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ABSTRACT 

 

 

Microorganisms interact with their surroundings and each other. However, these 

interactions are complex and difficult to understand. This research presents the utilization 

of simplified environmental microbial systems from the extremes of life to gain insight 

into the roles of microbes in diverse processes including biogeochemical cycling and 

viral infection.  

The complex mixture of organic compounds within aquatic systems, known as 

dissolved organic matter (DOM), is an integral component of the global carbon cycle. It 

is a carbon source for microbial activity and impacts biogeochemical and ecological 

processes. However, little is known about the release and bioconversion of these 

compounds. This thesis presents a liquid chromatography coupled mass spectrometry 

(LCMS) based exometabolomics approach to chemically characterize the interaction 

between DOM and the representative microbial species that transform it. This work 

illustrates for the first time the ability to measure the relative abundance of molecular 

constituents of DOM during heterotrophic bacterial processing. Processing was shown to 

be dynamic over time, even with only single organism interactions. A LCMS based proxy 

was established to predict the lability of DOM carbon sources, and the labile nature of the 

source was shown to be a significant factor in DOM processing by single organisms. 

Further, the temporal interaction of two ecologically relevant ß-Proteobacteria with DOM 

from the Cotton Glacier, Antarctica highlight the importance of understanding the 

diversity of single organism DOM interactions to interpret community level bacterial 

interactions.  

LCMS-based ‘omics techniques can also be utilized to characterize the changes in 

protein expression associated with viral infection of hyperthermophilic archaea. Viral-

host interactions in Sulfolobus archaeal systems are poorly understood, and exhibit a 

diversity of regulation patterns. LCMS-based shotgun proteomics was utilized to 

characterize the temporal response of Sulfolobus islandicus to infection by Sulfolobus 

islandicus rod-shaped virus (SIRV2). The strengths and weaknesses of label-free protein 

quantitation techniques were assessed, enabling the detection of the regulation of SIRV2 

proteins over time and identification of key host responses to infection. Together these 

studies show the impact of LCMS based ‘omics technologies in bringing new insights 

into environmental microbial interactions.  
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INTRODUCTION 

 

Extremophilic Microbial Systems 

 

Extremophiles are organisms that live outside of the environmental parameters 

optimal for the vast majority of life on earth. These organisms are adapted to the physical 

and geochemical extremities of known environments, including extremes of temperature, 

pressure, pH, and salinity (Rothschild and Mancinelli 2001). Due to these unique 

environmental conditions, extremophiles provide insight into the physical limits at which 

life can occur. While extremophiles have been found in all domains of life, bacterial and 

archaeal microorganisms are particularly prolific, employing diverse strategies to persist 

at the extremes. Studying the relationship between microorganisms and these extreme 

environments can provide a resource for understanding the biology, biochemistry, and 

ecology that drives natural processes. In particular, this thesis utilizes extremophiles and 

their environments as model systems and natural laboratories for studying basic 

biological questions, such as carbon cycling, and viral infection.  

 

Cold Temperature Nutrient Cycling 

With approximately 15% of the surface of the Earth consisting of frozen 

environments and 90% of the oceans at less than 5°C, the Earth’s biosphere is dominated 

by permanently cold environments (Priscu and Christner, 2004). Despite the harsh 

climates, psychrophilic, or cold-loving, microorganisms thrive and dominate the 

ecosystems of these cold and icy environments. These microbial assemblages are actively 
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involved in biogeochemical cycling, and are important contributors to global cellular and 

carbon reservoirs (Cavicchioli 2006). 

Psychrophilic microorganisms are of particular interest in deducing the role of 

bacteria in the global carbon cycle. The complex mixture of organic compounds within 

aquatic systems, known as dissolved organic matter (DOM), comprises the primary pool 

of bioavailable carbon in cold-temperature environments. Microbial processes are 

important pathways for DOM production and consumption in aquatic systems, and the 

lack of higher plant life in the Antarctic ecosystem leads to a primarily microbially-

derived DOM composition (McKnight et al. 2001, Brown et al. 2004).  Thus, the study of 

microbe-DOM interactions in Antarctica presents the opportunity to explore the influence 

of heterotrophic bacteria on the complexity and bioavailability of DOM.  

 

Hyperthermophilic Archaea-Virus Interactions 

On the other end of the temperature scale are hyperthermophilic environments, 

defined by temperatures greater than 80°C. These ecosystems, which can include deep 

sea thermal vents and hot springs, are primarily dominated by archaeal organisms 

(Kormas et al. 2006, Schrenk et al. 2003, Valentine 2007). Hyperthermophilic 

environments are hypothesized to be critical to the early evolution of life (Nisbet and 

Sleep 2001). In addition, the inhabitants of these hyperthermophilic environments employ 

diverse and poorly understood mechanisms of adaptation and interaction. In particular, 

the biology of archaeal viral infection is of interest as hyperthermophilic viruses exhibit 

unprecedented morphologies and proteins, and the process of infection and egress can 

occur through unusual mechanisms such as the formation of virus-associated pyramidal 
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structures on the host cell surface (Pina et al. 2011, Bize et al. 2009, Quax et al. 2010, 

Brumfield et al. 2009).  Ultimately, understanding hyperthermophilic virus-archaeal 

interactions can help to reveal insights regarding the origin and evolution of viruses and 

cells. 

 

Systems-Level Analysis 

 

 

One of the main goals in studying the biochemistry of life is to be able to 

determine the basis of how biological systems work. However, the complexity of 

biological systems made a focus on the isolation and characterization of specific 

individual genes and proteins the most practical way to build up understanding of the 

system as a whole. The strong advancements in technology in the past 20 years have 

enabled a different view of biology, whereby ‘snapshots’ could be taken of an organism’s 

biology under given conditions, and the biological information could then be analyzed at 

a systems level as a whole. These systems-level analyses correspond to the major 

biological central dogma, and consist of analysis of the complete cellular genome 

(genomics), transcripts (transcriptomics), proteins (proteomics), and metabolites 

(metabolomics).  

 Proteomics and metabolomics are of particular interest to systems-level biology as 

they represent the functional units of metabolism, specifically enzymes and their 

substrates. Thus these ‘omics technologies extend beyond what a cell is capable of, 

providing a direct, global measure of a cell’s current functional state.  Proteomics has 

primarily been used to compare protein expression levels between different biological 
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conditions of an organism, analyze protein-protein interactions, and explore post-

translation modifications (Aebersold and Mann, 2003). Metabolomics has seen success in 

identifying biomarkers for disease states, metabolic flux analysis, and determining 

interactions between microbial symbiosis (Gao and Xu, 2014).   

 

Proteomics 

 

Proteomics is dominated by two very different approaches, one based on 2D gel 

electrophoresis (2DGE), the other on multidimensional liquid chromatography coupled 

mass spectrometry (LCMS). There are distinct advantages and disadvantages to each of 

these approaches (Aebersold and Mann 2003, Mathy and Sluse 2008, Barrios-Llerena et 

al. 2006, Whitelegge 2004, Zhu, Smith and Huang 2010).  

 For 2DGE, proteins in a sample are separated first by their isoelectric point using 

isoelectric focusing followed by separation based on their molecular weight using 

polyacrylamide gel electrophoresis. This enables a two dimensional pattern of protein 

spots, which can be excised from the gel, digested, and analyzed by a mass spectrometer 

to determine the identity of the protein spot (Figure 1.1). A difference in spot intensity 

between two biological conditions is indicative of a protein expression change. 2DGE has 

a relatively limited dynamic range, making it difficult to detect low abundance proteins. 

Additionally, one spot can contain more than one protein, giving an ambiguous 

quantitation. However, 2DGE offers the ability to readily detect post translational 

modifications on a proteome-wide scale based on changes in protein spot migration due 
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to changes in charge (such as phosphorylation) or molecular weight (glycolysis, 

lipidation, or proteolysis).  

 

 
Figure 1.1. 2D gel electrophoresis of Janthinobacterium sp. strain CG3. Blue spots are 

Coomassie Blue stained protein. Separation in the left to right direction indicates 

increasing protein isoelectric point (from pI 3: left to pI 11: right). Separation in the top 

to bottom direction indicates decreasing molecular weight.  

 

Alternatively, advancements in high pressure liquid chromatography (HPLC) and 

mass spectrometry have made it possible to bypass protein separation, instead producing 

an incredibly complex digestion of all of the proteins in a cell, followed by separation and 

quantification of the peptides by HPLC peak area or spectral counting, and identification 

by mass spectrometry (Figure 1.2). This method, termed shotgun proteomics, enables a 

large scale high-throughput analysis of the proteome. Shotgun proteomics is primarily 
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limited by instrument bias and the ability to accurately quantify protein abundance by 

peptide ion intensity. Additionally, this method produces large quantities of data, and 

requires advanced data mining and statistical analysis to effectively compare samples and 

derive biological meaning.  

 

 
Figure 1.2. Liquid chromatography-mass spectral profile of the proteome of Sulfolobus 

islandicus under infection by Sulfolobus islandicus rod-shaped virus. Each dot indicates 

mass spectral feature representing a peptide from the digested proteome based on a 

unique mass to charge ratio and retention time. The color of the dot indicates the relative 

intensity of that feature, with warmer colors indicative of higher intensity.  

 

Environmental Metabolomics 

 

Environmental metabolomics refers to the utilization of metabolomic techniques 

to characterize how organisms interact with their environment (Bundy, Davey, and Viant 

2009). Environmental metabolomics encompasses a wide breadth of topics, but generally 

focuses on the effect of the environment on an organism, such as risk assessment of 

toxicant exposure in fish, metabolic responses to stressors such as temperature and 

desiccation in invertebrates, and circadian rhythms in plants (Viant 2008). More elusive 
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is the understanding of how organisms affect their environment. This type of research 

generally focuses on microbial communities and seeks to understand the interaction 

between microbes and their surroundings. In particular, this can be looked at through 

metabolic footprinting, in which a comprehensive understanding of the exometabolome, 

or metabolites consumed from and secreted into, the growth medium or environment is 

examined (Kell et al. 2005). Metabolically active microbes will release cellular material 

based on their nutrient status, growth conditions, and presence of other microbes 

(Kujawinski 2011). External metabolites can also be released for acquisition of nutrients, 

communication, and chemical defense. 

In the natural environment, microbial communities are complex and interact with 

other forms of organisms, such as plants and animals. The exometabolome of these 

organisms becomes highly complex as the excreted metabolites interact with compounds 

produced by other organisms and decomposition products from decaying plant matter and 

microbial biomass. In aquatic systems, this complex ‘community exometabolome’ is 

known as dissolved organic matter, and has been a key area of interest in geochemistry 

for many years, as it directly influences environmental processes such as carbon cycling 

(Hertkorn et al. 2007).  

The exometabolome of an organism in the natural environment is not static. 

Compounds produced by one organism may be utilized by other organisms as nutrition or 

react with other chemical species to form complex compounds. A comprehensive 

understanding of the role of the exometabolome in a community is integral in 

understanding metabolism in an environmental system. 
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Mass Spectrometry Analysis of DOM 

 

Dissolved organic matter consists of an exceptionally large number of diverse 

biomolecules, often in low concentrations, which makes it difficult to analyze. 

Historically, DOM research involved characterization of bulk properties using 

measurements such as total organic carbon, carbon:nitrogen ratios, and utilization of 

NMR spectroscopy to provide information about the structural properties of natural 

organic matter (Mopper et al. 2007). While these methods provide important information, 

mass spectrometry techniques and instrumentation have significantly expanded the 

characterization of natural organics by providing molecular level information. 

In the mid 1990s several papers were published that began to utilize advanced 

mass spectrometry techniques to look at natural organic matter. In 1995, Novotny, Rice 

and Weil published one of the first papers to use a mass spectrometry approach beyond 

gas chromatography to look at natural organic matter (Novonty et al. 1995). They used 

laser-desorption coupled to Fourier transform mass spectrometry to show molecular 

weight distributions of characterized fulvic acids in comparison with gel filtration and 

vapor pressure osmometry to provide proof that the fulvic fraction of natural organic 

matter is dominated by low molecular weight substances. McIntyre, Batts, and Jardine 

(1997) followed this up with the first natural organic matter study using electrospray 

ionization (ESI). They coupled ESI to a quadrupole MS for an overall picture of the 

organics in groundwater samples. The use of ESI in natural organic matter research 

revolutionized the field, as ESI-MS provides component-specific structural information, 
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is compatible with the polar solvents used in the extraction process, and does not require 

derivatization of molecules.  

Following these initial studies, mass spectrometry work on DOM focused on the 

use of direct infusion into an ultra-high resolution Fourier transform ion cyclotron 

resonance mass spectrometer (FT-ICR-MS).  While direct infusion FT-ICR-MS offers 

the ability to distinguish ions separated by only a few millimass units, the approach can 

suffer from lack of dynamic range and ion suppression effects that bias which molecules 

are detected.  

 

Fractionation of DOM 

  

Fractionation of DOM is incredibly difficult, and has limited the use of LCMS 

techniques in obtaining a comprehensive analysis of the composition of DOM. 

Chromatography of natural organics is complicated by both the immense complexity of 

samples, and the lack of reproducibility. Chromatography of DOM has generally resulted 

in featureless humps which are not particularly useful in characterizing natural organic 

matter (Stenson 2008). The success of FT-ICR-MS on unfractionated samples combined 

with the difficulty of chromatographic separation has prevented Liquid Chromatography 

coupled Mass Spectrometry (LCMS) from playing a major role in natural organic matter 

studies. However, the past few years have seen resurgence in interest in chromatography 

of natural organics. In 2008 Stenson published an optimization and analysis of 

fractionation of dissolved organic matter by reverse phase HPLC (Stenson 2008). Capley 

et al. (2010) took this further by introducing a pre-fractionation technique that reduced 

the number of DOM compounds occupying the same nominal mass in a sample. This 
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allowed for analysis of the natural organic matter using fractionation by tandem mass 

spectrometry. This ability for fractionation opens the door to the use of LCMS to 

characterize DOM. LCMS is a powerful platform for the untargeted relative quantitation 

of small molecules over time (Want, Cravatt, and Siuzdak 2005, Smith et al. 2006), 

enabling a high throughput investigation of DOM transformations at the molecular level.  

While LCMS techniques can track molecular changes in DOM, the ability to 

unambiguously identify metabolites is a bottleneck of all mass-spectrometry based 

metabolomics and exometabolomics experiments. Traditionally, annotations are 

produced by accurate mass matches in a database, and identifications are confirmed by 

manual analysis of MS/MS spectra and authentic standard matching (Tautenhahn et al. 

2012). Even with ultra-high resolution mass spectrometry, few compounds in 

exometabolomic and DOM studies were able to be confidently annotated due in large 

part to the gap in knowledge of the comprehensive structural characterization of DOM 

and limitations of annotation using mass spectrometry databases (Romano et al. 2014, 

Longnecker, Soule, and Kujawinski 2014). To deal with these ambiguous or unknown 

samples, additional data such as fluorescence, infrared, raman, or NMR is necessary 

(Siuzdak 2006).  

 

Using Metabolomic Techniques to Study DOM 

 

Recent studies have expanded our understanding of the exometabolome of 

individual organisms in environmental conditions. Metabolomics based studies 

investigating the assimilation and production of natural organic matter by microbes and 

microbial consortia has become an area of interest. Barofsky et al. (2009) investigated the 
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primary production of natural organic matter by using ultra performance liquid 

chromatography coupled with time-of-flight mass spectrometry to explore the 

composition dynamics of organic matter to reveal patterns of metabolite release during 

different growth phases of diatoms. Transformation of natural organic matter by 

heterotrophic bacteria has not been well documented, although Gruber et al. (2006) 

examined the cycling of dissolved organic carbon in a system containing a bacterium 

(Pseudomonas chlororaphis) and a bactivorous protozoan (Uronema sp.). They found 

that 3 to 5% of the initial glucose carbon became refractory dissolved organic matter and 

persisted through the duration of the experiment. Longnecker et al. (2014) used LCMS 

metabolomics to study the production of DOM by the diatom Thalassiosira pseudonana, 

assessing both the endo- and exo-metabolome and identifying novel compounds that the 

diatom releases into the DOC pool. These studies highlight the emerging interest in 

pioneering advanced metabolomic and exometabolomic technologies towards practical 

applications in understanding one of the most complex and dynamic carbon sources on 

our planet.  

 

Research Directions 

  

This thesis seeks to explore extremophilic organisms and their environmental 

interactions through the systems-level techniques of mass-spectrometry based proteomics 

and metabolomics. Chapter two examines the molecular characterization of terrestrial and 

Antarctic environmental DOM sources, and follows how a heterotrophic bacterium 

isolated from Antarctica interacts with them. Environmental exometabolomic techniques 
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are utilized and a novel LCMS-based method of differentiating the bioavailability of 

DOM as a carbon source is discussed. The dynamic nature of the DOM changes over 

time show the significance of bacterial transformation of its environment, even at the 

single organism level.  

 Chapter three seeks to expand on the findings from chapter two by introducing an 

additional Antarctic heterotrophic bacterium isolate to probe the similarity of DOM 

interactions amongst species of the same phylum (ß-Proteobacteria). In particular, the 

differences between how the two bacteria transform environmental DOM from their 

natural habitat, a supraglacial stream on the Cotton Glacier in Antarctic are explored.  

 Chapter four transitions from psychrophiles to hyperthermophiles, examining the 

infection of a hyperthermophilic archaeon (Sulfolobus islandicus) by a crenarchaeal 

Rudiviridae (Sulfolobus islandicus rod-shaped virus). Label-free shotgun-based 

proteomics techniques are used to gain a systems level understanding of the effects and 

regulation of viral infection. Multiple quantification strategies are compared to improve 

the ability to detect temporal regulation of host and viral proteins. Additionally, 

proteomic results are compared to transcriptomics findings from the same system, 

demonstrating the power of multi-level systems analysis.  
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Significance: Dissolved organic matter (DOM) from freshwater environments is an 

important source of carbon in the global carbon cycle. The balance of more and less 

labile compounds in DOM ultimately determines the extent of microbial interactions, 

CO2 release to the atmosphere, and the composition of DOM transported to the earths 

oceans. A novel combination of metabolomic, microbiological, and DOM 

characterization techniques were used to extensively investigate the temporal metabolic 

processing of environmentally relevant carbon sources by an individual microorganism. 
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DOM composition influences both the degree of biological transformations and the 

suitability of a carbon source for sustained rates of cellular respiration. Lability proxies 

were developed to describe DOM, applicable to other studies, providing valuable 

compositional information prior to more extensive investigations. 
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Abstract 

 

Biological processing of dissolved organic matter (DOM) is a key factor in 

understanding its contribution to the global carbon cycle. Heterotrophic bacteria are the 

primary drivers of biologically based DOM transformation, and the extent of which is 

determined by the lability of a DOM source. However, the ability to discern carbon 

source lability is currently limited because it relies on empirical evidence from in situ 

experiments. A broader understanding of the interactions between bacteria and DOM will 

improve predictions of carbon lability and turnover. Here we utilize multiple analytical 

and microbiological techniques to characterize DOM lability, and determine the effect of 

differentially labile freshwater DOM on carbon transformation by a single heterotrophic 

bacterium, Janthinobacterium sp. strain CG3 (CG3). Congruence between methods 

supported the application of lability proxies used to identify the theoretical lability of 

variable DOM materials across environments and its role in microbial processing. Results 

indicate that the interaction between CG3 and DOM from three environmentally distinct 

carbon sources (Cotton Glacier, Pony Lake, and Suwannee River) is highly dynamic, and 

diverges over time based upon the labile nature of the carbon source. Long term 

respiration does not correlate directly with lability, suggesting that heterogeneity of the 

DOM chemical composition is influential in microbial turnover. The ability of a single 

organism to differentially interact with diverse DOM sources illustrates that biological 

processing is influenced by time and DOM composition, highlighting the relevance of 

single organism level studies.  
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Introduction 

 

Dissolved organic matter (DOM) in freshwater environments is an important 

source of organic carbon, supporting heterotrophic bacterial respiration over local and 

regional scales. Rivers and estuaries are the connection between freshwater and marine 

ecosystems, globally transporting 0.9 Pg C y
-1

 to the oceans (1). DOM is comprised of a 

heterogeneous mixture of labile and recalcitrant chemical compounds, which affects its 

overall bioavailability to microorganisms and directly influences biological processing 

and turnover rates (2, 3). Labile DOM is a bioavailable fraction of carbon that promotes 

net heterotrophic activity and ultimately becomes a source of CO2 released from aquatic 

environments (4). Freshwater DOM transported to downstream ecosystems was 

previously thought to be highly degraded, however recent reports indicate that exported 

DOM may also be labile (5).  

DOM lability has previously been operationally defined as a function of 

biological availability and time (6). However, lability is best interpreted in the context of 

both chemical composition and microbial metabolism (7). Representative labile carbon 

sources used in laboratory experiments to examine the transformation of DOM are 

generally simple substrates, such as glucose or combinations of amino acids (8-10). 

Unfortunately, these are of little environmental relevance and do not address the chemical 

complexity of naturally occurring DOM. Investigations from diverse glacial 

environments show that glacially derived DOM is highly bioavailable to microorganisms 

(11-13), suggesting that these environments are a reservoir of labile freshwater DOM. 

Therefore, we incorporate the use of Antarctic isolated carbon sources as Antarctica 
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represents an optimal environment to study the biological processing of bioavailable 

microbially derived freshwater DOM. To deepen understanding of microbially mediated 

transformations of DOM, three carbon sources representing a continuum of 

environmental labilities were selected: microbially derived DOM from the oligotrophic 

supraglacial Cotton Glacier stream, Antarctica (CG), microbially derived DOM from the 

eutrophic coastal pond, Pony Lake in Antarctica (International Humic Substances Society 

[IHSS] Pony Lake Fulvic Acid; PL), and terrestrially derived DOM from the Suwannee 

River, (IHSS Natural Organic Matter; SR).  

 Heterotrophic organisms are involved in all aspects of DOM cycling, including 

synthesis, transformation, and degradation. Biodegradation is a major mechanism 

mediating the processing, cycling, and decomposition of DOM globally. The transfer of 

carbon from DOM to bacteria has been proposed to follow four major pathways; direct, 

photolytic, sorption, and via extracellular enzymes (14).  Currently, our understanding of 

biological DOM processing is dominated by oceanographic studies (6, 8, 15-18), with far 

less known about the process in freshwater environments. Thus, there is a significant gap 

in knowledge regarding how individual organisms interact with complex DOM from 

different freshwater sources. 

Coupling changes in DOM composition to in situ microbial community 

processing is inherently difficult because of methodological challenges associated with 

analyzing DOM due to its molecular complexity. This is further complicated by the by 

the phylogenetic diversity of natural microbial assemblages. Recent evidence indicates 

that individual species of marine organisms can affect ecosystem-wide processes, and 
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may be responsible for significant DOM fluxes and nutrient mineralization (19). Single 

organism studies therefore provide a definitive way to resolve the contributions of 

individual microorganisms to bulk processing. To investigate the biological 

transformation of freshwater DOM of varying lability, we conducted extended 

incubations under environmentally relevant conditions with a single metabolically 

diverse and globally relevant organism, Janthinobacterium sp. strain CG3 (CG3) (20). 

CG3 was isolated from a supraglacial stream on the Cotton Glacier, Antarctica, and 

specifically chosen because of its predicted ability to process diverse sources of DOM. 

The CG3 genome is 6.12 Mbp and possesses genomic evidence for complete central 

carbon metabolism and fermentative pathways. The metabolic flexibility of CG3 makes it 

an exemplary organism for an in depth study of the biodegradation of environmentally 

relevant carbon sources.  

To characterize the complex interactions that occur between heterotrophic 

bacteria and heterogeneous DOM, a combination of microbial, biogeochemical, and 

metabolomic techniques were employed. Excitation Emission Matrix spectroscopy 

(EEMs), Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS), 

and Ultra Performance Liquid Chromatography coupled Quadrupole-Time of Flight Mass 

Spectrometry (UPLC-Q-TOF MS) based analyses generated a complementary description 

of the composition and lability of the three DOM sources. UPLC-Q-TOF MS and EEMs 

provide information on exometabolite transformations, or the biologically mediated 

changes in DOM over time. When combined with respirometry and microbial growth 

analysis, the role of metabolic plasticity in microbial DOM degradation can be described 



21 

 

 

 

with a new level of detail. This study also provides a straight-forward approach for 

predicting DOM lability without the need for challenging and costly long-term microbial 

experiments. Additionally, FT-ICR MS and EEMs results introduce the first analysis of a 

supraglacial Antarctic DOM source and of IHSS SR natural organic matter, both isolated 

by reverse osmosis. 

 

Results 

 

DOM Source Material Characterization  

Total fluorescence analysis by EEMs (21, 22) and molecular composition 

determination by FT-ICR MS (23-26) are well established methods for characterizing 

DOM at the bulk and molecular level. CG DOM has maximum fluorescence at low 

excitation and emission wavelengths in a protein-like region (Figure 2.1A, fluorophore 

peak B, Ex:Em 240:314 nm), and a high percentage of protein-like molecular constituents 

(41.0%; Figure S1D) determined by FT-ICR MS. PL and SR DOM showed analogous 

results for protein-like components detected by EEMs and FT-ICR MS (Figure S1D). In 

addition to protein-like fluorescence, PL and SR DOM have humic-like fluorescence 

(Figure 2.1A): fluorophore peak A (Ex:Em 240:424 nm) and peak C (Ex:Em 300-

320:400-450 nm). FT-ICR MS data for CG, PL, and SR DOM contain molecular 

formulae in each species group (Table S1), and molecular data appear in all chemical 

class regions of the van Krevelen diagrams (Figure S1A,B) and PL described in (27). CG, 

PL, and SR DOM were primarily made up of CHO containing molecular components, 

with PL having the lowest CHO molecular species percentage (25.9%) as compared to 

CG (49.8%) and SR (56.6%), indicating a higher degree of heterogeneity for PL DOM 
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(Table S1).  Molecular species common to all three DOM sources included CHO, 

CHOS1, CHON1, and CHON2 groups.   

 

DOM Source Material Lability Classification  

Defining and categorizing the DOM carbon sources by their labile nature was an 

essential aspect of understanding carbon bioavailability in this study. With no single 

method capable of capturing the entire DOM pool of constituents, lability approximations 

were made for EEMs, FT-ICR MS, and UPLC-Q-TOF MS data by dividing each dataset 

into two chemical classes consisting of more- or less-labile molecular components. Each 

method captures a different portion of the DOM pool, giving a more comprehensive 

global analysis of bioavailability and labile character in the environment. 

Fluorescent investigations of naturally occurring DOM have used EEMs to probe 

ecosystem lability (28); in this study, we apply similar boundaries to identify the 

fluorescent source material DOM lability. More-labile DOM components were defined 

within and around the protein-like region, defined by the ranges Ex: 240-270 nm and Em: 

300-350 nm. Humic-like, and therefore less-labile, more recalcitrant DOM fluoresces at 

higher emission wavelengths. The less-labile region for this study was defined by 

combining the humic-like regions of peaks A and C (Ex: 240-440 nm and Em: 400-560 

nm). EEMs based DOM carbon source lability fell into a continuum such that 

CG>PL>SR with CG fluorescent DOM containing the most labile character at 34.3%, 

followed by 17.7% for PL, and 4.9% for SR (Figure 2.1A). 

We applied a molecular lability boundary (MLB) for FT-ICR MS data, 

determined from molecular constituents with higher hydrogen saturation (H/C) values 
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linked to protein-, amino sugar-, and lipid-like chemical class regions corresponding to 

less lignin-like or less recalcitrant DOM character on van Krevelen diagrams (25, 27, 29, 

30). The MLB was set at H/C = 1.5, with DOM constituents above it being more-labile 

and those below less-labile, more recalcitrant in nature (Figure 2.1B).  While the 

boundary for biological classification is somewhat ambiguous, this approach allowed an 

unbiased comparison of DOM lability by FT-ICR MS.  CG DOM contained more-labile 

molecular constituents with 46.5% above the MLB, whereas PL and SR had less-labile 

nature at 20.8% and 6.72% (Table A.1), producing a lability continuum of CG>PL>SR,  

consistent with the EEMs data. 

Previous studies have shown a trend of decreasing polarity and increasing 

hydrogen saturation of DOM components based on their elution position in reverse-phase 

liquid chromatography (31, 32). Additionally, reverse-phase liquid chromatography 

coupled to fluorescence analysis has indicated that humic-like fluorescent peaks elute in 

more polar solvents, while proteinaceous-like fluorescent peaks tend to elute in less polar 

solvent conditions (33, 34). However, the connection between liquid chromatography 

coupled mass spectrometry (LCMS) and DOM lability has been less well defined. Since 

we can relate DOM hydrogen saturation to lability via FT-ICR MS analysis, we reasoned 

that assessing the degree of polarity and thus hydrogen saturation by reverse-phase 

UPLC-Q-TOF MS could provide complementary information on DOM lability. To test 

this, reverse-phase UPLC-Q-TOF MS chromatograms of the carbon source materials 

were divided into two groups, less polar (more-labile) and more polar (less-labile) based 

on elution in solvent containing greater than or less than 50% acetonitrile, respectively. 
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Comparisons of the abundances of more- and less-labile components indicate that CG 

DOM contains the most labile nature, 73.4%, followed by PL at 65.0%, and SR at 59.5% 

(Figure 2.1C), consistent with the continuum results from EEMS and FT-ICR MS. 

 

 
Figure 2.1. Cotton Glacier (CG), Pony Lake (PL), and Suwannee River (SR) carbon 

source material characterization and lability proxies detected by A) EEMs, where dashed 

lines represent the boundary of the more-labile fluorescence region, B) FT-ICR MS with 

the molecular lability boundary highlighted on each van Krevelen diagram as a dotted 

line,  with more-labile constituents having H/C ≥ 1.5, and C) reverse-phase UPLC-Q-

TOF MS total ion chromatograms overlaid with the solvent elution profile where dashed 

line represents the cutoff utilized for more- (right) and less- (left) labile classification.   
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Cellular Respiration  

Cellular respiration is a direct measure of metabolism, linking bacterial growth to 

the rate of carbon source utilization. To investigate specific metabolic rates, CG3 was 

grown with each of the three DOM carbon sources (CG, PL, and SR) for 98 days. 

Cellular respiration was measured every 24 hours in the control and carbon treatments, 

(Figure 2.2).  All treatments were shown to support microbial respiration over the course 

of 98 days. No significant difference in mean O2 consumption for each carbon treatment 

was observed during the first 17 days of the experiment (P>0.156). After 17 days of 

incubation, conversion of the three carbon source materials to O2 by CG3 diverged 

between PL and both CG and SR (P<0.001). The first statistically significant difference 

in O2 consumption between CG and SR, occurred at day 59 (P=0.0352), and O2 

consumption remained significantly different (P<0.001) until the end of the experiment. 

Broken line regression analysis of all carbon sources identified significant break-points in 

respiration data, indicating a significant difference in the rate of DOM O2 consumption 

by CG3. Break-points were identified for CG before and after day 64 (P<0.001) and for 

SR before and after day 56 (P<0.001). No significant break-point was identified for PL 

(P>0.076). Overall, PL DOM supported the greatest rate of respiration for CG3 at 32.76 

µL O2 consumed/day, followed by CG at 21.78 and SR at 20.17. After each break-point, 

CG3 respired the CG and SR DOM at reduced rates (18.82 and 16.02 µL O2 

consumed/day, respectively). These break-points in linearity were used to inform 

sampling time points for UPLC-Q-TOF MS molecular constituent characterization.  
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Figure 2.2. Measures of biological transformation of DOM over time. A) Mean oxygen 

consumption (μL O2) by CG3 for Cotton Glacier (CG), Pony Lake (PL), and Suwannee 

River (SR) under constant incubation conditions, error bars represent standard deviation. 

O2 measurements were taken from the headspace of each sample vial, every 24 hours for 

98 days (N=3). Dashed lines indicate a significant break-point in linearity for CG (d=64) 

and SR (d=56). B) Number of molecular constituents measured/ constituents with 

significantly changed abundance (adjusted P<0.05) between time points (Early=day 0-27, 

Mid=d27-62, and Late=d62-98) for CG3 incubations with CG, PL and SR DOM sources. 

 

 

Fluorescent Characterization  

of DOM Transformations 

Throughout the 98 day incubations, fluctuations in both the more- and less-labile 

fluorescent regions were detected by EEMs showing the generation or loss of specific 

fluorophores. Each set of carbon source specific EEMs were normalized to directly 

compare changes in fluorescence by CG3 over time. During the experiment, a pattern of 

increasing protein-like fluorescence, followed by decreasing fluorescence emerged for all 

carbon sources (Figure 2.3). Although the fluctuations in DOM fluorescence were less 

pronounced for the humic-like, less-labile region over time, fluctuations were observed 

throughout the course of the experiment for CG, PL, and SR. 
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Figure 2.3. Change in fluorescent intensity (F.I.) for Cotton Glacier (CG), Pony Lake 

(PL), and Suwannee River (SR) calculated from normalized EEMs for (A) percent more-

labile fraction of DOM fluorescence and B) percent less-labile fraction of DOM 

fluorescence, at each sampling point, relative to the total amount of change in labile 

fluorescence throughout the duration of the experiment (98 days). Sample intervals (SI) 

are the difference in F. I. between two sampling points, unique to EEMs sampling time 

points. S.I.1=d2-10, S.I.2=d10-18, S.I.3=d18-26, S.I.4=d26-34, S.I.5=d34-41, S.I.6=41-

49, S.I.7=49-55, S.I.8=d55-60, S.I.9-d60-72, S.I.10=d72-78, S.I.11=d78-83, S.I.12=d83-

90, S.I.12=d90-97. Experimental phases correspond to exometabolome time ranges, and 

early = d0-27, mid = d28-63, and late = d64-98.  
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Analysis of DOM Molecular  

Constituent Transformations  

LCMS is a powerful platform for the untargeted relative quantitation of small 

molecules over time (35, 36), enabling a high throughput investigation of DOM 

transformations at the molecular level. While EEMs analysis provided bulk level 

characterization of the evolution of fluorescent components of DOM, high resolution 

UPLC-Q-TOF MS was used to track changes in abundance of individual molecular 

constituents at four time points (days 0, 27, 63, and 98) during the 98 day incubations. A 

total of 5,040 distinct molecular constituents were detected over all carbon sources and 

time points. The relative abundance of each molecular constituent was ascertained and 

pairwise comparisons between time points (time ranges: early= day 0-27; mid = day 27-

63, late= day 63-98) were used to calculate the variance in abundance over time. While 

significant changes in abundance occurred throughout the incubations, the number of 

transformed constituents was highest in the early time range (Figure 2.2B). The late time 

range contained the fewest number of transformed molecular constituents for SR and CG. 

However, the number of PL transformed constituents in the late time range did not 

decrease, remaining constant relative to the mid time range. 

The constituents that significantly changed over time based on individual analysis 

of variance (adjusted P<0.01) were compared among carbon sources to determine the 

degree of similarity (Figure S3A). Over the entire experiment, 38% of transformed 

constituents were altered in all three carbon sources. CG had the largest total number of 

constituent transformations with 26% being unique to this carbon source. PL and SR had 

far fewer uniquely transformed molecular constituents, at 8% and 5% respectively. 
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Two factor ANOVAs determined how each molecular constituent’s abundance 

profile was influenced by both time and carbon source. From this, 749 molecular 

constituents were found to have significantly changed over time differently depending on 

the carbon source (adjusted P<0.01). Clustering of the molecular constituents based on 

abundance change demonstrates both the source and time dependence of DOM 

transformation by CG3 (Figure 2.4). The early time range was the only one to cluster 

exclusively by time, indicating the constituent transformations during this time frame are 

more similar across all carbon sources than the transformations during later time periods. 

The effect of carbon source and time on the mean magnitude of molecular 

constituent fold change was found to significantly differ depending on the LCMS-based 

lability classification of the constituents (P<0.001). To dissect how the chemically-

defined lability influences the degree of change over time, the mean values of fold 

change magnitiude for more- and less- labile constituents were compared for each carbon 

source over time (Figure S4). The lability classification showed no significant effect on 

the degree of CG constituent fold change over time, but the degree of constituent fold 

change for both PL and SR was significantly influenced (P<0.05) by chemical lability 

classification at the mid time range.  
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Figure 2.4. Profile of significant (adjusted P<0.01) molecular constituent abundance 

changes in CG3-DOM incubations detected by LCMS analysis. A) Heatmap of CG3 

molecular constituent abundance fold changes across time range (Early: d0-27, Mid: d28-

63, Late: d64-98) and carbon source (Cotton Glacier: CG, Pony Lake: PL, Suwannee 

River: SR). Abundance increases and decreases are shown in blue and red, respectively. 

Constituents (columns) that cluster together have similar abundance patterns over time 

with respect to each carbon source. B) Profile of the UPLC retention time based relative 

polarity of constituents. The dashed line represents the cutoff used to classify more- 

(below) and less- (above) labile constituents. 

 

 

Discussion 

 

Heterogeneity in DOM composition promotes ecosystem stability by providing 

diverse compounds, potentially varying in lability, as energy sources to different 

heterotrophic bacteria (37). Ecologically, it still remains to be determined which specific 

community members, either rare or abundant, have an influential role in DOM 
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processing. It is not known if a single organism is capable of processing compositionally 

diverse DOM, or if DOM transformations are reliant on a cascade of events between 

various community members. To begin to understand the complicated network of DOM 

processing, single organism studies conducted under environmentally relevant conditions 

are necessary. CG3 was selected based on its predicted genomic ability to interact with a 

variety of naturally occurring, chemically diverse DOM sources. Despite differences 

along the lability continuum, all three DOM sources were capable of supporting 

biological respiration at the single organism level for the duration of the experiment. 

These results suggest that Janthinobacterium sp. are potentially important organisms to 

consider when studying DOM processing due to its global ubiquity, metabolic flexibility, 

and ability to process diverse DOM sources.  

Environmental DOM lability is typically characterized by the extent of microbial 

interaction over time. Our study suggests that lability is contextual, being linked to both 

the microbial response to their energy source (DOM) and also the DOM chemical 

composition itself. Previous studies have shown increases of metabolic activity with the 

addition of a simple sugar carbon source (38-40), thus we anticipated that the greatest 

amount of DOM transformation and faster rates of respiration would occur in the early 

stages of the experiment relative to lability. We did not observe an initial spike in 

respiration, but found that for all carbon sources, the number and extent of exometabolite 

changes were greatest during the early time range, indicating that the early stage 

encompasses the greatest degree of DOM transformation. We propose that this is a 

function of the environmental relevance, availability, and chemical composition of the 
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source materials used in our study. We also hypothesized that the initial divergence in 

respiration rate would correspond to the percentage of labile components in each source 

material. Of these early changes, CG DOM had the largest percentage of transformations, 

followed by PL and SR, indicating congruence between the most labile carbon source and 

the greatest number of transformations. Though there were a greater number of 

exometabolites transformed in CG DOM, the hierarchical clustering of the early time 

range transformations was consistent across carbon sources, demonstrating a core of 

DOM transformations specific to the early time range. Also, we saw no difference in the 

rate of carbon source respiration during the first 17 days of the experiment. We speculate 

that these observations are indicative of a conserved metabolic response to utilization of 

labile compounds, which dominated the interaction of CG3 with the three DOM sources, 

despite considerable difference in their overall composition.  

As the experiment progressed over time, the conserved metabolic response 

became less prominent and the DOM interactions became more divergent. Both EEMs 

and LCMS measurements over 98 days provide evidence for a dynamic temporal cycling 

of DOM in all carbon sources. Based on the accumulation of recalcitrant carbon in 

marine environments (6, 41) and the inability for mesohalines to degrade terrigenous 

DOM (42), we hypothesized that more-labile material would decrease over time and less-

labile material would accumulate, as it is no longer able to be processed by CG3. Instead, 

the observed increases in fluorescence in the proteinaceous, more-labile region followed 

by decreases in the same region were indicative of temporally dependent DOM 

processing for all carbon sources. The largest fluorescent changes over time were 
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associated with the proteinaceous region, demonstrating the preferential usage of the 

more-labile portion of DOM from all carbon sources. Fewer fluctuations in fluorescent 

DOM were observed in the humic-like less-labile components over time, indicating that 

the less-labile fraction of DOM is still biologically altered, but to a lesser extent. 

Additionally, lability was a significant factor impacting the extent of LCMS based 

molecular transformations over time. The less-labile exometabolites in PL and SR 

showed a higher degree of change than the more-labile components, but only during the 

mid time range. This pattern supports fluctuation seen in the EEMs data, and suggests a 

temporal pattern whereby CG3 first processes more-labile components, then transforms 

less-labile components if available, creating additional labile component interactions. No 

difference was seen in the degree of fold change between the more- and less-labile 

components of CG DOM over time. As the lability classification for LCMS is not a 

definitive border, but rather a general grouping, we suspect that predominance of labile 

components in CG DOM meant that there was not a high enough proportion of less-labile 

components measured by UPLC-Q-TOF MS analysis to detect an influence in the degree 

of interaction.  

The dynamic variability observed in our study is consistent with other high and 

low resolution mass spectral results reported for single organisms, where the appearance 

and disappearance of unique mass spectral peaks were observed and attributed to 

bacterial growth phase, physiological state, or stress response of the organism (38, 43). 

Microbes have been shown to interact with DOM in a variety of ways, ranging from 

ignoring, consuming, producing, and fragmenting via extracellular enzymes (18). These 
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interaction strategies present a diverse suite of potential processing pathways that an 

individual organism may employ depending on the resources available, providing an 

explanation for the wide range of molecular and fluorescent DOM changes seen 

throughout this study. DOM transformations can vary at the community level due to 

community interactions masking carbon cycling intermediates and products generated by 

individual organisms. As the importance of metabolic intermediates and the effect on 

overall DOM processing is poorly understood, it is valuable to study individual 

organisms to better understand the nature of DOM processing at larger ecosystem scales. 

CG DOM is comprised of the greatest amount of more-labile material as 

identified by the EEMs, FT-ICR MS, and UPLC-Q-TOF MS lability analyses. Beyond 

the initial source material lability classification for CG DOM, the heightened microbial 

response of CG3 to CG DOM also supports the conclusion that CG is a highly labile 

energy source. Labile DOM sources are believed to be highly bioavailable and support 

greater heterotrophic respiration than less-labile carbon sources, when N and P nutrient 

are not limited (44, 45). As such, we expected higher respiration rates for DOM 

containing a greater percentage of more-labile carbon, however that was not observed 

and throughout the experiment PL samples had the highest sustained rate of respiration. 

We speculate that the more evenly distributed heterogeneous character of microbially 

derived PL DOM makes it a more suitable carbon source for long term sustainability of 

microbial metabolism by CG3 than CG or SR. Biologically labile carbon in the 

environment is linked to greater carbon turnover (e.g., respiration, processing, 

transformations), therefore evaluating chemical heterogeneity is essential when 
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characterizing the biological lability of carbon sources in order to predict their roles in the 

microbial loop, DOM transport, and ultimately CO2 release to the atmosphere. 

This study represents the most comprehensive approach of classifying the 

classification of DOM lability without extensive in situ experimentation.  The lability 

proxies that informed our continuum were defined using current knowledge of 

experimentally determined chemical characteristics of labile DOM. Based on the DOM 

transformations detected over time, the lability classifications were consistent with the 

relative degree of DOM processing exhibited by CG3 on the different carbon sources.  

While this study exclusively applied lability proxies to freshwater DOM sources, 

characterizing DOM lability with these methods is also applicable for DOM analyses in 

other environments.  

 

Conclusion 

 

Our study presents one of the first detailed single organism studies on the 

processing dynamics of environmentally relevant carbon sources over time. Organism 

CG3 demonstrates a highly dynamic interaction with DOM, dependent on both time and 

the relative lability of carbon in the environment. However, the most labile carbon source 

did not support greater or sustainable rates of respiration compared to more 

compositionally variable DOM, demonstrating the necessity of further exploration of the 

formation and processing of microbially derived DOM. We conclude that chemically 

heterogeneous, microbially derived DOM sources support long term sustainability and 

the greatest rate of respiration. In contrast, terrestrially derived, less-labile DOM 
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represents the least sustainable source of carbon for long term metabolism.  

Combining multidisciplinary approaches allows for an increase in our predictive 

capabilities about biological lability and DOM-microbe interactions. This is particularly 

important regarding dynamic in situ DOM processing and potentially wide reaching 

effects on downstream aquatic environments. The ability to capture DOM dynamic 

processing was possible due to the application of a suite of multidisciplinary methods and 

with our results we argue for increased temporal resolution studies of DOM processing in 

the future. Specifically, LCMS represents an optimal high resolution technique to study 

DOM processing as it directly measures the number and degree of changes in DOM 

constituents constituents and its high throughput nature enables efficient temporal 

sampling. In contrast to other DOM characterization techniques, LCMS methods can also 

be used to measure the internal metabolic response of organisms. 

The metabolic flexibility of CG3 is key to its ability to survive on a range of 

carbon substrates.  Perhaps organisms in cold temperature environments require 

extensive flexibility based on their itinerant nature and available energy sources in these 

extreme environments. Single organism studies of this nature ultimately lead to greater 

insight of the contribution of an individual organism’s metabolism to community level 

DOM processing.  

 

Materials and Methods 

 

Experimental Setup  

CG3 was grown from freezer stock for two generations to mid-exponential phase 
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in a low nutrient media, R2A (Difco). Second generation mid-exponential cells were 

concentrated by centrifugation at 6,000 rpm for 10 min and cells were washed twice with 

a 1X saline buffer. Washed cells were inoculated to a final concentration of 10
5
 cells/mL 

into a carbon free minimal M9 media (Difco).  Three carbon source amendments (CG, 

PL, SR) were added to 125mL combusted amber bottles, to a mass balanced final 

concentration of 5 mg/L C. CG DOM was isolated from its supraglacial stream whole 

water by reverse osmosis, and SR natural organic matter and PL fulvic acid were 

obtained from the IHSS isolated by reverse osmosis (SR) and XAD-8 (PL). Five 

biological replicates of these innocula were set up for destructive sampling at four time 

points over the 98 day experiment for UPLC-Q-TOF MS analysis. Aliquots in biological 

triplicate were also divided for daily respirometry measurements of each carbon source. 

All samples were incubated under environmentally relevant conditions at 15 °C, in the 

dark, and shaken at 30 rpm. All glassware used in the experiments were acid washed and 

combusted at 450°C for 5h to remove organic material prior to use. 

 

Cellular Respiration  

A Micro-Oxymax closed-circuit respirometer (Columbus Instruments) was used 

to measure O2concentrations every 24 h over the 98 days. For each carbon source, four 

40mL amber glass vials were filled as follows: three vials filled with 35 mL of inoculum 

containing CG3 and one vial filled with a no carbon media blank. Blanks without cells 

for each carbon source were run in conjunction with all carbon source treatments. 

Respirometry conditions were the same as the previous resorted f sample incubation 

conditions. After the completion of the experiment, blank values for each carbon source 
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were subtracted from the O2 consumption values at each time point. Average 

consumption and standard deviations were calculated for each day from the three 

replicates. Using R (R Development Core Team, 2014), mean cellular respiration among 

carbon treatments were compared for each time point separately by ANOVA and Tukey-

HSD, and a Bonferroni correction across the 98 time points was applied. For carbon 

source treatments with broken line relationships, break-points were estimated by the R’s 

segmented package for R (46). Before and after each breakpoint, the linear rates were 

compared among carbon sources by a linear mixed effects model (47), fit by R’s nlme 

package (48). The model included a random intercept and a random slope over time for 

each treatment vial, a fixed effect for carbon source, a covariate for time, and an 

interaction effect added between carbon and time. High resolution respirometry data in 

combination with EEMs was monitored for shifts throughout the experiment. Changes 

identified by these techniques determined sampling intervals and frequency for external 

metabolite sampling. 

 

Fluorescence Spectroscopy  

Samples were collected 1-2 times per week throughout the experiment for both 

optical UV-Vis spectroscopy and EEMs analysis for a total of 14 samples per carbon 

source treatment. Prior to analysis, samples were filtered through 0.2 μm low carbon 

syringe tip filters into combusted amber glass vials. EEMs were collected over an 

excitation range of 240–450 nm in 10 nm increments and emission was monitored from 

300–560 nm in 2 nm increments on a Fluoromax-4 spectrofluorometer (HORIBA Jobin-

Yvon). Samples were analyzed for UV absorbance with a Thermo Scientific Genesys 10 
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scanning UV spectrophotometer; from 190-1100 nm on optically dilutes samples 

(absorbance values < 0.3 at 254 nm). EEMs data were post-processed to correct for 

instrument-specific bias using manufacturer-generated correction files for excitation, 

emission, and media blank subtraction  (carbon free M9 minimal media). For temporal 

samples, EEMs were normalized according to the fluorescent intensity normalization 

calculation in the DOMFluor Toolbox (49). Specific regions of fluorescence were defined 

for each carbon source corresponding to previously identified natural OM fluorophores 

(50).  Fluorescence intensity values in the proteinaceous regions (B and T fluorophores) 

were summed and classified as more-labile, while humic-like fluorescence regions (A 

and C) were combined and classified as less-labile and more recalcitrant. The 

fluorescence for both defined regions was summed and converted to the percentage 

change relative to the previous sampling point. For visualization a movie was created 

showing the progression of changes in EEMs for all time points.  

 

External Metabolite Extraction  

CG3 cells were removed from the microbiological media with 0.2µm, low-carbon 

binding syringe tip filters. Filtered external metabolites from samples and source material 

samples were passed through Solid Phase Extraction (SPE) PPL cartridges (Agilent Bond 

Elut) to concentrate small molecules and remove inorganic salts (51). Retained small 

molecules were eluted into combusted glass vials with HPLC grade methanol, dried 

down under nitrogen, and stored in the dark at -20°C prior to analysis. 
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UPLC-Q-TOF MS Based  

Molecular Constituent Analysis  

Mass spectra of external metabolites were obtained by a 1290 Ultra Performance 

Liquid Chromatography system coupled to a 6538 Ultra High Definition Accurate-Mass 

Quadrupole-Time of Flight mass spectrometer operated in positive mode with an 

electrospray ionization source (Agilent Technologies). External metabolites were re-

suspended in 50% (v/v) acetonitrile, and were separated using a reverse-phase Kinetix 1.7 

μm C18, 100A, 150 mm × 2.1 mm column. The mobile solvent system consisted of A = 

0.1% formic acid in water and B = 0.1% formic acid in acetonitrile. The C18 linear 

gradient was 2% B -95% B with an injection volume of 8 μL and a flow rate of 

600μL/min. ESI conditions were as follows: gas temperature 350°C, drying gas of 8 

L/min, nebulizer 60 psig, fragmentor 100 V, and skimmer 45 V.  Mass spectral 

acquisitions included m/z range 50–1000 at 2 spectra /s. Data was visualized with the 

MassHunter software package (Agilent Technologies). All UPLC-Q-TOF MS data was 

processed by XCMS and XCMS online suite of software (36, 52, 53). Abundance (sum 

of intensity over time) reports were created for ions present in all biological replicates of 

at least one of the sample groups.  

Pairwise abundance comparisons were carried out between consecutive time 

points within individual carbon sources. Welch t-tests were performed by XCMS, 

followed by a Benjamini Hochberg correction for multiple testing to maintain a false 

discovery rate (FDR) of 5% (54). Log transformed abundance values for each constituent 

were evaluated across time within individual carbon sources by ANOVA. The presence 

or absence of significantly changed features was compared across carbon sources to 
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assess the compositional differences in bacterial transformation of DOM components. A 

two-factor ANOVA (carbon source, time point) was performed on the log transformed 

abundances of each constituent to test for differences in the degree of a constituent’s 

change in abundance over time among the three carbon sources. All ANOVA based 

analyses were followed by a Benjamini Hochberg correction to maintain a FDR of 1%. 

For molecular features with an adjusted p-value < 0.01, fold change values for a given 

molecular constituent were calculated based on the ratio of abundance change between 

consecutive time points, log2 transformed, and visualized using R’s gplots package (55). 

Hierarchical clustering with bootstrapping was performed using Euclidean distance and 

the complete agglomeration method in R’s pvclust package (56).  All feature comparisons 

were carried out using the metaXCMS software (57, 58). The influence of the lability 

classification on the magnitude of fold change for the significantly changed constituents 

was determined using a linear model with fixed effects for lability (levels of more and 

less), carbon source (CG, PL, SR), and time (early, mid, late). Interactions were 

investigated with interaction plots and significance tests. 
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CHARACTERIZATION OF POLAROMONAS SP. STRAIN CG9_12  

TRANSFORMATION OF FRESHWATER DISSOLVED  

ORGANIC MATTER 

 

Introduction 

  

Heterotrophic bacteria directly interface with the chemical energy sources and 

nutrients in their environment. These microorganisms are influenced by, and in turn 

influence the chemical composition of their environment, making them key players in 

biogeochemical cycles. Bacteria release metabolites into the environment for a variety of 

reasons, ranging from nutrient acquisition, to communication, to cell death and lysis 

products (Kujawinski, 2011). While several studies investigating autotrophic inputs to the 

carbon cycle have been undertaken (Longnecker et al. 2014, Barofsky et al. 2009), little 

is known about the interaction of heterotrophic bacteria with environmental sources of 

carbon-containing compounds in aquatic environments, or dissolved organic matter 

(DOM). DOM represents an integral component of the global carbon, nitrogen, and sulfur 

cycles, accounting for much of the total organic material flux in lakes, streams, and 

oceans. DOM also provides a carbon source for microbial activity, influencing 

biogeochemical and ecological processes. Thus, understanding the role of heterotrophic 

bacteria on the transformation of DOM constituents will enable a better comprehension 

of microbial contributions to CO2 release, the formation of recalcitrant carbon, and the 

compositional nature of carbon transported between environments.  

 The Antarctic ecosystem presents a unique opportunity for characterizing the 

interplay of microbial metabolism and DOM due to the limited contribution to the DOM 
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pool from higher plant life.  The supraglacial, ephemeral Cotton Glacier (CG) stream in 

Antarctica is an ideal natural laboratory for the study of DOM-microbe interactions. The 

DOM in this stream is unique as there is no build-up of recalcitrant carbon on a yearly 

basis, as is seen in most aquatic systems (Foreman et al 2013).  Without recalcitrant 

DOM carryover, the transformations of DOM compounds in the stream by heterotrophic 

bacteria are likely key components of the formation and conditioning of DOM. 

The chemical composition of DOM has been shown to influence its degree of 

utilization by a single heterotrophic organism (Chapter 2).  To enhance our understanding 

of biological carbon transformation, and particularly the influence  of the less-recalcitrant 

(more-labile) nature of the CG stream, we investigated the role of an isolate from this 

stream system, ß-Proteobacterium Polaromonas sp. strain CG9_12 (POL), in the 

transformation of more labile DOM from the CG stream. ß-Proteobacteria are a highly 

represented component of the CG stream (Foreman et al. 2013), yet their role in CG 

DOM cycling has not yet been elucidated. Polaromonas species in particular are thought 

to be active in the CG DOM cycle and have been shown to have the ability to uptake C
13

 

labeled DOM (Smith et al. in preparation). 

The molecular composition of DOM from different environments is known to be 

diverse, and composition influences the lability of the DOM (Chapter 2, D’Andrilli et al., 

in submission). Ultimately, the diversity of environmental DOM can be classified on a 

lability continuum, encompassing the range of highly labile to primarily recalcitrant 

DOM sources. We compared the transformations of CG DOM to those induced by 

growth of POL on DOM from other regions of the environmental lability continuum, 
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including Pony Lake and Suwannee River, whose use as differentially labile microbial 

carbon sources have been previously described (Chapter 2).  

To study these interactions, liquid chromatography- mass spectrometry (LCMS) 

based metabolomics techniques were used to characterize and quantitate changes in the 

extracellular metabolites, or exometabolome, during incubations with POL and the DOM 

sources. These exometabolome changes are compared to the DOM interactions of a 

previously described CG Stream ß-Proteobacteria, Janthinobacterium sp. strain CG3 

(Chapter 2) to gain insight into how ß-Proteobacteria members are influenced by the 

lability of DOM molecular constituents. 

 

Methods 

 

Cell Cultures 

POL was grown in a low nutrient media, R2A (Difco), to mid-exponential phase 

from freezer stock for two generations. Cells were concentrated by centrifugation at 

6,000 rpm for 10min and washed twice with a 1X saline buffer. Washed cells were 

inoculated to a final concentration of 10
5
 cells/mL into carbon free M9 minimal media 

(Difco). Three environmental DOM source materials from the Cotton Glacier (CG), Pony 

Lake (PL) and Suwannee River (SR) were added to the M9 media to a mass balanced 

final concentration of 5mg/L C. CG DOM was isolated from whole water by reverse 

osmosis, and SR natural organic matter and PL fulvic acid were obtained from the IHSS 

isolated by reverse osmosis (SR) and XAD-8 (PL). Five biological replicates of these 

innocula were set up for destructive sampling at four time points (Day 0, 11, 28 and 41) 
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over the course of the 41 day experiment. All samples were incubated under 

environmentally relevant conditions at 15°C, in the dark, and shaken at 30 rpm. All 

glassware used in the experiments was acid washed and combusted at 450°C for 5h to 

remove organic material. 

 

External Metabolite Extraction 

POL cells were removed from the microbiological media with 0.2µm, low-carbon 

binding syringe tip filters. Filtered external metabolite and source material samples were 

passed through Solid Phase Extraction (SPE) PPL cartridges (Agilent Bond Elut) to 

concentrate small molecules and remove inorganic salts following the method described 

by Dittmar et al. (2008). Retained small molecules were eluted into combusted glass vials 

with HPLC grade methanol, dried down under nitrogen, and stored in the dark at -20°C 

prior to analysis.  

 

UPLC-Q-TOF MS Based  

Molecular Constituent Analysis 

Mass spectra of external metabolites were obtained by a 1290 Ultra Performance 

Liquid Chromatography system coupled to a 6538 Ultra High Definition Accurate-Mass 

Quadrupole-Time of Flight mass spectrometer operated in positive mode with an 

electrospray ionization source (Agilent Technologies). External metabolites were re-

suspended in 50% (v/v) acetonitrile, and were separated using a reverse-phase Kinetix 1.7 

μm C18, 100A, 150 mm × 2.1 mm column. The mobile solvent system consisted of A = 

0.1% formic acid in water and B = 0.1% formic acid in acetonitrile. The C18 linear 

gradient was 2% B -95% B with an injection volume of 8 μL and a flow rate of 
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600μL/min. ESI conditions were as follows: gas temperature 350°C, drying gas of 8 

L/min, nebulizer 60 psig, fragmentor 100 V, and skimmer 45 V.  Mass spectral 

acquisitions included m/z range 50–1000 at 2 spectra /s. Data was visualized with the 

MassHunter software package (Agilent Technologies). All UPLC-Q-TOF MS data was 

processed by XCMS and XCMS online suite of software (Smith et al 2006, Tautenhahn 

et al 2012, Gowda et al 2014). Abundance (sum of intensity over time) reports were 

created for ions detected in all biological replicates of at least one carbon source and time 

point.  

 

Statistical Analysis 

Pairwise abundance comparisons were carried out between consecutive time 

points within individual carbon sources using Welch t-tests performed by XCMS. Log 

transformed abundance values for each constituent were evaluated across time within 

individual carbon sources by ANOVA. The presence or absence of significantly changed 

features was compared across carbon sources to assess the compositional differences in 

bacterial transformation of DOM components. A two-factor ANOVA (carbon source, 

time point) was performed on the log transformed abundances of each constituent to test 

for differences in the degree of a constituent’s change in abundance over time among the 

three carbon sources. All ANOVA based analyses were followed by a Benjamini 

Hochberg correction to maintain a false discovery rate of 1%. For molecular features with 

an adjusted p-value < 0.01, fold change values for a given molecular constituent were 

calculated based on the ratio of abundance change between consecutive time points, log2 

transformed, and visualized using R’s gplots package (Warnes et al. 2015). Hierarchical 
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clustering with bootstrapping was performed using Euclidean distance and the complete 

agglomeration method in R’s pvclust package (Suzuki & Shimodaira 2014). All feature 

comparisons were carried out using the metaXCMS software (Tautenhahn et al 2010, 

Patti et al 2012).  

The chemically defined lability of the measured constituents was assessed as 

described previously (Chapter 2), through division of reverse-phase LCSM 

chromatograms into more- and less- labile retention times based on elution in greater than 

or less than 50% acetonitrile, respectively. The influence of lability classification on the 

magnitude of fold change for the significantly changed constituents was determined using 

a linear model with fixed effects for lability (with levels more and less), carbon source 

(CG, PL, SR), and sampling time point (early, mid, late). Statistical comparisons between 

organisms were made using data from Janthinobacterium sp. strain CG3 studies (Chapter 

2). Time range comparisons between the two organisms were calculated based on 

complementary rates of respiration (Smith, unpublished data).  

 

Results & Discussion 

 

POL Interaction with Carbon Source Material 

 

 High resolution UPLC-Q-TOF MS was used to track changes in abundance of 

individual molecular constituents at four time points (days 0, 11, 28, and 41) during the 

41 day incubations. A total of 4086 distinct molecular constituents were detected over all 

carbon sources and time points. The relative abundance of each molecular constituent 

was ascertained and pairwise comparisons between time points (time ranges: Early= day 
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0-11; Mid = day 11-28, Late= day 28-41) were used to calculate the variance in 

abundance over time. While significant changes in abundance (P<0.01) occurred 

throughout the incubations, the number of transformed constituents was highest in the 

mid time range (Table 3.1). The late time range contained the fewest number of 

transformed molecular constituents. Similar numbers of significantly transformed 

constituents were detected across all carbon sources for each time range. However, the 

majority of the constituents at each time range are unique to the carbon source (Figure 

3.1). 

 

Table 3.1. Number of molecular constituents measured/ constituents with significantly 

changed abundance (adjusted P<0.05) between time points (Early=d0-11, Mid=d11-28, 

and Late=d28-41) for POL incubations with Cotton Glacier (CG), Pony Lake (PL) and 

Suwannee River (SR) DOM sources. 

 

 

 
Figure 3.1. Venn diagram depicting the number of molecular constituents with significant 

abundance changes (adjusted P<0.01) in the three carbon sources over each time range. 

(Early=d0-11, Mid=d11-28, and Late=d28-41). 
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This pattern of change is different from what has been seen previously for another 

organism isolated from the Cotton Glacier Stream (Chapter 2). For organism J. sp. strain 

CG3, the greatest number of constituents demonstrating significant abundance change 

were found in the early time range. POL grown under the same conditions did not see this 

increase in constituent abundance until the mid time range, potentially indicating that 

POL is able to find a stable source of favorable carbon compounds during the early range, 

but is forced to diversify its choice of carbon source or alter its metabolism during the 

mid time range, leading to a greater number of constituents with altered abundance.  

The constituents that significantly changed over time based on individual analysis 

of variance (adjusted P<0.01) were compared among carbon sources to determine the 

degree of similarity (Figure 3.2). Across the entire experiment, a large majority of 

constituents were altered in all three carbon sources over time, with 51% of transformed 

constituents centering in the Venn Diagram. CG, PL, and SR all showed a similar 

percentage of unique transformations, at 14%, 13%, and 11% unique constituents 

respectively. 
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Figure 3.2. Classification of molecular constituents for POL-DOM interactions. A) Venn 

diagram depicting the number of molecular constituents with significant abundance 

changes (adjusted P<0.01) in the three carbon sources over the course of the study. B) 

Hierarchical clustering of molecular constituent fold changes (log2 transformed) over the 

early, mid, and late time ranges for Cotton Glacier (CG), Pony Lake (PL), and Suwannee 

River (SR). Bootstrapping was based on a resampling size of 10
4
, Approximately 

Unbiased (AU), and Bootstrap Probability (BP) p-value percentages are reported for each 

cluster in red and green, respectively. 

 

Two factor ANOVAs determined how each molecular constituent’s abundance 

profile was influenced by both time and carbon source. From this, 201 molecular 

constituents were found to have significantly changed over time differently depending on 

the carbon source (adjusted P<0.01). Clustering of the molecular constituents based on 

abundance change demonstrates the time dependence of DOM transformation by POL 

(Figure 3.3). All of the carbon sources clustered exclusively by time, with CG separating 

from PL and SR (Figure 3.2B), signifying a great deal of similarity in the degree of 

transformation of the different carbon sources. This similar processing of environmental 

DOM may be indicative of POL having an ability to utilize diverse carbon sources to 

meet its metabolic needs. This ability is suggested in the literature, as Polaromonas 

species have been shown to be able to process a variety of diverse energy sources 

(Coleman et al 2002, Jeon et al 2003, Osborne et al 2010, Sizova and Panikov 2007). 
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Figure 3.3. Profile of significant (adjusted P<0.01) molecular constituent abundance 

changes in POL-DOM incubations detected by LCMS analysis. A) Heatmap of POL 

molecular constituent abundance fold changes across time range (Early=d0-11, Mid=d11-

28, and Late=d28-41) and carbon source (Cotton Glacier: CG, Pony Lake: PL, Suwannee 

River: SR). Abundance increases and decreases are shown in blue and red, respectively. 

Constituents (columns) that cluster together have similar abundance patterns over time 

with respect to each carbon source. B) Profile of the UPLC retention time based relative 

polarity of constituents. The dashed line represents the cutoff used to classify more- 

(below) and less- (above) labile constituents. 

 

Interestingly, the lability classification of the constituents significantly influences 

the magnitude of constituent fold changes during POL interaction with DOM across 

carbon source and time (P<0.001). More-labile constituents were found to exhibit a much 

greater magnitude of fold change than less-labile constituents across carbon sources and 
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time ranges (Figure 3.4). These results indicate that POL may be better able to 

preferentially interact with more-labile classified constituents than CG3.  

 

 
Figure 3.4. Comparison of the effect of lability classification on the magnitude of 

molecular constituent fold change for each carbon source over time. Error bars represent 

standard error of the mean. A) Cotton Glacier (CG) B) Pony Lake (PL) C) Suwannee 

River (SR). 

 

Comparison of P. sp. Strain CG9_12  

and J. sp. Strain CG3  

 Both CG3 and POL are ß-Proteobacteria isolated from the Cotton Glacier stream 

in Antarctica, and have been hypothesized to be involved in DOM uptake and 

transformation. We performed an in depth comparison of the exometabolite abundance 

changes that characterized the similarities and differences in how POL and CG3 interact 

with CG. Molecular constituents that changed in abundance in either POL- or CG3-DOM 

interactions were compared to determine the degree of similarity in processing between 

the two organisms (Figure 3.5A). Interestingly, the CG DOM constituents significantly 

transformed were predominately different, with only 444 molecular constituents 

exhibiting transformation by both organisms. This indicates that although both organisms 

are ß-Proteobacteria, they employ different metabolic strategies for the utilization of CG 
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DOM. The features that were common to both organisms were further compared to 

determine how these CG DOM constituents are differentially processed by CG3 and POL 

(Figure 3.5B). Clustering analysis demonstrates that the POL mid time range and CG3 

early time range show the greatest dissimilarity of DOM processing. This is not 

surprising as these time ranges reflected the greatest number and degree of exometabolite 

transformation in their respective experiments.  

 

 
Figure 3.5. Classification of molecular constituents for POL and CG3 Cotton Glacier 

DOM interactions A) Venn diagram depicting the number of molecular constituents with 

significant abundance changes (adjusted P<0.01) in the CG carbon sources over the 

course of the studies. B) Hierarchical clustering of fold changes (log2 transformed) for 

commonly transformed molecular constituents between CG3 and POL over the time 

ranges for each experiment. Bootstrapping was based on a resampling size of 10
4
, 

Approximately Unbiased (AU), and Bootstrap Probability (BP) p-value percentages are 

reported for each cluster in red and green, respectively. 

 

 

The relative degree of change for each of these constituents was assessed, as well as their 

relative lability classification (Figure 3.6). A clear trend emerges for these common 

constituents, whereby there is an overall increase in fold change during the early time  
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Figure 3.6. Profile of significant (adjusted P<0.01) molecular constituent abundance 

changes in POL- and CG3- Cotton Glacier DOM incubations. A) Heatmap of POL- and 

CG3- CG DOM molecular constituent abundance fold changes across the time ranges 

defined by each experiment. Abundance increases and decreases are shown in blue and 

red, respectively. Constituents (columns) that cluster together have similar abundance 

patterns over time with respect to each carbon source. B) Profile of the UPLC retention 

time based relative polarity of constituents. The dashed line represents the cutoff used to 

classify more- (below) and less- (above) labile constituents. 

 

range for both organisms. However, this increase is much greater in the CG3 interactions 

than in the POL interactions. These components then decrease in the mid time range, but 

with a much higher degree of change in the POL experiment. Most intriguingly, the large 
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majority (83%) of these features fall into the more-labile classification, indicating that 

both CG3 and POL may compete for some of the same, more labile components of CG 

DOM. Future experiments in a dual or multi-organism incubation could shed light onto 

how this potential competition could play out in a community setting.   

 

Conclusion 

 

 The changes seen in the DOM processing capabilities of these two organisms 

indicate that their metabolic strategies may be very important to DOM transformation in 

the Cotton Glacier stream. Currently, proteomic and metabolic analysis of the CG3 and 

POL organisms from these experiments are being undertaken, which will enable a much 

more thorough analysis of the strategies used for DOM transformation. In addition, 

extensive microbiological (cell counts, respirometery, live/dead cell analysis) and 

Excitation Emission Matrix spectroscopy have been undertaken in conjunction with the 

analysis presented here, which will further help to clarify the roles of both POL and CG3 

in DOM transformation (Smith, unpublished data).  
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LABEL-FREE LCMS PROTEOMIC ANALYSIS  

OF ARCHAEAL VIRAL INFECTION 

 

Introduction 

 

 The biology of virus-host interactions in hyperthermophilic archaea remain 

largely undescribed due to the unusual genomic and morphological characteristics of 

these unique viruses. The crenarchaeon Sulfolobus has emerged as a model host for 

investigating the gene and protein changes associated with viral infection. Studies using 

mRNA and protein analysis in Sulfolobus-virus interactions identified a diverse suite of 

virus and host pathways that are regulated.  Infection with Sulfolobus spindle-shaped 

virus (SSV) showed regulation of viral genes, but little change in host gene expression 

(Frols et al 2007). Alternately, infection with Sulfolobus turreted icosahedral virus 

(STIV) and Sulfolobus islandicus rod-shaped virus (SIRV2) showed little temporal 

control of viral protein, but a large host response (Kessler et al 2004, Maaty et al 2012, 

Ortmann et al 2008). Recent deep transcriptome sequencing of SIRV2 infection in S. 

islandicus LAL14/1 revealed a large proportion of host gene expression regulation in 

response to infection (Quax et al 2013), finding a pronounced activation of host CRISPR-

Cas systems and proposing novel roles for SIRV2 proteins.  

 We utilized label-free shotgun proteomics to analyze the expression of proteins 

during the infection cycle of S. islandicus and SIRV2. Liquid Chromatography-Mass 

Spectrometry (LCMS) has become one of the primary methods for the quantification of 

proteins and proteome analysis. While the use of LCMS and tandem mass spectrometry 
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(MS/MS) has been established in shotgun based proteomics (Kall and Vitek 2011, 

Weisser et al 2012), data analysis, particularly protein quantification, remains a 

bottleneck in label-free proteomics experiments. We utilized two open source label-free 

quantification strategies to identify differentially expressed proteins during infection of 

Sulfolobus islandicus by SIRV2. Strengths and weaknesses of each method are discussed 

in detail. We have also been able to show temporal regulation of SIRV2 proteins during 

infection and identified host proteins that change in abundance during the course of 

infection. Of particular interest are a group of host proteins known to have a role in 

CRISPR associated antiviral defense.  

 

Methods 

 

 

Sample Preparation 

S. islandicus strain LAL14/1 was grown and infected by SIRV2 as described 

previously (Bize et al 2009). Twelve replicate cultures of S. islandicus LAL14/1 were 

prepared to an optical density of 0.15 at 600 nm, corresponding to approximately 10
8
 

cells per mL. Three cultures served as an uninfected control, while nine were infected 

with SIRV2 and three biological replicates were harvested at each of 1, 3, and 5 hours 

post infection (hpi); T0, T1, T3, T5, respectively. 

Cell pellets from each sample were resuspended in a 1:1volume of water and 

lysed on ice using sonication. Cell lysate was centrifuged at 20,000xg for 15 minutes at 

4°C, and supernatant was decanted into a new tube. Protein concentration was ascertained 

using a spectrophotometric protein assay (Biorad), and 75ug of protein from each of the 
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12 samples was precipitated in a 1:5 ratio of cold acetone for 8 hours. Protein precipitate 

was dried down and resuspended in a buffer solution of 50mM triethylammonium 

bicarbonate with 1% sodium deoxycholate (SDC). Dithiothreitol was added to a 40mM 

final concentration and incubated 30 minutes at 37°C to reduce disulfide bonds, followed 

by a 30 minute incubation of iodoacetamide at a final concentration of 80mM to prevent 

reoxidation. Sequencing grade trypsin was added at a 1:50 trypsin:protein concentration 

and incubated at 37°C overnight. Formic acid was added to bring the pH below 5 to 

precipitate the SDC, which was removed by centrifugation.  

 

Shotgun Proteomics 

Tandem mass spectrometry of digested samples was carried out on a maXis 

impact UHR-QToF system (Bruker Daltonics) coupled to an Ultimate 3000 nano-flow 

UPLC system (Dionex). All samples were first desalted online using a 100μm x 2 cm, 

5μm Acclaim C18 PepMap 100 trap cartridge under 0.1% formic acid and 2.5% 

acetonitrile, and eluted at a flowrate of 0.0005mL/min to a 75μm x 50 cm, 2 μm Acclaim 

C18 PepMap RSLC analytical column. The elution solvents consisted of A= 0.1% formic 

acid in water and B= 80% acetonitrile. The elution profile was 7% B for 5 minutes, linear 

gradient of 7-30%B to 93 minutes, linear gradient from 30-80%B to 98 minutes, and 80% 

B to 108 minutes. ESI conditions were as follows: positive mode, gas temperature 150°C, 

drying gas of 3L/min, capillary voltage 1500 V. Mass spectral acquisition included m/z 

range 150-2200 with a rate of 2 Hz. Instrument dependent parameters were set for 

automatic data-dependent MS/MS performed using active exclusion (threshold 500 cts, 1 

sec cycle time, exclusion after first spectra, release after 2 min or 3 fold intensity 
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increase), with CID-MS/MS scans for precursors from 300-2000 m/z (excluding 1221-

1225) and +2 to +5 charge. MSConvert was used to covert instrument files into mzML 

and MGF format files (Kessner et al. 2008).  

 

Spectral Counting Based Label-Free Quantitation 

SearchGUI v 1.23.3 (Vaudel et al 2011) and Peptide Shaker 0.35.6 (Vaudel et al. 

2015) were used to identify detected peptides. Combination X!tandem and MyriMatch 

searches of each biological replicate for each time point were used to probe spectral data 

against a combined S. islandicus LAL14/1 and SIRV2 target/decoy protein database.  

Matched spectra were filtered using a 1% false discovery rate (FDR) and the normalized 

spectral abundance factor (NSAF) for each protein was assessed. NSAF values for 

proteins at each time point were log transformed, missing values were imputed using the 

minimum NASF value across runs, and compared across time using ANOVA followed 

by a Benjamini Hochberg correction to maintain a FDR <5%. Fold changes for all 

significant differentially expressed proteins were calculated across time ranges (T0 to T1, 

T1 to T3, T3 to T5) and log2 transformed to detect patterns over time using R’s gplots 

package (Warnes et al. 2015). 

 

Feature Detection Based Label-Free Quantitation 

Feature detection was carried out using a modification of the method described by 

Weisser et al. (2013) using the TOPPAS program for OpenMS v 1.11.1 (Sturm et al. 

2008, Kohlbachaer et al. 2007). The automated pipeline is shown in Figure 4.1, and 

includes identification (X!tandem), error calculation and filtration 
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(IDPosteriorErrorProbability, PeptideIndexer, FalseDiscoveryRate, IDFilter), feature 

detection (FeatureFinderCentroided), mapping of features to IDs (IDMapper), retention 

time adjustment  (MapAlignerIdentification), feature grouping 

(FeatureLinkerUnlabeledQT), and quantification of peptides (ProteinQuantifier). 

Parameters differing from the defaults are described in Table 4.1.  

 

 
Figure 4.1. OpenMS label-free analysis pipeline, as it appears in the TOPPAS-OpenMS 

GUI. The inputs include: 1: mzML files containing LCMS/MS data 2: mzML files 

containing LCMS data in centroid mode 3: Protein database in fasta format including 

decoys annotated with the prefix _REV. The output will be 15/16: CSV files of peptide 

and protein (not used) abundance data.  
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Table 4.1. Parameter settings used in the feature detection-based proteomic analysis of 

SIRV2 infected S. islandicus LAL14/1 in the OpenMS label-free pipeline. Values that 

differ from the defaults are listed.  

TOPP tool Paramater Value 

X!TandemAdapter precursor_mass_Tolerance 20ppm 

 

fragment_mass_tolerance 0.05 Da 

 

Min_precursor_charge 2 

 

max_precursor_charge 5 

 

fixed_modifications Carbamidomethyl (C) 

 

missed_cleavages 2 

 

max_valid_expect 1000 

PeptideIndexer decoy_string REV_ 

 

prefix TRUE 

 

allow_unnmatched TRUE 

FalseDiscoveryRate decoy_string REV_ 

IDFilter  score: pep 0.01 

FeatureFinderCentroided mass_trace: mz_tolerance 0.01 

 

max_missing 2 

 

charge_low 2 

 

isotopic_pattern: mz_tolerance 0.02 

IDMapper rt_tolerance 30 

 

mz_tolearance 20 

 

mz_reference peptide 

 

use_centroid_mz TRUE 

MapAlignerIdentification min_run_occur 9 

 

max_rt_shift 180 

FeatureLinkerUnlabeledQT use_identifications TRUE 

 

distance_RT: max_difference 60 

 

distance_MZ: max_difference 20ppm 

 

 

Following quantification, global LOESS (Smyth 2005) normalization was 

selected based on analysis of the report generated from Normalyzer (Chawade et al. 

2014). Protein quantifications were calculated from peptide abundances using linear 

models through the MSstats software (Clough et al. 2012, Clough et al. 2009). Missing 

values were imputed with the minimum abundance detected across runs. Normalized and 

imputed protein expression values were compared over time by ANOVA followed by a 
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Benjamini Hochberg correction to maintain a FDR <5%. SIRV2 proteins were further 

analyzed through pairwise comparisons of T1 to T3 and T3 to T5. Fold changes for all 

significant differentially expressed proteins were calculated across time ranges (T0 to T1, 

T1 to T3, T3 to T5) and log2 transformed to detect patterns over time using R’s gplots 

package (Warnes et al. 2015). 

 

Results 

 

Spectral Counting 

A total of 9119 peptides representing 1323 proteins were detected and quantified 

using the spectral counting method, capturing approximately 50% of the genome-

predicted proteome. Of these, 73 proteins (27 virus and 46 host) showed a statistically 

significant (adjusted P<0.05) change over time (Table 4.2). Clustering of these proteins 

based on their fold change over time shows primarily clustering based on viral versus 

host protein, although some host proteins show a similar expression profile to the viral 

proteins (Figure 4.2). These host proteins include heterodisulfide reductase B and C 

(479325380, 479325381), molybdopterin biosynthesis enzyme (479326343), and a 

hypothetical protein (479326978), which were undetected in any replicate at T0 while 

reproducibly detected in all biological replicates of infected samples.  

 

 

 

 

 

 

 

 



69 

 

 

 

Table 4.2. Normalized spectral abundance factors of differentially expressed proteins from 

SIRV2 infected S. islandicus LAL14/1 at 0, 1,3, and 5 hours post infection.  
Protein 
Accession Description T0 T1 T3 T5 Adj P 

22122274 
22122327 hypothetical protein SIRV2gp01 [SIRV2] 0.00015 0.056225 0.041499 0.046185 1.31E-09 

22122278 hypothetical protein SIRV2gp05 [SIRV2] 0.00015 0.025994 0.031346 0.023955 7.75E-08 

22122280 hypothetical protein SIRV2gp07 [SIRV2] 0.00015 0.031822 0.029286 0.019911 6.97E-06 

22122281 hypothetical protein SIRV2gp08 [SIRV2] 0.00015 0.035737 0.007551 0.012406 0.000244 

22122282 hypothetical protein SIRV2gp09 [SIRV2] 0.00015 0.04029 0.041542 0.040841 1.89E-10 

22122287 hypothetical protein SIRV2gp14 [SIRV2] 0.00015 0.00015 0.007491 0.011548 6.97E-06 

22122288 hypothetical protein SIRV2gp15 [SIRV2] 0.00015 0.071131 0.071145 0.072917 7.50E-08 

22122290 hypothetical protein SIRV2gp17 [SIRV2] 0.00015 0.037845 0.047897 0.054941 4.22E-07 

22122291 hypothetical protein SIRV2gp18 [SIRV2] 0.00015 0.00275 0.004359 0.004621 1.07E-05 

22122294 hypothetical protein SIRV2gp21 [SIRV2] 0.00015 0.036723 0.042373 0.027307 4.83E-06 

22122295 hypothetical protein SIRV2gp22 [SIRV2] 0.00015 0.014957 0.012943 0.010989 4.63E-05 

22122296 hypothetical protein SIRV2gp23 [SIRV2] 0.00015 0.023759 0.042689 0.039703 1.06E-06 

22122299 hypothetical protein SIRV2gp26 [SIRV2] 0.00015 0.133882 0.291034 0.702258 3.24E-07 

22122303 hypothetical protein SIRV2gp30 [SIRV2] 0.00015 0.00015 0.039931 0.046007 3.24E-07 

22122304 hypothetical protein SIRV2gp31 [SIRV2] 0.00015 0.00015 0.02381 0.015873 3.02E-05 

22122307 hypothetical protein SIRV2gp34 [SIRV2] 0.00015 0.019481 0.028066 0.019156 1.06E-05 

22122308 hypothetical protein SIRV2gp35 [SIRV2] 0.00015 0.003084 0.018916 0.022498 0.039034 

22122309 hypothetical protein SIRV2gp36 [SIRV2] 0.00015 0.037037 0.132005 0.138653 1.04E-07 

22122311 hypothetical protein SIRV2gp38 [SIRV2] 0.00015 0.001229 0.005953 0.004254 0.00095 

22122313 hypothetical protein SIRV2gp40 [SIRV2] 0.00015 0.00015 0.013617 0.027778 3.78E-07 

22122314 hypothetical protein SIRV2gp41 [SIRV2] 0.00015 0.00015 0.013924 0.015043 1.70E-05 

22122315 hypothetical protein SIRV2gp42 [SIRV2] 0.00015 0.00015 0.02 0.025926 5.45E-06 

22122317 hypothetical protein SIRV2gp44 [SIRV2] 0.00015 0.00015 0.005797 0.004791 1.35E-06 

22122319 hypothetical protein SIRV2gp46 [SIRV2] 0.00015 0.021053 0.042633 0.019591 0.000924 

22122321 hypothetical protein SIRV2gp48 [SIRV2] 0.00015 0.018662 0.017715 0.015126 1.63E-06 

22122322 hypothetical protein SIRV2gp49 [SIRV2] 0.00015 0.00015 0.142921 0.134857 7.50E-08 

22122326 hypothetical protein SIRV2gp53 [SIRV2] 0.00015 0.042951 0.028711 0.033147 2.06E-07 

479324440 hypothetical protein SiL_0009 [S. islandicus LAL14/1] 0.00015 0.001963 0.00015 0.004983 2.31E-06 

479324481 
Glycine/D-amino acid oxidases (deaminating) [S. islandicus 
LAL14/1] 0.00228 0.00015 0.00015 0.00015 1.73E-06 

479324500 putative P-loop ATPase/GTPase [S. islandicus LAL14/1] 0.003531 0.00015 0.00015 0.00015 5.28E-06 

479324513 
Mn-dependent transcriptional regulator [S. islandicus 
LAL14/1] 0.009049 0.00015 0.00015 0.00015 5.41E-07 

479324624 Hypothetical Protein SiL_0195 [S. islandicus LAL14/1] 0.017019 0.029538 0.029734 0.027778 0.04724 

479324671 
putative transcriptional regulator, CopG family [S. 
islandicus LAL14/1] 0.016878 0.023207 0.00015 0.00015 1.64E-08 

479324674 Biotin carboxyl carrier protein [S. islandicus LAL14/1] 0.013346 0.00015 0.00268 0.006739 0.041313 

479324825 Hypothetical Protein SiL_0401 [S. islandicus LAL14/1] 0.012153 0.00015 0.00015 0.00015 2.07E-08 

479324845 Pirin-related protein [S. islandicus LAL14/1] 0.003109 0.00015 0.00015 0.00015 9.08E-06 

479324858 Appr-1-p processing protein [S. islandicus LAL14/1] 0.00015 0.006849 0.00015 0.00015 1.23E-53 
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Table 4.2 Continued  
Protein 
Accession Description T0 T1 T3 T5 Adj P 

479324923 
CRISPR-associated DNA-binding protein [S. islandicus 
LAL14/1] 0.003876 0.00015 0.00015 0.00015 0.000122 

479325116 Hypothetical Protein SiL_0708 [S. islandicus LAL14/1] 0.00015 0.010929 0.00015 0.00015 6.73E-07 

479325132 
Acyl-coenzyme A synthetase/AMP-(fatty) acid ligase [S. 
islandicus LAL14/1] 0.001791 0.00015 0.00015 0.000323 0.023012 

479325276 
Glycosyltransferases involved in cell wall biogenesis [S. 
islandicus LAL14/1] 0.00015 0.004029 0.004665 0.000736 0.041313 

479325380 Heterodisulfide reductase, subunit B [S. islandicus LAL14/1] 0.00015 0.006358 0.006782 0.009491 0.005586 

479325381 Heterodisulfide reductase, subunit C [S. islandicus LAL14/1] 0.00015 0.004946 0.004562 0.005646 0.005763 

479325409 Hypothetical Protein SiL_1009 [S. islandicus LAL14/1] 0.013661 0.00015 0.00015 0.00015 4.90E-07 

479325480 Ni,Fe-hydrogenase III large subunit [S. islandicus LAL14/1] 0.005262 0.001286 0.001278 0.00015 0.002252 

479325582 Valyl-tRNA synthetase [S. islandicus LAL14/1] 0.003723 0.004248 0.002342 0.002695 0.047504 

479325586 
Anthranilate/para-aminobenzoate synthases component I 
[S. islandicus LAL14/1] 0.004217 0.001273 0.00015 0.00015 0.038293 

479325718 
Conjugative plasmid protein (pARN3) [S. islandicus 
LAL14/1] 0.005556 0.010153 0.001249 0.00015 0.030426 

479325802 
DNA-directed RNA polymerase, subunit M/Transcription 
elongation factor TFIIS [S. islandicus LAL14/1] 0.037558 0.023856 0.020697 0.004739 8.70E-05 

479325860 Acetyl-CoA acetyltransferase [S. islandicus LAL14/1] 0.011356 0.011371 0.005154 0.00294 0.018086 

479325950 tRNA splicing endonuclease [S. islandicus LAL14/1] 0.00939 0.00015 0.00015 0.00015 8.58E-07 

479325968 putative amidohydrolase [S. islandicus LAL14/1] 0.009659 0.00841 0.006116 0.00015 3.29E-05 

479326024 GTP cyclohydrolase I [S. islandicus LAL14/1] 0.011886 0.009669 0.00641 0.000634 0.049885 

479326058 

NADH:ubiquinone oxidoreductase subunit 5 
(chainL)/Multisubunit Na+/H+ antiporter, MnhA subunit [S. 
islandicus LAL14/1] 0.005789 0.010762 0.0077 0.00049 0.015803 

479326066 
putative alternative thymidylate synthase [S. islandicus 
LAL14/1] 0.007308 0.00015 0.00015 0.00015 6.56E-06 

479326067 Hypothetical Protein SiL_1671 [S. islandicus LAL14/1] 0.05577 0.048485 0.013737 0.013131 0.018086 

479326153 30S ribosomal protein S28e [S. islandicus LAL14/1] 0.020408 0.00015 0.00015 0.00015 2.07E-55 

479326155 Nucleoside diphosphate kinase [S. islandicus LAL14/1] 0.009662 0.014493 0.008857 0.00015 6.22E-05 

479326156 
Translation initiation factor 2 (IF-2 GTPase) [S. islandicus 
LAL14/1] 0.00363 0.002271 0.001407 0.00015 0.003696 

479326215 Transcription elongation factor [S. islandicus LAL14/1] 0.036291 0.010341 0.020673 0.008763 0.003513 

479326265 Hypothetical Protein SiL_1870 [S. islandicus LAL14/1] 0.007265 0.00015 0.00015 0.00015 1.89E-10 

479326343 Molybdopterin biosynthesis enzyme [S. islandicus LAL14/1] 0.00015 0.014713 0.014064 0.018125 9.93E-06 

479326372 
Mn-dependent transcriptional regulator [S. islandicus 
LAL14/1] 0.009644 0.02196 0.013627 0.00015 3.85E-06 

479326465 
putative acyl-CoA transferases/carnitine dehydratase [S. 
islandicus LAL14/1] 0.00015 0.002092 0.000435 0.00015 0.030605 

479326467 Hypothetical Protein SiL_2074 [S. islandicus LAL14/1] 0.00015 0.003106 0.000618 0.00015 0.03672 

479326546 
ABC-type dipeptide transport system, 
periplasmiccomponent [S. islandicus LAL14/1] 0.00681 0.019892 0.005556 0.006452 4.82E-05 

479326695 
ABC-type branched-chain amino acid transport systems, 
ATPase component [S. islandicus LAL14/1] 0.00015 0.00015 0.003178 0.00015 0.001095 

479326796 Hypothetical Protein SiL_2410 [S. islandicus LAL14/1] 0.007473 0.00885 0.004179 0.00015 0.000385 

479326880 
Heme/copper-type cytochrome/quinol oxidase, subunit 2 
[S. islandicus LAL14/1] 0.00015 0.008547 0.00015 0.011396 3.27E-07 

479326938 ABC transporter [S. islandicus LAL14/1] 0.00015 0.003444 0.00015 0.00015 5.44E-06 

479326978 Hypothetical Protein SiL_2595 [S. islandicus LAL14/1] 0.00015 0.003939 0.003902 0.005946 0.000429 

479326998 
putative hydrolase (HAD superfamily) [S. islandicus 
LAL14/1] 0.009724 0.001602 0.00015 0.00015 0.0498 

479327022 putative protease [S. islandicus LAL14/1] 0.00015 0.004016 0.00015 0.00015 0.000325 
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Figure 4.2. Heatmap and clustering of expression log2 fold change of significantly 

(adjusted P<0.05) changed proteins from SIRV2 infected S. islandicus LAL14/1 at time 

range T1.T0 (0-1 hpi), T3.T1 (1-3 hpi), and T5.T3 (3-5 hpi) quantified through 

normalized spectral abundance factor.  Abundance increases and decreases are shown in 

blue and red, respectively. Proteins (rows) that cluster together have similar abundance 

patterns over time. 
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Feature Detection 

A total of 6468 peptides were quantified in the feature detection pipeline. 

Analysis of peptide quantitation data via the Normalyzer software showed an 

approximately 2 fold maximum total intensity difference (calculated based on sum of 

quantified peptides) across samples (Figure 4.3A). The greatest number of missing 

peptide values occurred during the later time points, but there was variability between 

biological replicates (Figure 4.3B). Multidimensional scaling of normalized peptides with 

no missing values shows separation across time points, indicating that the measured 

proteome is altered by viral infection over time (Figure 4.3 C). A total of 1350 proteins 

were detected and quantified based on the peptide values, representing 51% of the 

genome-predicted proteome. Of these, 165 proteins (29 virus and 136 host) showed a 

statistically significant (adjusted P<0.05) change over time (Table 4.3). Clustering of 

these proteins based on their fold change over time shows several main expression 

patterns, including increases and decreases over time for both host and viral proteins 

(Figure 4.4). While there are clusters based exclusively on host protein, exclusive viral 

protein expression patterns clusters are rare. Volcano plots of viral protein show 

significant increases in most viral protein expression over time, with 3 proteins showing 

significant decreases after 1 hpi (Figure 4.5). Pairwise comparisons of post-infection 

samples (T1 to T3 and T3 to T5) demonstrated temporal control of viral protein 

expression during the infection of S. islandicus LAL14/1 with SIRV2. While 40 total 

viral proteins were detected, only 18 showed significant regulation (P<0.05, 1.5 fold 

change) after 1 hpi (Figure 4.6). Of those, 15 had increased abundances over time and 3  
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showed significant decreases.  

  

 
Figure 4.3. Analysis of feature detection based peptide quantification. A) Overview of 

total intensity deviation between samples computed based on peptide quantification 

values. T0: 0 hpi, T1: 1 hpi, T3: 3 hpi, T5: 5 hpi; a-c represent biological replicates. B) 

Total number of missing or ‘zero’ values for peptides in each sample. C) 

Multidimensional scaling (MDS) plot of post-normalization peptides values with non-

missing data. 1: 0 hpi, 2: 1 hpi, 3: 3 hpi, 4: 5 hpi. 
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Table 4.3. Feature detection determined abundances of differentially expressed proteins 

from SIRV2 infected S. islandicus LAL14/1 at 0, 1, 3, and 5 hours post infection. 

Protein Description T0 T1 T3 T5 Adj P 

22122274/ 

22122327 hypothetical protein SIRV2gp01 [SIRV2] 1.50E+03 5.44E+07 2.87E+07 2.66E+07 3.65E-13 

22122277 hypothetical protein SIRV2gp04 [SIRV2] 1.50E+03 8.04E+05 5.93E+06 1.78E+07 2.04E-09 

22122280 hypothetical protein SIRV2gp07 [SIRV2] 7.66E+03 1.14E+06 1.93E+06 5.05E+05 6.15E-04 

22122281 hypothetical protein SIRV2gp08 [SIRV2] 2.23E+03 7.96E+05 1.91E+05 4.70E+04 3.76E-03 

22122282 hypothetical protein SIRV2gp09 [SIRV2] 1.26E+04 1.20E+07 1.90E+07 1.46E+07 1.08E-04 

22122283 hypothetical protein SIRV2gp10 [SIRV2] 1.50E+03 1.95E+06 1.50E+06 5.28E+05 6.21E-03 

22122287 hypothetical protein SIRV2gp14 [SIRV2] 1.50E+03 5.19E+05 7.62E+06 8.07E+06 1.70E-02 

22122290 hypothetical protein SIRV2gp17 [SIRV2] 2.11E+03 4.00E+06 1.26E+07 6.82E+06 4.52E-06 

22122291 hypothetical protein SIRV2gp18 [SIRV2] 3.03E+03 4.87E+05 2.17E+05 5.40E+05 6.42E-03 

22122292 hypothetical protein SIRV2gp19 [SIRV2] 1.50E+03 6.94E+04 1.20E+06 3.69E+05 3.58E-03 

22122295 hypothetical protein SIRV2gp22 [SIRV2] 1.50E+03 1.98E+06 1.50E+06 2.26E+06 1.72E-08 

22122296 hypothetical protein SIRV2gp23 [SIRV2] 1.50E+03 3.16E+05 1.13E+07 5.39E+06 1.47E-06 

22122299 hypothetical protein SIRV2gp26 [SIRV2] 2.27E+03 1.10E+06 6.01E+07 1.17E+08 1.72E-08 

22122303 hypothetical protein SIRV2gp30 [SIRV2] 1.50E+03 1.50E+03 1.09E+05 2.39E+06 3.79E-03 

22122304 hypothetical protein SIRV2gp31 [SIRV2] 1.50E+03 1.50E+03 5.82E+06 5.39E+06 5.15E-09 

22122306 hypothetical protein SIRV2gp33 [SIRV2] 1.50E+03 3.13E+04 2.38E+06 1.99E+06 3.28E-03 

22122307 hypothetical protein SIRV2gp34 [SIRV2] 7.92E+03 2.76E+06 1.34E+07 2.34E+07 2.40E-02 

22122308 hypothetical protein SIRV2gp35 [SIRV2] 1.50E+03 1.58E+04 4.27E+05 2.80E+06 3.09E-04 

22122309 hypothetical protein SIRV2gp36 [SIRV2] 2.88E+03 6.44E+05 4.28E+06 1.85E+06 1.09E-02 

22122310 hypothetical protein SIRV2gp37 [SIRV2] 1.50E+03 7.73E+05 3.22E+06 6.09E+06 1.72E-08 

22122311 hypothetical protein SIRV2gp38 [SIRV2] 2.50E+03 1.68E+04 2.78E+06 3.21E+06 1.18E-06 

22122313 hypothetical protein SIRV2gp40 [SIRV2] 1.50E+03 8.58E+03 3.15E+06 5.22E+06 8.63E-05 

22122314 hypothetical protein SIRV2gp41 [SIRV2] 1.50E+03 1.50E+03 2.26E+06 3.29E+06 1.19E-06 

22122315 hypothetical protein SIRV2gp42 [SIRV2] 1.50E+03 1.50E+03 9.47E+06 1.38E+07 1.98E-10 

22122316 hypothetical protein SIRV2gp43 [SIRV2] 1.50E+03 1.50E+03 1.50E+03 4.95E+06 5.47E-12 

22122318 hypothetical protein SIRV2gp45 [SIRV2] 1.50E+03 6.81E+05 2.34E+06 3.73E+06 4.67E-05 

22122321 hypothetical protein SIRV2gp48 [SIRV2] 1.95E+03 2.46E+05 1.48E+06 2.52E+06 8.31E-03 

22122322 hypothetical protein SIRV2gp49 [SIRV2] 1.50E+03 1.50E+03 2.10E+06 6.57E+06 1.11E-05 

22122326 hypothetical protein SIRV2gp53 [SIRV2] 1.50E+03 2.21E+07 2.89E+07 2.12E+07 3.30E-03 

479324436 

Pterin-4a-carbinolamine dehydratase [S. islandicus 

LAL14/1] 2.72E+05 7.18E+06 5.29E+06 3.81E+06 3.76E-02 

479324466 putative sugar kinase [S. islandicus LAL14/1] 6.95E+05 1.06E+05 1.56E+04 1.34E+04 4.10E-05 

479324474 Hypothetical Protein SiL_0043 [S. islandicus LAL14/1] 1.47E+05 1.68E+05 1.52E+05 1.64E+04 4.99E-02 

479324504 

Uncharacterized protein conserved in archaea [S. islandicus 

LAL14/1] 7.68E+07 1.07E+06 1.50E+03 1.50E+03 6.56E-03 

479324513 

Mn-dependent transcriptional regulator [S. islandicus 

LAL14/1] 5.46E+05 2.62E+05 1.50E+03 1.50E+03 1.44E-02 

479324514 

Dihydrodipicolinate synthase/N-acetylneuraminatelyase [S. 

islandicus LAL14/1] 2.34E+04 1.26E+06 1.43E+06 1.65E+05 3.30E-04 
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Table 4.3 Continued 

Protein Description T0 T1 T3 T5 Adj P 

479324516 

short-chain dehydrogenase/reductase SDR [S. islandicus 

LAL14/1] 3.80E+06 2.25E+06 4.49E+05 2.23E+05 4.99E-02 

479324519 Hypothetical Protein SiL_0088 [S. islandicus LAL14/1] 2.25E+06 6.40E+06 7.82E+06 1.45E+07 6.09E-04 

479324522 Glucose-6-phosphate isomerase [S. islandicus LAL14/1] 3.60E+06 1.52E+06 6.45E+04 5.50E+04 2.16E-02 

479324535 putative thioesterase [S. islandicus LAL14/1] 1.01E+06 1.54E+06 1.56E+06 3.29E+06 6.56E-03 

479324539 Precorrin-2 methylase [S. islandicus LAL14/1] 1.15E+06 1.42E+06 2.54E+06 2.56E+06 4.11E-02 

479324571 Dehydrogenases (flavoproteins) [S. islandicus LAL14/1] 3.61E+06 1.48E+06 5.58E+05 1.87E+05 7.85E-03 

479324660 

DNA helicase TIP49, TBP-interacting protein [S. 

islandicus LAL14/1] 3.54E+06 1.08E+06 8.13E+05 4.94E+05 4.87E-02 

479324726 

2-keto-4-pentenoate hydratase/2-oxohepta-3-ene-1,7-dioic 

acid hydratase (catechol pathway) [S. islandicus LAL14/1] 1.65E+06 4.17E+04 5.20E+03 1.50E+03 2.22E-02 

479324730 hypothetical protein SiL_0301 [S. islandicus LAL14/1] 5.74E+05 1.19E+06 1.33E+06 2.62E+06 1.44E-02 

479324824 Hypothetical Protein SiL_0400 [S. islandicus LAL14/1] 1.50E+03 2.01E+06 2.54E+06 4.30E+06 5.77E-09 

479324845 Pirin-related protein [S. islandicus LAL14/1] 2.39E+04 2.37E+04 2.38E+04 1.50E+03 3.79E-05 

479324999 

Zn-dependent alcohol dehydrogenase [S. islandicus 

LAL14/1] 3.93E+04 1.48E+06 1.54E+06 2.23E+06 1.57E-07 

479325021 

CRISPR-associated protein, Cas3', DEAD-like helicase [S. 

islandicus LAL14/1] 5.35E+03 4.54E+04 1.13E+05 1.15E+06 4.48E-02 

479325024 CRISPR-associated protein, CscA [S. islandicus LAL14/1] 2.49E+04 1.97E+05 1.38E+06 2.21E+06 2.72E-04 

479325082 

Universal stress protein UspA-related nucleotide-binding 

protein [S. islandicus LAL14/1] 3.42E+06 4.12E+06 1.75E+06 3.03E+05 6.68E-03 

479325084 

Permeases of the major facilitator superfamily [S. 

islandicus LAL14/1] 6.57E+04 1.17E+06 1.89E+06 1.71E+06 3.61E-02 

479325107 

putative redox protein, regulator of disulfidebond 

formation [S. islandicus LAL14/1] 4.95E+06 5.37E+06 4.50E+04 2.06E+05 4.06E-02 

479325145 Hypothetical Protein SiL_0737 [S. islandicus LAL14/1] 1.96E+06 1.50E+03 1.50E+03 1.50E+03 7.78E-18 

479325163 

Pyruvate:ferredoxin oxidoreductase-related 2-

oxoacid:ferredoxin oxidoreductase, gamma subunit [S. 

islandicus LAL14/1] 3.61E+04 2.08E+04 1.50E+03 1.50E+03 3.76E-02 

479325197 CRISPR-associated protein, Cmr5 [S. islandicus LAL14/1] 6.78E+05 5.45E+05 2.13E+05 9.48E+04 2.06E-02 

479325202 Hypothetical Protein SiL_0795 [S. islandicus LAL14/1] 1.03E+06 9.12E+05 6.58E+05 4.98E+05 2.40E-02 

479325260 Hypothetical Protein SiL_0856 [S. islandicus LAL14/1] 6.87E+04 1.07E+06 1.77E+06 1.41E+06 1.47E-06 

479325290 

Uncharacterized protein conserved in archaea [S. islandicus 

LAL14/1] 7.46E+05 1.40E+06 2.07E+06 2.75E+06 6.68E-03 

479325313 Malate synthase [S. islandicus LAL14/1] 1.83E+05 9.42E+05 5.40E+05 6.40E+05 1.44E-02 

479325334 Hypothetical Protein SiL_0934 [S. islandicus LAL14/1] 3.15E+06 8.78E+06 9.18E+06 1.35E+07 2.26E-03 

479325339 

ABC-type sugar transport systems, permease component 

[S. islandicus LAL14/1] 5.24E+06 7.76E+06 8.52E+06 1.16E+07 3.34E-02 

479325356 

Peptidase U62 modulator of DNA gyrase [S. islandicus 

LAL14/1] 1.15E+06 2.04E+06 1.81E+06 3.11E+06 1.02E-02 

479325369 putative protease [S. islandicus LAL14/1] 2.04E+05 3.36E+06 6.42E+06 7.62E+06 1.25E-03 

479325376 

Heterodisulfide reductase, subunit B [S. islandicus 

LAL14/1] 6.71E+04 1.37E+06 2.79E+06 3.54E+06 1.27E-02 

479325378 Hypothetical Protein SiL_0978 [S. islandicus LAL14/1] 5.20E+03 1.41E+05 1.87E+06 2.50E+06 4.41E-02 

479325380 

Heterodisulfide reductase, subunit B [S. islandicus 

LAL14/1] 3.40E+03 3.48E+05 1.42E+06 8.47E+05 8.48E-03 

479325384 putative peroxiredoxins [S. islandicus LAL14/1] 5.26E+05 1.01E+06 1.57E+06 6.76E+06 6.52E-03 

479325414 Aconitase A [S. islandicus LAL14/1] 1.07E+06 2.64E+06 2.09E+06 1.14E+06 3.30E-02 

479325425 Transcriptional regulators [S. islandicus LAL14/1] 8.70E+04 8.50E+05 7.65E+04 1.50E+03 8.17E-04 

479325516 hypothetical protein SiL_1117 [S. islandicus LAL14/1] 5.42E+05 1.38E+05 4.03E+04 1.13E+04 1.91E-02 

479325518 Lhr-like helicase [S. islandicus LAL14/1] 8.99E+04 1.85E+04 1.19E+04 5.55E+03 1.91E-02 
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Table 4.3 Continued 

Protein Description T0 T1 T3 T5 Adj P 

479325561 

Glycine cleavage system protein P (pyridoxal-binding) [S. 

islandicus LAL14/1] 2.79E+04 9.81E+04 4.88E+03 8.96E+03 7.50E-03 

479325563 Signal peptidase I [S. islandicus LAL14/1] 1.36E+05 6.58E+05 1.10E+05 1.48E+05 2.42E-02 

479325564 Hypothetical Protein SiL_1165 [S. islandicus LAL14/1] 2.60E+07 1.02E+07 1.14E+07 1.28E+07 4.85E-02 

479325574 

Phosphoglycerate dehydrogenase-related dehydrogenase 

[S. islandicus LAL14/1] 3.02E+04 2.24E+05 2.52E+06 5.86E+06 1.02E-02 

479325582 Valyl-tRNA synthetase [S. islandicus LAL14/1] 7.35E+05 1.91E+05 7.95E+04 1.13E+05 4.22E-02 

479325603 Hypothetical Protein SiL_1204 [S. islandicus LAL14/1] 3.17E+06 2.83E+06 4.99E+06 5.47E+06 8.31E-03 

479325609 

Chaperonin GroEL (HSP60 family) [S. islandicus 

LAL14/1] 8.35E+07 6.96E+06 2.18E+06 8.65E+05 3.06E-02 

479325617 Thymidylate kinase [S. islandicus LAL14/1] 8.24E+05 1.77E+06 2.07E+06 2.03E+06 7.50E-03 

479325649 

Uncharacterized protein conserved in archaea [S. islandicus 

LAL14/1] 2.38E+06 1.96E+06 9.57E+05 4.68E+05 1.70E-02 

479325656 

putative GTPase, probable translation factor [S. islandicus 

LAL14/1] 2.05E+05 1.87E+05 1.73E+04 1.67E+04 2.01E-02 

479325666 50S ribosomal protein L37Ae [S. islandicus LAL14/1] 1.73E+06 4.28E+05 1.50E+03 1.50E+03 3.73E-02 

479325670 

Translation elongation factors (GTPases) [S. islandicus 

LAL14/1] 4.07E+06 7.13E+05 3.60E+05 2.57E+05 4.63E-02 

479325691 30S ribosomal protein S14 [S. islandicus LAL14/1] 6.39E+06 1.31E+06 6.83E+05 5.97E+05 2.65E-02 

479325700 

Preprotein translocase subunit SecY [S. islandicus 

LAL14/1] 8.03E+05 2.53E+06 2.66E+06 3.31E+06 3.75E-02 

479325718 

Conjugative plasmid protein (pARN3) [S. islandicus 

LAL14/1] 1.02E+06 1.23E+06 8.89E+03 1.44E+04 4.45E-04 

479325726 Hypothetical Protein SiL_1328 [S. islandicus LAL14/1] 2.05E+08 1.65E+08 5.39E+07 2.99E+07 3.61E-02 

479325738 

Molybdopterin biosynthesis enzyme [S. islandicus 

LAL14/1] 2.87E+06 7.45E+06 9.74E+06 1.46E+07 1.88E-02 

479325762 Hypothetical Protein SiL_1365 [S. islandicus LAL14/1] 2.74E+06 5.28E+06 8.30E+06 1.83E+07 2.89E-02 

479325772 Argininosuccinate synthase [S. islandicus LAL14/1] 7.08E+05 1.07E+06 9.92E+04 1.27E+05 4.89E-02 

479325778 

Phosphoribosylformylglycinamidine (FGAM) synthase, 

synthetase domain protein [S. islandicus LAL14/1] 8.75E+04 3.43E+05 1.50E+03 1.50E+03 3.08E-05 

479325782 EMAP domain protein [S. islandicus LAL14/1] 2.12E+06 1.16E+07 1.98E+06 1.25E+06 1.06E-04 

479325790 Hypothetical Protein SiL_1393 [S. islandicus LAL14/1] 1.50E+03 5.94E+05 7.52E+05 8.73E+05 7.66E-08 

479325859 

putative nucleic-acid-binding protein containing a Zn-

ribbon [S. islandicus LAL14/1] 8.48E+05 4.41E+05 3.19E+04 1.15E+04 6.21E-03 

479325860 Acetyl-CoA acetyltransferase [S. islandicus LAL14/1] 3.29E+06 1.70E+06 8.76E+04 1.66E+04 9.05E-03 

479325861 

3-hydroxy-3-methylglutaryl CoA synthase [S. islandicus 

LAL14/1] 8.56E+05 1.86E+05 5.59E+04 2.31E+04 1.40E-02 

479325863 Hypothetical Protein SiL_1466 [S. islandicus LAL14/1] 5.01E+06 7.95E+06 1.11E+07 1.89E+07 2.35E-03 

479325923 Hypothetical Protein SiL_1527 [S. islandicus LAL14/1] 3.65E+05 1.80E+05 1.50E+03 1.50E+03 4.85E-02 

479325961 Hypothetical Protein SiL_1565 [S. islandicus LAL14/1] 4.28E+05 7.74E+05 2.29E+06 3.94E+06 1.64E-02 

479325970 

AAA family ATPase, CDC48 subfamily [S. islandicus 

LAL14/1] 1.85E+07 9.41E+06 6.29E+06 5.53E+06 2.16E-02 

479325991 Hypothetical Protein SiL_1595 [S. islandicus LAL14/1] 5.88E+05 3.83E+05 3.26E+04 2.27E+04 3.48E-02 

479325996 Pseudouridine synthase [S. islandicus LAL14/1] 8.09E+05 2.61E+04 1.50E+03 1.50E+03 3.73E-02 

479326015 putative Fe-S oxidoreductase [S. islandicus LAL14/1] 3.54E+05 3.01E+05 3.99E+04 4.97E+04 6.69E-06 

479326025 Xaa-Pro aminopeptidase [S. islandicus LAL14/1] 5.29E+05 7.87E+04 3.81E+04 2.80E+04 3.25E-02 

479326049 Alanyl-tRNA synthetase [S. islandicus LAL14/1] 1.09E+06 1.09E+05 1.16E+05 5.53E+04 2.34E-02 

479326066 

putative alternative thymidylate synthase [S. islandicus 

LAL14/1] 2.31E+05 5.26E+03 1.50E+03 2.38E+03 4.67E-02 

479326074 putative thioredoxin/glutaredoxin [S. islandicus LAL14/1] 1.77E+06 4.09E+06 3.39E+06 3.04E+05 2.40E-02 
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Table 4.3 Continued 

Protein Description T0 T1 T3 T5 Adj P 

479326100 

putative ATPase, RNase L inhibitor (RLI) [S. islandicus 

LAL14/1] 1.01E+06 1.33E+05 7.41E+04 2.57E+04 2.10E-02 

479326106 

Chaperonin GroEL (HSP60 family) [S. islandicus 

LAL14/1] 3.53E+06 1.73E+06 1.92E+06 7.75E+05 2.64E-02 

479326143 

ATP-utilizing enzymes of ATP-grasp superfamily 

(probably carboligases) [S. islandicus LAL14/1] 6.23E+05 2.06E+05 1.76E+05 3.26E+04 3.61E-02 

479326147 putative Fe-S oxidoreductase [S. islandicus LAL14/1] 6.99E+05 5.37E+04 2.08E+04 1.08E+04 3.55E-02 

479326151 

Asp-tRNAAsn/Glu-tRNAGln amidotransferase B subunit 

[S. islandicus LAL14/1] 5.15E+05 4.94E+05 3.34E+05 9.05E+04 3.59E-02 

479326164 30S ribosomal protein S12 [S. islandicus LAL14/1] 4.61E+06 3.36E+05 3.68E+05 3.33E+05 9.49E-04 

479326193 

CopG/DNA-binding domain protein [S. islandicus 

LAL14/1] 6.94E+04 1.37E+06 4.53E+05 4.19E+05 1.44E-02 

479326195 ATP-dependent DNA ligase [S. islandicus LAL14/1] 6.39E+05 1.21E+05 2.47E+04 2.89E+04 3.30E-02 

479326214 

Aspartyl/asparaginyl-tRNA synthetase [S. islandicus 

LAL14/1] 6.81E+05 6.89E+05 3.06E+05 1.04E+05 2.42E-02 

479326216 50S ribosomal protein L40e [S. islandicus LAL14/1] 8.15E+03 1.50E+03 2.71E+04 3.75E+04 1.44E-02 

479326262 DEAD/DEAH box helicase [S. islandicus LAL14/1] 5.07E+05 7.35E+05 1.82E+05 3.35E+04 3.29E-02 

479326271 

Phenylalanyl-tRNA synthetase beta subunit [S. islandicus 

LAL14/1] 4.99E+05 4.73E+05 1.62E+05 9.68E+04 4.38E-02 

479326276 Hypothetical Protein SiL_1881 [S. islandicus LAL14/1] 1.08E+04 1.67E+05 2.10E+05 6.28E+06 2.34E-02 

479326302 putative dioxygenase [S. islandicus LAL14/1] 6.46E+04 8.81E+04 2.22E+04 1.58E+04 1.44E-02 

479326305 

L-lactate dehydrogenase (FMN-dependent)-related alpha-

hydroxy acid dehydrogenase [S. islandicus LAL14/1] 8.57E+06 7.49E+06 1.30E+07 1.26E+07 3.76E-02 

479326315 

Enoyl-CoA hydratase/carnithine racemase [S. islandicus 

LAL14/1] 3.79E+05 5.60E+05 9.28E+04 1.97E+04 2.40E-02 

479326318 HEPN domain-containing protein [S. islandicus LAL14/1] 2.29E+08 1.10E+08 2.12E+07 3.65E+06 3.76E-03 

479326319 Mg-dependent DNase [S. islandicus LAL14/1] 2.75E+07 1.32E+07 7.07E+06 3.63E+06 3.67E-02 

479326326 

flagellar hook-basal body protein,FlgEFG [S. islandicus 

LAL14/1] 2.21E+04 6.48E+06 8.63E+06 1.12E+05 2.76E-03 

479326343 

Molybdopterin biosynthesis enzyme [S. islandicus 

LAL14/1] 7.38E+03 3.03E+05 1.09E+06 9.99E+05 1.44E-02 

479326356 Deacetylase [S. islandicus LAL14/1] 4.98E+05 3.40E+05 2.47E+06 1.50E+03 3.75E-02 

479326401 

Putative translation initiation inhibitor, yjgFfamily [S. 

islandicus LAL14/1] 6.02E+05 2.37E+06 2.73E+06 3.86E+06 2.40E-02 

479326402 CBS domain protein [S. islandicus LAL14/1] 4.95E+05 1.11E+05 5.24E+04 2.60E+04 3.57E-02 

479326411 

NAD-dependent aldehyde dehydrogenase [S. islandicus 

LAL14/1] 1.25E+06 4.19E+06 2.49E+06 2.09E+06 4.15E-02 

479326420 

Lactate dehydrogenase-related dehydrogenase [S. 

islandicus LAL14/1] 1.30E+06 1.05E+06 9.22E+04 1.50E+03 1.83E-02 

479326430 Hypothetical Protein SiL_2036 [S. islandicus LAL14/1] 4.50E+06 3.91E+06 2.12E+05 2.07E+05 1.30E-08 

479326451 

FAD/FMN-containing dehydrogenase [S. islandicus 

LAL14/1] 6.37E+05 8.08E+05 1.72E+05 1.72E+05 2.66E-02 

479326486 

Fumarylacetoacetate (FAA) hydrolase family protein [S. 

islandicus LAL14/1] 4.65E+05 1.25E+05 7.58E+04 1.36E+04 6.02E-03 

479326487 

NAD-dependent aldehyde dehydrogenase [S. islandicus 

LAL14/1] 8.16E+05 1.59E+05 1.18E+04 3.33E+04 2.31E-02 

479326490 

short-chain dehydrogenase/reductase SDR [S. islandicus 

LAL14/1] 1.50E+03 6.89E+04 1.50E+03 5.02E+03 3.98E-02 

479326495 Hypothetical Protein SiL_2102 [S. islandicus LAL14/1] 1.50E+03 9.19E+05 1.50E+03 1.50E+03 3.83E-14 

479326499 

Dihydroxyacid dehydratase/phosphogluconate dehydratase 

[S. islandicus LAL14/1] 7.41E+05 2.18E+05 9.39E+04 6.45E+04 2.59E-02 

479326516 DsrE family protein [S. islandicus LAL14/1] 8.74E+05 2.66E+06 3.27E+06 2.80E+06 4.85E-02 

479326548 

Alpha-glucosidase, family 31 of glycosyl hydrolase [S. 

islandicus LAL14/1] 1.76E+05 2.07E+05 2.65E+04 2.65E+04 8.97E-03 

479326549 

Sugar phosphate isomerase/epimerase [S. islandicus 

LAL14/1] 2.40E+04 1.46E+06 5.42E+05 8.59E+05 1.61E-02 

479326563 

Sugar phosphate isomerase/epimerase [S. islandicus 

LAL14/1] 5.11E+04 2.42E+06 7.22E+04 1.31E+06 2.89E-02 
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Table 4.3 Continued 

Protein Description T0 T1 T3 T5 Adj P 

479326598 Hypothetical Protein SiL_2210 [S. islandicus LAL14/1] 1.50E+03 7.01E+05 1.14E+06 2.08E+06 9.03E-09 

479326608 

Nucleoside-diphosphate-sugar epimerase [S. islandicus 

LAL14/1] 1.69E+06 1.30E+06 9.89E+05 7.23E+05 3.76E-03 

479326616 

Heme/copper-type cytochrome/quinol oxidase, subunit 1 

[S. islandicus LAL14/1] 4.55E+04 1.59E+06 3.21E+06 3.76E+06 3.76E-02 

479326635 Hypothetical Protein SiL_2247 [S. islandicus LAL14/1] 3.91E+04 2.07E+06 2.06E+06 1.32E+06 4.06E-02 

479326654 

3'-phosphoadenosine 5'-phosphosulfate sulfotransferase 

(PAPS reductase)/FAD synthetase-related enzyme [S. 

islandicus LAL14/1] 2.71E+05 1.79E+05 1.97E+04 1.16E+04 2.40E-02 

479326659 

putative NAD(FAD)-dependent dehydrogenase [S. 

islandicus LAL14/1] 1.19E+04 1.21E+06 1.99E+06 4.58E+06 1.44E-02 

479326661 

Zn-dependent hydrolase, including glyoxylase [S. 

islandicus LAL14/1] 5.28E+06 8.95E+06 1.20E+07 3.36E+06 3.73E-02 

479326690 

ABC-type sugar transport system, permease component [S. 

islandicus LAL14/1] 2.90E+06 4.78E+06 5.24E+06 6.00E+06 3.76E-02 

479326714 Dehydrogenases (flavoproteins) [S. islandicus LAL14/1] 1.33E+06 4.82E+05 3.87E+05 1.48E+05 3.75E-02 

479326716 

Pyruvate:ferredoxin oxidoreductase-related 2-

oxoacid:ferredoxin oxidoreductase, beta subunit [S. 

islandicus LAL14/1] 8.75E+05 1.69E+05 6.21E+04 1.01E+05 4.99E-02 

479326718 Hypothetical Protein SiL_2332 [S. islandicus LAL14/1] 8.55E+05 1.43E+06 2.79E+06 3.78E+06 2.78E-02 

479326796 Hypothetical Protein SiL_2410 [S. islandicus LAL14/1] 2.83E+06 1.64E+06 1.11E+05 3.74E+03 4.71E-05 

479326825 extracellular solute-binding protein [S. islandicus LAL14/1] 7.64E+03 7.89E+04 4.20E+05 7.56E+05 2.42E-02 

479326849 

TRASH domain-containing protein [S. islandicus 

LAL14/1] 3.17E+05 1.93E+05 5.45E+04 1.50E+03 3.79E-02 

479326879 Rieske Fe-S protein [S. islandicus LAL14/1] 1.70E+05 1.26E+06 8.38E+05 1.04E+06 3.76E-03 

479326880 

Heme/copper-type cytochrome/quinol oxidase, subunit 2 [S. 

islandicus LAL14/1] 1.07E+07 1.71E+07 2.25E+07 4.44E+07 6.42E-03 

479326906 

putative NAD(FAD)-dependent dehydrogenase [S. 

islandicus LAL14/1] 3.04E+06 1.35E+06 1.35E+06 5.54E+05 1.61E-02 

479326916 Hypothetical Protein SiL_2533 [S. islandicus LAL14/1] 3.86E+06 3.45E+06 1.47E+06 1.00E+05 1.40E-02 

479326930 Hypothetical Protein SiL_2547 [S. islandicus LAL14/1] 2.40E+06 4.37E+05 1.50E+03 1.50E+03 4.78E-02 

479326953 

Uncharacterized protein involved in propionate catabolism 

[S. islandicus LAL14/1] 5.77E+05 4.50E+05 4.28E+04 2.50E+04 3.28E-03 

479326998 

putative hydrolase (HAD superfamily) [S. islandicus 

LAL14/1] 2.93E+05 3.05E+04 8.78E+03 7.98E+03 4.17E-02 

479327001 

FAD/FMN-containing dehydrogenase [S. islandicus 

LAL14/1] 6.35E+05 4.43E+05 1.82E+05 8.93E+04 3.30E-02 
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Figure 4.4. Heatmap and clustering of expression log2 fold change of significantly 

(adjusted P<0.05) changed proteins from SIRV2 infected S. islandicus LAL14/1 at time 

range T1T0 (0-1 hpi), T3T1 (1-3 hpi), and T5T3 (3-5 hpi) quantified through feature 

detection.  Abundance increases and decreases are shown in blue and red, respectively. 

Proteins (rows) that cluster together have similar abundance patterns over time. 
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Figure 4.5. Volcano plots showing the log2 fold change relative to p-value of SIRV2 

proteins during infection at time range A: T1-T0 (0-1 hpi), B: T3-T1 (1-3 hpi), and C: 

T5-T3 (3-5 hpi). Red dots are significantly up-regulated proteins, blue dots are 

significantly down-regulated proteins and black dots represent proteins that do not exhibit 

significant changes.  
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Figure 4.6. Log2 transformed expression values for significantly (P<0.05) temporally 

regulated SIRV2 proteins during infection of S. islandicus LAL 14/1 at 0, 1, 3 and 5 hpi. 

Error bars represent standard deviation.   

 

 

Spectral Counting and Feature  

Detection Comparisons 

 While both spectral counting and feature detection are common quantification 

methods in proteomics, we looked to see how the two compared when using the Bruker 

maXis system. While the total number of proteins detected was similar at 1323 via the 

Peptide Shaker pipeline (spectral counting)  and 1350 via the TOPPAS pipeline (feature 

detection), over 2000 additional significant peptides were detected by the Peptide Shaker 

pipeline, likely due to the combination of both X!tandem and MyriMatch search 

algorithms. However, the percentage of proteins undetected at a given time point, thus 

containing missing or ‘0’ values, is much higher in the spectral counting results than the 

feature detection protein results (Figure 4.7). Looking at the regulated proteins detected 

by each method, 19.2% of significant proteins were common to the two pipelines (Figure 
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4.8). The fold changes over time by these 33 common features were compared between 

pipelines, showing similarity in expression profiles between methods (Figure 4.9).  

 

 
Figure 4.7. Fraction of proteins with missing values at a given time point for the spectral 

counting pipeline (SpCt) and feature detection pipeline (FtrDet). Error bars indicate + one 

standard deviation, n=3.  

 

 

 
Figure 4.8. Venn diagram depicting the number of significant temporally regulated 

proteins (adjusted P<0.05) ascertained by spectral counting and feature detection based 

quantification pipelines.  
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Figure 4.9. Log2 fold change differences in significant temporally regulated proteins 

quantitated by the feature detection pipeline (left) and spectral counting pipeline (right). 

Time frames represented by: T1T0 (0-1 hpi), T3T1 (1-3 hpi), and T5T3 (3-5 hpi). 
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Comparison of Proteomic 

Analysis to Transcriptomic Analysis 

 Previous transcriptomic analysis of the infection of S. islandicus LAL 14/1 

showed significant temporal regulation of SIRV2 transcripts over time (Quax et al. 2013). 

We compared the changes seen in SIRV2 transcripts from the Quax et al. experiment to 

the significant temporally regulated SIRV2 proteins in this study to understand the 

similarities in temporal viral regulation (Figure 4.10). Most of the viral proteins and 

transcripts show similar change profiles.  
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Figure 4.10. Temporal regulation of SIRV2 transcripts (left) and proteins (right) detected in 

late time frames T3T1 (1-3 hpi), and T5T3 (3-5 hpi). 

 

 

Discussion 

 

 

Feature detection and spectral counting have both been well reviewed as 

satisfactory mechanisms for quantification of label-free shotgun proteomics (Zhu et al 

2010, Neilson et al 2011, Nahnsen et al 2013). For the purposes of this study, we 



86 

 

 

 

compared these methods to detect protein expression changes during the viral infection of 

an archaeal organism. For significantly regulated proteins detected in both samples, 

temporal patterns of expression change were similar, indicating that both methods can 

consistently detect biologically relevant changes.  Differences in expression pattern 

primarily occurred in instances where peptides were detected in time points in the feature 

detection pipeline, but zero values were reported for spectral counting, such as proteins 

479326880, 479324845, and 479324513. This highlights the important statistical 

ramifications of missing values, and suggests that the feature detection pipeline may 

produce more reproducible peptide quantifications across time points. While the spectral 

counting pipeline detected a greater number of peptides, it also incurred a much higher 

percentage of missing values than the feature detection pipeline. This indicates that the 

extra peptides are less informative as they are not being reproducibly assigned across 

time points. These missing values influence the statistical power of detection of protein 

expression changes. Spectral counting produced a decreased number of significantly 

changed proteins relative to feature detection. Given the high percentage of missing 

values and analysis of mutually detected regulated proteins, the decrease in the number of 

detected protein changes is likely influenced by these undetected features. Spectral 

counting methods have been shown to be limited by the MS/MS sampling frequency of 

the instrument and resolution is limited for low-abundance and single peptide 

identifications of proteins (Sandin et al 2014). This dataset is likely particularly 

susceptible to limited spectral counting resolution as 1) viral proteins are small, thus there 

are likely to be a disproportionate number of single peptide hits and 2) the complex 
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nature of the time course study makes it statistically unlikely that multiple peptides of 

low-abundance proteins will be above the detection limits in every biological replicate at 

every time point, especially in later time ranges when highly abundant viral capsid 

peptides may mask the detection of lower abundance host protein.  

Proteomics data from this study found 204 proteins showing significant temporal 

regulation, representing 8% of the predicted protein sequences and 15% of the total 

detected proteins. While this is far smaller than the 30-50% gene expression changes seen 

by Quax et al. (2013), a large amount of overlap was seen in the protein and transcription 

changes. The numbers of increases and decreases in protein abundance were similar and a 

variety of patterns of change over time were observed. Host proteins encoding the I-D 

SiL-0606-0609 CRISPR-associated proteins Cas3’ and CscA (479325021 and 

479325082) showed significant increases, particularly at early time ranges with an 

approximate 8 fold increase, similar to the 10 fold increase seen in  gene expression. 

CRISPR-associated protein Cmr5 (479325197), part of the incomplete III-Bα SiL_0786-

0793 with no adjacent CRISPR array showed a slight decrease in expression, as was seen 

in the Quax et al. transcriptomics study. The CRISPR-Cas results from these studies, 

when taken together with the detection of Cas proteins after STIV infection (Maaty et al 

2012) strongly suggest activation of CRISPR-Cas in response to viral attack. The data 

presented here further supports the enhanced role of I-D operons in SIRV2 infection. 

Viral protein 22122299, the gp26 coat protein was the most abundant protein at 3 and 5 

hpi. Interestingly, protein 22122282 was the most abundant differentially expressed 

protein at 1 hpi, which was only moderately expressed in the transcriptome. Protein 
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22122280 was the second most abundant differentially expressed SIRV2 protein at 1hpi, 

and was also highly expressed at 1hpi in the transcriptomic study, indicating a potential 

importance of this hypothetical protein in early infection.  These two proteins (22122280 

and 22122282) were two of the only proteins to show a significant decrease over the 

course of the experiment, further supporting a role in early infection.  

 

Conclusion 

 

 Here we present the first proteomic analysis of SIRV2 infection of the 

hyperthermophilic S. islandicus LAL/14/1, showing both host and viral protein 

expression regulation over the course of infection. This analysis demonstrates the power 

of using label-free shotgun proteomics for microbial viral infection and finding novel 

roles for hypothetical SIRV2 proteins. It also provides an automated quantitative platform 

for future microbial proteomic studies optimized on the Bruker maXis LCMS system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

 

 

CONCLUSIONS 

 

 Extremophilic organisms and their environments represent unique systems from 

which we can gain insight into major biological questions. The research described in this 

thesis explored two main environmental extremophilic systems, one from the cold and 

icy extreme and one from the limits of high temperature life. The development of mass 

spectrometry based proteomic and metabolomic systems-level analyses enabled an in 

depth characterization of these microorganisms and their environments, leading to new 

insights into carbon cycling and viral infection.  

Characterization of DOM from multiple environments to understand lability 

enabled development of a LCMS-based metabolomics technique to characterize the 

relative labile nature of DOM components and exometabolites. Analysis of the 

differences in heterotrophic transformation of Antarctic and terrestrial freshwater DOM 

demonstrated that microbe-DOM interactions are highly dynamic on a temporal scale. 

We were able to show that a single bacterial species can process diverse environmental 

carbon sources with divergent labile natures. However, each DOM source showed 

different patterns of transformation, and both time and the labile nature of the carbon 

source contributed to these differences.  

 These LCMS based exometabolomic methods for following temporal DOM 

transformation and lability analysis at the molecular level were further employed to 

describe ß-Proteobacteria interactions with DOM in the context of an Antarctic 

supraglacial stream. The differences in the DOM interactions between the two Antarctic 

ß-Proteobacteria highlight the importance of understanding the potential organism-
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specific nature of DOM processing. Future studies highlighting the internal metabolism 

of these organisms through proteomics and internal metabolomics will enhance our 

ability to understand the functional biochemistry contributing to the dynamic and diverse 

nature of DOM-microbe interactions.  

 At the hyperthermophilic extreme, LCMS based shotgun proteomics methods 

were developed to analyze the proteomic response of S. islandicus infection by SIRV2. 

Temporal regulation was exhibited in both viral and host proteins, and overlap was seen 

between transcriptomic and proteomic data.  

The shotgun proteomics pipeline and LCMS-based exometabolomic and DOM 

analyses described here provide the basis for high throughput, systems-level inquiry of 

microbial systems, and lay the foundation for the further characterization of 

extremophilic environment and organism interactions.   
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Supplemental Information Results 

 

Carbon Source van Krevelen Diagrams  

 

The chemical classifications of CG and SR DOM based on H/C and O/C ratios 

are provided as van Krevelen diagrams in Figure SA-B. On the diagrams, each dot 

represents one assigned molecular formula from one resolved mass spectral peak 

generated by FT-ICR MS.  Different heteroatom species (molecular formulae containing 

CcHhOo and/or varying amounts of Nn and Ss, where n=0, 1, or 2 and s=0 or 1) are 

displayed with different symbols and colors, over broad H/C and O/C ratios.  Molecular 

formulae common to all carbon sources, containing CHO, CHOS1, CHON1, and CHON2 

are present in both the more-labile (saturated fatty acid-, peptide-, and sugar-like)  and 

less-labile (highly unsaturated-, phenolic-, and polyphenolic-like) regions (Figure S1C).   

Percentages on Molecular Formula in specific molecular categories  

The peptide-like contribution was the largest for CG DOM, followed by PL and 

SR, which was expected due to the microbial influence in each carbon source (Figure 

S1D).  Oppositely, the highly unsaturated species, including polyphenolic constituents 

were the smallest for CG DOM, and increased in PL, with SR having the largest 

contributions.  These species, having more recalcitrant nature, were also expected to 

follow this trend as SR represents a terrestrial carbon source with more lignin-like 

contributions in the environment. 

 

Bacterial Abundance  

 

Bacterial cell abundances in the CG, PL, and SR treatments were enumerated over 
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four time points at day 0 (T1), day 27 (T2), day 63 (T3), and day 98 (T4) (Table S2). For 

the CG carbon source, bacterial cellular abundances ranged from 2.23-7.32 x 10
5
 

cells/mL ± SD 1.3-6.08 X 10
4
 cells/mL. PL cellular abundances ranged from 2.88-8.62 x 

10
5
 cells/mL ± SD 1.18-5.94 X 10

4
 cells/mL, and SR cellular abundances ranged from 

1.63-5.58 x 10^5 cells/mL ± SD 2.48-6.02 X 10
4
 cells/mL. A significant difference in 

bacterial cell abundances existed between time points T1 to T2, and T1 to T4 (P < 0.037), 

no significant difference was found between T1 and T3 (P >0.395). For PL, a significant 

difference in bacterial cell abundances was found between T1 to T2, T3, and T4 (P < 

0.024). For SR, a significant difference in bacterial cell abundances existed between T1 

to T2 (P < 0.012), and no significant difference was determined between T1 to T3 and T4 

(P >0.191). While the starting concentrations of the bacterial innocula were similar at 10
5
 

cells/mL, the cell abundances were significantly different (P <0.001) for each carbon 

source over time. The same overall trend in cellular abundances was observed across all 

carbon sources, an initial decrease followed by an increase and ending with a final 

decrease in cellular abundance. 

 

SI Materials and Methods 

 

 

FT-ICR MS 

FT-ICR MS provides a method for unambiguous molecular formulae assignment 

of environmental samples while routinely producing ultrahigh mass resolving power 

(m/Δm50% >750,000 at m/z 500) and ultrahigh mass accuracy (error < 1ppm).  Therefore, 

the data generated here are more extensive in molecular composition coverage of 
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complex natural OM samples than any other single analytical technique.  Mass spectra 

were obtained with a custom-built superconducting 9.4 Tesla FT-ICR MS at the National 

High Magnetic Field Laboratory located in Tallahassee, Florida.  Electrospray Ionization 

(ESI) and FT-ICR MS instrumental parameters are described in detail in (1), therefore 

only a brief description will be provided.   

 Prior to mass spectral analysis, negatively charged gaseous ions were produced 

with a custom-built ESI source (2) and transferred into the mass spectrometer.  

Experimental parameters were selected based on previous natural DOM FT-ICR MS 

analysis and restructured for optimal DOM chemical composition characterization (1).  

Moreover, these settings reduce the potential for ion suppression, ion collisions, and 

irreproducible ion contamination between spectra scans.  Samples were pumped through 

the ESI source at a flow rate of 0.5 µL/min, 200 time domain acquisitions were co-added, 

Hanning apodized, and zero-filled once before rapid Fourier transformation and 

magnitude calculation to produce the FT-ICR mass spectrum.  CG and SR DOM MS 

were internally calibrated with two –CH2 homologous series commonly found in natural 

organic matter. A calibrated peak list was then generated for MS peaks with 6x the rms 

noise.   

The composition of each carbon source was determined by analyzing assigned 

CcHhNnOoSs molecular formulae for variations in heterogeneity (N and/or S) as well as 

hydrogen, carbon, and oxygen saturation.  Molecular formulae were divided into 

chemical categories from the classifications commonly used on the van Krevelen diagram 

and quantified to compare the character between each carbon source (Figure S1D).  This 
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analysis method was modeled after (3), including the modified aromaticity index 

calculation from (4), and a minor adjustment to describe the following molecular 

categories: (1) peptides, having molecular formulae at 1.5 ≤ H/C ≤ 2.0 and O/C ≤ 0.8, (2) 

sugars, with molecular formulae 1.5 ≤ H/C ≤ 2.0 and O/C > 0.8, (3) saturated fatty acids 

have molecular formulae at H/C > 2.0 over all O/C ratios,  (4) highly unsaturated 

constituents at H/C < 1.5, over all O/C ratios, and a modified aromaticity index (AImod) < 

0.5, (5) phenols with the same boundary conditions of the previous category,  highly 

unsaturated constituents, at AImod ≥ 0.5 with less than 12 C atoms, and (6) polyphenols, 

with the same boundary conditions as phenols, but extending the category to include 

molecular formulae ≥ 12 C atoms.  

 

Fluorescence Spectroscopy  

For the duration of the experiment, CG amended samples showed one region of 

maximum fluorescence (Ex: 240-280 nm, Em: 300-350 nm) corresponding to the more-

labile, proteinaceous fluorophores B and T, (5, 6). Over time, CG DOM fluorescence 

developed at longer emission wavelengths (Ex: 240-280nm, Em: 400-450 nm), 

representing a humic-like fluorophore from region A. Four fluorophores (B, T, C and A) 

were identified in both the PL and SR DOM throughout the course of the experiment.   

 

Cellular Abundances  

Samples for bacterial cell enumeration were preserved with prefiltered (0.2 μm) 

formalin to a final concentration of 2% v/v. Bacteria were filtered onto polycarbonate 

membranes (0.2 μm pore size) and stained with SYBR
®
 Gold (final concentration 25X, 
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Invitrogen). A Nikon E800 epifluorescence microscope was used to count at least 30 

randomly selected fields, with each field containing a minimum of 20 cells per grid (7), 

resulting in the enumeration of a minimum of 600 cells. Triplicate filters were prepared 

and counted for each sample. Significant differences in cellular abundances were tested 

by conducting an analysis of variance (ANOVA). Statistically significant differences in 

cellular abundances were determined between individual time points by an unpaired two-

tail t test and standard deviations were calculated.  

 

Table A.1. DOM molecular species percent composition, more-, and less-labile nature for 

the three carbon sources: Cotton Glacier, Pony Lake (adapted from D’Andrilli et al. 

2013), and Suwannee River determined by FT-ICR MS.  

 
 

 

Table A.2. Bacterial cell abundances for Cotton Glacier, Pony Lake, and Suwannee River 

for the four sampling points. Significant differences in cellular abundances relative to T1 

for each respective carbon source (ANOVA and unpaired two-tail t test p < 0.05) are 

highlighted in bold. 
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Figure A.1. van Krevelen diagrams for organic matter isolated from A) Cotton Glacier 

and B) IHSS Suwannee River NOM. Molecular formulae detected in all carbon sources 

(CG, Pony Lake, and SR) are shown in (C) with labeled chemical class regions 

corresponding to the boundary conditions presented in (D), which shows the chemical 

class percentages contributing to each carbon source calculated from the molecular 

formulae. 
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Figure A.2. EEMs for Cotton Glacier (CG), Pony Lake (PL), and Suwannee River  (SR) 

with normalized fluorescence intensities given in Raman units (R.U.) for the first and last 

time point where (A) CG d=0,  (B) CG d=98, (C) PL d=0, (D) PL d=98, (E) SR d=0, (F) 

SR d=98. 
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Figure A.3. Classification of LCMS detected molecular constituents.  A) Venn diagram 

depicting the number of molecular constituents with significant abundance changes 

(adjusted P<0.01) in the three carbon sources over the course of the study. B) 

Hierarchical clustering of molecular constituent fold changes (log2 transformed) over the 

early, mid, and late time ranges for Cotton Glacier (CG), Pony Lake (PL), and Suwannee 

River (SR). Bootstrapping was based on a resampling size of 10
4
, Approximately 

Unbiased (AU), and Bootstrap Probability (BP) p-value percentages are reported for each 

cluster in red and green, respectively. 

 

 

 
Figure A.4. Comparisons of the effect of lability classification on the magnitude of 

molecular constituent fold change for each carbon source over time, as measured by 

UPLC-Q-TOF MS. Error bars represent standard error of the mean. A) Cotton Glacier 

(CG) B) Pony Lake (PL) C) Suwannee River (SR).  
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APPENDIX B 

 

UNTARGETED METABOLOMICS STUDIES EMPLOYING 

NMR AND LC–MS REVEAL METABOLIC COUPLING 

BETWEEN NANOARCHEUM EQUITANS AND 

ITS ARCHAEAL HOST IGNICOCCUS HOSPITALIS 
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