV
wisIjoqejout SO urejoid Surpuiq
pue j110dsueay -oyeI)sqns Ta9p10d
LvL0D0D q  poe oUWy yS77L989.L°1 TT-H26'6  60-HSE'T 01-d€v'¢  60-H09'V orsedodp  -sueny  HEy  opnded LOVINVINOVOV
UOTSIOAUOD pU®R SO osejonp
8T0TDOD O uononpoxd AS10uy 6G8G089LL T TT-H9¢'T 01-HSC'C 1T-H60'8  OT-HIL'L orwsedojfny  -01 JAVN-UIXOpa1dg  9INATYINOVOY
siseusgolq pue
2INJoNI)S [ewos SO z¢1
€€€0D0D [ -oqu  ‘uorjersuel], TO0EFTISLL'T IT-Her'e  01-H6¥'¥  OI-HTL'C  60-HVS'T orwsedojfn  ujord [RWOSOqIT g G64TVINOVOV
SO umel
GIEGEVLBL'T 01-H00'8  60-H9V'T 0T-dL2'C  60-HV0'S orwsedojfn  -oxd  paziLjoRIRPU() 8GSMEINOVOV
aredax
pue  UOI}RUIQUIOD
8970000 T - ‘uoryeordey 602LL6S08 T TT-4%¢'9  01-U86'8  0I1-H9%'¢  60-HVI'E oruserdolfn SO Vo9Y uljoid LSTLENOVOV
UOTSIDAUOD pu®R SO osejonpai
LG8COOD D uononpoid £318uy 607.LLESOS T IT-He1'¢  0T-"67'V TT-H89'9  60-HLG'T oruserdojsn auwo1yo03A>-[oumbiqn EVSMEINOVOV
sIsoue3o1q pue
2INJONI)S [euwos
¢LI0DO0D [ -oqu  ‘uone[suei], £9£996.08'T 0T-dT19°1T 0T-dLe€  OI-HU86'L 60-UST'T orwse[dojfn SO oseSI YNYI-ouleg GSENTVINOVOV
souorodeyd
‘IoA0oUINY uroy
-oxd  ‘uoryedyIpOW SO Hdiyg
9z£0DH0D 0 [euorje[sueI}sod 0GE0T0VR' T  OT-HOV'9  60-dgT'T  OT-dLC’T  60-HIO¥ orseidoydn  urjord ouomdeyq)  6ZETVINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



‘98ed xeu UO paNUIIUO))

109

SO umejord
Suipuiq-4 Ly 10110d
T0T€T6695'T TT-H9G'T 0T-dSC'C IT-HE6'y  0T1-d89'9 umouyu(  -suery HEV ophded ¢deIVINOVOV
SO umel
T0T€26695°T TT-H9¢'T 0T-dSe'C IT-H€6'y  01-d89'9 sueIquB)  -0Id  PazZLIIORIRYDU() 0SI'TVINOVOV
s1seuagolq pue
9INJONI)S [euros SO 111
0800D0D [ -oqu  ‘uone[suel],Z6ELS0CLS T I1-HS¢'9  0T-d86'8  OI-HV0'E  60-HL9'C oruserdoydn  urejord fewosoqui gOg 697 IVINOVOV
stseuagolq pue
9INJONI)S [euros SO 918
8¢c0D0D [ -oqu  ‘uone[sueL],ZLZO9ET6S'T  OT-HPS'9  60-HSC'C  OI-H66'€  60-HSL9 oruserdoydn  urejord fewosoqui gog 8VCLENOVOV
SO eydre
jiungns oserowA[od
¢0c0D0D il uondrosuely, 188661664 T 01-HZ9'9  60-H69'C  0I-HZE'S  60-HST'S umomwuy  VNY Potodllp-YNd  LHDTVINOVOV
wisTjoqejow SO umwjord
pue 11odsuery Surpuiq-ejer)sqns
€99TO0D 9] o1eIpAyoqie) 8c0g98¥09°'T  OT-HED'8  60-HS9'T  OT-HIOC  60-HIT'S umouyu)  19jI0dsuery 0dy  SMAMSINOVOV
SO Ul
69CVYIVI9T 1T-HSC'9  01-d86'8  OI-HET'C  60-HSL'C surIiqudly  -oid  pezldjoRILYIUN  OAVINVINOVOV
siseusgolq pue
2INJoNI)S [ewos SO ¥¢'1
8610D0D [ -oqu  ‘uorjersuel], €8G0¥TTY'T  OT-USI'T 0T-H98°L TT-H.8'8  60-HCV'C orwsedojfn  uwjord ewosoqur §0¢  LINLLEWNOVOV
Q) OSRIOUIOST SURIY
€8G07CC9'T  OT-I89'T  O0T-H98°L  TI-HL8'8  60-HTV'C orsedojdy s Arord-(dpnided  GNZINTINOVOV
wstjoqejom SO °sed LV
pue j10dsuery Iog10dsuery HEy ploe
TT70D0D q poe ouluy 1990T05¢9°1 TT-H9G'T 0T-dSe'C IT-H1¢'c  01-U¥6'9 umouyupy - outwre ureyo-paypuelg  FLONVINOVOV
stseuagorq pue
2INJONIYS [euros SO
0S00D0D [ -oqu ‘uone[sUeL],€6CLTIICYI T  60-HLS'T 60-HCE'6  60-HSV'T 80-HT16°C oruserdoldn g, 1010€) woneduoly  YHATYINOVOY
stseuagolq pue
2INJONIYS [euros SO 1S
6£50D0D [ -oqu  ‘uonje[suell, TGEGLGYSO'T  OT-HSC'C  60-H9E'C  OI-HS86'€  60-HEV 'L oruserdoydn  urejord [ewosoqul §og LICLENOVOV
stseuagolq pue
9INJONIYS [euros SO 2IS
8700000 [ -oqu  ‘uone[suel], 69571999 T IT-HS¢'9  O01-d86'8  OI-HEC'C  60-HS8'C oruserdojdn  urejord ewosoqui gog SdTLEINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



‘98ed xeu UO paNUIIUO))

110

SIseua301q pue

9IMONI)S [ewos SO
061TD0D [ -Oqu ‘UOTjR[SURIT, 889F88TLE'T 0T-d19°T 0T-dL€€  OT-HIC'T 0T-dVL'8 orwsedojfn  osed| VNYI-ouIshr] SHATVYINOVOV
SISeUL301q pue
9IMJONIYS [ewos SO SIS
¥810D0D [ -Oqu ‘UOTIRISURIT, 6TTEETE6E T TT-H9G'T 0T-HS¢'c  O1-HS6'T 0T-HT16°G ouRIqUIdlY  UP30Id [eWOSOqL SOE 9DZTVYINOVOV
wistjoqejout SO ose[op[e
pue 110dsuery areuojdeyAxoop-¢
¢cL0DOD q  poe oIy 6 1EETE6E" T TT-H9G'T 0T-HSC'C TT-HE8Y  OT-HI6'S umouun) -01pAysp-g-oydsoyq THVIVINOVOV
SO
UOISIDAUOD pu®R vleq jungns urejoxd
9802¢D0D D uoronpoxd £3mUy TG666£6E T TT-HG¢'9  01-U86'8  OI-HLV'C  60-H9EC umouyup)  -OA®Rp I9jsured) uoljoo[y E90INVINOVOV
stseuagorq pue
2IMJONIYS [ewos SO Hunqgns ejaq
16L0D0D [ -Oqu  ‘UOTjRISURILT, L696TTOET T TT-dHe1'e  OI-U6¥'%  OI-HVC'I 60-HTC'T orwsedojfn  9seSI  YNYI-PUPAD SrZIvINOvVOov
Sut
-uonjpred swosow SO goIN
-OIYD ‘UOISIAIP [[9D urejord Sururuejep
LLOTDOD d  [o1yuod 9Ad 9D LEI6TTOET T 01-d61°¢  OT-H6¥V'¥  O1-U¥VC'T 60-H1C'T orwsedisg  -odeys pod LATLENOVOV
siseusgolq pue
2INJoNI)S [ewos SO 211/L1
3gc0D0D [ -oqu  ‘uone[sueAL, L96LTLEST'T 0T-HLG€  60-H09'F  01-H96F  80-HIT'T ouriquioly  up30id [ewWOSOqU S0G  8XTINVINOVOV
sIsaua30o1q
odopoaus ‘ouriq SO 910N
G88¢OH0D N -wew  ‘rem  [[9D 606ZV0TLY T 0T-dTIv'€  60-HO8'T 0T-H2E'€  60-H66'% umowyup)  urejord 1ojour re[PpSe[d  GINCINVINOVOY
wistjoqejout SO oseIogjsueIy)
pue y1odsuery -[Adoid£xoqredourure
€L8¢D0D q  poe outuy y8¢9€988¥ "1 TT-He1'e€  OI-H6V'¥ 1T-H66'S  60-H9C'T oruserdolfn ouULIdSOWOY[£190e-0 994 TYINOVOV
siseus3olq pue
9IMJONI)S [ewos SO
0870D0D [ -oqu  ‘uone[SURAL, 626609067 T 0T-H0¥'¢  60-H8S¢'c  0I-U80'€  60-HSTL ouRIqUIOIN ) JI0jde] uOnRSUO[H  CINTINFINOVOV
UOTSIDAUO0D pU®R SO oseu
¢1oTO0D D uononpoxd £Swuy 879966V T 0T-HL6°T 60-H89'T 0T-H9L7  60-HSLV Te[nieoeIixy  -980IpAYSpP  SpAYSplY 8NTLENOVOV
stseuagolq pue
9INJONIYS [euros SO 811
986000 [ -oqu  ‘uone[sueiy, 1.66099€S T 0T-H19'T O0T-HLE'€  OI-H8E'C  OI-HLL'6 oruserdojdn  urejord ewosoqur §Og GE0TSINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



111

‘98ed xeu UO paNUIIUO))

wisIjoqe)aut

pue y1odsuery SO oseiay
Sv0TDO0D q  poe ouruy 90¥ve0€9¢' 1 TT-H9G'T 0T-dSC'C I1-H06°L.  OT-HOV'S orwserdojky  -suendieoe QuLdg  88MIMSINOVOV
SO
9SRIOISURII[AUIOONS-N
wisTjoqejou 91R[AX0qIRdIP-9‘F
pue y1odsuer) -ourpriAdorpAyeIjo)
|PA49]0)0) q  poe Uy g96€7¢99¢'1 IT-HeT'¢  O0T-H67'¥  OI-HU8S'T 60-H80'T oruserdoj£n -6V’ SHMMEINOVOV
wisToqejouw SO umjoxd
pue 11odsuery Surpuiq-ejer)sqns
E€I1EO0D q poe ouy €¢¢19089¢°1 0T-d686  60-Hc8'€¢  0I-H98F  60-H0T'6 orwserdidg - a9r0dsuey odyv INTLENOVOV
souotodeyd
‘IoA0UINY uro)
-oxd  ‘uworyesyrpouwr
6570000 O [euonje[sur.I}}sod 90SGLICLT T 60-HC9'T 60-HCLV  OT-HIL'E  80-HVI'T orwsedojfn g0 uruorddeyod ey 09 TZTLENOVOV
stseuagorq pue
9INJONIYS [euros SO osesi|
770D 0D [ -Oqu ‘UOTIRSURIT, 9/6EEGLLT'T 0T-d¥9'1T 0T-HT19°'¢  O1-H66'T 60-H9€'T ourRIqUIBIN VNY)-ouroaryg, 6CCLENOVOV
wisTjoqejout
pue y1odsuery SO
YLT0D0D q  poe oIy 1G0CLTERT' T 0T-d48'¢  60-HST'¥  O0I-HL6F  8O0-HIO'T QUBRIUIO[N  Osejoqjuds ourmein[ LXZ'TVINOVOV
wisTjoqe)out
pue 110dsuery SO gHred
697TO0D H owAzu90) 9gETLLI0E T TT-de1'€  OI-U6¥'%  O1-HEL'C  60-HIT'T QURIQUIBTY  9SR[OIPAYOPAD 1D GSOINYINOVOV
stseuagolq pue
2INJONIYS [euros SO ¢11
0020D0D [ -oqu  ‘uone[sueiy, 909.g060€ T 0T-d1¢’€  OT-HPL'9 TT-HE6'9  60-HLI'T oruserdoydn  urejord [ewosoqir §Og SOATVINOVOY
wisToqejout
pue j10dsuery SO
6670000 H owAzue0)) TYIESTEE T TT-de1'e  OI-H6V'¥ IT-H09'6  60-HET'T UMOUNU[) 9SBUINSAIOWOY[ASOULpPY 9IIZTYINOVOV
sIseua3o1q
adofaaus ‘ouriq SO
YrLTO0D N -wew  ‘[rem [[PDFS6IVIIEE T 01-dve’ v  60-H¥Y0'vy  01-HI6'G  80-HGO'T sueiquioly  uwjord  Jurpuiq-yNd  £D0NFINOVOY
stseuagolq pue
9INJONIYS [euros SO 111
1800D0D [ -oqu  ‘uone[suel],9979L619€'T 0T-H¢P'9  60-HSE'T 01-H66'C  60-H.V'€ oruserdoydn  urejord fewosoqur §Og TEOTYINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



112

‘oged 1xou Uo penuruo))

SO Ul
LITEVITCT'T TT-"He1'e€  OI-H6¥'¥  TI-HEV'S  OI-HLL6 oruserdojfn  -oxd  pazirvjdRIRyOU() E€ICLENOVOV
sIsoua301q
adopoaus ‘ouriq
YrLIDOD N -wew  ‘[rem  [PD8EOVI06ET'T  OT-HLE'T 60-H89'T  0T-H96'%  60-HOL'E ourRIqUIBIN SO umjord suRIqUIIN  OVMMSINOVOV
SO dumnd
wnipos pozidiaus
-opeydsoydoidd
UOTSIDAUOD pU®R poje[nwigs
808¢D0D D uononpoid A3uy yEITLO06T'T  OT-HVI'T 0T-dT19°¢ IT-H64°6  60-U8C'T umowquny  ~(+)31 aAlyRINg EMVIVINOVOV
8L21D0D el uwondrosuel], 99¢£5Y60¢’ T 60-H0E'E  80-H8C'T  60-HCO'T 80-H96°C oruserdoydny  gO ureyoxd {o0Ys-proy SAVIVINOVOV
wisTjoqejout
pue 110dsuery SO umejoad orwsedired
1890D0D q  poe ouruy €907v661¢'1 TT-469%  OI-UVPL'9  TI-H89'9  60-HLS'T oruserdolfn Surpuiq-ounsennd  MHATVINOVOY
wisTjoqejout SO umejoid Jurpuiq
pue 110dsueay -ojeIlsqns JI9jrodsued)
¥680D0D q  poe ouruy  LLLGGTe¢'T  OT-HI9'€  60-HiP'¢  OI-H80'€  60-H9L'¢ dueliquelN - DV phe  outy  6METVINOVOV
stseuagorq pue
9INJONIYS [euros SO 2¢1
1120000 [ -OquI  ‘UOTIRSURIL, 9ETF6VETC'T  OT-HFI'T 0T-d19°'¢  01-HO9'T 60-HTET oruserdoydn  urejord [ewosoqir §OG 9LCLENOVOV
wisTjoqe)out
pue j1odsuery SO eseunjoydsorydox
c9r0D0D Aq OPIOIPUN 8L6T09G¢C' T O0T-H6T'€  OT-H6¥V'¥  OT-HL6'T 60-HS0'T orwsedoyfn  -£d  egeydsoyd-esoqry  FILLENOVOY
wisTjoqejout
pue j10dsuery SO urey
9027O0D H owkzue0) 8.gTLSTEC’'T  OT-HI8'T 60-d¥¢’'T  OT-HI0'C  60-HO6'C orwsedojfn  -oxd  pazivjovIRPU() 96I'TVINOVOV
wisToqejout
pue j1odsuery SO oseyjuis
4410910%e) H owAzua0)) €COVC6VEC’ T OT-HU89'T  OT-H98'L  OT-HS9'T  60-HS8'T umouupdurpruddidyowoydsoyd  0ZATFINOVOY
SO ey
€90¥c6vEc’T  01-U89'L 0T-H98°L  OI-HZT'C  60-HGS'T dURIqULININQ  -oid  pezljdeRIRyduUn) 86U TVINOVOV
SO O
SIsoue301q pue Jungns  9seILJSURIJOP
9INJONI)S [euwos -ture (upn)/usy)yNH?
12L0D0D [ -Ooqu  ‘uome[suel],90FFE0E9C’T  TT-U9S'T  OT-HSC¢  T1-H06'L  OT-H0¥'S  orwsedojd) -[Awren3/[Ayredsy  ENAMSINOVOV
uots uots
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D HOD A10399) HOD prod arerdo(q orordo(q orordoy orordoyg UOT)eZI[RD0] owreu UI)0IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



113

‘o8ed 1xou UO panuIUO))

wisIjoqejoul SO umjord
pue jrodsuery Surpuiq-ejer)sqns
€IT1COO0D q ppoe ouliry 96¢¢E6¥00° T 0T-H00'8 60-HIV'T 0T-d1C'T 60-HEG6'C orurse[dojdp  1ejr0dsuery odv 79CLENOVOV
wisIjoqejout
pue j110dsueay SO Iejrodsuery
SLIVOOD q ppoe oulry g¢9¢08s00°' T OT-HI8'T 60-HVC'T 0T-H6L'T 60-H6V'C ouBRIqUION  DEV oureeq/eumAn 6DDTVINOVOY
wisIjoqejout SO
pue jrodsuery ose31] 9)e[0JOIPATRIIOY
69.2D0D i OPROS[ONN LGTERLLTO'T 0T-HST'T 60-HO8'T 0T-HS0'¥V 60-HL9'€ orurserdogAn —9YRULIO 86LMSINOVOV
wisIjoqejoul
pue jrodsuery SO osey)
6IT0DOD q ppoe oulury 1¢6LELCV0'T I11-de1'e 0T-H6V'V 0T-HLE'T 0T-HST 6 oruseldoykp  -uds srerewrddordost-z  OMETFINOVOY
souotodeyd
‘IoA0UINY uro)
-oxd  ‘uoryedyIpow
0€€0D0D O [euorjye[sueI}}sod ¢08G9LYSG0'T 0T-HT16'V 60-H89'T 0T-H18°¢ 60-H6V'€ orurse[dol LD SO urjord suRIqUIdIA CZETVYINOVOY
stseuagorq pue
9INJONI)S [euros SO I1030€]
€€c0D0D [ -Oqu  ‘uorje[suel], FRTFTLTLO'T 0T-dV9'T 0T-HT9°¢ 0T-H6€°C 60-HST'T orurse[dolAD SurpAoar-otwosoqry 6XATVINOVOY
SO urejord
wistjoqejout Surpuiq-ejersqns
pue 110dsuea) T9q110dsuer) ogv
2890D0D H PppReE ourury 1982.91LL0°T 60-H599°9 80-HZR'T 60-H18'¢C 80-HV8'¢ orurse[doj£n surosexynd /outpruriodg SMHTVYINOVOV
souotodeyd
‘IaAouwIn) urey
-oid  ‘uoryeOyIpOW
99¥0D0D O [euorjye[sue}}sod 890¢1¢180°T T1-HSC'9 0T-H86'8 0T-Hee'T 60-HO6'T umouxuy SO oseajord wOT  QYASICINOVOY
SO
8LZTD0D M uondrosuely, ¢TE8FEG60'T  OT-HTI9T  OT-dLE'€  OT-HOT'T  0T-HOT'L orwsedoyfn  uwwjord  Jupulq-yNAd  9AATYINOVOY
SO oYy I1030%] uoly
8GTIDOD M uondLOsuRL], 663299960'T  OT-HIS'T  60-dAPC'T  OT-HIT'C  60-HS9¢  omusedosdn  -eupmisy uopduosues],  0OJTFNOVOY
stseuagolq pue
2INJONI)S [ewos SO 61
69€0D0D [ -oqu ‘uorjersuei], ,6L8.880T T 0T-U8C'¢C 60-H9¢€'C 0T-HC8'¢C 60-H60°S oueIqUIGIN  uwjoId [RWOSOqLI GOG TIVIVINOVOV
uors uors
ar 2pod a3ueyd 10110 -soxdxe 10119 -soxdxe
50D 50D £10899e)) HOD pPIod ajardo(q ojerde(q ojardey ojordoy UOIYRZI[BIO awreu urejoId 1 urejoig

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



114

wIST[oqe)ouT
pue jrodsuery SO ose[op[e
88¢€D0D 3] o1eIpAyoqie) 8¢gL8CF00'T  60-HZI'T  60-H89'T  OI-HE6'T  60-HLE'E oruserdoj£n areydsoydsiq-esoronyy  GHOTYINOVOV
uors uors
ar 2pod a3ueyd 10119 -soxdxe 10119 -soxdxe
950D 50D £10891RD) HOD prod aarde agerdoq ajordey agerdoy UOTYRZI[BD0] QuIeu UI10IJ ] uejoid

(e8ed snorasid woiy penunuoy) :g¢'g 9[qe], IS)



115

‘oged 1xeu Uo penuIuo))

sIseueg01q SO
odopoaus ‘ouriIq oseIoJsuRIAIAPTAY )
60CTO0D N -wewr  ‘rem 9D 00¥9°0  OT-U¥9'T 0T-HT19°G TT-H09'v  01-H09'€ QURBIqUISIN areydsoyd-T-esoonyy LZATYINOVOV
wistjoqejout SO
pue j1odsuer) urojoad Bururejuod
0L00D0D q  poe ourury 00¥9°0  OT-U¥9'T 0T-HT19°G IT-H09'%  01-HO09'€ orwsedojfn  Jryow DXDXDO  CMYUMSNOVOV
wisijoqe)au SO umjoad Jurpuiq
pue 110dsuery -ojeqisqns  Iojrodsuea)
€11eO0D q  poe ourury GL2L'0  60-HIIT 60-H¥0V  OT-H8Y'C  60-H¥V'C oruserdolfny DY ourelpq/ouniy  8HONFINOVOY
UOTSIDAUOD pU®R
¢LEODOD D uoronpoxd L3reuy G€9L'0  OT-HU89'T 0T-H98°L TT-HLY'T 0T-HE9V QueIqUIBIN SO eseyiuds aenry  SAUMSINOVOV
wisTjoqejou SO umjoad Jurpuiq
pue j110dsueay -oyeI)sqns 19310d
€99TO0D 9] areIpdyoqae)) ¢E98°0  0T-HS6'F  60-HI6'T 01-dgce'T 60-HS0'T umouyu)  -sueny gy  Iedng ¢dATVINOVOV
s1seua3o1q
odoreaus ‘ourelq SO oseyjuis
€9.0D00 N -wew  ‘rem 9D 8706'0  OT-HI9T  OT-dLE'S TI-H6F'T  OT-HOS'T oruserdojfn aprreyooesip-y-pidry  ¢HUMSINOVOV
souotodeyd
‘IoA0UINY uro)
-oxd  ‘uworyesyrpouwr SO Vo8I
91€0D0D O [BUOLIR[SURIIISO] 88G6°0  TI-HCI'€  OI-U6V'¥ IT-dvL°L  OT-HIEC umousu()  ujord  Jurpuiq-uoIf ¢TATYINOVOV
SO Uy
umouun) L970°T 0T-d61°'¢c  60-HYI'E€  OI-US9'L 60-HCS'T oruserdoydn  -oxd  paziejdereypun 06 TINVINOVOV
SO oseua80IpAY
wisTjoqeow pue -op opAtopreruos
81€0D0D I odsuen prdry 8EVa'1 0T-dv¢'€  01-H86'8  ¢I-H086  OI-H80'¢ umouuy -ojeudONg CLAMSINOVOV
SO utejoxd Surpurq
UOTSIDAUOD pU®R -ojeIjsqns  I9jrodsuey)
I81€D0D D uononpoid L3ieuy 1917  OI-HLG'S  60-HST'V IT-HyL° L  OT-HIEC orwsedoyfn DV oe[dxoqIedp-y)  §UZINFINOVOV
uors uots
dar 9poo a8ueyo 10110 -soxdxe 10110 -soxdxe
50D 50D £10899e)) HOD pPIod aje1do(q ojerde(q ojo1dey ojordey UOIYRZI[BIO awreu urel0Ig I ureloig

G0 Je 19s sem oFueyd
PIoj-280] gono y ‘(uoisserdxo ogo[dey]/uoissardxe o9[do(])c30] se poje[nores
sem a8ueyd p[og '[[@d Iod sjunod [ei1joads pazijeuriou sfelase oy} se payljuenb
sem uolssordxy] -juewiyear) 9go[dar-justiinu o) 09 pareduwrod jusurjealy ajadep

-JULLIINU 9y} Jopun uorsseidxe IoySmy Apjuedyrulis Yjm suejold :F'g 9[qe],



116

wsijoqejawr pue mo oseu
096TO0D [ 9rodsuerny prdrg 9%0G°0 OT-HIR'T 60-U¥C'T T1-HSC S 0T-HVL'8 orurse[dojf  -080IpAYdp  yOD-1A0Y 6LV IVINOVOY
UOTSIDAUOD pue
¥2CTO0D D uorponpoxd ASreugy €¥€48°0 0T-HE0'8 60-189'T TT-HPS'8 60-H9T'T umousur) SO oseA] 93e13100s] LLATVINOVOV
SO ose[Axoq
Auo uorjorpaxd RRCHEY) 9U00.[OU0D
6650000 Y uomnouny  [eIdUSD 91I¥7G°0 0T-d89'T 0T-H98°L TT-HTL'T 0T-HOV'S orseidojdn  -nwdxoqres  ewurey) 99TINVINOVOV
aredox
ﬁ:.ﬁm QOS\NQMQEOU mo ﬁgﬁﬁ—Sw :,mam L
¢TLTODOD T o1 ‘uoryeotidey 677470 OT-HT19'T 0T-H.LE € CI-USE L 0T-HTEC SUB.IqUIdBIA 9SBO[ONUO(LIAXOdPOX]] CLOTVINOVOV
wsijoqejawr pue wo ww‘mnw,wmﬁdha
€8T0D0D I twodsuery  pidi] 8¢19°0  OT-U89'T  OT-H98'L  TI-HPLT  OT-AVI'G umouyup)  -[Ae0e VOD-1£190y  THATYINOVOV
uorts uorts
ar 2pod a3ueyd 10119 -soxdxe 10119 -soxdxe
50D 50D £10899e)) HOD prod ojorde(q ojerde(q ojordey ojordoy UOoI1eZI[RDO] Qureu urej0IJ ] umwjorg

(e8ed snorasid woiy penunuoy) g 9[qr], IS)



117

Appendix C
SUPPLEMENTAL INFORMATION TO CHAPTER 3
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Figure C.1: Genomic comparisons of key metabolic genes in Thioglobus sp. Rings from
innermost to outermost: Ca.T. singularis strain NP1, Ca. T. autorophicus strain EF1, and
Ca. T. singularis strain PS1. Key genes are classified by pathways: carbon fixation (blue),
pentose phosphate pathway (orange), sulfur oxidation/reduction (red), phototrophy (green),
TCA cycle and gloxylate bypass (purple) and genes unique to glyoxylate bypass denoted
with *| pilin assembly (light blue). Genes that were absent from the Ca. T. singularis strain
NP1 genome are in shown in grey text.
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Table C.1: Comparison of COG categories across three complete Thioglobus sp. genomes.

Q
o)
o.
)

Strain EF1
Value %age

Description

LnmowmTEHnHEHOOQOOCZEZH<SOEE R P

Strain NP1
Value %age
160 10.62
1 0.07
42 2.79
64 4.25
1 0.07
15 1

24 1.59
23 1.53
89 5.91
6 0.4
17 1.13
74 491
111 7.37
86 5.71
238 15.79
67 4.45
119 7.9
85 5.64
63 4.18
37 2.46
134 8.89
46 3.05
389 22.38

Strain PS1
Value %age
165 10.64
1 0.06
51 3.29
65 4.19
1 0.06
15 0.97
20 1.29
27 1.74
87 5.61
14 0.9
20 1.29
75 4.84
116 7.48
100 6.45
242 15.6
64 4.13
121 7.8
84 5.42
58 3.74
39 2.51
122 7.87
52 3.35
379 21.45

166
1
40
72
0
17
23
37
109
12
19
92
114
41
121
47
110
46
72
15
81
48
458

12.66
0.08
3.05
5.49
0
1.3
1.75
2.82
8.31
0.92
1.45
7.02
8.7
3.13
9.23
3.59
8.39
3.51
5.49
1.14
6.18
3.66
27.59

Translation, ribosomal structure and biogenesis

RNA processing and modification

Transcription

Replication, recombination and repair

Chromatin structure and dynamics

Cell cycle control and division, chromosome partitioning
Defense mechanisms

Signal transduction mechanisms

Cell wall/membrane biogenesis

Cell motility

Intracellular trafficking and secretion

Posttranslational modification, protein turnover, chaperones
Energy production and conversion

Carbohydrate transport and metabolism

Amino acid transport and metabolism

Nucleotide transport and metabolism

Coenzyme transport and metabolism

Lipid transport and metabolism

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis, transport, catabolism
General function prediction only

Function unknown

Not in COGs
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Table C.2: Comparison of genome statistics across three complete Thioglobus sp. genomes.

Strain NP1 Strain PS1 Strain EF1
Attribute Value %age Value %age Value Yoage
Genome size (bp) 1,689,404 100 1,714,148 100 1,512,449 100
DNA coding (bp) 1,596,072 94 1,621,248 95 1,420,141 94
DNA G+C (bp) 591,027 35 641,748 37 592,030 39
DNA scaffolds 1 100 1 100 1 100
Total genes 1738 100 1767 100 1660 100
Protein coding genes 1692 97 1719 97 1617 97
RNA genes 46 3 48 3 43 3
Pseudo genes 0 0 0 0 0 0
Genes in internal clusters 220 13 246 14 187 11
Genes with function prediction 1470 85 1492 84 1318 79
Genes assigned to COGs 1349 78 1388 79 1202 72
Genes with Pfam domains 1516 87 1564 89 1387 84
Genes with signal peptides 104 6 NA NA 147 9
Genes with transmembrane helices 359 21 NA NA 317 19
CRISPR repeats 0 0 0 0 0 0
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Appendix D
SUPPLEMENTAL INFORMATION TO CHAPTER 4

D.1 Supplemental methods

D.1.1  Sample collection

Hydrothermal plumes within the caldera of Axial volcano and over the new Apprill et al.
(2015) North Rift Zone lava flows were mapped during the rapid response cruise (TN-327,
August 14-29, 2015) using a Seabird 9plus CTD with integrated turbidity (optical backscat-
ter) and oxidation-reduction potential (ORP) sensors. During tow-yo’s, the CTD package
(which also included 24 10-L Niskin bottles) was cycled between 10-200 m above the seafloor
while towing along the trackline at speeds of 1-2 knots Baker et al. (1995). Turbidity is
reported here as non-dimensional Nephelometric Turbidity Units (NTU; American Public
Health Association, 1985), and NTU is the turbidity anomaly above the local non-plume
background value. The ORP sensor responds quickly and sensitively to reduced chemical
species (e.g., Fe?t, HS™, Hy) common in hydrothermal plumes. Real-time monitoring of the
optical backscatter and ORP sensors aided in acquiring both plume and non-plume samples.

The hydrothermal temperature anomaly (Af) was calculated as

AN =0 — [(mg * 07) + (my * gg) + My

where 6 is potential temperature, oy is potential density, and mg, m; and moy are constants
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from a polynomial regression between 6 and oy in hydrothermally unaffected water at, or
just above, plume depths Lupton et al. (1985). Water samples for DNA analyses for this
study were obtained during CTD tow T15A-01 (August 18, 2015).

Once on deck, water samples were processed for physicochemical measurements (pH,
gases, trace metals, DOM, and nutrients) and biological samples (cells for DNA). A total
of 44 water samples from plumes over the caldera, NRZ, and background were analyzed
on board ship for methane and hydrogen concentration by gas chromatography (SRI GC
with flame ionization and pulse discharge detectors). Water for DNA was either processed
immediately once shipboard or stored at 4°C in the dark for up to 8 hours until processing.
To collect cells for DNA, 2L of water were filtered onto 0.2um Supor polyethersulfone filters,

flash frozen in liquid nitrogen, and stored at -80°C until further processing.

D.1.2 SSU rRNA gene sequencing

DNA was extracted from Supor filters following previously described methods Marshall and
Morris (2013), quantified using a Qubit fluorometer (Invitrogen, CA), concentrated using a
SpeedVac (Thermo Scientific) and reconstituted in nuclease-free water (Qiagen).

The DNA was submitted to MRDNA (Stillwater, TX) for tag-sequencing. At MRDNA,
the V4 hypervariable region of the 16S rRNA gene was amplified using 515F and 806R
primers Apprill et al. (2015); Parada et al. (2015) with minor revisions to better amplify
marine bacteria and archaea using PCR conditions of an initial denaturation at 94°C for
3 min. followed by 28 cycles of 94°C for 30 seconds, 53°C for 40 seconds, and 72°C for 1
minute, and then a final elongation step at 72°C for 5 minutes. PCR products were checked
in 2% agarose gel to determine amplification success and relative intensity of amplification

bands. All samples were pooled together in equal proportions, then pooled samples were
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purified and calibrated using AMpure XP beads. The pooled and purified PCR, products
were used to prepare the DNA library at MRDNA on an Illumina MiSeq using manufacturers

guidelines (Illumina, CA).

D.1.3 Community analyses

Sequence data was processed by the MRDNA service facility. Their analysis pipeline has been
developed to join paired ends, delete barcodes, remove sequences <150bp or with ambiguous
bases, denoise sequences, generate OTUs (based on 97% identity), remove chimeras, and
finally assign taxonomy using BLASTn against a curated database derived from RDPII and
NCBI (http://rdp.cme.msu.edu, www.ncbi.nl.nih.gov). Patterns in bacterial and archaeal
communities were analyzed using alpha and beta diversity measures. To minimize the effect
of sampling effort, samples were rarefied to the size of the smallest sample. Alpha diversity
was measured calculating the observed richness, or the number of OTUs present in each
sample. Non-metric multidimensional scaling (NMDS) was used to compare the community
composition across samples for either the bacterial or archaeal taxa. A Bray-Curtis distance
matrix was calculated by randomly subsampling each sample, calculating Bray-Curtis dis-
similarity, and finding the average over 1000 iterations. Analysis of similarity (ANOSIM)
tests were employed to determine whether the differences in community composition were
significantly larger between samples than within samples, over 999 random permutations of
the dataset. Lastly, taxa significantly correlated with changes in community composition
across samples were identified as indicator taxa by using a similarity percentage (SIMPER)
analysis. For the indicator analysis, taxa that had an average abundance of 100 sequences
or more were not included because they were present, and abundant, in all 12 samples.

Rather, taxa that had an average abundance between 10 and 100 sequences were considered
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most informative because they are not present in all samples, thus demonstrated informative

distributional patterns. All community analyses were conducted in R (R Core Team, 2014).
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Figure D.1: Proportions of most abundant (A) Bacterial classes and (B) Archaeal orders
detected along the North Rift Zone of Axial Volcano following the 2015 eruption. Taxonomic
groupings that represented less than 1% or 0.1% of the total community, respectively, were
combined into the other category. Samples are ordered by decreasing turbidity anomaly, a
proxy for hydrothermal circulation, from left to right. Samples have been classified into four
distinct sampling regions: lava flow #9, lava flow #10, non-lava, and background samples
not influenced by hydrothermal activity.
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Table D.1: Correlation coefficients, adjusted R2, between bacterial class proportions and
physicochemical parameters. Positive values indicate strong correlations while negative val-
ues indicate no correlation.

Class ANTU AO CH, H,
Acidobacteriia 0.5508 0.4499 -0.1414 -0.1428
Actinobacteria 0.6284 0.3794 0.3910 0.1374
Alphaproteobacteria 0.7402 0.7838 0.1296 0.0332
Bacteroidia 0.5387 0.0611 0.0160 -0.0835
Betaproteobacteria -0.0493 -0.0304 0.0066 -0.0433
Chloroflexia 0.7930 0.6637 0.1600 -0.0355
Clostridia 0.6528 0.1965 -0.1338 0.1546
Cyanobacteria 0.3612 0.3691 0.1003 -0.1214
Deltaproteobacteria 0.1770 -0.0346 0.1859 -0.1362
Epsilonproteobacteria 0.9594 0.6732 0.3879 -0.0730
Flavobacteriia 0.0821 -0.0848 -0.0357 0.2003
Gammaproteobacteria 0.5717 0.6325 0.0127 0.1058
Mollicutes 0.6784 0.3461 0.1814 0.0539
Other 0.4872 0.3750 -0.1329 -0.1411
Planctomycetia 0.4575 0.4545 0.1345 0.0702
Verrucomicrobiae 0.5486 0.6565 0.1226 0.0277

ANTU= turbidity anomaly in nephelometric turbidity units; Af= temperature anomaly
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Table D.2: Correlation coefficients, adjusted R2?, between archaeal order proportions and
physicochemical parameters. Positive values indicate strong correlations while negative val-
ues indicate no correlation.

Order ANTU AO CH, H,

Cenarchaeales 0.1454 -0.0152 -0.1397 0.0575
Halobacteriales -0.0933 -0.0727 -0.0257 -0.0847
Methanobacteriales -0.0890 0.0565 -0.0909 0.1421
Methanococcales 0.5515 0.8154 0.6264 0.1378
Methanomassiliicoccales -0.0977 -0.0922 -0.1190 0.2300
Methanomicrobiales -0.0964 0.1097 -0.1351 0.0183
Methanosarcinales -0.0501 0.1486 -0.0456 0.0749
Nitrosopumilales -0.0372 -0.0986 -0.0349 -0.1384
Nitrososphaerales -0.0421 -0.1000 0.0032 -0.1348
Other (less than 0.1%) 0.2628 0.5083 -0.0925 -0.1243
Thermoplasmatales -0.0836 0.1441 0.0157 -0.0089

ANTU= turbidity anomaly in nephelometric turbidity units; Af= temperature anomaly



