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Polymicrobial infection defines a combination of microorganisms, including 

viruses, bacteria, fungi, and sometimes parasites, which are simultaneously associated 

with an infected site. While the idea of polymicrobial infections is common nowadays, 

most clinical laboratories still focus on the culturing and identification of a single 

pathogen. The biological implications attributed to these singular microbial infections are 

deceptive, especially when considering the multiple complex interactions associated with 

polymicrobial infections. This dissertation used Cystic Fibrosis (CF) as a study system 

for polymicrobial infections in the lung. CF is a genetic disease caused by mutations in 

the Cystic Fibrosis Transmembrane Regulator (CFTR) gene. CF affects multiple organs 

across the body, but pulmonary infection remains the main cause of morbidity and
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mortality. Studying CF lungs is challenging. Here a set of comprehensive methods was 

developed to simultaneously study the viral, microbial, and host genetics using 

metagenomics and metatranscriptomics approaches. Many of the bacteria found in the 

lungs of CF patients are of oral origin. Detailed genetic analyses showed that these 

bacteria adapt to the CF lungs by acquiring essential genes while losing non-essential 

ones. One example is Rothia mucilaginosa – an organism that is present in more than 

80% of San Diego patients. De novo assembly of a near-complete R. mucilaginosa 

genome showed potential physiological adaptations through the acquisition of multiple 

genes. A survey of more than 20 CF patients in San Diego revealed that every patient 

harbors a unique microbial community, suggesting that CF patients require personalized 

medicine for the treatment of their lung infections. Despite these personalized differences 

in microbial taxonomical profiles across CF patients, the functional potential across these 

different microbial communities is highly similar. The conserved functional potential in 

CF microbes allows them to carry out aerobic and anaerobic respirations, as well as 

fermentation, highlighting the importance of anaerobes in the CF lungs. CF microbes 

regulate their metabolic activities in response to perturbations. In vitro community 

culturing of CF microbes showed that the anaerobes were sensitive to antibiotics 

commonly used in CF patients and their metabolic activities could be associated with the 

patient’s health. The role and importance of CF anaerobes and their survival mechanisms 

are illustrated in this study. In summary, this dissertation provides novel insights into 

polymicrobial infections in CF lungs and demonstrates the potential and advantages of 

coupling omics and clinical approaches for the study of other complex polymicrobial 

infections.  
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CHAPTER 1 

Introduction  

Polymicrobial Infections and Cystic Fibrosis 

 

 Polymicrobial infections are infections of mixed-microbial communities resulting 

in a phenotypic disease. Microbial colonization may reflect complex interactions and 

often the cause-and-effect relationships are complicated and difficult to resolve. The 

overarching goal of this dissertation is to understand the polymicrobial interactions and 

community level mechanisms occurring within the Cystic Fibrosis (CF) lung.  

 

Current trend in the study of polymicrobial infections: Since the introduction of 

culture-independent sequence-based approaches, polymicrobial infections have seen 

increased attention in the study of infectious diseases. Early studies of microbial diseases 

relied on microscopy for the identification of the causative agent, often missing the 

complex interactions occurring within polymicrobial infections (Miller 1890). 

Polymicrobial infections are common in oral and respiratory diseases (Chen et al. 1996), 

abscesses in brain, liver, and lungs (Sibley et al. 2012), atherosclerotic plaque (Kozarov 

et al. 2005), as well as skin and soft tissue infections such as those seen in diabetes foot, 

cellulitis, and necrotic fasciitis (Sapico et al. 1984; Dryden 2010). Polymicrobial 

infections involve combined effects of microorganisms including viruses, bacteria, fungi, 

and sometimes parasites (Brogden et al. 2005). In some cases, the primary infection itself 

suppresses the host immune system resulting in increased host susceptibility to 

opportunistic and often fatal secondary infections (Slifka et al. 2003; Lawn 2004).!In!
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others, the colonization of mixed-microbes as a community can be attributed to the 

synergistic interactions between microbes or the predisposition from one microbe to 

another. Some examples of synergistic interactions between microbes in polymicrobial 

infections include plaque formation by Streptococcus oralis and Actinomyces naeslundii 

(Palmer et al. 2001), and abscesses caused by Streptococcus milleri strains and 

Fusobacterium nucleatum (Nagashima et al. 1999). Bacterial superinfections due to viral 

infection are common in otitis media (Heikkinen and Chonmaitree 2003) and respiratory 

diseases such as those involving Streptococcus pneumonia (Kash et al. 2011), 

Staphylococcus aureus (Denison et al. 2013), and Neisseria meningitidis (Raza et al. 

1999). !

 

Cystic Fibrosis (CF), a disease affecting multiple organs: CF is an autosomal 

recessive genetic disease caused by mutation in the Cystic Fibrosis Transmembrane 

Regulator (CFTR) gene (Riordan et al. 1989). To date, more than 1,800 CFTR variants 

across the 1,480 amino acids protein have been identified and associated with CF disease 

(CFTR2 database). CFTR is expressed in epithelial cells across many organs including 

the lungs, pancreas, liver, kidneys, and intestine (Jameson 1998). The CFTR protein 

functions as an anion channel regulated by cAMP-dependent phosphorylation that 

transports chloride and bicarbonate ions across the apical surface of epithelial cells 

(Anderson et al. 1991; Smith and Welsh 1992). The defective protein affects anion 

transport and fluid homeostasis on epithelial cells (Zielenski 2000; Reddy and Quinton 

2001). Meconium ileus, blockage of the small intestine by neonatal feces, was a major 

complication in newborns with CF prior to the introduction of newborn screening 
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programs. Nowadays, surgical intervention relieves the obstruction as soon as symptoms 

arise (Rescorla and Grosfeld 1993).  Pancreatic insufficiency may lead to maldigestion 

and malnutrition in CF patients. Currently, it is compensated with pancreatic enzymes 

replacement therapy (Somaraju and Solis-Moya 2015). Dysfunctional CFTR proteins at 

the apical membrane of bile duct cells also cause hepatobiliary complications in CF 

patients (Colombo 2007). Early detection and treatment have improved patient outcome 

in recent years. Among the affected organs, pulmonary diseases remains the major cause 

of morbidity and mortality in CF patients (Gibson et al. 2003). 

The progression of deadly pulmonary polymicrobial infections in Cystic Fibrosis:  

Functional defect of the CFTR proteins integrally shapes the landscape within CF lungs 

and leads to colonization by environmentally acquired opportunistic pathogens. 

Pulmonary disease in CF is characterized by polymicrobial infections (Sibley et al. 2008), 

airway mucus plugging (Fuchs et al. 1994), inefficient immune responses (Cohen and 

Prince 2012), and airway tissue remodeling. Despite aggressive treatments, CF patients 

undergo pulmonary exacerbations (CFPE). CFPE is characterized by a decline in lung 

function, as well as increased cough, and sputum production that results in airway 

scarring, eventual loss of respiratory function, and death.  

In the respiratory epithelium, lack of proper CFTR function leads to an imbalance 

in Cl- uptake (Quinton 1983), Na+ hyper-reabsorption (Boucher 2007), and reduced 

HCO3
- secretion (Quinton 2010). This leads to reduced airway fluid secretion, 

dehydration of the airway surface liquid (ASL), and results in impaired mucus clearance. 

The accumulation of thick and static mucus in the airway lumen causes plugs and 

blockages, creating an environment that allows for the colonization of opportunistic 
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pathogens (Smith et al. 1996). Defective ion exchange in CF patients also leads to lower 

ASL pH, which reduces the effectiveness of antimicrobial immune responses (Pezzulo et 

al. 2012). The combined effect of opportunistic colonization and ineffective immune 

response (Stoltz et al. 2010) causes recurrent and chronic infections, leading to a 

progressive decline in lung function.  

 

Microbiology and community complexity of Cystic Fibrosis airways: Based on 

standard microbiology culture data, Staphylococcus aureus and Haemophilus influenza 

are commonly found in younger CF patients (LiPuma 2010). As patients age, the 

communities often become dominated by Pseudomonas aeruginosa, Burkholderia 

cepacia complex, Stenotrophomonas maltophilia, and Achromobacter spp.; many of 

which are highly resistant against multiple antibiotics (LiPuma 2010; Cox et al. 2010). 

Using 16S rRNA gene analysis by microarray and high-throughput sequencing, more 

than 1,000 different taxa across ~90 genera have been associated with CF airways (Cox 

et al. 2010; Guss et al. 2011). Many of the species are environmental and oral-associated 

opportunistic pathogens, consisting of both aerobes and anaerobes. CF lungs present 

spatially structured microenvironments that range from highly oxygenated airways to 

anoxic mucus plugs (Worlitzsch et al. 2002). In CF pulmonary infections, the airways 

host a complex assemblage of opportunistic pathogens, including viruses, bacteria, and 

fungi (LiPuma 2010), which can stratify into the structured microenvironment. An 

ecological model of Climax and Attack communities introduced in 2013 by Conrad et al. 

suggests that the dynamic changes in microbial communities in CF airways formed two 

distinct functional communities (Conrad et al. 2013). The Attack community consists of 
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transient viral and microbial populations such as respiratory syncytial viruses, 

rhinoviruses, S. aureus, and H. influenza. Due to their virulent properties, infections by 

Attack communities result in strong innate immune responses that initiate airways 

remodeling and create scarring. The resultant microenvironments facilitate the formation 

of the Climax community, characterized by slow microbial growth and high resistance to 

antimicrobial compounds. The concept is in line with the observation that the diversity of 

the bacterial communities peaks at an early age and decreases with increasing age, 

corresponding with the decrease in lung function (Cox et al. 2010).  

 

Clinical microbiology and polymicrobial infections: In natural environments, no 

microbes live in isolation. The same is also true for microbes associated with the human 

body. While the idea of polymicrobial infections is well accepted, most clinical 

laboratories remain focus on growing microbes in isolation to comply with the gold 

standard diagnostic procedure as well as the antimicrobial spectrum and susceptibility 

testing procedures (Brook et al. 2013; Baron et al. 2013). Study of single isolates is 

important when studying microbial pathogenesis, the molecular and biochemical 

properties of the pathogen, and efficacy of available drugs. However, many of these 

biological properties are likely to be deceptive in polymicrobial infections (Miller 1890). 

In cases of known polymicrobial infections, multiple culture-based tests have to be 

explicitly ordered by the attending physician (Baron et al. 2013). Even though culture-

independent technologies such as polymerase chain reaction (PCR) became more 

accessible in recent years, its use is limited to commonly known pathogens (Wolk and 

Dunne 2011).  
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A peek into the following chapters: Using pulmonary infections in the CF lungs as 

a study system, this dissertation presents a model for how sequence-based culture-

independent approaches can be used to identify and characterize polymicrobial 

communities in a complex host-associated system (Chapter 2). These approaches 

discover the unique polymicrobial communities presented by individual patients and 

identify common mechanisms that may cause pulmonary exacerbation in CF patients 

(Chapter 3 and Quinn et al. 2014; Whiteson et al. 2014). Incorporating clinical data, 

Chapter 4 provides clinical insights from the metagenomic analysis of CF sputum. This 

represents the first attempt to couple clinical data with metagenomic sequencing as a 

proof of principle for personalized health and disease monitoring.  

Preliminary findings suggest that anaerobes, specifically those originating from 

oral cavities, play a significant role in disease progression within CF lungs. In Chapter 5, 

a near complete Rothia mucilaginosa genome, reconstructed through de novo assembly of 

the metagenomics reads is presented. Detailed comparison of the CF-derived genome to a 

periodontitis isolate identified several physiological adaptations of CF isolates to the CF 

lung environment. Chapter 5 explores microhabitat-specific evolution of microbes as an 

explanation for the variable outcomes in polymicrobial infections.  

A combination of metagenomics, metatranscriptomics, metabolomics, and clinical 

information led to the hypothesis that anaerobic microbial activities, specifically 

fermentation, lead to exacerbation events in CF patients. Chapter 6 presents an in vitro 

community culture model to examine the hypothesis and to study the anaerobic 

communities in CF lungs. Metagenomics, metatranscriptomics, and metabolomics were 

used to elucidate the important metabolic activities in the anaerobic communities. Finally 
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in Chapter 7, a model is presented to describe the current hypothesis of CF lung 

pathogenesis and the importance of personalized medicine in CF patients. In addition, the 

potential use of these approaches in studying other chronic polymicrobial infections is 

discussed.  

 

 

Figure 1.1: The global effect of CFTR dysfunction on multiple organs and airway 
epithelial cells. (A) Cystic Fibrosis Transmembrane Regulator (CFTR) gene is expressed 
in epithelial cells of many organs including the sweat gland, respiratory tract (salivary 
gland, nose, sinus, lung), pancreas, small intestine, colon, and kidney. (B) Airway 
epithelial surface with normal CFTR function allows constant mucus clearance that 
prevents colonization of opportunistic pathogens. (C) Defective CFTR function in CF 
airways accumulates thick and static mucus that seeds acute and chronic polymicrobial 
infection.  
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CHAPTER 2 

Purifying the impure: Sequencing metagenomes and metatranscriptomes  

from complex animal-associated samples 

 

Abstract 

The accessibility of high-throughput sequencing has revolutionized many fields of 

biology. In order to better understand host-associated viral and microbial communities, a 

comprehensive workflow for DNA and RNA extraction was developed. The workflow 

concurrently generates viral and microbial metagenomes, as well as metatranscriptomes, 

from a single sample for next-generation sequencing. The coupling of these approaches 

provides an overview of both the taxonomical characteristics and the community encoded 

functions. The presented methods use Cystic Fibrosis (CF) sputum, a problematic sample 

type, because it is exceptionally viscous and contains high amount of mucins, free 

neutrophil DNA, and other unknown contaminants. The protocols described here target 

these problems and successfully recover viral and microbial DNA with minimal human 

DNA contamination. To complement the metagenomics studies, a metatranscriptomics 

protocol was optimized to recover both microbial and host mRNA that contains relatively 

few ribosomal RNA (rRNA) sequences. An overview of the data characteristics is 

presented to serve as a reference for assessing the success of the methods. Additional CF 

sputum samples were also collected to (i) evaluate the consistency of the microbiome 

profiles across seven consecutive days within a single patient, and (ii) compare the 

consistency of metagenomic approach to a 16S ribosomal RNA gene-based sequencing. 

The results showed that daily fluctuation of microbial profiles without antibiotic!
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perturbation was minimal and the taxonomy profiles of the common CF-associated 24!

bacteria were highly similar between the 16S rDNA libraries and metagenomes generated 25!

from the hypotonic lysis (HL)-derived DNA. However, the differences between 16S 26!

rDNA taxonomical profiles generated from total DNA and HL-derived DNA suggest that 27!

hypotonic lysis and the washing steps benefit in not only removing the human-derived 28!

DNA, but also microbial-derived extracellular DNA that may misrepresent the actual 29!

microbial profiles. 30!

  31!
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Introduction  32!

Viral and microbial communities associated with the human body have been 33!

investigated extensively in the past decade through the application of sequencing 34!

technologies (Suau et al. 1999; Breitbart et al. 2002). The outcomes have led to the 35!

recognition of the importance microbes in human health and disease. The major initiative 36!

came from the human microbiome project that describes the bacteria (and some archaea) 37!

residing on human skin, and within oral cavities, airways, urogenital tract, and 38!

gastrointestinal tract (Proctor 2011). Further microbiome studies of healthy human 39!

airways through bronchoalveolar lavage (BAL) (Charlson et al. 2011; Pragman et al. 40!

2012) and nasopharyngeal swabs (Charlson et al. 2011) have shown that the lung can 41!

serve as an environmental sampling device, results in transient microbial colonization in 42!

the airways. However, the impact of microbial colonization in impaired airway surfaces 43!

can lead to severe and chronic lung infections, such as those seen in Cystic Fibrosis (CF) 44!

patients.  45!

CF is a lethal genetic disease caused by the mutation in Cystic Fibrosis 46!

Transmembrane Regulator (CFTR) gene (Kerem et al. 1989). These mutations give rise 47!

to defective CFTR proteins that in turn affect transepithelial ion transport across the 48!

apical surface of the epithelium. The disease affects multiple organ systems, but the 49!

majority of mortality and morbidity is attributable to CF lung disease (Kleven et al. 2008). 50!

The CF lung provides a unique ecosystem for microbial colonization. The defect in ion 51!

transport causes mucus to build up in the CF airways, creating microenvironments 52!

consisting of aerobic, microaerophilic, and anaerobic compartments anchored by a static 53!

nutrient-rich mucosal surface. This environment facilitates the colonization and 54!
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proliferation of microbes, including viral, bacteria, and fungi. Acute and chronic 55!

pulmonary microbial infections lead to constant but ineffective immune responses, 56!

resulting in extensive airway remodeling, loss of pulmonary capacity, and ultimately 57!

pulmonary failure.  58!

Bacterial communities associated with the CF lung have been well described 59!

using both culture-dependent and culture-independent approaches, which include using 60!

16S ribosomal RNA (rRNA) gene sequencing (Fodor et al. 2012) and shotgun 61!

metagenomics (Lim et al. 2012; Lim et al. 2014). The 16S rRNA-based approach is able 62!

to characterize a wide range of microbial species and capture broad shifts in community 63!

diversity. However, it is limited in its resolution in defining the communities 64!

(summarized in Claesson et al. 2010) and the predictions of metabolic potentials are 65!

limited to those general functions known for the taxa identified. Therefore, 16S rRNA 66!

gene sequencing methods are insufficient for the necessary taxonomic and functional 67!

analytic accuracy of the diverse microbial communities present in CF lungs. The 68!

metagenomic approach described here complements the 16S rRNA-based approach, 69!

overcomes its limitations, and enables a relatively effective way to analyze both the 70!

microbial community taxonomy and genetic contents in CF lungs. 71!

Microbial DNA isolated from animal-associated samples often contains a large 72!

amount of host DNA. CF sputum or lung tissue samples usually contain a large amount 73!

of human DNA released by neutrophils in the immune response, often greater than 99% 74!

of the total DNA (Lethem et al. 1990; Shak et al. 1990; Breitenstein et al. 1995a). 75!

Although some intact human cells may be present, most of this DNA is free in solution or 76!

adsorbed to the surface of microbes. In addition, the presence of exceptionally viscous 77!
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mucus plugs, cellular debris, and other unknown contaminants further complicate 78!

isolation of microbial cells. Several methods were tested for depleting these samples of 79!

human DNA, including percoll gradients to separate human from microbial cells (Childs 80!

and Gibbons 1988), treatment with DNase I, ethidium bromide monoazide to selectively 81!

degrade human DNA(Lee and Levin 2006), and the MolYsis kit, all with limited success. 82!

To date the most effective microbial DNA purification procedure for CF sputum has been 83!

a modification of the process described by (Breitenstein et al. 1995b). This approach, 84!

herein known as hypotonic lysis (HL) method, uses a combination of β-mercaptoethanol 85!

to reduce mucin disulfide bonds, hypotonic lysis of eukaryotic cells, and DNase I 86!

treatment of soluble DNA (Lim et al. 2012). Despite the lack of alternatives the HL 87!

method raised some concerns due to (i) possible biases resulting from unwanted lysis of 88!

microbes and (ii) whether the observed fluctuations in community composition (Lim et al. 89!

2012; Lim et al. 2014) are an artifact of variations associated with the sample processing. 90!

In addition to the generation of shogun metagenomes, we address these issues by 91!

comparing the 16S rRNA gene profiles of the total DNA and microbial DNA extracted 92!

from the HL method using the same set of sputum samples collected from a single patient 93!

across seven consecutive days.  94!

Compared to microbial communities, the characterization of viral communities 95!

associated with animals is limited (Mokili et al. 2012; Bibby 2014). The viral 96!

communities in CF airways have only been characterized minimally (Willner et al. 2009; 97!

Willner and Furlan 2010; Willner et al. 2012). The first metagenomic study 98!

characterizing the DNA of viral communities in CF airways showed that most viruses 99!

associated with CF lungs are phages (Willner et al. 2009). The metabolic potential of 100!
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phage in CF and non-CF individuals was significantly different. Specifically, the phage 101!

communities in CF individuals carried genes reflective of bacterial host adaptations to the 102!

physiology of CF airways, and bacterial virulence (Willner et al. 2009). Subsequent 103!

metagenomic studies of viruses in CF lung tissue demonstrated distinct spatial 104!

heterogeneity of viral communities between anatomical regions (Willner et al. 2012). In 105!

addition, CF lung tissue harbored the lowest viral diversity observed to date in any 106!

ecosystem (Willner et al. 2012). Most viruses identified were phages with the potential to 107!

infect CF pathogens. However, eukaryotic viruses such as herpesviruses, adenoviruses, 108!

and human papilloma viruses (HPV) were also detected. In one event, where cysts in the 109!

lung tissue were observed during dissection, more than 99% of a human papillomavirus 110!

genome was recovered, even though the patient was never diagnosed with a pulmonary 111!

papilloma or carcinoma. This indicates that the viral diversity present not only reflects the 112!

severity of tissue damage, but may also expose and explain an underlying 113!

uncharacterized disease. The protocols described here provide a simple, yet powerful way 114!

to isolate viral-like particles (VLPs) from samples that consist of large amounts of thick 115!

mucus, host and microbial cells, free DNA, as well as cell debris.  116!

Complementing metagenomics, metatranscriptomics is used to monitor the 117!

dynamics in gene expression across the microbial community and the host (Bomar et al. 118!

2011; Lim et al. 2012). In this case, both microbial and host mRNA need to be 119!

preferentially selected. Since bacterial mRNAs are not polyadenylated, an oligo-dT-based 120!

mRNA pull-down method cannot be exploited. Polyadenylation-dependent RNA 121!

amplification cannot be used in host-associated samples if the samples are known to 122!

contain large amounts of eukaryotic mRNA. Many animal-associated samples, including 123!
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CF sputum, contain a high density of cells in addition to high amounts of cellular debris 124!

and nucleases that include RNases. Therefore, another challenging task is to prevent 125!

extensive RNA degradation during metatranscriptome processing. In most cases, total 126!

RNA extracted from CF sputum is partially degraded, limiting the downstream 127!

applications and utility of the derived RNA. In recent years, several approaches for rRNA 128!

depletion have been developed and adapted in commercially available kits. The efficacy 129!

of these approaches is however limited, especially when working with partially degraded 130!

rRNA (He et al. 2010; Lim et al. 2012). The methods employed here allowed for the 131!

retrieval of partially degraded total RNA suitable for efficient downstream total rRNA 132!

removal. Direct comparison of the efficiency in rRNA removal from partially degraded 133!

total RNA comparing two different kits was illustrated by (Lim et al. 2012).  134!

Overall, the goal of this manuscript is to provide a complete set of protocols 135!

(Figure 2.1) to generate viral and microbial shotgun metagenomes, and a 136!

metatranscriptome, from a single animal-associated sample, using induced sputum 137!

sample as an example. Molecular laboratory workflow should include separate pre- and 138!

post-amplification areas to minimize cross-contamination. The methods are easily 139!

adaptable to other sample types such as tissue (Willner et al. 2012), nasopharyngeal and 140!

oropharyngeal swabs (Mokili et al. 2013), bronchoalveolar lavage (BAL) and coral 141!

(unpublished data). Each sample should be processed immediately upon collection 142!

especially when microbial metagenomics and metatranscriptomics studies are desired. If 143!

the samples were frozen, it limits the isolation of intact microbial cells for microbial 144!

metagenomes as freezing potentially disrupt the cell integrity. However, freezing does 145!

not preclude metatranscriptomics and viral isolation, but the quality of RNA and amount 146!
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of viral particles recovered may be affected through the freeze-thaw process. It is 147!

important to note that induced sputum has served as the primary source of samples in 148!

many studies associated with adult CF patients and other chronic pulmonary diseases 149!

(Henig et al. 2001; Rogers et al. 2006) as BAL can be too invasive. In our studies, 150!

sputum samples were collected with a careful and consistent sampling method, i.e. 151!

following mouthwash and rinsing of the oral cavity using sterile saline solution to keep 152!

oral microbes contamination within the sputum samples to a minimum. 153!

 154!

  155!
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 156!
Figure 2.1: Workflow for the preparation of host-associated samples, such as sputum 157!
sample, for virome, microbiome, and metatranscriptome sequencing. 158!
 159!
  160!
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Protocol 161!

Induced sputum samples were collected in accordance with the University of 162!

California Institutional Review Board (HRPP 081500) and San Diego State University 163!

Institutional Review Board (SDSU IRB#2121), by the research coordinator of the 164!

University of California, San Diego (UCSD) adult CF clinic.  165!

 166!
1. Sample collection and pre-treatment (Pre-treat samples within 30 min after 167!
collection) 168!
 169!
1.1) Prior to sample collection, label four 15 ml tubes as: (i) Viral metagenome, (ii) 170!
Microbial metagenome, (iii) Metatranscriptome, and (iv) Extra sputum. Repeat for each 171!
sample. Add 2 ml of 0.1 mm silica beads into the tube labeled “Metatranscriptome”, 172!
followed by 6 ml of guanidine isothiocyanate-based RNA lysis buffer (GITC-lysis 173!
buffer).  174!
 175!
1.2) During sample collection, use sterile saline solution (60 ml) as a mouth rinse to 176!
minimize contamination by oral microbes. Collect sputum samples over a thirty-minute 177!
time period after the inhalation of four milliliters of 7% hypertonic saline via a nebulizer. 178!
Process samples immediately, as described below.  179!
 180!
1.3) Dilute the sample to a total volume of 8 ml. 181!
 182!
1.3.1) Estimate sample volume by weighing empty sputum cup before and after sample 183!
collection. 184!
 185!
1.3.2) If the volume of sample is less than 8 ml, add appropriate amount of 0.02 µm- 186!
filtered 1X PBS to generate a total sample volume of at least 8 ml.  187!
 188!
1.3.3) Immediately homogenize the sample with a 3 ml syringe until no visible clumps 189!
remain within the sputum 190!
 191!
1.3.4) Using the same syringe, draw up 2 ml of sputum and proceed immediately to  192!
step 1.4. 193!
 194!
1.4) Preserving total RNA from sputum sample 195!
 196!
1.4.1) Inject 2 ml sputum sample from step 1.3.4 into the “Metatranscriptome” tube 197!
containing silica beads and GITC-lysis buffer. 198!
 199!
1.4.2) Close the lid and seal the tube securely with parafilm to avoid leakage. 200!
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 201!
1.4.3) Homogenize the sputum immediately at medium speed for 10 min. Depending on 202!
the vortexer available, place the tube horizontally and secure with tape if necessary.  203!
 204!
1.4.4) Keep the tube at 4 °C or in an ice box and transport to the laboratory if necessary. 205!
 206!
1.5) Using the same syringe, aliquot 2 ml of sputum each into the tubes labeled “Viral 207!
metagenome” and “Microbial metagenome” and transfer the remaining sputum from the 208!
sputum cup into the tube labeled “Extra sputum”.  209!
 210!
1.6) Store all tubes at 4 °C or ice box and transport to the laboratory if necessary.  211!
 212!
2. Generating viral metagenome 213!
 214!
2.1) Preparation of buffers and solutions 215!
 216!
2.1.1) Prepare 50 mM dithiothreitol (DTT) in advance and store at 4 °C. This is stable 217!
for 2 weeks.  218!
 219!
2.1.2) Prepare Saline Magnesium (SM) buffer (250 ml): 1 M NaCl, 10 mM MgSO4,  220!
50 mM Tris-HCL; adjust pH to 7.4. Filter sterilize (0.02 µm pore size) and store at room 221!
temperature.  222!
 223!
2.1.3) Prepare DNase I enzyme to 100 U µl-1 (in molecular grade water) from 224!
lyophilized bovine pancreas DNase I according to the activity defined by Dornase 225!
unit/mg dry weight. 226!
 227!
2.1.4) Prepare 10X DNase I buffer (50 ml): 100 mM MgCl2, 20 mM CaCl2; adjust pH to 228!
6.5. Filter sterilize (0.02 µm pore size) and store at room temperature. 229!
 230!
2.1.5) Prepare 4% paraformaldehyde.  231!
 232!
2.1.6) Prepare 200X TE Buffer: 2 M Tris-HCl (pH 8.5), 0.2 M EDTA. Filter sterilize 233!
(0.02 µm pore size) and store at room temperature. 234!
 235!
2.1.7) Prepare 10 ml of 10% Sodium Dodecyl Sulfate (SDS) using molecular grade 236!
water. 237!
 238!
2.1.8) Prepare 50 ml CTAB/NaCl (10% CTAB. 700 mM NaCl) using molecular grade 239!
water. Dissolve CTAB overnight. If precipitates persist, heat up the solution at 65 °C. 240!
Solution is highly viscous in room temperature.  241!
 242!
NOTE: The filtration of buffers using 0.02 um filter allows the removal of viral-like 243!
particles within the solution, but not free nucleic acid contamination. 244!
 245!
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2.2) Sample pre-treatment 246!
 247!
2.2.1) Prepare appropriate amount of fresh 6.5 mM dithiothreitol (DTT).  248!
 249!
2.2.2) Dilute the homogenate by adding 0.02 µm-filtered SM buffer to generate a total 250!
volume of 6 ml. 251!
 252!
2.2.3) To aid in mucus dissolution, add equal volume (6 ml) of 6.5 mM dithiothreitol 253!
(DTT) to the sample, vortex vigorously to mix and incubate for 1 hour at 37 °C. 254!
 255!
2.2.4) Vortex the treated sample vigorously and spin at 10 °C, 3,056 x g for 15-20 min.  256!
 257!
2.2.5) Collect the supernatant into a new 15 ml tube. 258!
 259!
2.2.6) Repeat step 2.2.3 to 2.2.5 for the next sample. 260!
 261!
2.2.7) Transfer and filter the supernatant with a 0.45 µm filter mounted on a syringe into 262!
a new 15 ml tube.  263!
 264!
Note: If the filter clogs, retrieve the samples from the syringe and omit the filtration step.  265!
 266!
2.2.8) Take a 100 µl subsample of the 0.45 µm – filtered sample, perform chloroform 267!
and DNase I treatment (see section 2.3.12 – 2.3.15) and add equal volume of 4% 268!
paraformaldehyde to fix the sample for epifluorescence microscopy (Figure 2.2A).  269!
 270!
2.2.9) For a “catch-all” viral particles enrichment approach (see Discussion), go to step 271!
2.3.12 to omit viral particles selection based on cesium chloride gradient 272!
ultracentrifugation. However, this may result in chloroform-resistant bacterial 273!
contamination and higher amount of host-DNA in the viral lysate. 274!

 275!
2.3) Viral-like particles (VLPs) enrichment and purification 276!

 277!
2.3.1) Prepare individual cesium chloride (CsCl) solutions by dissolving the appropriate 278!
amount of CsCl with non-filtered SM buffer to the desired density  279!
(1.7 g ml-1, 1.5 g ml-1, 1.35 g ml-1, and 1.2 g ml-1). Filter each solution through a  280!
0.02 µm filter prior to use.  281!
 282!
2.3.2) Set up CsCl gradient as shown in Figure 2.2B.  283!
 284!
2.3.3) Load 1 ml of 1.7 g ml-1 into each tube, load 1 ml of 1.5 g ml-1 into each tube, load 285!
1 ml of 1.35 g ml-1 into each tube, load 1.2 g ml-1 into each tube (optional), and finally 286!
load 6-8 ml sample into the respective tube. Mark individual layers to denote the location 287!
of each fraction.  288!
 289!
2.3.4) Balance each opposing pair of tubes to within 1 mg.  290!
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 291!
2.3.5) Carefully load each tube into the spin bucket. Spin all buckets even if they are 292!
empty. Load the spin bucket onto the rotor.  293!
 294!
2.3.6) Centrifuge at 82,844 x g at 4 °C for 2 hours.  295!

 296!
2.3.7) Following centrifugation, carefully remove the tubes from the holder without 297!
disrupting the density gradients.  298!
 299!
2.3.8) Using a 3 ml syringe with an 18 Ga needle, pierce the tube just below the  300!
1.5 g ml-1 density layer (red arrow) and pull ~ 1.5 ml into the syringe.  301!
 302!
2.3.9) Collect the upper fraction by slowly removing the needle and allowing the 303!
remaining fraction in the tube to drip into a new 15 ml tube through the puncture. Label 304!
this as “upper fraction waste”.  305!
 306!
2.3.10) Collect the 1.5 g ml-1 fraction (containing VLPs) from the syringe by ejecting the 307!
contents into two new microfuge tubes.  308!
 309!
2.3.11) Repeat step 2.3.8 – 2.3.10 for all samples.  310!
 311!
2.3.12) Add 0.2 volume of chloroform into the viral concentrate, shake vigorously, 312!
incubate at RT for 10 min, spin at max speed for 5 min, and collect the aqueous phase. 313!
 314!
2.3.13) Add 10X DNase buffer and DNase I (final concentration = 2.5 U µl-1) into the 315!
chloroform-treated viral concentrate, and incubate at 37 °C for 1.5 – 2 hours. 316!
 317!
2.3.14) Inactivate the DNase activity at 65 °C for 15 min.  318!
 319!
2.3.15) Remove 15 µl of the chloroform- and DNase I-treated viral fraction into a new 320!
tube, and add 15 µl 4% paraformaldehyde to fix the sample for epifluorescence 321!
microscopy.  322!

 323!
2.4) DNA extraction 324!
 325!
2.4.1) Pool viral concentrates from each sample into a cleaned and autoclaved 50 ml 326!
Oak Ridge high-speed centrifuge tube. 327!
 328!
2.4.2) Add the following: 0.1 volume 200X TE buffer, 10 µl 0.5 M EDTA per ml of 329!
sample, 1 volume of formamide, and 10 µl glycogen. Mix well and incubate at room 330!
temperature for 30 min. 331!
 332!
2.4.3) Using the new volumes, add 2 volumes of room temperature 100% ethanol. Mix 333!
well and incubate at 4 °C for at least 30 min.  334!
 335!
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2.4.4) Pellet DNA by spinning the tube at 17,226 x g for 20 min, at 4 °C using a SS-34 336!
rotor.  337!
 338!
2.4.5) Discard the supernatant carefully by using a serological pipette. Wash the pellet 339!
twice with ice-cold 70% ethanol. 340!
 341!
2.4.6) Remove as much liquid as possible and allow the pellet to air-dry at room 342!
temperature for 15 min.  343!
 344!
2.4.7) Resuspend the DNA pellet in 567 µl of 1X TE buffer (pH 8.0). 345!
 346!
NOTE: Allow at least 15 min for complete resuspension at room temperature. Store the 347!
resuspended DNA overnight at 4 °C until further processing.  348!
 349!
2.4.8) Transfer the entire 567 µl of resuspended DNA solution into a new 1.5 ml 350!
microfuge tube. Add 30 µl of pre-warmed 10% SDS and 3 µl of proteinase K  351!
(20 µg ml-1), mix thoroughly and incubate for 1 hour at 56 °C. Pre-warm CTAB/NaCl at 352!
65 °C.  353!
 354!
2.4.9) Add 100 µl of 5 M NaCl and mix thoroughly. Add 80 µl of pre-warmed 355!
CTAB/NaCl solution, vortex, and incubate for 10 min at 65 °C.  356!
 357!
2.4.10) Add equal volume of chloroform, vortex to mix, and spin at 16,100 x g for  358!
5 min. 359!
  360!
2.4.11) Transfer the supernatant to a new 1.5 ml microfuge tube. Add an equal volume of 361!
phenol/chloroform, vortex to mix, and spin at 16,100 x g for 5 min.  362!
 363!
2.4.12) Transfer the supernatant to a new 1.5 ml microfuge tube. Add an equal volume of 364!
chloroform, vortex to mix, and spin at 16,100 x g for 5 min.  365!
 366!
2.4.13) Transfer the supernatant to a new 1.5 ml microfuge tube. Add equal volume of 367!
isopropanol to the supernatant fraction, mix, and incubate at -20 °C for at least 30 min. 368!
 369!
2.4.14) Pellet the DNA, spin at 16,100 x g for 15 min at 4 °C. Pipette off the supernatant 370!
carefully and wash the pellet twice with ice-cold 70% ethanol. 371!
 372!
2.4.15) Perform a short spin and remove the remaining ethanol from the tube. Air dry the 373!
pellet for 15 min. 374!
 375!
2.4.16) Resuspend the DNA pellet with 50 µl of elution buffer (5 mM Tris, pH 8.5). 376!
Allow the pellet to rehydrate for at least 5 min in room temperature.  377!
 378!
2.4.17) Quantify the DNA using a high-sensitivity fluorescence-based assay. 379!

 380!
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2.5) Amplification using Phi29 polymerase (Optional) 381!
 382!
2.5.1) Prepare 2X annealing buffer: 80 mM Tris-HCl (pH 8.0), 20 mM MgCl2.  383!

 384!
2.5.2) Dilute Phi29 DNA polymerase to 5 U µl-1. 385!
 386!
2.5.3) Pre-mix sample buffer, comprised of 50 µl random hexamer primer (100 µM), 387!
125 µl 2X Annealing buffer, and 25 µl water. Aliquot and store at -20 °C.  388!
 389!
2.5.4) Pre-mix reaction buffer, comprised of 100 µl Phi29 10X buffer, 40 µl 10 mM 390!
dNTPs, and 560 µl water. Aliquot and store at -20 °C. 391!
 392!
2.5.5) Add 1 µl template DNA into 4 µl sample buffer.  393!
 394!
2.5.6) Incubate the mixture at 95 °C for 3 min and cool on ice. 395!
 396!
2.5.7) Add 14 µl of reaction buffer into the mixture from 2.4.4, mix by pipetting up and 397!

down.  398!
 399!
2.5.8) Add 1 µl of Phi29 DNA polymerase, mix by pipetting up and down, and incubate 400!
at 30 °C for 18 hours followed by 65 °C for 10 min.  401!
 402!
2.5.9) Clean up the reactions using genomic DNA columns or phenol/chloroform and 403!
ethanol precipitations.  404!
 405!
2.6) Epifluorescence Microscopy (Refer to Haas et al. 2014) for filtration system set- 406!
up) 407!
 408!
Note: Following isolation and purification, epifluorescence microscopy with nucleic acid 409!
dyes can be used to verify the presence and purity of viral particles in samples (Figure 410!
2.2A; Figure 2.2C). Free DNA in the sample can give rise to high background 411!
fluorescence. Therefore, the sample should be DNase I-treated prior to fixation and 412!
staining for micrographs.  413!

 414!
2.6.1) Prepare mount solution (0.1% ascorbic acid, 50% glycerol). Add 100 µl of 10% 415!
ascorbic acid to 4.9 ml of 1X phosphate buffered saline (PBS), mix thoroughly. Add 5 ml 416!
of 100% glycerol to the mixture, mix thoroughly and label the tube as “mount”.  417!
 418!
2.6.2) Filter mount using a 0.02 µm alumina matrix disposable syringe filter, aliquot into 419!
microfuge tubes, and store at -20 °C.  420!
 421!
2.6.3) Aliquot 100 µl of sample into a new microfuge tube and add equal volume of 4% 422!
paraformaldehyde to fix the VLPs. Incubate the mixture at room temperature for at least 423!
10 min. 424!
 425!
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2.6.4) Make up the volume to 1 ml by adding 800 µl of 0.02 µm-filtered water. Add  426!
1 µl of SYBR-Gold stain into the tube and incubate at room temperature for 10 minutes. 427!
 428!
2.6.5) Set up the filtration system by turning on the vacuum pump between -9 and -10 429!
psi (-62.1 and -68.9 kPa). 430!
 431!
2.6.6) Wash the pedestal with water and place a 0.02 µm alumina matrix filter with 432!
annular polypropylene support ring into the filter pedestal. 433!
 434!
2.6.7) Place a filter tower on top of the filter pedestal with the filter and secure with a 435!
clamp.  436!
 437!
2.6.8) Pipette the contents from the 1.5 ml microfuge tube into the filter tower, and 438!
allow a few minutes for sample to filter through. 439!
 440!
2.6.9) Leave the vacuum on while removing the filter tower and clamp.  441!
 442!
2.6.10) Label and pipette 10 µl of mount reagent into a microscopic slide. 443!
 444!
2.6.11) Carefully remove the filter from the filter pedestal and blot the bottom of the filter 445!
with a Kimwipe, then place the filter directly on top of the mount on the microscopic 446!
slide.  447!
 448!
2.6.12) Pipette another 10 µl of mount reagent onto the filter and place a coverslip over 449!
the filter.  450!

 451!
3. Generating microbial metagenome 452!
 453!
3.1) Preparation of buffers and solutions 454!
 455!
3.1.1) Prepare 50 ml of 1X DNase buffer: 50 mM NaAc, 10 mM MgCl2, 2 mM CaCl2; 456!
adjust pH to 6.5. Filter sterilize (0.22 µm) and store at room temperature.  457!
 458!
3.1.2) Prepare DNase I enzyme to 1000 U µl-1 (in molecular grade water) from 459!
lyophilized bovine pancreas DNase I according to the activity defined by Dornase 460!
unit/mg dry weight. 461!
 462!
3.1.3) Prepare 100 ml of SE buffer: 75 mM NaCl, 25 mM EDTA; adjust pH to 7.5. 463!
Filter sterilize (0.22 µm) and store at room temperature. 464!
 465!
3.2) Sample pre-treatment prior to DNA extraction 466!
 467!
3.2.1) Dilute the homogenate by adding 5 volumes of 0.22 µm-filtered 1X PBS. For 468!
example, add 10 ml of 1X PBS into 2 ml of sample.  469!
 470!
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3.2.2) Add β-mercaptoethanol to 2% (v/v) final concentration. Rock the mixture (in the 471!
chemical hood) at room temperature for 2 hours. 472!
 473!
3.2.3) Spin the sample at 10 °C and 3,056 x g for 15 min, and discard supernatant. 474!
 475!
3.2.4) Resuspend the pellet in 10 ml of molecular grade water (or 0.22 µm filtered 476!
water), and incubate at room temperature for 15 min. 477!
 478!
3.2.5) Repeat steps 3.2.3 and 3.2.4 once. 479!
 480!
3.2.6) Spin at 10 °C and 3,056 x g for 15 min, and discard supernatant. 481!
 482!
3.2.7) Resuspend the pellet in 5 ml 1X DNase buffer and add 15 µl DNase I  483!
(1,000 U µl-1) per ml of sample. 484!
 485!
3.2.8) Incubate at 37 °C with repeated mixing for 2 hours. 486!
 487!
3.2.9) Spin at 10 °C and 3,056 x g for 15 min, and discard supernatant. Resuspend the 488!
pellet in 10 ml SE buffer. 489!
 490!
3.2.10) Repeat step 3.2.9. 491!
 492!
3.2.11) Spin at 10 °C and 3,056 x g for 15 min, and discard supernatant. 493!
 494!
3.2.12) Resuspend the pellet in 2 ml SE buffer, and transfer to two microfuge tubes. 495!
 496!
3.2.13) Pellet the cells in the microfuge rubes. Spin the tubes at 16,100 x g at room 497!
temperature for 15 min. 498!
 499!
3.2.14) Remove the supernatant and extract DNA from the pelleted cells using a genomic 500!
DNA extraction kit, Gram-positive variation protocol.  501!

 502!
4. Generating metatranscriptome 503!
 504!
4.1) Sample pre-treatment 505!

 506!
4.1.1) Perform mechanical lysis of cells by bead beating in GITC-lysis buffer 507!
immediately after sample collection and homogenization. See step 1.4. 508!
 509!
4.1.2) Spin the mixture at 4 °C and 600 x g for 5 min to pellet the silica beads. 510!
 511!
4.1.3) Transfer the supernatant into a new tube. 512!
 513!
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4.1.4) Add 200 µl of chloroform for every 750 µl of GITC-lysis buffer used, shake 514!
vigorously by hand for 15 seconds, incubate at room temperature for 10 minutes, and spin 515!
at 4 °C and 3,056 x g for 15 min. During this 15 min spin, prepare for step 4.2.  516!
 517!
4.1.5) After the 15 min spin (a clear separation of aqueous phase-interphase-organic 518!
phase forms), extract the aqueous phase (without disrupting the interphase) into new 519!
RNase-free tube(s).  520!

 521!
NOTE: The aqueous phase contains the RNA. Keep the tubes on ice until the next step.  522!

 523!
4.2) Perform total RNA extraction and purification using commercially available 524!
column-based RNA purification kits or conventional isopropanol-based RNA 525!
precipitation.  526!
 527!
4.2.1) Silica column-based RNA purification 528!
 529!
4.2.1.1) Measure the total volume of the aqueous fraction obtained. 530!
 531!
4.2.1.2) Add appropriate volume of RNA-binding buffer to sample and mix well. 532!
 533!
4.2.1.3) Adjust mixture to appropriate binding condition according to 534!
manufacturer’s protocol. Mix well and do a short spin. 535!
 536!
4.2.1.4) Load the mixture into the RNA-column. For a large volume sample, use 537!
multiple loading and load each column up to 4 times. Otherwise, consider using multiple 538!
columns for each sample.  539!
 540!
4.2.1.5) Wash the column appropriately according to the manufacturer’s protocol.  541!
 542!
4.2.1.6) Elute the RNA with at least 30 µl of RNase-free water. Double-elution 543!
will slightly increase the yield of RNA. However, this will dilute the RNA concentration. 544!
 545!
4.2.1.7) Measure the RNA concentration and proceed directly to DNase I 546!
treatment. Use the Bioanalyzer to check the quality of the RNA (recommended). 547!

 548!
4.2.2) RNA precipitation  549!
 550!
4.2.2.1) Add an equal volume of isopropanol (e.g., 500 µl of isopropanol into  551!
500 µl of aqueous fraction) and 2 µl of 10 µg µl-1 RNase-free glycogen to the sample. 552!
 553!
4.2.2.2) Incubate the mixture at room temperature for 10 min. 554!
 555!
4.2.2.3) Spin at 12,000 x g and 4 °C for 15 min. 556!
 557!
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4.2.2.4) Carefully remove the supernatant, add 1 ml of RNase-free 75% ethanol. 558!
Spin the mixture at 7,500 x g and 4 °C for 5 min to make sure the pellet is intact. 559!
 560!
4.2.2.5) Carefully remove the ethanol. 561!
 562!
4.2.2.6) Repeat steps 4.2.2.4 and 4.2.2.5 once.  563!
 564!
4.2.2.7) Air dry the pellet for 10 min.  565!
 566!
4.2.2.8) Rehydrate the pellet in 50 µl of RNase-free water, incubate at 55 °C for  567!
5 min and proceed directly to DNase treatment. Use the Bioanalyzer to check the quality 568!
of the RNA (Recommended). 569!
 570!
4.2.2.9) Store RNA in aliquots at -20 °C, or -80 °C for long-term storage.  571!
 572!

  573!
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 574!
 575!
Figure 2.2: Cesium chloride density gradients ultracentrifugation facilitate the 576!
elimination of extracellular DNA and large particles (A), and allow for optimal isolation 577!
of viral-like particles from CF sputum. One milliliter of each gradient is layered on top of 578!
each other prior to loading the pre-treated sample (B). Following particles isolation and 579!
purification, epifluorescence microscopy with nucleic acid dyes such as SYBR Gold are 580!
used to verify the presence and purity of viral particles in samples. Clear viral-like 581!
particles (C; white arrow) were observed following the density gradient separation of CF 582!
sputum sample.!  583!
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Results 584!

Viral Metagenomes 585!

CF sputum is exceptionally viscous and contains a high amount of mucin and free 586!

DNA (Figure 2.2A); the density gradient ultracentrifugation facilitates the elimination of 587!

host-derived DNA (Figure 2.2B). The results from a previous study (Lim et al. 2012) 588!

showing eight viromes generated from the presented workflow are summarized here 589!

(Table 2.1). Seven samples (CF1-D, CF1-E, CF1-F, CF4-B, CF4-C, CF5-A, and CF5-B; 590!

Table 2.1) were processed as described in Section 2. The generated viromes contained 591!

little (0.02% - 3.7%) human-derived sequences with only one exception (70%). CF4-A 592!

was omitted from the density gradient ultracentrifugation step (CF4-A) and the virome 593!

generated from this specific sample contained >97% human-derived sequences (Table 594!

2.1). Figure 2 shows an example of the epifluorescence microscopy image of a typical CF 595!

sputum sample before (Figure 2.2A) and after (Figure 2.2C) density gradient 596!

ultracentrifugation of a typical CF sputum sample. Clear viral-like particles (VLPs) were 597!

observed in the micrographs without large particles following the density gradient 598!

separation. After VLPs DNA extraction, bacterial contamination is often tested using 16S 599!

rDNA amplification prior to the sequencing of VLPs DNA.  600!

 601!

  602!
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Microbial Metagenomes 604!

Seven sputum samples presented here were collected from a single CF patient 605!

across seven consecutive days. The patient started on oral antibiotic (Ciprofloxacin and 606!

Doxycycline) on Day 3 after the sputum was collected. The volume of each sputum 607!

sample collected from this patient was 15 ml throughout the seven days; therefore, PBS 608!

was not added to the sample. The goal of this sampling event was to evaluate the 609!

protocols presented in this workflow by (i) evaluating the daily fluctuation of microbial 610!

community structure, and (ii) compare the microbial community structure and resolution 611!

between metagenomics and 16S rDNA sequencing. Therefore, total DNA and HL-DNA 612!

were extracted from each sample.  613!

The HL-DNA concentration of each sputum sample following DNA extraction is 614!

presented in Table 2.2. The total yield of HL-DNA ranged from 210 ng to > 5 µg based. 615!

Illumina sequencing libraries were generated with a total starting material of 1 ng for 616!

each sample (Figure 2.3). The characteristics of the metagenomics data are presented in 617!

Table 2.2. All but one library yielded more than 1 million sequences and more than 85% 618!

high quality sequences were retained upon data preprocessing using the PRINSEQ 619!

(Schmieder and Edwards 2011a) software. All datasets were first preprocessed to remove 620!

duplicates and sequences of low quality (minimum quality score of 25), followed by 621!

further screening and removal of human-derived sequences using DeconSeq (Schmieder 622!

and Edwards 2011b). The amount of human-derived sequence contamination is highly 623!

dependent on the sample properties. Here, the total amount of human-derived sequences 624!

ranged from 14% – 46% (Table 2.2). The preprocessed sequences were then annotated 625!
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using the Metaphlan (Segata et al. 2012) pipeline as well as MG-RAST (Meyer et al. 626!

2008) server.  627!

 628!

 629!

 630!
Figure 2.3: Example of the size distribution of Nextera XT libraries generated from 1 ng 631!
of HL-DNA that resulted in CF sputum microbiomes. Library normalization, pooling, 632!
and loading amount was done as described in the manufacturer protocol without any 633!
deviation.  634!
 635!

 636!

In addition to metagenomes, 16S rDNA amplicon libraries were generated from 637!

both the total DNA and HL-DNA via primers targeting approximately 300 bp of the V1- 638!

V2 variable region in the 16S rRNA gene (Hara et al. 2012; Markle et al. 2013). PCR 639!

products from individual samples were normalized and pooled for sequencing using the 640!

Illumina 500-cycle paired-end sequencing performed on the MiSeq platform. Paired-end 641!

16S rDNA amplicon sequences were sorted by sample via barcodes using a python script 642!

and the paired reads were assembled using phrap (Ewing et al. 1998; Ewing and Green 643!
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1998). Assembled sequence ends were trimmed until the average quality score was ≥ 20 644!

using a 5 nt window. Potential chimeras were then removed using Uchime (Edgar et al. 645!

2011) against a chimera-free subset of the SILVA (Quast et al. 2013) reference sequences. 646!

Taxanomy was assigned to the high quality reads with SINA (Pruesse et al. 2012) 647!

(version 1.2.11) using the 418,497 bacterial sequences from the SILVA(Quast et al. 648!

2013) database. Sequences with identical taxonomic assignments were clustered to 649!

produce Operational Taxonomic Units (OTUs). This process generated 1,655,278 650!

sequences for 16 samples (average size: 103,455 sequences/sample; min: 72,603; max: 651!

127,113). The median Goods coverage score, a measure of completeness of sequencing, 652!

was ≥ 99.9%. The software package Explicet (Robertson et al. 2013) (v2.9.4, 653!

www.explicet.org) was used for analysis and figure generation. Alpha-diversity (intra- 654!

sample) and beta-diversity (inter-sample) were calculated in Explicet at the rarefaction 655!

point of 72,603 sequences with 100 bootstrap re-samplings.  656!

The first question targeted by this study was whether hypotonic lysis 657!

preferentially selects for (i.e., preferentially retains or lyses) particular groups of 658!

microbes. After the first hypotonic lysis, re-suspended pelleted cells were subsampled 659!

from the first two samples (CF1-1A* and CF1-2A*) to compare with the same samples 660!

after the second hypotonic lysis (CF1-1A and CF1-2A). All samples were treated equally, 661!

i.e., treated with DNase I prior to DNA extraction, followed by DNA extraction and the 662!

sequencing pipeline. As shown in Figure 2.4, the microbial profiles of the subsamples are 663!

highly similar to the samples after two hypotonic lysis treatments. In addition, the second 664!

hypotonic lysis increases the fraction of non-human sequences by 6%-17% within the 665!

metagenomes (Table 2.2).  666!
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 667!

 668!

 669!
Figure 2.4: Taxonomic analysis of the microbial communities in nine samples collected 670!
longitudinally from one CF patient. (A) Microbial profiles based on the metagenomic 671!
libraries generated from hypotonic lysis method-based DNA. The species assignment was 672!
based on the Metaphlan pipeline following data preprocessing that remove duplicates and 673!
sequences with low quality and human sequence homology. In order to show that two- 674!
steps hypotonic lysis did not preferentially selects for particular groups of microbes, 675!
subsamples (*) after the first hypotonic lysis were included. (B) Microbial profiles based 676!
on the V1V2 region of 16S rRNA gene sequencing from total DNA (T) and hypotonic 677!
lysis method-based DNA (HL). These data have not been previously published.  678!
 679!

  680!

(A)!

(B)!
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Table 2.2: Characteristics of microbiomes generated from sputum samples using 681!
presented workflow. The DNA concentration of each sample in 100 µl elution buffer (5 682!
mM Tris/HCl, pH 8.5) and the characteristics of sequence data are presented. A total of 1 683!
ng was used to generate individual library using the Nextera XT library preparation kit. 684!
 685!

Sample 
Concentration Total 

Yield 
Total No. 

Reads 
Total No. 

Reads  
Non-Human 

Sequences 

(ng/µl) (ng) (Rawa) (Processedb) (%) 

CF1-1A* 2.3 230 1,098,454 937,688 
691,541 

74% 

CF1-1 13 1,300 2,212,756 1,958,910 
1,574,520 

80% 

CF1-2A* 2.1 210 672,878 588,106 
407,530 

69% 

CF1-2 5.2 520 1,944,012 1,697,010 
1,455,174 

86% 

CF1-3 28.8 2,880 1,048,304 896,756 
560,852 

63% 

CF1-4 24.1 2,410 1,154,922 984,702 
621,098 

63% 

CF1-5 33.6 3,360 1,029,622 888,630 
481,548 

54% 

CF1-6 43.2 4,320 1,434,016 1,256,504 
725,858 

58% 

CF1-7 57.8 5,780 1,000,174 872,036 
565,376 

65% 

 686!
* 1 ml of sample was subsampled from CF1-1 and CF1-2 following the first hypotonic lysis step 687!
(Step 3.2.4) before the second hypotonic lysis procedure. The cells were spun down as described 688!
in 3.2.6 and proceed through the remaining protocol without any modification.  689!
a Unprocessed Illumina reads from a 2 X 300 bp MiSeq sequencing run. 690!
b Reads were assessed, trimmed, and removed based on quality and length as described in the 691!
discussion.  692!
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To test for differences in microbial composition between metagenomic- and 16S 693!

rDNA-based profiling, and for changes before and after hypotonic lysis that might 694!

explain the differences previously seen between our studies and others, bacterial 16S 695!

rDNA sequencing libraries were generated from both the total DNA and HL-derived 696!

DNA (Figure 2.4B). At genus level, the taxonomy profiles of the common CF-associated 697!

bacteria such as Pseudomonas, Stenotrophomonas, Prevotella, Veillonella, and 698!

Streptococcus were highly similar between the 16S rDNA libraries and metagenomes 699!

generated from the HL-derived DNA. However, Rothia detection in the 16S rDNA 700!

libraries was not as abundant as with the metagenomic libraries. When comparing the 701!

16S rDNA taxonomical profiles generated from total DNA and HL-derived DNA, 702!

Pseudomonas was differentially represented in the total DNA compared to the HL- 703!

derived DNA starting from Day 3.  704!

 705!

Metatranscriptomes 706!

Typically, the total RNA extracted from CF sputum is partially degraded and the 707!

size ranges from 25 - 4000 bps (Figure 2.5A and Figure 2.5C). Here, the representative 708!

results presented was previously published in (Lim et al. 2012). The fraction of rRNA 709!

within the non-depleted metatranscriptomes ranges from 27 – 83%, and the relative 710!

abundance of rRNA varied across samples (Table 2.3; data extracted from Lim et al.(Lim 711!

et al. 2012)). However, depletion with Ribo-Zero kit decreased the rRNAs relative 712!

abundance of rRNA to 1 – 5% with the exception of sample CF1-F. The variation in the 713!

effectiveness of rRNA removal could reflect the quality of extracted RNA, or differences 714!

in the microbial community present and hence the accessibility of rRNAs for probes 715!
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hybridization (Lim et al. 2012). The electropherograms of a successful (Figure 2.5B) and 716!

unsuccessful (Figure 2.5D) rRNA removal procedure using the Ribo-Zero rRNA removal 717!

kit differ, at which rRNA peaks are visible in the unsuccessful removal.  718!

The size range of cDNA libraries generated often reflects the size range of the 719!

starting RNA sample. The cDNA libraries presented here were generated with a whole 720!

transcriptome amplification kit (WTA2) upon rRNA depletion followed by Roche-454 721!

sequencing library preparation (Lim et al. 2012). The cDNA generated contain fragments 722!

ranging from 50 - 4,000 bps (Figure 2.5E-F) and is highly consistent across samples (Lim 723!

et al. 2012). The availability of other platform-specific RNA-Seq library preparation kits 724!

currently provide more alternative options for one to combine cDNA synthesis and 725!

sequencing library preparation in optimum conditions. One recommended option to date 726!

is the ScriptSeq Complete Gold Kit combining rRNA removal reagents recommended 727!

above and RNA-Seq library preparation kit.  728!

 729!
  730!
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 732!

 733!
Figure 2.5: Examples of Agilent 2100 Bioanalyzer electropherograms of RNA (A-D) 734!
and cDNA (E-F) generated for the metatranscriptomic libraries, using RNA pico and 735!
high-sensitivity dsDNA chips respectively. (A) and (C) show the examples of 736!
electropherograms before rRNA removal procedures. The electropherograms of a 737!
successful (B) and unsuccessful (D) rRNA removal procedure using total rRNA Removal 738!
kit differ slightly, at which rRNA peaks are visible in the unsuccessful removal. The size 739!
range of cDNA (E-F) generated using the whole-transcriptome amplification kit (Sigma- 740!
Aldrich) is similar to the size range of the starting rRNA-depleted RNA, and highly 741!
consistent across the two different samples. 742!
 743!
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Discussion 745!

Viral metagenomics 746!

Viral particles are concentrated using polyethylene glycol (PEG) precipitation or 747!

small volume concentrators. In some cases, concentration may not be needed, but pre- 748!

filtration or low speed centrifugation steps are used to remove eukaryotic and microbial 749!

cells. Viral lysates will be further enriched and purified using density gradient 750!

ultracentrifugation (Thurber et al. 2009; Lim et al. 2012) or small size filters (e.g., 0.45 751!

µm) to remove eukaryotic and large microbial cells (Mokili et al. 2013). Density gradient 752!

ultracentrifugation is typically performed with dense but inert solutions such as sucrose 753!

or cesium chloride to isolate and concentrate viral particles (Thurber et al. 2009). 754!

Physical separation is based on the size and buoyant density of viral particles. Therefore, 755!

proper choice of filter pore size and the rigorous preparation of gradients are essential to 756!

isolate specific viral communities, as the success of the physical recovery of VLPs 757!

determines the community isolated (Thurber et al. 2009) (i.e., viral particles that do not 758!

pass through the filter or fall within the extraction density will not be detected in the 759!

metagenome). After viral isolation and concentration, there may be contaminating non- 760!

viral genomic material present in the sample both in the form of free nucleic acids and 761!

microbial and eukaryotic cells. Therefore, it is critical to verify the purity of viral 762!

particles in samples (Figure 2.1A-2.1B). A chloroform treatment is commonly used to 763!

lyse remaining cells, followed by nuclease treatment to degrade free nucleic acids prior to 764!

nucleic acid extraction.  765!

 766!
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A caveat to the presented workflow was the use of density gradient separation to 767!

isolate viral particles as it may exclude enveloped viral particles that may be too buoyant 768!

to enter the CsCl gradient. An alternative “catch-all” method is to omit the density 769!

gradient separation and isolate the community DNA from the 0.45 µm – filtrates treated 770!

with chloroform and DNase I. This approach is also appropriate to accommodate small 771!

sample volumes such as those from swabs or blood plasma. However, this may result in 772!

chloroform-resistant bacterial contamination and higher amount of DNase I-resistant 773!

extracellular DNA.  774!

Current sequencing protocols require 1 ng to 1 µg of nucleic acids for sequencing 775!

library preparation whereby higher DNA yields provide a wider choice of sequencing 776!

options. The DNA concentration of generated viromes often ranges from below the 777!

detection limit to more than 200 ng µl-1. The amount of viral nucleic acids recovered 778!

may be insufficient for direct sequencing library preparation. In such cases, nucleic acid 779!

amplification is essential. Linker amplification shotgun libraries (LASLs) (Breitbart et al. 780!

2002; Henn et al. 2010; Duhaime et al. 2012) and whole genome amplification based on 781!

multiple displacement amplification (MDA) are the two methods most commonly used to 782!

generate sufficient DNA for sequencing. MDA methods such as those based on Phi29 783!

DNA polymerase are known to suffer from amplification biases, and may preferentially 784!

amplify ssDNA and circular DNA, resulting in non-quantitative taxonomical and 785!

functional characterization (Yilmaz et al. 2010; Kim and Bae 2011). An optimized 786!

version of the LASLs approach has been shown to introduce only minimal biases, 787!

promotes higher sensitivity (for small amounts of starting material), and is easily adapted 788!

for different sequencing platforms (Duhaime et al. 2012). However, the approach has 789!
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many steps, requires specialized equipment to minimize DNA loss, and is limited to 790!

dsDNA templates. In our laboratory, this approach has been successfully adapted to 791!

amplify detectable and undetectable amount of DNA extracted from bronchoalveolar 792!

lavage-, coral- and sea water-derived VLPs (unpublished and Hurwitz et al. 2013).  793!

Developing data analysis pipelines has classically been one of the most 794!

challenging aspects of viral metagenomics analysis due to the highly diverse and largely 795!

unknown nature of the viral communities. While there are an estimated 108 viral 796!

genotypes in the biosphere, to date current viral databases contain ~ 4000 viral genomes, 797!

which is about 1/100,000th of this approximate total viral diversity. Therefore, similarity- 798!

based searches (such as BLAST (Altschul et al. 1990)) for taxonomic and functional 799!

assignment in viral metagenomes possess inherent challenges. Many sequences fail to 800!

have significant similarities to genomes in the database, and therefore, are classified as 801!

unknown. Even though homology-based searches are the most important applications for 802!

assigning taxonomy and function to sequence data, alternative approaches based on 803!

database-independent analysis have been developed (Angly et al. 2005; Angly et al. 804!

2009; Dutilh et al. 2012). (Fancello et al. 2012) provide a complete review of 805!

computational tools and algorithms used in viral metagenomics.  806!

 807!

Microbial metagenomics 808!

 Typically, the total amount of DNA extracted from hypotonic lysis-treated 809!

microbial communities (HL-DNA) range from 20 ng to 5 µg. The yield is highly 810!

dependent on the patient’s health status and the amount of sputum sample collected, 811!

which explains the variations seen in the total yield of HL-DNA extracted in this study 812!
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(Table 2.2). The critical steps to generate good quality sequence data rely on the quality 813!

of sequencing libraries generated. Figure 2.2 shows a typical size range for the 814!

sequencing libraries generated from CF sputum-derived microbial DNA using an 815!

enzymatic-based DNA fragmentation procedure. The optimal library size is dependent on 816!

the choice of sequencing platform and application, and therefore, the fragmentation 817!

procedure can be optimized, if necessary, through alternative approaches such as 818!

sonication and nebulization. In addition to the presented representative results, the 819!

success of the presented method on CF sputum collected from multiple patients across 820!

multiple time points is also illustrated in (Lim et al. 2012) and (Lim et al. 2014).  821!

Previous studies (Lim et al. 2012; Lim et al. 2014) suggest that every patient 822!

harbors a unique set of microbial community that shifts over time, thereby reflecting the 823!

persistence of the major players within the community while fluctuations are likely due to 824!

perturbations such as antibiotic treatments. Whether these fluctuations occur daily even 825!

without external perturbations or due to sampling procedure and sample processing, is 826!

still in question. Based on the HL-DNA metagenomic and 16S rDNA amplicon analysis, 827!

the 7-day longitudinal sampling shows that the daily fluctuation of microbial profiles 828!

without antibiotic perturbation (Day 1, 2, and 3) was minimal (Figure 2.3A-2.3B). Upon 829!

introduction of oral antibiotics immediately after the Day 3 sampling, changes in the 830!

community profile became apparent on Day 4. While the antibiotic ciprofloxacin targets 831!

a broad spectrum of known bacterial pathogens such as P. aeruginosa, Staphylococcus 832!

aureus, and Streptococcus pneumonia, the treatment increased the relative abundance of 833!

P. aeruginosa while decreasing the Streptococcus spp. and P. melaninogenica. By Day 6, 834!

the community slowly recovered to the initial starting community structure. The results 835!
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suggest that fluctuations of microbial profiles within a single patient are more likely due 836!

to community perturbations in the airways.  837!

Given the consistency between the microbial profiles of 16S rDNA libraries and 838!

metagenomes from HL-derived DNA, we ruled out the biases originating from the 16S 839!

rRNA primers used in this study. One possible explanation for the differences seen across 840!

16S rDNA taxonomical profiles generated from total DNA and HL-derived DNA (Figure 841!

2.3B) may be the presence of high amounts of Pseudomonas spp. extracellular DNA after 842!

the antibiotic treatment. This is supported by the findings that these differences were 843!

most apparent at Day 7, three days after the antibiotics treatment, which targets 844!

Pseudomonas spp. in addition to others. Ciprofloxacin is commonly used as the first-line 845!

treatment in patients with CF and chronic P. aeruginosa infection even though its 846!

spectrum of activity includes most CF-associated pathogens. We hypothesized that the 847!

antibiotic treatment eradicates susceptible communities including Streptococcus spp. and 848!

hence creating a niche filled by resistant P. aeruginosa. Pseudomonas aeruginosa may 849!

gain resistance through increasing its biofilm communities and extracellular DNA has 850!

been shown to be the main structural support of its biofilm architecture (Allesen-Holm et 851!

al. 2006). Even as the community structure recovered, extracellular DNA may have 852!

remained in the CF sputum. Therefore, these data suggest that hypotonic lysis and the 853!

washing steps presented in this workflow potentially benefit in not only removing the 854!

human-derived DNA, but also microbial-derived extracellular DNA that may 855!

misrepresent the actual microbial profiles.  856!

857!



!

!

49 

Metatranscriptomics 858!

A high quality metatranscriptome should contain relatively few ribosomal RNA 859!

(rRNA) sequences and represent an unbiased sampling of the community transcripts 860!

(mRNA). Due to the short half-life and limited amount of mRNA, it is critical that the 861!

protocol, as presented here, minimizes sample handling to maximize the number of 862!

transcripts recovered.  863!

In recent years, several approaches for rRNA depletion have been developed and 864!

adapted in commercially available kits. These include MICROBEnrich, Ribo-Zero, and 865!

sample-specific subtractive hybridizations (Stewart et al. 2010) that are based on 866!

oligonucleotide hybridization, and the mRNA-ONLY kit that is based on exonuclease 867!

enzymatic activity targeting RNA containing a 5’ monophosphate. In addition, several 868!

approaches for mRNA enrichments such as the MessageAmp II-Bacteria Kit that 869!

preferentially polyadenylates and amplifies linear RNA are also available. Some of these 870!

methods (e.g., mRNA-ONLY, MICROBExpress and the MessageAmp) are used 871!

concurrently for optimal efficiency. However, the efficacy of all of these approaches are 872!

limited, especially when working with partially degraded rRNA, as often observed in 873!

total RNA extracted from CF samples. Polyadenylation-dependent RNA amplification 874!

cannot be used to generate metatranscriptomes consisting of both eukaryotic and 875!

prokaryotic mRNA. In addition, the poly(A) tail added to the sequences may reduces the 876!

amount of useful sequence data. Regions with homopolymer stretches will tend to have 877!

lower quality scores, causing a significant number of reads to be filtered out by 878!

sequencing and post-sequencing software, and the average useful read length after 879!

trimming off poly (A) tails will be reduced significantly (Frias-Lopez et al. 2008).  880!
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Dealing with complex CF microbial communities and partially degraded RNA 881!

(Figure 2.4A and Figure 2.4C), our previous study showed that the hybridization-capture 882!

method by the Ribo-Zero Gold kit was more effective in removing both human and 883!

microbial rRNA compared to the combine treatments using other kits (Lim et al. 2012) 884!

(Table 2.3). The resultant data allows concurrent analysis of both human host and 885!

microbial transcripts. Depending on the yield and quality of RNA, as well as ultimate 886!

choice of sequencing platform, many of these processes including cDNA synthesis can be 887!

streamlined with sequencing library generation. For example, Ribo-Zero treated RNA can 888!

be used to make metatranscriptome sequencing libraries using ScriptSeq RNA-Seq 889!

Library Preparation kit. 890!

Metagenomic analysis of animal-associated communities provides a 891!

comprehensive representation of the overall functional entity that includes the host and its 892!

associated communities. The workflow presented here is adaptable to a variety of 893!

complex animal-associated samples, especially those that contain thick mucus, high 894!

amounts of cell debris, extracellular DNA, protein and glycoprotein complexes, as well 895!

as host cells in addition to the desired viral and microbial particles. Even though viral and 896!

microbial particles may be lost at every step, particles isolation and purification are 897!

essential to minimize the amount of host DNA. While the metagenomics data provides 898!

metabolic potentials of the communities examined, metatranscriptomics complement this 899!

by revealing the differential expression of encoded functions (Lim et al. 2012). A 900!

comprehensive assessment of the genomics and transcripts data has yielded new insights 901!

to the dynamics of community interactions and facilitates the development of improving 902!

therapies (Lim et al. 2012; Lim et al. 2013; Lim et al. 2014).  903!
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CHAPTER 3 

Metagenomics and metatranscriptomics:  

Windows on CF-associated viral and microbial communities 

 

Abstract 

Samples collected from CF patient airways often contain large amounts of host-

derived nucleic acids that interfere with recovery and purification of microbial and viral 

nucleic acids. This study describes metagenomic and metatranscriptomic methods that 

address these issues. Microbial and viral metagenomes, and microbial 

metatranscriptomes, were successfully prepared from sputum samples from five adult CF 

patients. Contaminating host DNA was dramatically reduced in the metagenomes. Each 

CF patient presented a unique microbiome; in some Pseudomonas aeruginosa was 

replaced by other opportunistic bacteria. Even though the taxonomic composition of the 

microbiomes are very different, the metabolic potentials encoded by the community are 

very similar. The viral communities were dominated by phages that infect major CF 

pathogens. The metatranscriptomes reveal differential expression of encoded metabolic 

potential with changing health status. Microbial and viral metagenomics combined with 

microbial transcriptomics characterize the dynamic polymicrobial communities found in 

CF airways, revealing both the taxa present and their current metabolic activities. These 

approaches can facilitate the development of individualized treatment plans and novel 

therapeutic approaches.!
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Introduction 

In the lungs of cystic fibrosis (CF)  patients, the defective cystic fibrosis 

transmembrane regulator (CFTR) protein affects transepithelial ion transport, 

consequently hindering the normal airway clearance mechanisms(Boucher 2002; Riordan 

2008).(Riordan 2008)(Riordan 2008) The resultant static mucoid environment is 

colonized by a dynamic and complex community of microbes, viruses, and fungi 

(reviewed in LiPuma 2010).  

While standard microbial culture techniques had identified the key pathogens, 

more recent culture-independent approaches based on 16S rRNA gene sequencing 

revealed a much wider range of microbial species associated with CF lungs (Rogers et al. 

2004; Harris et al. 2007; Bittar et al. 2008; Cox et al. 2010; Guss et al. 2011; Zhao et al. 

2012).  However, 16S rRNA-based methods are limited in taxonomic resolution and are 

subject to biases (summarized in Claesson et al. 2010); their predictions of metabolic 

activities are confined to those general functions known for the taxa, thus overlooking 

potentially important strain-specific variants. Metagenomics can overcome those 

limitations. 

The metagenomic approach has been used to study viruses in human-associated 

environments such as blood (Breitbart and Rohwer 2005), feces (Breitbart et al. 2003; 

Zhang et al. 2006; Nakamura et al. 2009), and the lungs (Willner et al. 2009). It has also 

been successfully used to characterize the viral communities in sputum samples from CF 

and non-CF individuals (Willner et al. 2009). The presence of phages in CF airways is of 

particular relevance for clinical treatment, as environmental stress from the CF mucus 
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and frequent antibiotic treatment is known to enhance phage mobility and promote the 

phage-mediated spread of antibiotic resistance genes in CF lungs (Rolain et al. 2009; 

Fothergill et al. 2011). 

 On the other hand, it is challenging to generate microbial metagenomes from CF 

samples. One reason for this is that microbial DNA isolated from CF sputum or lung 

tissue samples usually contains a large amount of human DNA, often greater than 99% of 

the total DNA recovered (Lethem et al. 1990; Shak et al. 1990; Breitenstein et al. 1995). 

Although some intact human cells may be present in the original sample, most of the 

contaminating DNA is extracellular and adsorbed to the surface of microbes, making 

isolation of pure microbial DNA particularly difficult.  

 Complementing metagenomics, metatranscriptomics characterizes the microbial 

genes expressed in an environment and can monitor shifts in their transcription or 

stability in response to perturbations, e.g., antibiotic treatments in CF patients. This 

approach has been used to investigate microbial community metabolism in marine 

(Poretsky et al. 2009; Hewson et al. 2010; McCarren et al. 2010) and soil (Leininger et al. 

2006; Urich et al. 2008) environments, but its application to host-associated microbes has 

been limited to a few instances (Wittekindt et al. 2010; Gosalbes et al. 2011) due to 

technical challenges (Supplementary Table 3.1). One such challenge is that messenger 

RNAs (mRNAs) account for only ~5% of total cellular RNA. Various rRNA depletion 

methods have been developed to enrich samples for mRNA (Supplementary Table 3,2). 

Concurrent application of multiple methods (e.g., mRNA-ONLYTM, MICROBExpressTM 

and MessageAmpTM) can remove more of the rRNA in some instances, but efficacy 

remains limited, especially when working with partially degraded rRNA (He et al. 2010).  
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 Metatranscriptomics of host-associated communities is particularly difficult. 

Amplification of the microbial RNA by methods that utilize synthetic polyadenylation is 

not applicable for samples that contain large amounts of eukaryotic mRNA. The 

appended poly-A tails reduce the amount of useful sequence data, especially when 

pyrosequencing technologies such as Roche/454 (Margulies et al. 2005) are used. Due to 

the short half-life and small quantity of mRNA, sample filtration and manipulation with 

buffer should be avoided prior to RNA extraction. This inevitably causes an increase in 

host RNA contamination when dealing with host-associated microbial samples. In the 

recent microbial metatranscriptomic study of mule deer lymph nodes by (Wittekindt et al. 

2010), 99.3% of the taxonomically assigned reads were host-derived and <0.01 % were 

microbial.  

 Here we describe protocols to generate viral and microbial metagenomes, as well 

as microbial metatranscriptomes, from fresh CF sputum using 454 GS FLX Titanium 

pyrosequencing (Figure 3.1). These methods target and enrich for viral and microbial 

DNA, as well as microbial mRNA, while minimizing contamination with host nucleic 

acids. This is the first study to simultaneously survey the microbiome, virome, and 

community metatranscriptome in any ecosystem. 
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Figure 3.1: Workflow for the preparation of CF sputum samples for microbiome, virome, 
and metatranscriptome sequencing. 
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Materials and Methods  

Note: A detailed standard protocol describing each step can be downloaded from 

www.coralandphage.org or www.jove.com (See Chapter 1)  

Sample collection:  Eight sputum samples were collected from five CF volunteers 

(CF1 through CF5) at the Adult CF Clinic (San Diego, CA, United States) by 

expectoration into a sterile cup, with the exception of sample CF4-A that was a tracheal 

aspirate. All collection was in accordance with the University of California Institutional 

Review Board (HRPP 081500) and San Diego State University Institutional Review 

Board (SDSU IRB#2121). Clinical status at the time of collection was designated as on 

treatment (during systemic antibiotic treatment), exacerbation (prior to systemic 

antibiotic treatment), post treatment (upon completion of antibiotic treatment) or stable 

(when clinically stable and at their clinical and physiological baseline). Each sample was 

syringe-homogenized and divided into aliquots for metagenomic and metatranscriptomic 

analyses, culturing, and storage.  

Virome protocol:  (Supplementary Note 1) Dithiothreitol was added to the diluted 

sputum to aid mucus dissolution. Viral particles were purified by cesium chloride (CsCl) 

density gradient ultracentrifugation as described in Thurber et al. (2009)(Thurber et al. 

2009). For one sample (CF4-A), the density gradient purification step was omitted for 

comparison. Viral DNA was extracted using CTAB/phenol:chloroform, and amplified 

with Phi29 DNA polymerase.  
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Microbiome protocol:  (Supplementary Note 1) Sputum samples were treated 

with β-mercaptoethanol to disrupt mucus. Pelleted bacterial cells were repeatedly washed 

and centrifuged, then treated with DNase to remove human DNA.  

Microbial metatranscriptome protocol:  (Supplementary Note 1) Microbial cells 

in the sputum aliquots were mechanically lysed by vortexing with zirconia beads in 

TRIzol® LS (Life Technologies, NY). RNA was extracted using the Zymo Clean & 

ConcentratorTM 25 kit (Zymo Research, Irvine, CA) with the small RNA removal 

protocol variation and treated with RNase-free DNase I (Ambion, Life Technologies: 

Grant Island, NY).  

cDNA was generated using the WTA-2 kit (Sigma-Aldrich). The effect of 

nebulization on transcript length was assessed as described in Supplementary Note 2. 

Similarly, two rRNA depletion methods were tested: (i) the ‘Ambion’ method, i.e.,  

MICROBEnrichTM and MICROBExpressTM, that removes bacterial rRNA as well as 

human rRNA and mRNA; and (ii) the Ribo-ZeroTM method, i.e., Ribo-ZeroTM rRNA 

Removal kit (Epidemiology version) (Epicentre, an Illumina company, Madison, WI) that 

removes bacterial and human rRNA.  

Sequencing and data preprocessing/analysis:  All samples were sequenced using 

the GS-FLX Titanium chemistry system. Primer tags in WTA amplified samples were 

removed using TagCleaner (Schmieder et al. 2010). All datasets were preprocessed to 

remove duplicates and reads of low quality using PRINSEQ (Schmieder and Edwards 

2011a) (Supplementary Note 1). Metagenomic datasets were further screened and 

human-derived reads were removed using DeconSeq (Schmieder and Edwards 2011b).  
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 The preprocessed metagenomes were annotated using BLASTn against the NCBI 

nucleotide database. Sequences assigned to the phylum Chordata and to vector or 

synthetic sequences were identified and removed. Virome sequences were then compared 

against an in-house boutique viral database containing 4,019 unique complete viral 

genomes using tBLASTx and normalized viral abundances were calculated. In the 

preprocessed metatranscriptomes, rRNA-like and non-rRNA reads were identified using 

BLASTn against the SILVA database (Pruesse et al. 2007). Non-rRNA reads were 

annotated using BLASTx against the NCBI non-redundant protein database. For details 

of database generation and content, normalization, as well as BLAST parameters, see 

Supplementary Note 1. 

Taxonomic assignments:  The best hit was assigned to the alignment with the 

highest coverage, identity, and score values. Query sequences with no BLAST hits above 

the defined threshold were designated as unassigned. The diversity of microbiomes was 

calculated based on the number of bacterial species identified in the datasets 

(Supplementary Note 1). 

Metabolic pathways:  Sequences from the metagenomes and metatranscriptomes 

(excluding all Chordata, vector, and synthetic sequences) were compared against the 

KEGG protein database using BLASTx. (The CF1-A metatranscriptome was omitted due 

to insufficient data.) For each pathway, the best hits and their abundances were identified 

and normalized using HUMAnN (Abubucker et al. 2012) . Normalized pathway 

abundance values were used to calculate similarities between samples based on random 

forests (Breiman 2001) and to partition the samples by Partitioning Around Medoids 

(PAM) clustering (Kaufman and Rousseeuw 2008).  



! 66 

Data accessibility:  Sequence data was deposited in the NCBI Short Read Archive (SRA) 

with accession numbers SRP007749, SRP009392, and SRP009438. 
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Results and Discussion 

This is the first study to describe a comprehensive workflow (Figure 3.1) for the 

generation of viromes, microbiomes, and microbial metatranscriptomes from any 

environment. The coupling of metagenomic and metatranscriptomic approaches provides 

an overview of both who is there and what they are doing, i.e., community taxonomy 

combined with the community’s encoded and expressed functional diversity. For this 

work, viral metagenomes (viromes), microbial metagenomes (microbiomes), and 

microbial metatranscriptomes were generated from twelve fresh sputum samples that had 

been collected from five adult CF patients (Table 3.1).  
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Table 3.1: Results summary for all viromes, microbiomes, and metatranscriptomes. 

a Based on tBLASTx against viral genome database (threshold of 40% identity over at least 60% 
of the query sequence).  
b Observation by epifluorescence microscopy of the viral fraction collected following cesium 
chloride density gradient centrifugation.  
c Sample collected by filtration through 0.45 µm filter without cesium chloride density gradient 
ultracentrifugation.  
d Following rRNA depletion by the Ambion kits.  
e Following rRNA depletion by the Ribo-ZeroTM (Epidemiology) kit.  
f Sample not available.  

Patient 
ID 

Time 
Point 

Date of 
Collection 

Health 
Status 

Metagenomes Metatranscriptomes 

Microbial  
 

% (Microbial 
sequences) 

Viral  
 
    % Viral sequencesa 

VLPs Observedb 

Microbial 

 
% (non-rRNA 
sequences) 

CF1 A 09/02/2010 Stable N/Af N/Af 10.7% d 
(738) 

 B 10/18/2010 Stable N/Af N/Af 30.3% d 

(41,789) 

 C 11/12/2010 On 
Treatment N/Af N/Af 30.6% d 

(38,532) 

 D 02/11/2011 Exacerbati
on 

9% 
(14,691) 

6.59% 
Yes 

95.4%e 

(1,900) 

 E 02/24/2011 On 
Treatment 

58% 
(67,780) 

31.99% 
Yes N/Af 

 F 03/14/2011 Post 
Treatment 

79% 
(40,825) 

6.07% 
No 

31.6% e 

(7,971) 
       

CF2 A 11/10/2010 On 
Treatment N/Af N/Af 87.6% d 

(68,976) 

CF3 A 11/10/2010 On 
Treatment N/Af N/Af 89.6% d 

(93,375) 

CF4 A 01/22/2011 Exacerbati
on 

2% 
(3,834) 

0.90%c 

No 
86.8% d 

(59,394) 

 B 02/01/2011 Post 
Treatment 

0.2% 
(405) 

6.77% 
No 

99.1% e 

(32,446) 

 C 03/20/2011 Stable 23% 
(41,636) 

1.93% 
No 

95.1% e 

(34,411) 
       

CF5 A 10/07/2011 Exacerbati
on 

2% 
(1,034) 

 
3.00% 

Yes 
N/Af 

 
B 10/21/2011 Post 

Treatment 
1% 

(247) 
3.78% 

Yes N/Af 
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Viruses in CF sputum: The metagenomic approach was successfully used 

previously to characterize viruses in CF lungs (Willner et al. 2009). In this study, viromes 

were generated from eight sputum samples obtained from three CF patients (Table 3.1, 

Supplementary Table 3.3). Two methods for purifying virus-like particles (VLPs) from 

sputum were compared. Seven samples were purified by filtration and cesium chloride 

density gradient ultracentrifugation, followed by chloroform and DNase I treatment. This 

procedure yielded viromes that contained little (0.02% – 3.7%) host-derived sequence 

(with one exception due possibly to its exceptionally high amount of mucins and free 

DNA, thus more viscous sputum; Supplementary Table 3.3). Omission of the density 

gradient ultracentrifugation step for the eighth sample (see Methods) resulted in a virome 

with 97% host-derived sequence. Cesium chloride density gradient centrifugation, 

previously shown to recover the majority of known phages (25) remains the method of 

choice for reducing host contamination when isolating viruses from complex samples 

such as CF sputum.  

Analysis of the seven cesium chloride density-purified viromes using tBLASTx 

against the viral genome database identified more than 450 viral genotypes with each 

virome containing 319 – 456 genotypes (except CF4-C that contained only eight; Figure 

3.2a). Unknowns accounted for 49% to >99% of the total reads in most of the viromes 

(Supplementary Table 3.3), which is typical for viral metagenomes (Willner et al. 2009). 

The exceptions were those samples highly contaminated by host sequences (CF4-A and 

CF4-C; Figure 3.2a). The high number of “unknown” sequences implies the presence of 

novel viruses that cannot be identified by database similarity, as had been found in 

previous studies (Breitbart and Rohwer 2005; Willner et al. 2009).  
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 The majority of the viruses identified were phage, predominantly those that infect 

known CF pathogens. Their predicted bacterial hosts were tallied and the top 21 were 

used to construct predicted host range profiles (Figure 3.2a). The profiles were highly 

similar between patients, and even more so for multiple samples from the same patient. 

They were dominated by phages that infect major CF pathogens such as Streptococcus, 

Burkholderia, Mycobacterium, Enterobacteria, and Pseudomonas genera. Streptococcus 

phage (particularly Dp-1) were found in high abundance in the samples with the greatest 

abundance (>30%) of Streptococcus spp. (i.e., CF1-D and CF1-E; Figure 3.4a).  

Streptococcus phage Dp-1 had been first isolated in 1975 from patients presenting 

with upper respiratory symptoms and was described as a virulent phage (McDonnell et al. 

1975). Here tBLASTx analysis detected phage Dp-1 genes for DNA replication and 

packaging, host-receptor recognition, tail and capsid structural proteins, and host lysis 

(endolysin). The endolysin suggests possible top-down control of the Streptococcus spp. 

by lytic phage predation in these patients (Rodríguez-Cerrato et al. 2007).  

When reads from the CF1-E virome were mapped against the Dp-1 reference 

genome (GI:327198314), high depth of coverage was observed for a Dp-1 genome 

fragment in a 3 kbp region that codes for an antireceptor and a minor structural protein 

(Figure 3.2b). Similarly, high coverage of regions of the Acinetobacter sp. SUN 

resistance plasmid pRAY was also observed in three samples (CF1-E, CF5-A, and CF5-

B), including regions encoding a domain of the Abi-2 superfamily (proteins that confer 

resistance to phage infection) and mobilization proteins (Figure 3.2c). Finding these short 

sequences from these two genomes highly enriched in the viromes implies that they must 

be present in many other genomes, as well, likely the result of active horizontal gene 
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transfer (HGT) in CF lungs. HGT is an important mechanism by which microbes evolve 

and adapt to the CF lung environment (Qiu et al. 2009), and phage can potentially 

facilitate this process.  

The archaeal virus BJ1 (GI: 119756985) was identified in every virome—the first 

finding of an archaeal virus in the lungs. The hypersaline surface liquid in CF airways 

may be ecologically similar to the hypersaline lake in Inner Mongolia where the virus 

was isolated (Pagaling et al. 2007). Archaea were identified in low abundance in one 

microbiome (CF4-C; <0.1%) and all metatranscriptomes (<1%; data not shown), 

suggesting that they could play a role in the CF lung ecosystem. However, since more 

than 71% of the predicted ORFs for this archaeal virus show no similarity to any known 

genes, its genome sequence provides no clues as to what that role might be.  

Eukaryotic DNA viruses in CF individuals have been shown to be dominated by a 

few viral genomes (Willner et al. 2009) that could potentially cause persistent infections, 

exacerbations, tumorigenesis, and poor clinical outcomes (Winnie and Cowan 1992; van 

Ewijk et al. 2008; Klein et al. 2009).  The eukaryotic viruses identified in a previous 

study of the lungs of CF patients included torque teno virus (TTV), retroviruses, and 

human herpesviruses (Willner et al. 2009). In the current study, eukaryotic viruses, 

including human herpesviruses and retroviruses, were found in all samples 

(Supplementary Table 3.4), with torque teno viruses in high abundance in one sample 

(CF1-D).   

Because RNA viruses are involved in the majority of respiratory infections, a 

filtration-based method was used to isolate RNA viruses from CF sputum (data not 
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shown). However, this method was unable to recover identifiable RNA viruses, likely 

due their low abundances and technical challenges in their isolation.  
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Figure 3.2: Taxonomic analysis of CF viromes. A. Putative host range profiles for phage 
communities. Each bar represents the sum of the normalized abundance values for all 
phage genotypes with the same putative bacterial host. Only the top 21 hosts are shown. 
B. Nucleotide-level alignment of CF1-E virome sequences against a region of the 
Streptococcus phage Dp-1 genome. Depth&of&coverage&was&based&on&90%&nucleotide&
identity.&C. Coverage plot of Acinetobacter sp. SUN resistance plasmid pRAY recovered 
from CF1-E and CF5-A. 
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Microbes in CF sputum: When characterizing a microbial community, 

metagenomics surpasses a 16S rRNA-based approach in that it (1) frequently permits 

high-confidence species-level taxonomic assignment; (2) allows prediction of specialized 

functional capabilities of the adapted community, rather than inferring function from 

taxonomy; and (3) avoids the bias inherent in the selection of any universal target for 

PCR amplification. However, preparations of ‘microbial’ DNA derived from CF sputum 

or lung tissue are typically dominated by human DNA that was extracellular or adsorbed 

to the microbes. Several standard methods, including separation of human and microbial 

cells by percoll gradients (Childs and Gibbons 1988), treatment with DNase I, selective 

degradation of human DNA by ethidium bromide monoazide (Lee and Levin 2006), and 

use of the MolYsis kit (Molzym Life Science), have failed to reduce human DNA in CF 

samples (personal communications). In this study, the most effective procedure was 

found to be a modification of the method described by Breitenstein et al. 

(1995)(Breitenstein et al. 1995) that employs a combination of β-mercaptoethanol to 

reduce biofilm disulfide bonds, hypotonic lysis of eukaryotic cells, and DNase I treatment 

of soluble DNA (Supplementary Figure 3.1; Supplementary Table 3.5). Sufficient 

microbial DNA was extracted by this procedure to make amplification prior to 

sequencing unnecessary, thus avoiding potential amplification bias.  

The amount of human contamination (13% – 97% of total preprocessed reads) 

was highly dependent on the sample properties.  Samples collected from patients during 

exacerbations might be expected to contain higher levels of host DNA due to greater 

inflammation and neutrophil activity than those collected during and immediately 

following treatment. However, our metagenomic data showed no significant correlation 
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between the fraction of host DNA and a patient’s health status even though the amount of 

host DNA varies markedly among the metagenomes.  

With high-throughput pyrosequencing, even a relatively small proportion of non-host 

sequence data can be sufficient to provide significant information. After the removal of 

eukaryotic reads, the microbiomes contained >75% bacterial reads (Table 3.1) and 2% – 

12% unknowns, with the remainder being artificial and cloning vectors or synthetic 

constructs (Supplementary Table 3.5). The number of bacterial species identified, 

including aerobes and anaerobes, ranged from 24 to 256 (Supplementary Table 3.6).  

Each patient presented a unique microbial profile (Figure 3.3a). The predominant 

groups persisted across the time points assayed but the relative abundance varied with 

exacerbations and antibiotic treatments. This suggests complex community dynamics in 

which the predominant groups adapt and persist, while others come and go in response to 

antibiotic treatment or other perturbations.  

CF4 presented a classic CF lung microbiome where P. aeruginosa was one of the 

main players at all time points. In contrast, CF1 was colonized mainly by Rothia 

mucilaginosa and Streptococcus spp. during exacerbation. Effective treatments decreased 

R. mucilaginosa, thereby increasing the proportion of P. aeruginosa. The Rothia 

dentocariosa that colonized CF5 during exacerbations was eliminated by treatments, and 

the patient was subsequently colonized by Pseudomonas fluorescence instead of the 

common CF pathogen, P. aeruginosa. The microbiome profiles also showed that P. 

aeruginosa can be replaced as the main player by other opportunistic bacteria from the 

environment, as evidenced here by the colonization of (i) CF5, a landscape architect, by 

soil-dwelling P. fluorescens instead of the more common CF pathogen, P. aeruginosa, 
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and (ii) CF1 by the oral flora R. mucilaginosa (Figure 3.3a).  By going beyond the 

traditional tracking of particular recognized CF pathogens, metagenomics offers the 

possibility of personalized clinical treatment plans. 

In some situations, metagenomics can yield in-depth genomic analysis 

(Narasingarao et al. 2012; Iverson et al. 2012). In this study, the CF1-E microbiome 

provided 7.8X average coverage over 93.56% of the genome of the most abundant 

species, R. mucilaginosa. Mapping of short reads against the reference genome DY-18 

(GI: 283133067) (Figure 3.3b) revealed only 41 gaps that were >1,000 bp. Of those gaps, 

almost 20% were located in non-coding regions, 20% in regions annotated as 

hypothetical proteins, and the rest in genes of known function (Supplementary Table 3.7). 

In-depth analysis and interpretation of the genomic changes will be presented elsewhere 

(Chapter 5).  
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Figure 3.3: Taxonomic analysis of the microbial communities in three CF patients across 
multiple time points. A. Species-level comparisons between microbiomes. Identification 
was based on unique best hits using BLASTn against the NCBI nucleotide database. All 
species shown from the same genus are assigned similar colors. B. Sequence coverage of 
the Rothia mucilaginosa DY-18 genome by reads from the CF1-E microbiome. C. 
Genus-level comparisons between microbiomes and metatranscriptomes. (The CF4-A 
taxonomy is not shown here because an rRNA removal kit was used during 
metatranscriptome preparation.) 
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Evaluation of microbial metatranscriptome preparation: A high quality 

metatranscriptome contains relatively few rRNA reads and an unbiased sampling of 

RNAs of various lengths. Nebulization, the first step during preparation of a sequencing 

library, is a potential source of transcript size-induced bias since the size of our cDNA 

ranged from 50 to 4,000 bp (Supplementary Figure 3.2). While nebulization of high 

molecular weight DNA creates random fragments, application to lower molecular weight 

cDNA may result in non-uniform coverage or the loss of short transcripts (Torres et al. 

2008). 

Here, the effect of nebulization on transcript length was tested on four samples 

(Supplementary Note 1). There was no difference in the relative translated protein length 

profiles with and without nebulization (Supplementary Figure 3.3). The median translated 

polypeptide length (345 – 412 amino acids; Supplementary Table 3.8) is in the high range 

of previously described microbial protein lengths (Brocchieri and Karlin 2005), possibly 

due to the use of the small RNA removal protocol in the RNA Clean & ConcentratorTM 

kit (Zymo).  

 Nebulization also did not affect the relative proportion of rRNA-like and non-

rRNA reads, although the proportion of rRNA varied from patient to patient (9.4% to 

70.8%; Figure 3.4a). A reduced rRNA fraction was often associated with an increased 

proportion of eukaryote and unidentified reads.  

Effective mRNA enrichment by rRNA removal using subtractive hybridization 

(e.g., the MICROBEnrichTM from Ambion) had been previously demonstrated on 

synthetic microbial communities (He et al. 2010). However, efficacy depended on the 

integrity of the RNA and community composition. Here, four samples (CF1-D, CF1-F, 
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CF4-B, and CF4-C) were used to compare two hybridization-based commercial rRNA 

removal kits. Each sample was divided into three aliquots for alternative treatments: (A) 

MICROBEnrichTM + MICROBExpressTM (Ambion); (E) Early access version of Ribo-

ZeroTM rRNA removal kit - Epidemiology (Epicentre); and (N) No treatment. In total, 

these twelve metatranscriptomes yielded 425,523 reads (105 Mbp), 48 – 77% of which 

were retained after data preprocessing (average read length = 252 bp). 

 With either treatment, the proportion of rRNA was reduced significantly for CF1-

D but minimally for CF1-F (Figure 3.4b, Supplementary Table 3.9). Of the two treatment 

methods, the Ribo-ZeroTM is more effective in eukaryotic rRNA removal as evidenced by 

CF4-B and CF4-C. In these samples that contained a larger proportion of eukaryotic 

reads, the Ribo-ZeroTM treatment removed 96% and 90% of the rRNA, while the Ambion 

treatments increased the relative rRNA content. 

 Notably these rRNA removal methods were markedly less effective for sample 

CF1-F. Even with Ribo-ZeroTM, the most effective for all other samples, the treatment 

yielded only a 5% reduction in total rRNA. This inter-sample variation in rRNA removal 

could reflect differences in the microbial community present, the quality of extracted 

RNA, the accessibility of rRNAs for probe hybridization, and/or the degree of homology 

between the designed rRNA probes and the unknown community members.  

Use of either rRNA depletion treatment precludes subsequent rRNA-based 

analysis of the sample because both methods distort the apparent relative abundances of 

microbial taxa (Supplementary Figure 3.4). Bias was apparent for all samples except 

CF1-F; neither rRNA depletion method had significant effect on that sample. 

 



! 80 

 

 

Figure 3.4: Evaluation of the effects of nebulization and rRNA depletion on the relative 
amounts of rRNA and non-rRNA in metatranscriptomes. (a) Effects of nebulization. All 
samples were treated by the Ambion rRNA depletion kits. (b) Comparison of rRNA 
depletion methods. “Ambion” method uses a combination of MICROBEnrichTM + 
MICROBExpressTM; “Epicentre” method uses Ribo-ZeroTM rRNA Removal kit 
(Epidemiology version).   

 

Microbial taxonomy three ways: Three methods were used to determine the 

relative abundances of the microbial genera present within a patient sample: (1) 

annotation of microbiomes; (2) 16S rRNA-based annotation of metatranscriptomes; and 

(3) annotation of metatranscriptomes based on encoded protein sequences. The marked 

differences observed among the three (Figure 3.3c) indicate that some community 

members are more transcriptionally active, thus contribute more to community 

metabolism than their relative numbers would predict. This is further evidenced by 

functional characterization (see below). 
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Community Metabolic Profiles: Whereas metagenomics surveys the functional 

capabilities encoded by members of the microbial commmunity, adding 

metatranscriptomic data provides insights into the current metabolic activities, insights 

that can assist in tailoring an effective treatment. To compare these approaches, the 

viromes, microbiomes, and metatranscriptomes were functionally annotated using the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A total of 216 metabolic 

pathways and 212 modules (collection of functional units) were identified. 

Multidimensional scaling (MDS) and clustering of all datasets based on the normalized 

abundance value (see Methods) yielded three distinct groups, thus showing that a 

different view of community metabolism can be obtained from each method (Figure 3.5). 

The results demonstrate the internal consistency of each method. The few exceptions 

were (i) the clustering of the CF4-C metatranscriptome with the microbiomes; (ii) the 

clustering of the CF4-B and CF5-B microbiomes with the metatranscriptomes attributable 

to the low number of reads; (iii) the CF4-A virome, purified without the gradient 

utracentrifugation, appearing as an outlier in the virome cluster.  

 Overall, the metabolic profiles derived from the microbiomes were the most 

similar between patients as well as between time points for each patient (Supplementary 

Figure 3.5), indicating a shared pool of metabolic genes required for survival in the CF 

environment. The greatest variation, likely reflecting specialized adaptations within the 

viral and microbial communities, is seen in the principal component analysis (PCA) plot 

(Supplementary Figure 3.6).  
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Figure 3.5: Comparison of KEGG metabolic pathways identified in viromes, 
microbiomes, and metatranscriptomes as shown by multidimensional scaling (MDS). 
Grouping by Partitioning Around Medoids (PAM) clustering placed all samples in the 
appropriate cluster with the exception of the CF4-C metatranscriptome. CF1-A was 
omitted from both analyses due to insufficient data. 
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Clinical implications: The picture of dynamic and diverse polymicrobial 

communities presented here deviates from classic CF clinical profiles derived from 

culturing, thereby challenging one-size-fits-all treatment regimes. For example, current 

treatments targeting the classic CF pathogen, P. aeruginosa, would not be effective 

against P. fluorescence, R. mucilaginosa, or R. dentocariosa—all of which were 

abundant in these microbiomes. The ability to identify the resident viruses and microbes 

that could potentially trigger exacerbation events makes effective individual treatment 

plans a possibility, including intervention based on predicted disease progression. 

Ongoing surveillance can monitor inter-patient transmission and inform infection control 

measures. In addition, shifting the focus from pathogen taxonomy to the community 

metabolisms associated with periods of stability and exacerbation opens the door to novel 

therapeutic approaches that change the airway environment to favor less pathogenic 

communities. 
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Summary 
 

The combination of metagenomic and metatranscriptomic approaches 

demonstrated here can provide insight into the complex and dynamic interations between 

the host and both the microbial and viral communities present in CF lungs.  

• The methods described successfully recover viral DNA, microbial DNA, and 

microbial mRNA from CF sputum, while minimizing contamination with host 

nucleic acids.  

• Of the viruses identified in the virome reads, most are phage that infect major CF 

pathogens. These likely include vectors for clinically-significant microbe-microbe 

horizontal gene transfer. However, the majority of virome reads are “unknown,” 

thus potentially novel viruses.  

• To identify the microbes present, the microbiomes were annotated using BLASTn 

against the NCBI nucleotide database. Each CF patient possessed a unique 

microbial profile that shifted over time and sometimes reflected the acquisition of 

persistent opportunistic bacteria from the environment. High genome coverage for 

the most abundant species allowed in-depth genomic analysis.  

• The third concurrent approach, microbial metatranscriptomics, monitors the active 

community metabolism, as opposed to the metabolic potential encoded in the 

genomes. Of the three measures, the metatranscriptomes showed the greatest 

variation between patients and over time, thus is best able to capture the dynamic 

nature of these complex communities. 
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Appendix for Chapter 3 

Supplementary Notes 

Supplementary Note 1: Methods and bioinformatics for data pre-processing and analysis 

Sample description, collection and processing: Each sample was given a unique 

patient ID (CF<number>) followed by the time point when the sample was collected 

(represented by a letter, <A-Z>). Sample properties, e.g., “viscosity” and volume, varied 

with the differing health status of the patients. The initial sputum volume ranged from 2 

to 6 ml, varying between patients and across time points. Sputum samples were collected 

in the clinic during the patient’s visit. Patient clinical status at that time was designated 

by the clinician based on the commonly used Fuch’s criteria, lung function tests, and the 

patient’s reported outcome. The volume of the sputum was measured and an appropriate 

volume of 1X Phosphate Buffered Solution (PBS) was added to make the volume up to at 

least 6 ml. The sample was then syringe-homogenized and split into 5 aliquots for 

metagenomic (2) and metatranscriptomic (1) studies, culturing (1), and storage (1). 

Immediately after homogenization, each homogenate for microbial metatranscriptomic 

study was transferred to a 15 ml falcon tube containing 1 volume of 0.1 mm zirconia 

beads and 3 volumes of Trizol LS and was immediately vortexed for 10 minutes at 

medium speed to mechanically lyse microbial cells while maintaining the RNA intact. 

All samples were then transported on ice to the lab. Sputum samples were processed 

within two hours of collection for CF1-CF3, and within 30 minutes for the other samples. 

Samples and corresponding metagenomes and metatranscriptomes: The 

generation of microbial metagenomes and community metatranscriptomes requires fresh 
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CF sputum. Initially, samples CF1-A, CF1-B, CF1-C, CF2, and CF3 were collected to 

test only the metatranscriptomics approach, whereas CF5 samples were collected before 

the metatranscriptomic approach was developed. Therefore, there were no appropriate 

remaining sample aliquots available for constructing the corresponding metagenomes or 

metatranscriptomes for these samples (Table 3.1).   

Virome protocol:  The sputum homogenate aliquot was diluted with suspension 

medium (SM) buffer (1M NaCl, 10 mM MgSO4, 50 mM Tris-HCL pH 7.4) to at least 6 

ml. An equal volume of 6.5 mM dithiothreitol was added and incubated for 1 h at 37 °C 

to aid mucus dissolution. The sample was centrifuged at 3,800×g for 15 min at 10 °C to 

pellet cells and debris. The supernatant was collected and syringe filtered through a 0.45 

micron filter (Milipore, Billerica, MA). Viral particles were purified using cesium 

chloride (CsCl) gradient ultracentrifugation as described in (Thurber et al. 2009). The 

sample was added onto a cesium chloride density step gradient (1.7 g/ml, 1.5 g/ml, and 

1.35 g/ml), and spun at 22,000 x g at 4 °C for 2 hours. The 1.5 g/ml density layer was 

then collected and examined by epifluorescence microscopy to verify the presence of 

virus-like particles (VLPs) and the absence of microbial and eukaryotic cells. For one of 

the eight samples (CF4-A), the cesium chloride density gradient purification step was 

omitted for comparison.  

 10X DNase buffer (500 mM NaAc, 100 mM MgCl2, 20 mM CaCl2, pH6.5) and 

2.5 unit DNase I (Sigma-Aldrich: St. Louis, MO) was added per µl of sample and the 

mixture was incubated for 2 h at 37 °C. The reaction was terminated by incubation at 65 
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°C for 15 minutes. Viral DNA was extracted using CTAB/phenol:chloroform, and 

amplified using multiple displacement amplification with Phi29 DNA polymerase.  

Microbiome protocol:  Sputum sample aliquots were diluted 1:5 with PBS, and β-

mercaptoethanol was added to a final concentration of 2% (v/v). This mixture was 

incubated on a rocking platform at room temperature for 2 h, then centrifuged at 3800×g 

for 15 min at 10 °C. The pellets were resuspended in 10 ml deionized water, held at room 

temperature for 15 min, and centrifuged as above. This step was repeated, and then the 

pellets were resuspended in 10 ml DNase buffer (50 mM Na acetate, 10 mM MgCl2, 2 

mM CaCl2, pH 6.5). DNase I was added to a final concentration of 15,000 U/ml, and the 

suspensions were incubated at 37 °C for 2 hrs. After centrifugation, the pellets were 

resuspended in 10 ml SE buffer (75 mM NaCl, 25 mM EDTA, pH 7.5) and centrifuged as 

above. This step was repeated, and the final pellet was resuspended in ~500 µl SE. DNA 

was extracted from this cell suspension with the Nucleospin® Tissue kit (Macherey-

Nagel, Düren, Germany), using the Gram-positive protocol variation.  

Microbial metatranscriptome protocol:  Sputum sample aliquots were 

immediately transferred to 15 ml falcon tubes containing 1 volume of 0.1 mm zirconia 

beads (BioSpec, Bartlesville, OK) and 3 volumes of TRIzol® LS reagent (Life 

Technologies, Grant Island, NY) and vortexed for 10 min at medium speed to 

mechanically lyse microbial cells but leave the RNA intact. The lysed homogenate was 

spun for 2 min at 500×g at 4 °C to pellet the zirconia beads. RNA extraction from the 

supernatant was performed using the Zymo Clean & ConcentratorTM 25 kit (Zymo 

Research, Irvine, CA), using the small RNA removal protocol variation. Following 
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extraction, RNA was treated with RNase-free DNase I (Ambion, Life Technologies: 

Grant Island, NY).  

RNA and cDNA quality and quantity: The quality and quantity of the total RNA 

were assessed by measurement on the NanoDrop-1000 Spectrophotometer (NanoDrop 

Technologies, Wilmington, DE) and the Agilent Bioanalyzer using the Agilent RNA 

6000 Pico kit. The quality and length of the cDNA were assessed using the Agilent 

Bioanalyzer with the Agilent DNA 7500 kit. 

Detailed protocol: Detailed standard protocols was published in the Journal of 

Visualized Experiment (JoVE) and Chapter 1. The protocols include initial sample pre-

processing and pre-treatment prior to microbial cell and virus enrichment. Due to the 

large files describing every method, and possible deviations from the standard operating 

procedure, the website allows researcher to choose the sample type and procedure to be 

done, and automatically generates an appropriate corresponding workflow.  

Bioinformatics: All samples were sequenced using the GS-FLX Titanium 

chemistry system. Multiplexed SFF sequence data files were separated according to their 

unique identifiers, and FASTA formatted sequences and corresponding quality scores 

were extracted using the GS-SFF tools software package (Roche: Brandord, CT). 

(i) Data Preprocessing 

All datasets were preprocessed using PRINSEQ(Schmieder and Edwards 2011a) to 

remove low quality reads, reads shorter than 60 bp, duplicate reads, and low complexity 

reads. The command used was: 
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perl prinseq-lite.pl -verbose -log -fastq file.fastq -derep 1245 -lc_method entropy -

lc_threshold 50 -trim_qual_right 15 -trim_qual_left 15 -trim_qual_type mean -

trim_qual_rule lt -trim_qual_rule lt -trim_qual_window 2 -trim_tail_left 5 -

trim_tail_right 5 -min_len 60 -min_qual_mean 15 -ns_max_p 1 -rm_header 

 

Viral and microbial metagenomes were further processed using DeconSeq(Schmieder 

and Edwards 2011b) to remove all human-like sequences with at least 90% query length 

coverage and 90% identity. This was done using the web version available at 

http://edwards.sdsu.edu/deconseq  

Reference Databases: The rRNA reference database (hereafter rRNAdb) was 

constructed from bacterial, archaeal and eukaryotic sequences in the SILVA SSURef and 

LSURef databases(Pruesse et al. 2007). The truncated FASTA files 

(*_tax_silva_trunc.fasta.tgz) were downloaded from http://www.arb-silva.de/ (data 

release 108). The sequences were filtered for exact duplicate entries for a given organism 

ID to reduce redundancy. The remaining 584,956 LSU and SSU sequences were 

combined into the rRNAdb database and formatted for BLAST searches using the 

formatdb command. The taxonomy information for sequences in the rRNAdb was 

retrieved from the FASTA file headers. The SILVA taxonomy differed from the NCBI 

taxonomy due to incorrect annotations in their submissions (such as Oryza sativa 

classified sequences that were of bacterial origin). 

The NCBI non-redundant protein (hereafter NR) database (version Feb 14, 2012) was 

downloaded from the NCBI FTP server: ftp://ftp.ncbi.nih.gov/blast/db/ 



! 97 

The NCBI non-redundant nucleotide (hereafter NT) database (version Feb 14, 2012) was 

downloaded from the NCBI FTP server: ftp://ftp.ncbi.nih.gov/blast/db/ 

The viral database (created Feb 23, 2012) includes: 4,019 unique viral genomes 

downloaded from the NCBI FTP server: ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/ and 

ftp://ftp.ncbi.nih.gov/refseq/release/viral/ 

(ii) Database searches 

Database searches were performed using the BLAST program. Unless specified, the 

default command-line options were used. Fine-tuning of the options based on the 

characteristics of the input data may yield better performance and/or results. Analysis of 

the BLAST output was performed using in-house Perl scripts. BLAST version 2.2.24 was 

downloaded from: ftp://ftp.ncbi.nih.gov/blast/executables/release/LATEST/ 

(iii) Data Analysis 

Annotation of the metagenomes and metatranscriptomes: rRNA-like and non-rRNA 

reads were identified in the preprocessed metatranscriptomes using BLASTn against the 

SILVA database (threshold of 50% query coverage and 75% alignment identity). Non-

rRNA reads were annotated using BLASTx against the NCBI non-redundant protein 

database (threshold of 40% identity over at least 60% of the query sequence).  

The preprocessed metagenomes were annotated using BLASTn against the NCBI 

nucleotide database (threshold of 40% identity over at least 60% of the query sequence). 

Sequences assigned to the phylum Chordata and to vector or synthetic sequences were 

identified and removed. Virome sequences were then compared against an in-house 
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boutique viral database containing 4,019 unique viral genome sequences (Supplementary 

Note 1) using tBLASTx (threshold of 40% identity over at least 60% of the query 

sequence).  

The abundance of each virus was normalized to the size of the metagenomes and 

weighted by the total number of base pairs in the database divided by the length of each 

viral sequence as described in Willner et al. (2009)(McDonnell et al. 1975). The 

normalized abundance values for phages that have >4 hits in at least one sample are 

shown in Supplementary Table 9. The normalized values for all phages belonging to the 

same putative host were summed and the top 21 were plotted as a bar graph as shown in 

Fig. 2a.  

Best hit designation: The best hit designation was assigned to the alignment with 

the highest coverage, identity and score values within the specified thresholds. For 

BLASTx against NR, If there were multiple amino acid alignments (within the top 50 

BLAST hits) against the same database sequence without overlap in both the query and 

database sequence, and within the length of the query sequence, the combined coverage, 

identity and score values were calculated for each query sequence to account for possible 

frame-shifts. 

Taxonomic and functional assignments: The query sequence taxonomy and/or 

function were assigned based on the best matching database sequence(s). If there were 

multiple best hits with the same coverage, identity and score values that belonged to 

different taxa, or the matching database sequence belonged to different taxa, then the 

taxonomies/functions were randomly assigned using 100,000 bootstraps. This approach is 
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similar to assigning an equal fraction to all possible taxa, but additionally provides the 

standard deviation for each assigned mean value. Query sequences with no BLAST hits 

and those unassigned due to the defined threshold were classified as “unassigned” or 

“unknown”. The diversity of microbiomes was calculated based on the number of 

bacterial species identified in the datasets. 

Clustering of the functional assignments: The random forest was generated using 

the R package randomForest version 4.6-2 using default parameters with the exceptions 

of using a seed of 1 and growing to 100,000 trees. PAM clustering is a more robust 

version of k-mean clustering. It was performed using the cluster package version 1.13.3 

using the default parameters with exceptions where the number of clusters was set to 

three and using (1-the proximity value calculated by the random forest). 

Circular plots: Circular plots were generated using Circos version 

0.56(Krzywinski et al. 2009). The coverage values are based on reference mapping using 

a modified version of BWA-SW 0.5.9 (Li and Durbin 2010). The reference mapping of 

Rothia sp. reads against the published reference genome DY-18 was performed using a 

minimum threshold of at least 80% nucleotide identity on 60% coverage value. 

Therefore, the Rothia sp. reads identified here have at least 80% nucleotide identity on 

the mapped region compared to the reference genome. 

Calculating diversity for microbial metagenomes: Diversity is calculated based on 

the number of bacterial species identified in the datasets. The predicted number of species 

is the sum of all different species assigned to the bacterial domain based on the selected 
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threshold of BLASTn against the NCBI nucleotide (NT) database. Species richness was 

calculated as: 

Richness = ! + ! − 1
! ∗ k 

 

where:  

 E = total number of species assigned to the bacterial domain 

 k = number of unique species 

 

Simpson’s Index was calculated as:  

D =
− (!

!!! !!(!!! − !1))
!!(!! − 1)  

 

where:  

 !! = number of individuals of species i that are counted 

 N = total number of all individuals counted 

 

Shannon’s Index was calculated as: 

H! = − p! lnp!
!

!!!
 

where: 

 !! = fraction of the individuals belonging to the i-th species 
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Analysis of metabolic pathways using KEGG database and HUMAnN pipeline: 

Chordata, synthetic, and vector sequences were identified and removed from the datasets 

based on the BLAST results. Additional potential Chordata sequences in the 

metatranscriptomes were removed based on the BLASTx against NR results without any 

threshold parameters to account for errors (for example, frame shifts) that caused too 

short alignments. All the remaining sequences from metagenomes, viromes and 

metatranscriptomes were compared by BLASTx against the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) protein database (as of April 3, 2011). The best hits and the 

abundance of each pathway were identified and normalized using HUMAnN version 

0.98. Gene-level abundances are normalized relative to sequencing depth and gene 

length, very much like RPKM for single-organism transcriptomics, and pathway-level 

abundances are normalized relative to the number of genes in the pathway, The 

normalized pathway abundance values were then used to calculate similarities between 

samples based on 100,000 random forests and to partition the samples using Partitioning 

Around Medoids (PAM) clustering. Multidimensional scaling (MDS) was used for 

plotting. The 20 pathways with highest variance between the three sample groups 

(viromes, microbiomes, and metatranscriptomes) were used in a principle component 

analysis (PCA) (Supplementary Fig. 6). The heatmap (Supplementary Fig. 5) was plotted 

based on the Euclidian distance between the metabolic profiles of each sample. 
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Supplementary Note 2: The effect of cDNA nebulization on transcript lengths 

The nebulization step during the Roche/454 library preparation is a potential 

source of transcript size-induced bias as the size of our cDNA ranged from 50 – 4,000 bp. 

We investigated the effect of nebulization followed by the selection of 400 – 1000 bp 

fragments during Roche-454 platform-specific library preparation on the length of the 

translated polypeptide sequences. Eight metatranscriptomes were generated in pairs of 

two in parallel for this purpose. The median protein length was calculated as suggested 

by (Brocchieri and Karlin 2005) using the microbial genes identified through BLASTx 

against the NCBI protein (nr) database (Supplementary Table 7). The overall median 

translated protein length from our results was in the upper range compared to previously 

reported findings. This bias might be due to initial elimination of small RNA and all 

RNA below 200 nucleotides using the Zymo RNA Clean & ConcentratorTM kit for all 

RNA clean-up steps. However, there was no difference in the relative translated protein 

lengths between the nebulized and non-nebulized libraries from the same sample 

(Supplementary Fig. 3).  
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Supplementary Table 3.4: Eukaryotic viruses in CF viromes, based on tBLASTx 
against the in-house viral genome database (see Supplementary Note 1). Other includes 
viruses that are <2% in the population.   
 

Virome Eukaryotic viruses 

CF1-D 
Herpesviruses (70.6%), Bovine popular stomatitis virus (5.2%), Torque 
Teno Virus (4.9%), Molluscum contagiosum virus (2.7%), Adenoviruses 
(3.1%), Other (13.6%) 

CF1-E Herpesviruses (75.1%), Adenoviruses (7.6%), Other (17.3%) 

CF1-F Herpesviruses (73.2%), Adenoviruses (3.8%), Bovine popular stomatitis 
virus (3.7%), Molluscum contagiosum virus (3.7%), Other (15.7%) 

CF4-A Herpesviruses (42.4%), Taterapox virus (20.3%), Rabbit fibroma virus 
(7.8%), Other (29.4%) 

CF4-B 
Herpesviruses (75.4%), Bovine popular stomatitis virus (5.2%), 
Adenoviruses (3.4%), Molluscum contagiosum virus (3.0%), Other 
(12.9%) 

CF4-C Herpesviruses (61.5%), Bovine popular stomatitis virus (15.4%), 
Molluscum contagiosum virus (7.7%), Other (15.4%) 

CF5-A Herpesviruses (68.9%), Adenoviruses (4.0%), Bovine popular stomatitis 
virus (3.6%), Molluscum contagiosum virus (2.9%), Other (20.5%) 

CF5-B Herpesviruses (73.6%), Bovine popular stomatitis virus (4.3%), 
Adenoviruses (4.1%), Crocodilepox virus (2.7%), Other (15.4%) 
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Supplementary Table 3.6: Bacterial community diversity in eight microbiomes 
generated from sputum samples from three CF patients.  
 
Patient 

ID 
Time 
point 

Bacterial 
Sequences Species Richness Evenness Shannon 

index 
Simpson 

index 
CF1 D 14,691 245.29 245.94 0.45 2.49 0.16 

 E 67,781 131.79 132.43 0.31 1.49 0.40 

 F 40,825 109.48 110.14 0.32 1.50 0.34 

CF4 A 3,834 91.26 91.88 0.31 1.40 0.46 

 B 405 56.96 57.51 0.67 2.72 0.11 

 C 41,636 256.36 257.09 0.38 2.12 0.21 

CF5 A 1,034 51.00 51.64 0.53 2.08 0.26 

 B 247 24.44 25.01 0.38 1.23 0.57 
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Supplementary Table 3.11: Assembly characteristics of CF viromes. Each assembly 
contains all sequence reads from one patient, and the “contigs” file include singleton in 
this case. The contigs were subjected to BLASTx against NR for annotation. Sequences 
with both bacterial and viral annotations were examined manually and counted.  

Sample Total No. of 
Contigs 

N50 of 
contigs 

Largest contig 
size 

Total No. of Seq with 
Bact/Phage annotations 

(%) 

CF1 7,610 837 54,900 71 (0.9%) 

CF4 3,068 789 6,416 0 

CF5 10,869 698 31,895 3 (0.03%) 
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Supplementary Figure 3.1: The relative proportion of 16S and 18S rRNA gene based on 
quantitative PCR following the modified Breitenstein et al. method used to deplete host-
associated (human) DNA in sample CF5-A and CF5-B. (B) Total DNA, (P) Pellet 
following hypotonic lysis and DNase treatment, (S) supernatant of the resuspended 
pellet.The ratio of 16S:18S increased following the hypotonic lysis and DNase treatment, 
indicated depletion of the 18S (human DNA) and the enrichment of 16S (microbial 
DNA). 
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Supplementary Figure 3.2: cDNA electropherograms of metatranscriptomes generated 
to assess the effects of nebulization. The cDNA length profiles shown here were 
generated by the Agilent 2100 Bioanalyzer before nebulization. 
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Supplementary Figure 3.3: Effect of nebulization on translated protein length. Protein 
lengths were predicted for cDNA transcripts by BLASTx against the NCBI non-
redundant protein database. Protein length profiles for non-Chordata proteins were 
plotted with a cutoff at 1,200 amino acids.  

 

! !
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Supplementary Figure 3.4: Relative abundance of microbial phyla/classes identified 
from rRNA reads. 
 

! !
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Supplementary Figure 3.5: Similarities between the predicted metabolic profiles of the 
virome, microbiome, and metatranscriptome datasets. The heat map represents the 
Euclidian distance between datasets ranging from white (least similar) to red (most 
similar).  
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Supplementary Figure 3.6: Principle component analysis (PCA) of the top 20 metabolic 
pathways that displayed the greatest variance. 
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CHAPTER 4 

Clinical Insights from Metagenomic Analysis of Cystic Fibrosis Sputum 

 

Abstract 

As DNA sequencing becomes faster and cheaper, genomics based approaches are 

being explored for personalized diagnoses and treatments. Here we provide a proof-of-

principle for disease monitoring using personal metagenomic sequencing and traditional 

clinical microbiology, focusing on three adults with Cystic Fibrosis (CF). The CF lung is 

a dynamic environment that hosts a complex ecosystem comprised of bacteria, viruses, 

and fungi that can vary in space and time. Not surprisingly, the microbiome data from the 

induced sputum samples collected revealed a significant amount of species diversity not 

seen in routine clinical laboratory cultures. The relative abundances of several species 

changed as clinical treatment was altered, enabling identification of the climax and attack 

communities proposed in earlier work. All patient communities encoded a diversity of 

mechanisms to resist antibiotics, consistent with the multidrug resistant microbial 

communities commonly observed in CF patients. The metabolic potentials of these 

communities differed between the health status and recovery route of each patient. This 

pilot study thus provides an example of how metagenomic data might be used with 

clinical assessments for the development of treatments tailored to individual patients.  
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Introduction 

A decade of advancements in sequencing technology and bioinformatics 

applications is shuttling in a new era of personalized medicine. Pathogens can be rapidly 

characterized during outbreaks (Köser et al. 2012; Underwood et al. 2013) and cancer 

patients can receive personalized diagnoses and treatments (Tran et al. 2013; Ross et al. 

2013). Despite these significant advances, the technologies are yet to be used in routine 

clinical microbiology practice.  Treating polymicrobial infections will also require a 

personalized approach, because the taxonomic identities and functional characteristics of 

microbial communities are often patient specific (Lim et al. 2012). Here we move 

towards this goal by using metagenomics to monitor complex pulmonary infections in 

patients with Cystic Fibrosis (CF). 

Cystic fibrosis (CF) is a genetic disease affecting 70,000 individuals worldwide 

(Cystic Fibrosis Foundation: www.cff.org), and results from mutations in the gene that 

encodes the cystic fibrosis transmembrane conductance regulator (CFTR) (Kerem et al. 

1989). These mutations result in altered trans-epithelial ion transport, leading to a 

dysfunctional mucus layer overlying epithelial cells in the respiratory and gastrointestinal 

tracts (Quinton 2010). In the lungs, the mucociliary clearance mechanism is impaired, 

resulting in chronic airway polymicrobial infections. The associated acute inflammatory 

and adaptive immune responses lead to a breakdown in the integrity of the airway wall, 

progressive gas exchange abnormalities and respiratory failure in many patients.  Early in 

life, culture-based assessments indicate patients are usually infected with Staphylococcus 

aureus, Haemophilus influenzae and Pseudomonas aeruginosa.  In more advanced stages 
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of disease P. aeruginosa dominates, along with Staphylococcus, Stenotrophomonas and 

Achromobacter spp. Current treatments focus on controlling inflammation, the frequent 

use of broad-spectrum antibiotics, and physically clearing the airway biofilm by 

augmenting airway clearance.  

Our working model describes two functional microbial communities in CF 

patients: Climax and Attack communities (Conrad et al. 2013).  The Climax communities 

are typically bacterial and fungal populations that are stable over time and are inherently 

resistant to antibiotic therapy.  They elicit prolonged innate and adaptive immune 

responses and are niche adapted.  The Attack communities are predominantly newly 

acquired bacterial and viral populations that elicit strong innate immune responses and 

frequently trigger acute pulmonary exacerbations and are thus targets of therapy.  Attack 

communities dominate earlier in CF airway disease when airway remodeling and damage 

is minimal (Conrad et al. 2013). In advanced stages of disease, the predominant Climax 

populations are thought to persist while the Attack communities fluctuate with 

exacerbation and treatment events. The Climax and Attack communities need not differ 

taxonomically, because it is the functional capabilities of the community that determine 

how it affects patient health. We hypothesize that community metabolic functions 

respond to perturbations, and that these responses can be used to identify the Attack and 

Climax communities within each patient.  

Metagenomics sequences total community DNA from a particular source (e.g., 

sputum) to identify the taxonomic makeup and functional capabilities of the resident 

populations. It differs from community analyses that sequence only the 16S rRNA gene 
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because all genes are sequenced, not just those used to identify taxonomy. Thus, 

information on community function is typically only obtainable with metagenomic 

sequencing, although some functions can be predicted based on taxonomy alone (e.g., 

methanogenesis).  Neither approach requires culturing bacteria, and when applied to CF 

patients they have revealed microbial diversity and community complexity in airways to 

be unexpectedly high (LiPuma 2010; Lim et al. 2012).  Furthermore, these sequence-

based technologies have demonstrated that bacterial diversity decreases during treatment 

with broad-spectrum antibiotics, and as the disease advances over longer periods of time 

(Cox et al. 2010; Zhao et al. 2012). Although communities can differ between regions of 

the lung, and simultaneous samplings, even one occurrence of a gene encoding antibiotic 

resistance can have important implications for treatment.   

Here we report a pilot study that focuses on obtaining a large amount of sequence 

data from microbial communities sampled longitudinally from the lungs of a few 

patients. The goal was to determine the types of information that can be obtained from 

such sequence data, and to frame this information in the context of clinical treatments and 

measured antibiotic resistance. As DNA sequencing becomes more affordable, and 

sequence analysis more efficient, this approach can be further developed to assist clinical 

decision-making and formulation of personalized therapies. Here we demonstrate an 

early attempt to use a metagenomic approach for probing changes in community function 

in individual patients over time to identify candidate changes that most drastically affect 

the patient. We discuss these results in the context of Climax and Attack communities for 

a thorough understanding of CF disease ecology. 
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Materials and Methods 

Ten sputum samples and clinical data were collected from three adult CF patients 

at the Adult Cystic Fibrosis Clinic at the University of California San Diego Medical 

Center. Collections were made in accordance with the University of California 

Institutional Review Board (HRPP # 081500) and the San Diego State University 

Institutional Review Board (SDSU IRB 2121). 

Study subjects were selected based on eligibility criteria that included all of the 

following: (i) a diagnosis of CF, i.e. two known mutations in the CFTR gene and/or an 

abnormally elevated sweat chloride test, (ii) an increase in respiratory symptoms 

associated with CF pulmonary exacerbations (see Supplementary Notes), and (iii) a drop 

in FEV1 of at least 15% or more compared to their best FEV1 in the past 12 months.  

Using these criteria 15 patients were initially recruited and screened for inclusion in this 

study, resulting in the collection and processing of 54 samples total. However, samples 

from patients who dropped out during the study period were not sequenced because we 

preferred to focus our limited resources on patients that had more complete longitudinal 

sampling and clinical information. Of those patients that remained, the three patients 

examined here are representative of different levels of underlying lung function and 

responses to treatment.  

Treating physicians determined the selection and duration of antibiotic therapy 

and the frequency of follow up examinations. Sputum samples were obtained at the 

following clinical time points: (Ex) onset of an exacerbation prior to the initiation of 

antibiotics therapy; (Tr) within 24 hours prior to a change in antibiotic therapy; (Pt) 
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within twelve hours of post-treatment, i.e. stopping antibiotic therapy; and (St) about 4 

weeks after completing antibiotics when the patient was in the stable state, defined as 

achieving maintenance of respiratory symptoms without the need to alter their outpatient 

therapies. The Cystic Fibrosis Questionnaire-Revised (CFQR) evaluation and the UCSD 

Shortness of Breath (SOB) questionnaire were used during each collection. 

During sample collection, sterile saline solution (60 ml) was used as a mouth rinse 

to minimize contamination by oral microbes.  Sputum samples were then collected over a 

thirty-minute time period after the inhalation of four milliliters of 7% hypertonic saline 

via a Pari LC plus nebulizer. Samples were processed immediately, as described 

previously (Lim et al. 2012).   

In brief, sputum samples were homogenized with syringe and then aliquoted for 

the separate isolation of viral particles and microbial cells. Viral samples (i.e., the 

virome) were diluted and treated with Dithiothreitol (DTT) to dissociate the mucus and 

then passed through a 0.45µm filter to remove large particles. Viral particles were then 

isolated and concentrated using cesium chloride density ultracentrifugation. Viral DNA 

was extracted using the formamide-CTAB/phenol:chloroform method (Lim et al. 2012). 

Microbial samples (i.e., the microbiome) were treated with β-mercaptoethanol to 

dissociate the mucus. Cells were repeatedly washed with sterilized deionized water to 

lyse human cells and then treated with DNase to remove extracellular DNA (e.g., human 

and biofilm-associated (Lim et al. 2012)).  Microbial DNA was extracted using the 

Nucleospin® Tissue kit with the gram-positive variation that includes a lysozyme 

treatment. 
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All samples were sequenced using the Roche/454 pyrosequencing with GS-FLX 

Titanium chemistry. All datasets were preprocessed as previously described (Lim et al. 

2012). Duplicates and reads of low quality were removed using PRINSEQ (Schmieder 

and Edwards 2011a). DeconSeq (Schmieder and Edwards 2011b) was used to screen for 

and exclude human-derived sequences from the microbiome data. The taxonomies of the 

resultant sequences were identified using a BLASTn search against the NCBI nucleotide 

(NT) database. Sequences were removed if they were assigned to the phylum Chordata, 

or any synthetic/vector sequence (Supplementary Table 4.1). Viromes were further 

annotated using a tBLASTx search against an in-house viral database. Abundance values 

were normalized based on the total number of reads per metagenome. All metagenomes 

were additionally annotated using the KEGG database (Kanehisa and Goto 2000) and 

analyzed using the HUMAnN pipeline (Abubucker et al. 2012).  The normalized relative 

abundance values were used for subsequent principal component analysis (PCA). The 

antibiotic resistance potential of each microbiome was identified by comparing the data 

with (i) the antibiotic resistance database (ARDB) (Liu and Pop 2009) that contains 

23,137 antibiotic resistant-associated sequences, using BLASTx with a threshold of 40% 

identity over at least 60% of the query sequence, and (ii) an up-to-date manually curated 

macrolide and aminoglycoside resistance database from UncovAR pipeline (Schmieder 

2013). The abundance of each resistance annotation was normalized by the number of 

reads in each metagenome and weighted by the length of each gene and the total number 

of base pairs in the respective database. 
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For additional details on database generation, content, and BLAST parameters, 

see the Supplementary Note. All sequence data can be retrieved from NCBI SRA under 

accession number SRP009392.  
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Results 

Sample and data collection  

Sputum was induced and collected from three adult CF patients (median age of 36 

years) following mouthwash with sterile saline solution (Table 4.1).  Baseline FEV1 

values, defined by the best FEV1 value for each patient in the past 12 months when the 

first sample was collected, ranged from 1.16L (27% predicted) to 4.15L (89% predicted). 

The first samples were collected when each patient presented a severe CF pulmonary 

exacerbation. The patients received standard care for an acute pulmonary exacerbation, 

including bronchodilators, chest physiotherapy and systemic antibiotics.  The attending 

physician selected antibiotic type and duration of intravenous treatment. Up to four 

sputum samples were collected from each patient based on the clinical course that 

followed the initiation of their treatment, resulting in a total of 10 samples with matched 

exacerbation/post-treatment sample pairs from all three patients.   

Clinical data were collected from the UCSD Adult CF Clinic (Tables 4.1 & 4.2). 

These data included culture-based microbiology assessments 100 days before and after 

collection of the first sample. The patient reported outcome surveys were collected at the 

time of sampling (see Materials and Methods). For each patient, these clinical data were 

combined with the metagenome data (Figure 4.1) to study individual cases; the data from 

all patients were also combined together for a comparative analysis.   
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Table 4.1: Information on patient samples 

 

Patient 
(Gender) 

CFTR 
Genotype 

Age 

Sample 
Name Health Status Time 

Scale+ FEV1*  Treatment received  

CF6 
(Female) ∆F508/Q372Q CF6-A-

Ex 
Onset 

Exacerbation Day 0 1.91 
(57%) Colistin, Ceftazidime 

 39 CF6-B-
Tr Treatment Day 12 2.03 

(60%) 
Ciprofloxacin, 

Aztreonam 

  CF6-C-
Pt 

Post 
Treatment Day 17 2.06 

(61%) Stopped all antibiotics 

  CF6-D-
St Stable Day 46 2.07 

(61%) Not on antibiotics 

CF7 
(Male) ∆F508/∆F508 CF7-A-

Ex 
Onset 

Exacerbation Day 0 0.87 
(21%) 

Tobramycin, 
Ceftazidime, 

Trimethoprim/sulfameth
oxazole 

 36 CF7-B-
Tr Treatment Day 20 0.80 

(19%) 

Piperacillin/Tazobactam, 
Trimethoprim/sulfameth

oxazole 

  CF7 C-
Tr 

Treatment 
Change Day 27 0.82 

(19%) 

Piperacillin/Tazobactam,
Trimethoprim/Sulfameth

oxazole 

  CF7-D-
Pt 

Post 
Treatment Day 37 0.92 

(22%) 

Stopped antibiotics 
treatment, Prednisone 
was added on Day 33 

CF8 
(Male) ∆F508/∆F508 CF8-A-

Ex 
Onset 

Exacerbation Day 0 3.39 
(73%) 

Meropenem, 
Tobramycin 

 26 CF8-B-
Pt 

Post 
Treatment Day17 4.15 

(89%) 
Meropenem, 
Tobramycin 

       
 
+ Time scale starts at Day 0 during the onset of exacerbation when the first sample was collected. The 
subsequent numbers indicate days after the first sample was collected.  
*  FEV1 is measured as the forced expiratory volume in one second (% predicted).  
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Table 4.2: Bacterial culture data from hospital clinical lab. The timeline is corresponding 
to the date (Day 0) when the first sputum sample was taken during an exacerbation. 

 
Patient 

(Gender) Time Scale Culture Positive organism Antibiotic resistance profile 

CF6 
(Female) Day -57 Escherichia coli (ESBL) 

Ampicillin, Unasyn, Cefazolin, Ceftazidime, 
Cefotaxime, Cefipime, Cefuroxime, 
Ciprofloxacin, Gentamicin, 
Piperacillin/Tazobactam, Tobramycin.  

 Day -6 
 
Escherichia coli (ESBL) 
 

Ampicillin, Unasyn, Cefazolin, Ceftazidime, 
Cefotaxime, Cefipime, Cefuroxime, 
Ciprofloxacin, Gentamicin, 
Piperacillin/Tazobactam, 
Trimethoprim/Sulfamethoxazole 

 Day +82 Escherichia coli (ESBL) 

Ampicillin, Unasyn, Cefazolin, Ceftazidime, 
Cefotaxime, Cefipime, Cefuroxime, 
Ciprofloxacin, Gentamicin, 
Piperacillin/Tazobactam, 
Trimethoprim/Sulfamethoxazole 

CF7 
(Male) Day -38 

Pseudomonas aeruginosa (mucoid) 
 
Stenotrophomonas maltophilia 

Amikacin, Ciprofloxacin, Meropenem, 
Tobramycin 
 
Amikacin, Ciprofloxacin, Gentamicin, 
Tobramycin 

 Day -3 

Pseudomonas aeruginosa (mucoid) 
 
Stenotrophomonas maltophilia 
 
 

Amikacin, Ciprofloxacin, Gentamicin, 
Trimethoprim/Sulfamethaxazole 
 
Amikacin, Ciprofloxacin, Gentamicin, 
Bactrim, Meropenem, Piperacillin, 
Tobramycin, Ceftazidime  

 Day +13 
 
Pseudomonas aeruginosa 
 

 
Ciprofloxacin, Bactrim, Meropenem 
 

 Day +86 

 
Stenotrophomonas maltophilia 
 
Pseudomonas aeruginosa 
 

 
Ceftazidime 
 
Amikacin, Ciprofloxacin, Gentamicin, 
Tobramycin, Trimethoprim/Sulfamethoxazole 
 

CF8 
(Male) Day -36 

 
Streptococcus Group C 
 
Pseudomonas aeruginosa (mucoid) – 
strain 1 
 
Pseudomonas aeruginosa (mucoid) – 
strain 2 

 
N/A 
 
 
Amikacin, Gentamicin, 
Trimethoprim/Sulfamethoxazole 
 

 Day 0 
Streptococcus Group C 
 
Pseudomonas aeruginosa (mucoid) 

 
N/A 
 
Amikacin, Ciprofloxacin, Gentamicin, 
Tobramycin, Trimethoprim/Sulfamethoxazole 

 Day 10 

 
Stenotrophomonas maltophilia 
 
Pseudomonas aeruginosa (mucoid) 

 
Ceftazidime 
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Figure 4.1: Workflow for the preparation of CF sputum samples for microbiome and 
virome sequencing. 
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Metabolism and resistance in CF microbiomes  

Microbial metabolism and antibiotic resistance are compelling indicators of 

community function because they reveal which pathways facilitate microbial colonization 

and persistence in the CF lung. The metabolic pathways present in each microbiome were 

investigated with the goal of using this information to eventually develop tools for 

identifying important biomarkers of Climax and Attack communities. Because these 

communities are likely to be patient-specific, and therefore have important implications 

for personalized diagnosis and treatment, the differences in community metabolism were 

examined. A total of 222 metabolic pathways were identified from all patient datasets 

using BLASTx comparison against the KEGG database as described in the Materials and 

Methods. For pattern exploration purposes, principal component analysis (PCA) was used 

for dimension reduction. Twenty metabolic pathways with the greatest variance between 

patient microbiomes were ordered (see Methods) and used to identify the functions that 

varied the most across the microbiomes (Figure 4.2). Metabolic profiles are shown 

separately for each patient in Supplementary Figures 4.1-4.3. 

As resistance against antibiotic treatment remains one of the main challenges in 

the treatment of CF pulmonary infections, the abundances of genes whose products or 

mutations are known to confer resistance to antibiotics were also determined (Figure 

4.3A-B; Supplementary Table 4.3). One contribution of this pilot study will be to 

examine whether predicted antibiotic resistance profiles fluctuate through time, or 

whether a consistent increase (or decrease) in community resistance is observed. For 



! 146 

clinicians to find use in metagenome data, it will be important to understand how quickly 

antibiotic resistance might change in the community. 

Because the majority of viruses found in the CF lungs are bacteriophages (Willner 

et al. 2009; Willner and Furlan 2010), which are known to transfer genes between 

microbial hosts, the potential for exchange of antibiotic resistance genes was also 

evaluated using the viromes corresponding to each microbiome (Figure 4.3C; 

Supplementary Table 4.4). Bacterial contaminating sequences in the viromes were 

minimal, based on the low abundance of 16S ribosomal RNA genes in the viromes (< 

0.05%).  



! 147 

 

Figure 4.2: A comparison of metabolic pathways between microbiomes using principal 
component analysis (PCA) of the twenty metabolic pathways that varied the most 
between microbiomes. The bottom panel presents a close-up view of the upper panel’s 
squared region. Patient CF6 is represented by circles, patient CF7 is represented by 
squares, and patient CF8 is represented by diamonds. The colors inside the shapes 
represent the health status of each patient as shown in the figure legend. 
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Figure 4.3: Abundances of antibiotic resistance genes based on (A) Antibiotic Resistance 
Database (ARDB) and (B) the program UncovAR that predicts resistance to 
aminoglycoside and macrolide antibiotics. (C) The antibiotic resistance gene profiles of 
the viromes based on BLASTx comparison against the ARDB. All abundances were 
normalized by metagenome and gene size, and weighted by database size.  

(A) 

(B) 

(C) 
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Patient CF6 

The clinical and sample information are presented in Table 4.1 and Figure 4.4. 

The patient presented with dyspnea, increased cough and sputum production, and 

a 19% drop in her FEV1 during her outpatient visit.  The baseline FEV1 was recorded as 

2.36L (69% predicted).  She initially started intravenous therapy that included eleven 

days of colistin and ceftazidime, but due to a suboptimal response, her therapy was then 

changed to five days of ciprofloxacin and aztreonam.   

The first sample (CF6-A-Ex) was collected before the administration of 

intravenous antibiotics on Day 0. The second sample (CF6-B-Tr) was collected on Day 

12 before the change in antibiotics (Table 4.1) .The third sample (CF6-C-Pt) was taken 5 

days later (Day 17) when the patient’s presenting symptoms resolved, and had an 

improved score on the UCSD Shortness of Breath questionnaire. At this point her FEV1 

improved to 2.06L (61% predicted), approximately 8% lower than her baseline FEV1 

value. A month following the end of therapy, the patient was clinically stable when the 

fourth sample (CF6-D-St) was collected.  At this time, the patient-reported outcome 

measures reflected in the UCSD SOB and CFQR cumulative scores showed significant 

improvement even though the FEV1 was essentially unchanged and remained below the 

baseline at 2.07L (61% predicted) (Supplementary Table 4.2). Importantly, there was a 

significant improvement in the respiratory domain of the CFQR evaluation 

(Supplementary Table 4.2). The patient was clinically defined as an “intermediate 

responder” based on her recovery and responses to therapy. 

Clinical culturing revealed growth of the fungi Candida albicans and 

Scedosporium apiospermum, and extended spectrum β-lactamase (ESBL) Escherichia 
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coli that exhibited sensitivities to various antibiotics during the study period (Table 4.2). 

Metagenomic analysis of the microbial communities (microbiomes) were consistent with 

the clinical culturing, showing a high abundance of E coli and a low abundance of P. 

aeruginosa (Figure 4.4).  However, the microbiomes also included species that are not 

typically incorporated into clinical culturing protocols, such as Streptococcus spp. and 

Rothia mucilaginosa, largely because they are considered oral contaminants or benign 

respiratory microbes (Figure 4.4).   

The relative abundance of E. coli decreased during the course of antibiotic 

therapy and then increased slightly when the patient’s health was stable. In contrast, the 

relative abundances of Streptococcus spp. and R. mucilaginosa increased during the 

course of therapy. One month following the completion of intravenous antibiotic therapy, 

R. mucilaginosa and E. coli dominated the microbiome (Figure 4.4, time point D). E. coli, 

Streptococcus spp., and R. mucilaginosa were the numerically dominant bacteria in this 

patient, with P. aeruginosa detectable but at lower abundance at all time points (<0.1% in 

A, B, and C; 1.25% in D). 

Historically and during the course of sampling, this patient was extensively 

exposed to a diversity of antibiotics, including: aminoglycosides, β-lactams, 

fluoroquinolones, macrolides and various polypeptides (Table 4.1). Hence, the microbial 

community was expected to have evolved resistance to these major groups of antibiotics. 

This was confirmed by clinical lab tests (Table 4.2; Figure 4.4), and predicted by the 

metagenomics analysis (Figure 4.3A; Supplementary Table 4.3).  

Metagenome data suggested the microbes in this community encode a plethora of 

antibiotic resistance mechanisms: multidrug resistance efflux pumps, β-lactamases, and 
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various enzymes that confer resistance (Supplementary Table 4.3). The abundances of 

two known resistance genes, arnA and bla, increased following treatment with colistin 

and ceftazidime, respectively. Two antifolate genes were present: dfrA encodes Group A 

drug-insensitive dihydrofolate reductase for trimethoprim resistance, and sul encodes 

sulfonamide-resistant dihydropteroate synthase for sulfonamide (sulfamethoxazole) 

resistance. Although the patient was not treated with any macrolides within the year prior 

to this study, various macrolide resistance mechanisms were found throughout the 

microbiomes (Figure 4.3A; Supplementary Table 4.3).  

The PCA based on the potential microbial metabolic functions show that CF6 

differs from the other patients considerably, especially during the exacerbation and stable 

states (Figure 4.2). The separation of the exacerbation sample (A) was largely driven by 

the presence of genes encoding streptomycin biosynthesis (ko00521) and 

phosphotransferases (ko02060), whereas separation of the stable sample (D) was driven 

by the presence of genes that encode taurine and hypotaurine metabolism (ko00430), 

folate biosynthesis (ko00790), a sulfur relay system (ko04122), D-glutamine and D-

glutamate metabolism (ko00471), and valine, leucine and isoleucine biosynthesis 

(ko00290). The first and second principal components for treatment and post-treatment 

samples were very similar for all patients, indicating these communities had similar 

metabolic potentials at both time points.  

Comparing different time points within patient CF6 (Supplementary Figure 4.1), 

drug metabolism was one of the main metabolic pathways that drove separation of the 

treatment (B) and post-treatment (C) samples. Separation of the stable sample was driven 
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by several core metabolic pathways, which may indicate a “stable” Climax community in 

the patient’s lungs.  
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Figure 4.4: An overview of clinical and metagenomic data for patient CF6. This patient 
was clinically defined as an “intermediate responder”. The FEV1% is illustrated across a 
550-day period and a red diamond indicates the baseline FEV1%. The ‘Resistance 
Profile’ panel near the top shows the results from laboratory resistance tests on clinically-
cultured microbes, obtained at the time point immediately below their placement. The 
first sample was collected during the onset of a clinically defined exacerbation at time 
point 0. The medications prescribed during each chronic and acute therapy are shown in 
the time line. The length of the black line corresponds to the duration of therapy. Acute 
therapy is represented by: M=Meropenem, Ctx=Ceftriaxone, Ctz=Ceftazidime, 
PT=Piperacillin/Tazobactam, Cp=Ciprofloxacin, T=Tobramycin, G=Gentamicin, 
Pred=Prednisone, Imp=Imipenem, Azt=Aztreonam, Lz=Linezolid, Col=Colistin, Ampho 
= Inhaled Amphotericin, Cayston = Inhaled Aztreonam 
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Patient CF7 

The clinical and sample information are presented in Table 4.1 and Figure 4.5. 

The baseline FEV1 was recorded as 1.16L (27% predicted). This patient presented 

with increased dyspnea and sputum production as well as a 25% drop in his FEV1, which 

is recorded as 0.87L (21% predicted), prompting treatment with different combinations of 

intravenous antibiotics including tobramycin, ceftazidime, piperacillin/tazobactam, and 

trimethoprim/sulfmethoxazole. The first sample (CF7-A-Ex) was collected before the 

administration of therapy. Sample CF7-B-Tr was collected 20 days after the treatment 

with tobramycin and ceftazidime, and sample CF7-C-Tr was collected 7 days after 

stopping ceftazidime and prior to the initiation of piperacillin/tazobactam and 

trimethoprim/sulfmethoxazole due to the lack of clinical and physiological response. The 

fourth sample (CF7-Pt) was taken 10 days later upon completion of treatment. However, 

the patient had not completely improved physiologically, showing no resolution of the 

initial respiratory symptoms and a worsening of shortness of breath (Supplementary 

Table 2). The FEV1 improved to 0.92L (22% predicted), but remained more than 20% 

lower than the initial baseline FEV1 value. The respiratory domain on the CFQR 

improved by a value greater than the MCID of 5 (Supplementary Table 4.2), suggesting 

that the patient might have improved slightly. The patient underwent a lung transplant 

about 3 months following the last sample collected. 

Clinical culturing revealed growth of the fungi C. albicans, Aspergillus fumigatus. 

S. maltophilia and mucoid P. aeruginosa were also cultured, and had varying patterns of 

antibiotic susceptibility (Table 4.2; Figure 4.5). Metagenomic analysis at all time points 
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showed an overall high relative abundance of S. maltophilia that ranged from 41%-90%, 

whereas P. aeruginosa was rare (<1%). R. mucilaginosa, Rothia dentocariosa, 

Streptococcus spp. and Prevotella melaninogenica were highly abundant during the onset 

of exacerbation and following the first unresponsive therapy. However, one month 

following the onset of exacerbation during which the patient was intensely treated with a 

combination of antibiotics, S. maltophilia repopulated the lung community and the 

overall bacterial diversity decreased. S. maltophilia is the key player within the microbial 

community in this patient and clinical testing indicated it was highly resistant to all major 

groups of antibiotics, including aminoglycosides, macrolides, β-lactamases, and 

fluoroquinolones (Figure 4.3A; Figure 4.5; Supplementary Table 4.3).  The metagenome 

data suggested that the mechanisms of antibiotic resistance in this community were 

multidrug resistance efflux pumps, a protein that prevents tetracycline from inhibiting the 

ribosome, and various enzymes and transporters that confer resistance (Figure 4.3). As 

seen in CF6, even though macrolides are not reported in CF7’s recent medical history, 

various macrolide-specific resistance mechanisms were found (Figure 4.3A; 

Supplementary Table 4.3). Further comparison of the data with aminoglycoside and 

macrolide resistance genes in UncovAR revealed that S. maltophilia likely relies on 

efflux pumps (e.g., acr) to purge antibiotics from the cell (Figure 4.3B).  

PCA of metabolic pathways showed that the metabolic profiles of the microbial 

communities in CF7 were similar through time (Figure 4.2; Supplementary Figure 4.3). 

This limited change in the patient’s microbial taxonomical and functional profiles was 

consistent with the patient’s unresponsive clinical status. The data also suggests that a 

particular set of metabolic functions (Figure 4.3) may have been responsible for the 
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persistence of his unresponsive Climax community. These metabolic functions include 

synthesis and degradation of ketone bodies (ko00072), carbon fixation pathways in 

prokaryotes (ko00720), drug metabolism pathways (ko00983), and riboflavin metabolism 

(ko00740). Further examination within the drug metabolism pathway revealed the 

presence of the arylamine N-acetyltransferase (NAT) gene involved in isoniazid 

metabolism, known to occur in E. coli (Chang and Chung 1998; Schomburg and Chang 

2006). Isoniazid is commonly used to treat tuberculosis, but not within this patient 

according to his medical history. It is not known whether NAT is capable of metabolizing 

any drugs prescribed to patient CF7.  
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Figure 4.5: An overview of clinical and metagenomic data for patient CF7. This patient 
was clinically defined as a “non-responder”. The FEV1% is illustrated across a 520-day 
period and a red diamond indicates the baseline FEV1%; the spike at the end indicates 
the effect of lung transplantation. The ‘Resistance Profile’ panel near the top shows the 
results from laboratory resistance tests on clinically-cultured microbes, obtained at the 
time point immediately below their placement. The first sample was collected during the 
onset of a clinically defined exacerbation at time point 0.  The medications prescribed 
during each chronic and acute therapy are shown in the time line. The length of the black 
line corresponds to the duration of therapy. Acute therapy is represented by: 
M=Meropenem, Ctx=Ceftriaxone, Ctz=Ceftazidime, PT=Piperacillin/Tazobactam, 
Cp=Ciprofloxacin, T=Tobramycin, G=Gentamicin, Pred=Prednisone, Imp=Imipenem, 
Azt=Aztreonam, Lz=Linezolid, Col=Colistin, Ampho = Inhaled Amphotericin, Cayston 
= Inhaled Aztreonam 
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Patient CF8 

The clinical and sample information are presented in Table 4.1 and Figure 4.6. 

The baseline FEV1 was as 4.15L (89% predicted).  The patient was admitted to 

the hospital for increased cough, dyspnea and sputum production with an 18% drop in his 

FEV1 (Table 4.1). The patient was started on a combination of tobramycin and 

meropenem for a total of 16 days (Table 4.1). The first sample (CF8-A-Ex) was collected 

before the administration of therapy and the second sample (CF8-B-Pt) was collected 17 

days later when the patient completed the treatment. At the end of therapy, the patient 

reported resolution of his initial respiratory symptoms, which was confirmed in his 

reported outcomes assessed by both the CFQR respiratory, and shortness of breath scores 

(Figure 4.6; Supplementary Table 4.2). The FEV1 improved to baseline 4.15L (89% 

predicted). Based on the patient’s recovery and responses to therapy, patient CF8 was 

considered a “responder”. 

Clinical culturing revealed growth of mucoid P. aeruginosa, Streptococcus group 

C, and S. maltophilia during the period when the samples were collected (Table 4.2). P. 

aeruginosa had varying antibiotic susceptibility patterns (Figure 4.6; Table 4.2). 

Streptococcus spp. was considered an oral contaminant in the clinical lab, and therefore 

its antibiotic susceptibilities were not tested. Metagenomic analysis showed a high 

diversity of bacteria in CF8’s microbiomes, particularly in sample A (Figure 4.6). The 

most abundant bacteria were P. aeruginosa, Streptococcus spp., Rothia spp., and the 

anaerobes Prevotella melaninogenica, Veillonella parvula, and Fusobacterium 

nucleatum. In sample B that followed antibiotic treatment, most of the Streptococcus spp. 
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and anaerobes were eliminated and the microbiome was dominated by P. aeruginosa, R. 

mucilaginosa, and Lactobacillus spp.  

The patient was treated with an aminoglycoside (tobramycin) and a β-lactam 

(meropenem) during the course of sampling (Table 4.1). Treatment with either a 

macrolide or fluoroquinolone was not reported during the 600-day medical history. 

However, the metagenomes data predicted resistance to several groups of antibiotics 

(Figure 4.3A; Figure 4.6; Supplementary Table 4.3) including aminoglycosides, β-

lactams, fluoroquinolones and macrolides. Antibiotic resistance mechanisms detected in 

the microbiome data included β-lactamases, multidrug efflux pumps, the same ribosomal 

protection protein identified in CF7, and various enzymes that confer resistance 

(Supplementary Table 4.3). A high abundance of genes that confer resistance to 

tetracycline and macrolides were detected in the exacerbation sample (CF8-A-Ex) but 

their abundances decreased upon treatment with meropenem and tobramycin. However, 

the abundances of β-lactamase genes (conferring resistance to β-lactams), and those 

encoding multidrug resistance efflux pumps, increased post-treatment (Figure 4.3C).   

PCA indicated that the metabolic pathways present in the communities found in 

both samples were quite similar. Interestingly the exacerbation sample was closer to the 

disease state sample from CF7, whereas the post-treatment sample was similar to the CF6 

post-treatment sample, an intermediate responder. This “post-treatment” community was 

characterized by C5-branched dibasic acid metabolism, protein export, and 

selenocompound metabolism (Figure 4.2). The C5-branched dibasic acid metabolism 

belongs to the “carbohydrate metabolism” superclass, and is known to provide an 
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alternative source of carbon and energy. Comparison of the top 20 representative 

metabolic pathways that differed between the two CF8 samples (Supplementary Figure 

4.3) indicated that folate biosynthesis, glycan degradation, and nathphalene and dioxin 

degradation were responsible for distinguishing the metagenomes from these samples.   
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Figure 4.6: An overview of clinical and metagenomic data in patient CF8. This patient 
was clinically defined as a “responder”. The FEV1% was illustrated across a 600-day 
period and a red diamond indicates the baseline FEV1%. The ‘Resistance Profile’ panel 
near the top shows the results from laboratory resistance tests on clinically-cultured 
microbes, obtained at the time point immediately below their placement. The first sample 
was collected during the onset of a clinically defined exacerbation at time point 0.  The 
medications prescribed during each chronic and acute therapy are shown in the time line. 
The length of the black line corresponds to the duration of therapy.  Acute therapy is 
represented by: M=Meropenem, Ctx=Ceftriaxone, Ctz=Ceftazidime, 
PT=Piperacillin/Tazobactam, Cp=Ciprofloxacin, T=Tobramycin, G=Gentamicin, 
Pred=Prednisone, Imp=Imipenem, Azt=Aztreonam, Lz=Linezolid, Col=Colistin, Ampho 
= Inhaled Amphotericin, Cayston = Inhaled Aztreonam 
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Discussion 

The CF lung is a complex ecosystem hosting a wide range of interacting bacteria, 

viruses and fungi that collectively alter host immune responses.  This dynamic ecosystem 

drives short and long-term clinical outcomes of CF patients.  To survive, these airway 

microbes must adapt their intermediary metabolism to the available resources to resist 

therapy and the host immune responses.   

Combining clinical information with metagenomic analysis (Figure 4.4 – 4.6) has 

provided valuable insights into the potential use of sequencing in clinical settings. The 

patients were chosen from a larger cohort based on their distinct responses to treatments 

and levels of underlying lung function. CF6 was characterized by moderate lung disease 

but responded to the therapeutic plan, CF7 was characterized by severe end-stage disease 

and did not respond to therapy, and CF8 was characterized by mild pulmonary disease 

and completely responded to therapy. In case report format, we specifically 

demonstrated: 

1) Each patient hosts a unique polymicrobial community. Metagenomics detected a 

high level of species diversity and community dynamicity not seen in routine cultures. 

Semi-quantitative measurements of individual species showed that their relative 

abundances fluctuated temporally. Whether these fluctuations are due to sampling or 

community dynamics remains to be determined. 

2) Community metabolism differed between patients, and within a patient over 

time. Predictions of community metabolism suggested that this too is dynamic, 

changing over time and variable between patients that differed in their health status. 
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Although we cannot attribute these fluctuations to patient characteristics alone, as 

they may be due to sampling, it is clear that there is abundant variation for subsequent 

studies to investigate. 

3) An unappreciated diversity of genes encoding antibiotic resistance pathways was 

detected from the metagenomes in all patients That these genes are often found in 

bacteriophage genomes makes it likely that they can be transferred horizontally 

between community members. Clinical decision-making may benefit from such 

information, to understand whether it is best to target individual bacteria or individual 

genes/functions.  

Each of these points is discussed in detail below. 

 

Unique polymicrobial communities  

The results showed that the numerically dominant bacteria varied considerably 

between patients. Patient CF6 was represented mainly by E. coli, R. mucilaginosa, S. 

parasanguinis, and Kleibsella pneumoniae; patient CF7 was represented by S. 

maltophilia, R. mucilaginosa, and Streptococcus spp.; while patient CF8 was represented 

by P. aeruginosa and R. mucilaginosa. A previous study showed that lung bacteria are 

most likely acquired from the patient’s living environment, and that the microbial 

community fluctuates in respond to therapeutic perturbations (Lim et al. 2012). The 

results presented here are consistent with these previous findings and extends the list of 

microbes known to be associated with the CF lungs. For example, patient CF8 had a high 

abundance of Lactobacillus spp. commonly found in the oral and gastrointestinal (GI) 
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tract; its presence in the lung of immunocompromised individuals has been associated 

with life-threatening pulmonary cases (Jones et al. 1994). Lactobacillus rhamnosus can 

be introduced to the GI tract through yogurt and other dairy products (Holzapfel et al. 

1998). Even though it is beneficial in most cases, it has also been associated with 

endocarditis (Avlami et al. 2001), pulmonary abscess and pleuritis (Shoji et al. 2010). 

Lactobacillus casei was found to have protective role in the lung of a mouse model 

during S. pneumoniae infection (Haro et al. 2009). In CF8, the presence of Lactobacillus 

spp. and the significant reduction of Streptococcus spp. following treatment may indicate 

a protective role for Lactobacillus sp. in Streptococcus infection. This is not surprising as 

a small study by Bruzzese et al. (Bruzzese et al. 2004) found that the treatment with 

probiotic L. rhamnosus GG (LGG) decreased the level of intestinal inflammation markers 

and rectal nitric oxide production in children with CF compared placebo-controlled 

group. A separate study further showed that children with CF treated with LGG showed a 

reduction of pulmonary exacerbations (Bruzzese et al. 2007).  

The dynamics of the microbial communities within each patient support the 

Climax and Attack model previously described in an ecological view of the CF airways 

(Conrad et al. 2013). The main players (the Climax community) persist across time even 

though their abundances change with perturbations, while the Attack community is 

transient and dynamic. Every patient presented a complex lung microbial ecosystem 

consisting of distinct Climax and Attack communities.  

Recently, 16S rRNA gene surveys have been suggested for routine clinical use 

(Salipante et al. 2013). However, 16S sequence data have a limited ability to resolve 
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taxonomy to the species level (Filkins et al. 2012), and may introduce biases during the 

primer-binding step of PCR (Cai et al. 2013). For example, different species of 

Pseudomonas or Streptococcus could not be distinguished, and Staphylococcus aureus 

that was detected by culturing was not detected by sequencing (Filkins et al. 2012; 

Salipante et al. 2013).  

 

Community metabolism  

Functional information gleaned from the metagenomic data showed that the 

metabolic potentials of these communities were distinct, helping to determine whether a 

community should be labeled as Climax or Attack. The PCA of the top 20 most variable 

functions provided a preliminary view on the Attack-associated metabolic potentials 

(Figure 4.2, quadrants 1 and 3), and the Climax-associated metabolic potentials that 

render the community resistant to treatment and enable persistence through perturbations 

(Figure 4.2, quadrants 2, 3, and 4). It is important to note that the groupings of these 

samples are not mutually exclusive. The positive loadings of the first and second 

principal components may be representing metabolic potentials important for both 

recovery and response to treatment. The taxonomical and functional profiles of patient 

CF7 did not considerably change through time, which is consistent with this patient’s 

unresponsiveness to treatment and his unchanged health status. This suggests the 

metabolic functions of the climax community were associated with persistence, and that 

changes in the Attack community were associated with exacerbation and declines in lung 

function. 
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Antibiotic resistance  

Of the many challenges facing the CF community, the evolution of antibiotic 

resistance is one of the most pressing concerns. The presence of antibiotic resistance 

genes that encode resistance against major groups of antibiotics (e.g., aminoglycosides, 

macrolides, β-lactamases, and fluoroquinolones) suggests these communities may be 

capable of rapid genetic adaptation to resist perturbations and stresses imposed by 

treatment. This rapid adaptation would be at least partially fueled by horizontal gene 

transfer via phages and plasmids. Active multidrug efflux mechanisms are known to be 

one of the major determinants of antibiotic resistance in many CF pathogens including P. 

aeruginosa, Burkholderia cepacia, and S. maltophilia (Nikaido 1996; Alonso and 

Martínez 1997; Zhang et al. 2000). Our data (Figure 4.3A) support this observation as 

more than 50% of the antibiotic resistance genes identified were predicted to encode 

efflux-mediated resistance mechanisms. β-lactamases were the most abundant genes 

identified. Their high abundance in the viromes also suggested that phage-mediated 

spread of β-lactamases could occur within the community (Figure 4.3C). Similar to P. 

aeruginosa, S. maltophilia is highly resistant to antibiotics due to the presence of various 

intrinsic and acquired resistance mechanisms that include β-lactamases, penicillinase, 

cephalosporinase, aminoglycoside acetyl-transferase (aac), efflux pumps, and biofilm 

formation (Avison et al. 2001; Di Bonaventura et al. 2004; Falagas et al. 2009). An up-to-

date database containing comprehensive annotations for aminoglycoside and macrolide 

resistance mechanisms facilitated the detection of resistance genes present in the 

metagenomic data, especially across the S. maltophilia-rich microbiomes of patient CF7. 

With this manually-curated database and data analysis framework, we have demonstrated 
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the potential uses of metagenomics for the identification and monitoring of antibiotic 

resistance in clinical microbiology (Schmieder and Edwards 2012; Schmieder 2013). 

The antibiotic resistance profiles of each patient were dynamic. In several cases, 

community members appeared to loose resistance to particular antibiotics, reflected in 

both clinical and metagenomic measurements. In the case of CF6, E. coli appeared to lose 

its resistance to Tobramycin, and Streptococcus and Rothia were predicted to be less 

resistant to aminoglycosides and macrolides, respectively (Figure 4.4). It remains to be 

determined whether these “losses” are due to fluctuations in the number of cells sampled 

or truly present, or the transfer of these resistance genes between community members. 

For example, a decrease in the number of Streptococcus cells sampled could explain the 

predicted loss in the presence of Streptococcus-associated antibiotic resistance genes in 

the later stable sample (D). But such a direct relationship could not explain the decrease 

in Rothia associated macrolide resistance genes co-occurring with an increase in Rothia 

abundance. In this case, it is possible that these genes are monitoring a separate, non-

Rothia, community member.  

The sequencing of the virome portion of CF lungs suggests also that antibiotic 

resistance is not likely confined to one bacterial species, for the genes conferring such 

resistances can be shuttled back and forth between microbes. In any case, having 

information on the predicted resistance of the whole community is perhaps one of the 

most useful pieces of information extracted from metagenome sequencing. If a patient’s 

lung metagenome suggests resistance to macrolides, despite not having been prescribed 

such antibiotics, this can prove to be vital information for clinicians to prescribe 

appropriate antibiotic therapy. Our data provide a minimal estimate of the resistance 
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potential for the community, and additional sequence coverage could be used to identify 

resistance genes present at lower abundance. Such rare genes are also important because 

they could come to dominate as the community composition is altered by antibiotic 

treatment. 

 

Study limitations  

This study illustrates the use of metagenomics to monitor microbial communities 

in the clinical setting, which may eventually help clinicians in their daily efforts to 

improve the lifes of CF patients. Because this metagenomic approach is at an early stage 

of development, the number of patients and samples presented in this study is relatively 

small (n=3 patients; 10 sputum samples) due to the amount of effort required for each 

sample. This limited sampling restricts our ability to determine whether the observed 

fluctuations in community composition, metabolism, and antibiotic resistance are truly 

occurring over time, or whether they are due to variability associated with sampling 

sputum, which may not consistently originate from the same region of the lung but from 

different regions that harbor their own persistent communities. Although larger studies 

will be needed to sort this out, this study has highlighted some of the most important 

issues to be solved prior to introducing personalized metagenomics into the clinic. 

Another potential limitation concerns the ongoing controversy surrounding the 

extent of oropharyngeal contamination of sputum samples. Mouth wash and rinsing of 

the oral cavity using sterile saline solution prior to sputum induction is a National 

Institutes of Health (NIH)-recommended standard protocol for obtaining a minimally 
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contaminated sputum sample (National Institute of Health). Previous studies showed 

significant evidence that induced CF sputum samples are strongly indicative of the lung 

environment and only minimally contaminated with mouth microbes (Rogers et al. 2006; 

Goddard et al. 2012; Fodor et al. 2012). Although we cannot rule out that some of our 

sputum samples were contaminated with oral microbes, the presence of such microbes in 

the oral cavity suggests they too could colonize CF lungs, and should therefore be 

considered as members of the community. This is particularly important for tracking 

antibiotic resistance genes, because even if an oral microbe has little chance of surviving 

in the lung environment, its genes may be transferred to those microbes that thrive in the 

lung environment. 

 

Concluding remarks and study significance  

The primary significance of this study is the combined use of metagenomic 

sequencing and clinical microbiology for monitoring polymicrobial infections in 

individual patients. This shotgun metagenomics approach not only provides accurate 

species level (sometimes strain level) taxonomic assignments, it also provides functional 

information at the gene level, e.g., the presence of potential antibiotic resistant genes and 

mutation-induced resistance mechanisms (Schmieder and Edwards 2012). In addition, the 

reconstruction of whole genomes is possible (Lim et al. 2013) and this can potentially 

provide important molecular information that is necessary for infection control (Dunne et 

al. 2012). Validation and normalization of the metagenomic data would also improve 

quantification of microbes, and the downstream clinical interpretation and therapeutic 
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strategies. Other concerns and specific examples are also reviewed in (Dunne et al. 2012). 

Sample preparation, methodology, and bioinformatics will continue to improve these 

efforts, eventually leading to real-time monitoring of microbial communities in CF 

patients. 

Medical diagnosis is a multidimensional process that includes physical 

assessment of the patient by physicians and nurses, nonspecific screening tests, 

monitoring of the efficacy of selected treatments, and the collection of specimens for 

biomedical laboratory processing. Nowadays, it is becoming increasingly possible to 

complement this information with sequence data.  Real-time pathogen sequencing has 

been suggested to control pathogen outbreaks as current methods are slow and offer 

limited resolution (Dunne et al. 2012). As a proof-of-principle, this study presents the 

value of coupling metagenomics with clinical findings, helping to move us closer to 

molecular diagnoses. Diagrams such as those shown in Figures 4.4 – 4.6 would be 

instrumental in condensing vast amounts of data into clinically useful tools for tracking 

patient disease progression, corresponding treatments, and microbial community 

responses to those treatments.  

The advancement in sequencing technologies and their decreasing cost is bringing 

us closer to diagnoses and treatments that are augmented by genomics technologies. To 

be relevant for clinical applications, the workflow is only possible with the aid of robotics 

and automation, and the turnaround times can be scaled to within 48 hours, which is over 

two times faster than a conventional culture-based procedure that takes 3-5 days for CF 

samples. Such timely information could affect clinical management of the patients. Of 
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course, the quality of the data is very dependent on the choice of sequencing technology 

and data analysis pipeline.  However, the optimization of upstream robotics, the further 

development of bioinformatics tools, and increasing computing power will continually 

move the field towards this goal. Although the implementation of metagenomic analysis 

as part of clinical diagnostic tool would be accompanied by the challenges of data 

interpretation by health care professionals, the consistency and accuracy of the 

technologies, and navigating the complexities of administrative policy, we see invaluable 

therapeutic potential in the real-time monitoring of microbial communities and their 

capabilities to resist treatment efforts.  
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Appendix for Chapter 4 

Supplementary Notes 
 
Protocol defined exacerbation 

A protocol-defined exacerbation is an event when the patient:  

1) Meets four or more of the Fuchs criteria (Fuchs et al. 1994). Fuchs criteria are most 

commonly used to evaluate exacerbation events in adult CF individuals. It has also been 

extensively used in several clinical trials to define a CF exacerbation.  We have added the 

missed days of school/work as an additional criterion.   

2) The patient must have a physiologic drop in FEV1 of at least 15% or more compared to 

the best FEV1 in the previous 12 months.   

Patient is assigned as clinical responder when the patient shows:  

3) Improvement in all of the Fuchs symptoms/signs that declined from the baseline value 

at the onset of the exacerbation.   

4) Improvement in FEV1 to within 90% and 250 cc of their greatest FEV1 achieved in the 

past 12 months.   

5) Improvement in the subjective CFQR and UCSD SOBQ surveys.  These are validated 

disease specific questionnaires.  A minimally clinically important difference of greater 

than 5 (MCID>5) was used as a cut off for level of significance.  All others who do not 

meet these criteria were considered as non-responders.   

 

Sample description, collection and processing 

Each sample was given a unique patient ID (CF<number>) followed by the time 

point when the sample was collected (represented by a letter, <A-Z>). A patient’s clinical 
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status, designated by the clinician, was based on the commonly used Fuch’s criteria, lung 

function tests, and the patient’s reported outcome. Sputum samples were collected in the 

clinic during the patient’s visit. The sample was then syringe-homogenized and split into 

5 aliquots for metagenomic (2) and metatranscriptomic (1) studies, culturing (1), and 

storage (1). Immediately after homogenization, each homogenate for microbial 

metatranscriptomic study was transferred to a 15 ml falcon tube containing 1 volume of 

0.1 mm zirconia beads and 3 volumes of Trizol LS and was immediately vortexed for 10 

minutes at medium speed to mechanically lyse microbial cells while maintaining the 

RNA intact. All samples were then transported on ice to the lab.  

Detailed standard protocols can be downloaded from www.coralandphage.com. The 

protocols include initial sample pre-processing and pre-treatment prior to microbial cell 

and virus enrichment. Due to the large files describing every method, and possible 

deviations from the SOP, the website allows researchers to choose the sample type and 

procedure to be done, and automatically generates an appropriate corresponding 

workflow.  

 

Bioinformatics 

All samples were sequenced using the GS-FLX Titanium chemistry system. 

Multiplexed SFF sequence data files were separated according to their unique identifiers, 

and FASTA formatted sequences and corresponding quality scores were extracted using 

the GS-SFF tools software package (Roche: Brandord, CT). 
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Data Preprocessing 

All datasets were preprocessed using PRINSEQ to remove low quality reads, 

reads shorter than 60 bp, duplicate reads, and low complexity reads. The command used 

was: 

perl prinseq-lite.pl -verbose -log -fastq file.fastq -derep 1245 -lc_method entropy -

lc_threshold 50 -trim_qual_right 15 -trim_qual_left 15 -trim_qual_type mean -

trim_qual_rule lt -trim_qual_rule lt -trim_qual_window 2 -trim_tail_left 5 -

trim_tail_right 5 -min_len 60 -min_qual_mean 15 -ns_max_p 1 -rm_header 

Viral and microbial metagenomes were further processed using DeconSeq to remove all 

human-like sequences with at least 90% query length coverage and 90% identity. This 

was done using the web version available at http://edwards.sdsu.edu/deconseq  

 

Reference Databases 

The NCBI non-redundant protein (hereafter NR) database (version Feb 14, 2012) 

was downloaded from the NCBI FTP server: ftp://ftp.ncbi.nih.gov/blast/db/ 

The NCBI non-redundant nucleotide (hereafter NT) database (version Feb 14, 2012) was 

downloaded from the NCBI FTP server: ftp://ftp.ncbi.nih.gov/blast/db/ 

The viral database (created Feb 23, 2012) includes: 4,019 unique viral genomes 

downloaded from the NCBI FTP server: ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/ and 

ftp://ftp.ncbi.nih.gov/refseq/release/viral/ 

The Anitbiotic Resistance Genes Database (ARDB) (version 1.1, July 3, 2009) includes 

23,137 antibiotic resistant-associated protein sequences downloaded from 

http://ardb.cbcb.umd.edu. In order to normalize the number of hits against the size of the 
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metagenomes (total number of reads per metagenome), as well as the total number of 

base pairs in the database, we assume an average of 1000 bp per gene.  

 

Database searches 

Database searches were performed using the BLAST program. Unless specified, 

the default command-line options were used. Fine-tuning of the options based on the 

characteristics of the input data may yield better performance and/or results. Analysis of 

the BLAST output was performed using in-house Perl scripts. BLAST version 2.2.24 was 

downloaded from: ftp://ftp.ncbi.nih.gov/blast/executables/release/LATEST/ 

 

Data Analysis 

rRNA-like and non-rRNA reads were identified from the preprocessed 

metatranscriptomes using BLASTn against the SILVA database (threshold of 50% query 

coverage and 75% alignment identity). Non-rRNA reads were annotated using BLASTx 

against the NCBI non-redundant protein database (threshold of 40% identity over at least 

60% of the query sequence).  

The preprocessed metagenomes were annotated using BLASTn against the NCBI 

nucleotide database (threshold of 40% identity over at least 60% of the query sequence). 

Sequences assigned to the phylum Chordata and to vector or synthetic sequences were 

identified and removed. Virome sequences were then compared against the viral database 

containing 4,019 unique viral genome sequences using a tBLASTx search (threshold of 

40% identity over at least 60% of the query sequence).  
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The best hit designation was assigned to the alignment with the highest coverage, 

identity and score values within the specified thresholds. For BLASTx against NR, if 

there were multiple amino acid alignments (within the top 50 BLAST hits) against the 

same database sequence without overlap in both the query and database sequence, and 

within the length of the query sequence, the combined coverage, identity and score values 

were calculated for each query sequence to account for possible frame-shifts. 

 

Taxonomic and functional assignments 

The query sequence taxonomy and/or function were assigned based on the best 

matching database sequence(s). If there were multiple best hits with the same coverage, 

identity and score values that belonged to different taxa, or the matching database 

sequence belonged to different taxa, then the taxonomies/functions were randomly 

assigned using 100,000 bootstraps. This approach is similar to assigning an equal fraction 

to all possible taxa, but additionally provides the standard deviation for each assigned 

mean value. Query sequences with no BLAST hits and those unassigned due to the 

defined threshold were classified as “unassigned” or “unknown”. The diversity of 

microbiomes was calculated based on the number of bacterial species identified in the 

datasets. 

All metagenomes were additionally annotated using the KEGG database 

(Kanehisa and Goto 2000) and analyzed using the HUMAnN pipeline (Abubucker et al. 

2012).  The normalized relative abundance values were used for subsequent analysis. The 

top 20 pathways that vary the most between microbiomes were used for the principal 
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component analysis (PCA) illustrated in Figure 4.2, and the analysis was done using the 

R package “bpca”.  
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Supplementary Table 4.1: Library information of the viral and microbial metagenomes. 
The number of reads after host removal indicates the number of reads used for all 
downstream analysis.  
 

Name 

Viral 
Metagenomes 

   Microbial 
   Metagenomes 

% CVS1 # Processed 
Reads2 

% 
Unknown

3 

% 
CVS1 

# Processed 
Reads2 

% 
Unknown

4 

CF6-A-Ex 61%  36,302 98.11% 95%               
5,957  1% 

CF6-B-Tr 79% 22,864 97.67% 58%             
71,825  5% 

CF6-C-Pt 31%  38,246 94.78% 38%             
29,360  18% 

CF6-D-St 17%  64,465 94.90% 96%                
1,714  2% 

       

CF7-A-Ex 42%  50,282 98.68% 23%             
42,765  10% 

CF7-B-Tr 36%  134,937 90.91% 23%             
28,840  10% 

CF7-C-Tr 24%  60,984 82.64% 82%             
12,836  2% 

CF7-D-Pt 24% 124,498 67.85% 75%             
29,282  3% 

       

CF8-A-Ex 52%  51,083 98.62% 30%           
106,166  18% 

CF8-B-Pt5 58%  47,501 97.82% 78%             8,706  6% 
          
 

1 Percentage of total high-quality reads that matched to Chordata (assuming these are host 
contamination), vector and synthetic (CVS) sequences. 2Number of high-quality reads 
minus the number of reads matched to CVS sequences based on DeconSeq (microbial 
metagenomes only) and BLASTn against the nucleotide (NT) database. 3 Percentage of 
total sequences that do not have significant hits against the viral genome database using 
tBLASTx.  4 Percentage of total sequences that do not have significant hits against the 
NT database using BLASTn. 5 This library contains 21% of contaminating vector 
sequences.    
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Supplementary Table 4.2: Questionnaires score  
 

Patient 
(Gender) Time Scale CFQR 1 

Respiratory 
Score2 

(MCID±5) 

UCSD 
SOBQ 3 

(MCID±5) 
FEV1

4  

 
CF6 

(Female) 
Day 0 625 61 34 1.91 (57%) 

 Day 12 603 66 43 2.03 (60%) 

 Day 17 626 66 32 2.06 (61%) 

 Day 46 897 72 24 2.07 (61%) 
 

CF7 
(Male) 

Day 0 907 55 36 0.87 (21%) 

 Day 20 823 66 40 0.80 (19%) 

 Day 27 883 55 29 0.82 (19%) 

 Day 37 848 66 45 0.92 (22%) 
 

CF8 
(Male) 

Day 0 686 33 20 3.39 (73%) 

 Day 17 933 83 8 4.15 (89%) 
 

1 Cumulative score of CFQR (Cystic Fibrosis Questionnaire - Revised) measuring the 12 
domains representing patients’ quality of life. The 12 domains include physical, role, 
vitality, emotion, social, body image, eating, treatment burden, health perceptions, and 
symptom scales based on weight, respiratory and digestion. 2 Respiratory score based on 
the CFQR. 3 SOBQ: Shortness of Breath Questionnaire. 4 FEV1 is measured as the forced 
expiratory volume in one second (% predicted). 
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Supplementary Table 4.3: Antibiotic resistance profiles predicted by BLASTx 
comparison of microbiome data to the Antibiotic Resistance Database (ARDB).  
 
Sample Resistant genes Resistance class Resistance types 

CF6-A 
 

acr, bla-a, bla-c, 
bla-d, tet efflux, 
mph, mdtef, 
mdtnop, tet-rpp, 
ksga, bcr-mfs, 
baca, macab, 
arna, mdtm. 

Multidrug resistance efflux 
pump. Macrolide-specific 
efflux system. Class A 
beta-lactamase. Class C 
beta-lactamase. Class D 
beta-lactamase. Macrolide 
phosphotransferase. 
Tetracycline efflux pump. 
Ribosomal protection 
protein. Undecaprenyl 
pyrophosphate 
phosphatase.  

Tetracyclin. Acriflavin. 
Aminoglycoside. Beta-
lactam. Glycylcycline. 
Macrolide. Ceftazidime 
(and other cephalosporins). 
Puromycin. Doxorubicin. 
Erythromycin. Cloxacillin. 
Penicillin. Deoxycholate. 
Fosfomycin. Kasugamycin. 
Polymycin. Bacitracin. 
Chloramphenicol. 
Norfloxacin.  

CF6-B 

bla-a, bla-c, bla-
d, acr, mdtnop, 
mdtef, tet-
efflux, sul, mph, 
bcr mfs, mdfa, 
emrd, mdtg, 
macab, arna, 
baca, rosab, aac, 
mdtk, mdth, 
mdtl, ksga, dfra, 
mdtm, erm, tet-
rpp, emre, catb 

Multidrug resistance efflux 
pump. Class A beta-
lactamase. Tetracycline 
efflux pump. Sulfonamide-
resistant dihydropteroate 
synthase. Macrolide 
phosphotransferase. 
Macrolide-specific efflux 
system. Aminoglycoside 
N-acetyltransferase. 
Undecaprenyl 
pyrophosphate 
phosphatase. Class C beta-
lactamase. Class D beta-
lactamase. Group A drug-
insensitive dihydrofolate. 
rRNA adenine N-6-
methyltransferase. 
Ribosomal protection 
protein. Group B 
chloramphenicol 
acetyltransferase.  

Tetracyclin. Acriflavin. 
Aminoglycoside. Beta-
lactam. Glycylcycline. 
Macrolide. Ceftazidime 
(and other cephalosporins). 
Puromycin. Doxorubicin. 
Erythromycin. Cloxacillin. 
Penicillin. Deoxycholate. 
Fosfomycin. Kasugamycin. 
Polymycin. Bacitracin. 
Chloramphenicol. 
Norfloxacin. Sulfonamide. 
Amikacin. Dibekacin. 
Isepamicin. Netilmicin. 
Sisomicin. Tobramycin. 
Enoxacin. Norfloxacin. 
Trimethoprim. 
Lincosamide. 
Streptogramin-b.  
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Supplementary Table 4.3: Antibiotic resistance profiles predicted by BLASTx 
comparison of microbiome data to the Antibiotic Resistance Database (ARDB). 
(continue) 
 
Sample Resistant genes Resistance class Resistance types 

CF6-C bla-a, acr, 
mdtnop, mdtk, 
mdtef, sul, mph, 
bcr mfs, macab, 
arna, baca, 
mdtl, dfra, 
mdtm, erm, tet-
rpp, catb 

Multidrug resistance efflux 
pump. Class A beta-
lactamase. Macrolide-
specific efflux system. 
Sulfonamide-resistant 
dihydropteroate synthase. 
Macrolide 
phosphotransferase. 
Undecaprenyl 
pyrophosphate 
phosphatase. rRNA 
adenine N-6-
methyltransferase. 
Ribosomal protection 
protein. Group B 
chloramphenicol 
acetyltransferase. 

Ceftazidime (and other 
cephalosporins). 
Macrolide. 
Chloramphenicol. 
Doxorubicin. 
Erythromycin. Bacitracin. 
Acriflavin. Puromycin. T-
chloride. Aminoglycoside. 
Beta-lactam. 
Glycylcycline. Enoxacin. 
Norfloxacin. Sulfonamide. 
Lincosamide. 
Streptogramin-b, 
Polymyxin. Tetracycline.  

CF6-D aac, bla-a. Aminoglycoside N-
acetyltransferase. Class A-
beta-lactamase.  

Amikacin. Dibekacin. 
Isepamicin. Netilmicin. 
Sisomicin. Tobramycin. 
Ceftazidime (and other 
cephalosporins). 
Monobactam. Penicillin.  

CF7-A 
 

smeabc, 
smedef, tet-rpp, 
bla-a, macab, 
mecr1, tet-
flavo, mexxy, 
mls-mfs. 

Multidrug resistance efflux 
pump. Ribosomal 
protection protein. Class A 
beta-lactamase. Macrolide 
specific efflux system. 
Methicillin-resistance 
regulatory protein for 
mecA. Flavoproteins. 
Macrolide-Lincosamide-
Streptogramin B efflux 
pump.  

Fluoroquinolone. 
Tetracycline. Macrolide. 
Methicillin. 
Aminoglycoside. 
Glycylcycline. 
Cephalosporin.  

CF7-B tet-rpp, smedef, 
smeabc, pbp, 
erm.  

Multidrug resistance efflux 
pump. Ribosomal 
protection protein. rRNA 
adenine N-6-
methyltransferase. 

Fluoroquinolone. 
Tetracycline. Penicillin. 
Lincosamide. Macrolide. 
Streptogramin-b.  
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Supplementary Table 4.3: Antibiotic resistance profiles predicted by BLASTx 
comparison of microbiome data to the Antibiotic Resistance Database (ARDB). 
(continue) 
 
Sample Resistant genes Resistance class Resistance types 

CF7-C smeabc, 
smedef, pbp 

Multidrug resistance efflux 
pump. 

Fluoroquinolone. 
Penicillin.  

CF7-D smabc, smedef, 
tet-rpp, aac, 
adeabc, catb 

Multidrug resistance efflux 
pump. Ribosomal 
protection protein. 
Aminoglycoside N-
acetyltransferase. Group B 
chloramphenicol 
acetyltransferase.  

Fluoroquinolone. 
Aminoglycoside. 
Chloramphenicol. 
Tetracycline. Amikacin. 
Dibekacin. Isepamicin. 
Netilmicin. Sisomicin. 
Tobramycin.  

CF8-A tet-rpp, pbp, 
mexhi, mexef, 
mls mfs, 
mexab, erm, 
mexxy, mexcd, 
mexvw, bla-a, 
bla-c, baca, 
macab, arna, 
rosab, pmra.   

Multidrug resistance efflux 
pump. Ribosomal 
protection protein. 
Macrolide-Lincosamide-
Streptogramin B efflux 
pump. rRNA adenine N-6-
methyltransferase. Class A 
beta-lactamase. Class C 
beta-lactamase. 
Undecaprenyl 
pyrophosphate 
phosphatase.  

Tetracycline. Penicillin. 
Macrolide. 
Chloramphenicol. 
Fluoroquinolone. 
Aminoglycoside. Beta-
lactam. Tigecycline. 
Lincosamide. 
Streptpgramin-b. 
Erythromycin. 
Roxithromycin. 
Cephalosporin. Bacitracin. 
Norfloxacin. 
Ciprofloxacin. Polymyxin. 
Fosmidomycin.  

CF8-B mexvw, mexhi, 
tet-rpp, mexcd, 
erm, mexab, 
baca, mexxy, 
bla-c, mexef, 
smedef.  

Multidrug resistance efflux 
pump. Ribosomal 
protection protein. rRNA 
adenine N-6-
methyltransferase. Class C 
beta-lactamase. 
Undecaprenyl 
pyrophosphate 
phosphatase. 

Tetracycline. Lincosamide. 
Macrolide. Streptogramin-
b, Erythromycin. 
Fluoroquinolone. 
Glycylcycline. 
Roxythromycin. 
Aminoglycoside. Beta-
lactam. Tigecycline. 
Cephalosporin. 
Chloramphenicol. 
Bacitracin.  
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Supplementary Table 4.4: Antibiotic resistance profile assigned by BLASTx 
comparison against the Antibiotic Resistance Database (ARDB) based on the viromes.  
 

Sample Resistant genes Resistance class Resistance types 

 
CF6-A 

 
blaA Class A β-lactamase.  Cephalosporins. 

Penicillin 

CF6-B blaA Class A β-lactamase Cephalosporins. 
Penicillin 

CF6-C tet_efflux, cml 

Major facilitator 
superfamily transporter: 
tetracycline efflux pump, 
chloramphenicol efflux 
pump 

Tetracycline, 
Chloramphenicol 

CF6-D blaA Class A β-lactamase.  Cephalosporins, 
Penicillin 

 
CF7-A 

 
fos Glutathione transferase  Fosfomycin  

CF7-B Not-detected  - - 
CF7-C Not-detected  - - 

CF7-D tet_efflux 
Major facilitator 
superfamily transporter, 
tetracycline efflux pump 

Tetracycline 

CF8-A erm, rosab 

rRNA adenine N-6-
methyltransferase. Efflux 
pump/potassium 
antiporter system 

Lincosamide, 
Streptpgramin-b, 
Macrolide, 
Fosmidomycin.  

CF8-B blaA  Class A β-lactamase.  Cephalosporin, 
Penicillin 
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Supplementary Figure 4.1: Principal component analysis (PCA) showing the (a) top 10 
and (b) top 20 metabolic pathways that displayed the greatest variance within patient CF6 
samples.  
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Supplementary Figure 4.2: Principal component analysis (PCA) showing the (a) top 10 
and (b) top 20 metabolic pathways that displayed the greatest variance within patient CF7 
samples.  
 
 

 
 
Supplementary Figure 4.3: Principal component analysis (PCA) showing the top 20 
metabolic pathways that displayed the greatest variance within patient CF8 samples.  
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Supplementary Figure 4.4: Functional characterization of the microbiomes based on the 
normalized metabolic pathway abundances in each sample. The Y-axis shows only the 
top 45 orthologous groups sorted by the total mean value of each orthologous group.  
!
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Chapter 5 

Mechanistic model of Rothia mucilaginosa adaptation toward persistence in the CF 

lung, based on a genome reconstructed from metagenomic data 

 
Abstract 
 

The impaired mucociliary clearance in individuals with Cystic Fibrosis (CF) 

enables opportunistic pathogens to colonize CF lungs. Here we show that Rothia 

mucilaginosa is a common CF opportunist that was in present in 83% of our patient 

cohort, almost as prevalent as Pseudomonas aeruginosa (89%). Sequencing of lung 

microbial metagenomes identified unique R. mucilaginosa strains in each patient, 

presumably due to evolution within the lung. The de novo assembly of a near-complete R. 

mucilaginosa (CF1E) genome illuminated a number of potential physiological 

adaptations to the CF lung, including antibiotic resistance, utilization of extracellular 

lactate, and modification of the type I restriction-modification system. Metabolic 

characteristics predicted from the metagenomes suggested R. mucilaginosa have adapted 

to live within the microaerophilic surface of the mucus layer in CF lungs. The results also 

highlight the remarkable evolutionary and ecological similarities of many CF pathogens; 

further examination of these similarities has the potential to guide patient care and 

treatment.  

!
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Introduction 

 Cystic fibrosis (CF) is a genetic disease caused by mutation of the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene (Kerem et al. 1989). In CF lungs, the 

defective CFTR protein affects trans-epithelial ion transport and consequently leads to 

the accumulation of thick and static mucus. The resultant hypoxic microenvironment 

encourages the colonization of opportunistic microbes, viruses, and fungi (reviewed in 

(LiPuma 2010)), causing acute and chronic infection. A few of the most commonly 

isolated pathogens are Pseudomonas aeruginosa, Staphylococcus aureus, Haemophilus 

influenzae, and Burkholderia cepacia. However, an increasing number of microbial 

species have been detected in the CF airway using culture-independent methods such as 

metagenomic sequencing (Rogers et al. 2004; Harris et al. 2007; Bittar et al. 2008; Cox et 

al. 2010; Guss et al. 2011). Metagenomics is a powerful approach that has been used to 

successfully characterize the microbial and viral communities in CF individuals (Willner 

et al. 2009; Willner and Furlan 2010; Willner et al. 2011b; Willner et al. 2012; Lim et al. 

2012). These types of studies have illuminated the complexity of microbial and viral 

communities, captured the vast diversity of functions encoded by these organisms, and 

have been used to trace the evolution of whole genomes (Narasingarao et al. 2012; 

Iverson et al. 2012).  

Previous sequencing of CF metagenomes revealed the presence of Rothia 

mucilaginosa at relatively high abundances in most patients (Lim et al. 2012). R. 

mucilaginosa was first isolated from milk in 1900 as Micrococcus mucilaginosus (Migula 

1900). It was later re-isolated and further studied by Bergan et al. in 1970 (Bergan et al. 

1970), and renamed Stomatococcus mucilaginosus in 1982 based on its 16S rDNA and 
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biochemical characteristics (Bergan and Kocur 1982). A recent study comparing S. 

mucilaginosus to Rothia dentocariosa and another unknown species (later known as 

Rothia nasimurium) led to the reclassification of S. mucilaginosus as R. mucilaginosa 

(Collins et al. 2000). 

R. mucilaginosa is an encapsulated, Gram-positive non-motile coccus (arranged 

in clusters) belonging to the phylum Actinobacteria. It has variable catalase activity, 

reduces nitrate, and hydrolyses aesculin (Bergan and Kocur 1982; Collins et al. 2000; 

Doel et al. 2005). It is a facultative anaerobe commonly found in the human oral cavity 

and upper respiratory tract (Bergan et al. 1970; Olsen et al. 2009; Guglielmetti et al. 

2010), and occasionally the gastrointestinal tract (Wang et al. 2005), small intestinal 

epithelial lining (Ou et al. 2009), tongue (Kazor et al. 2003; Preza et al. 2009), teeth 

(Nyvad and Kilian 1987; K. Philip et al. 2009), colostrum (Jiménez et al. 2008), breast 

milk (Delgado et al. 2008), and dental plaques (G.H. 1969; Ready et al. 2004). Although 

R. mucilaginosa is commonly regarded as normal flora of the oral cavity and upper 

respiratory tract, its association with a wide range of diseases (Supplementary Table 5.1) 

highlights its potential as an opportunistic pathogen, especially in immuno-compromised 

patients (Stackebrandt 2006).  

 At the genus level, Rothia has been reported by Tunney et al. (Tunney et al. 2008) 

as an aerobic species that can be isolated from CF sputum and pediatric bronchoalveolar 

lavage (BAL) samples. It has also been detected under anaerobic culturing conditions and 

via 16S rRNA gene surveys (Tunney et al. 2008). Typically R. dentocariosa was the 

main species identified in these studies (van der Gast et al. 2011). In addition, Bittar et al. 

(Bittar et al. 2008) and Guss et al. (Guss et al. 2011) have characterized R. mucilaginosa 
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as a “newly” emerging CF pathogen. Even so, R. mucilaginosa is usually treated as part 

of the normal oral microbiota in the clinical lab. As a result, the presence of R. 

mucilaginosa in CF lungs may be under-reported and the significance of infection is 

underestimated.  

Here we confirm that R. mucilaginosa is present and metabolically active in the 

lungs of CF patients. Comparisons with a non-CF reference genome revealed the 

presence of unique R. mucilaginosa strains in each patient.  A near-complete genome was 

reconstructed from the metagenomic reads of one patient; comparison of these sequence 

data with a non-CF reference genome enabled the identification of unique genomic 

features that may have facilitated adaptation to the lung environment.   
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Materials and Methods 

 Microbial metagenome data: Induced sputum samples were collected from CF 

volunteers at the Adult CF Clinic (San Diego, CA, United States) by expectoration. All 

collection was approved by the University of California Institutional Review Board 

(HRPP 081500) and San Diego State University Institutional Review Board (SDSU 

IRB#2121). Written informed consent was provided by study participants and/or their 

legal guardians. Fresh CF sputum samples were processed as described in (Lim et al. 

2012). In brief, sputum samples were homogenized, bacterial cells were pelleted by 

centrifugation, and pellets were repeatedly washed and then treated with DNase to 

remove human DNA prior to extraction of bacterial DNA.  

Sequence read processing. A total of 18 microbiomes were previously sequenced 

using Roche-454 GSFLX (Lim et al. 2012). The data were downloaded from NCBI 

sequence read archive (Accession # SRP009392). Reads that were duplicates or of low 

quality were removed using PRINSEQ (Schmieder and Edwards 2011a), and those that 

matched human-derived sequences were removed using DeconSeq (Schmieder and 

Edwards 2011b). Sequence reads with similarity to the phylum Chordata and to vector or 

synthetic sequences were identified by BLASTn against NCBI nucleotide database 

(threshold of 40% identity over at least 60% query coverage), and removed from the 

metagenomes.  A detailed description of sample processing and preliminary analyses of 

these datasets has been published (Lim et al. 2012). 

 BWA mapping of the metagenomes: The processed metagenomic reads were 

mapped to the Rothia mucilaginosa DY-18 (GI: 283457089) reference genome using a 
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modified version of BWA-SW 0.5.9.  The coverage values based on the reference 

mapping are shown in Supplementary Table 5.4.  

 De novo assembly and scaffolding: The metagenomic reads from CF1E were de 

novo assembled using the Newbler software version 2.6 with ≥35bp overlap and ≥95% 

identity. All resultant contigs were aligned to the reference genome (R. mucilaginosa 

DY-18) using nucmer with its -maxmatch option (using all anchor matches regardless of 

their uniqueness). This option will allow repetitive or multi-copy sequences (e.g., rRNA 

operons) to assemble into a single contig, enabling that contig to be subsequently mapped 

to more than one genomic region. All alignments were examined manually. Full length 

contigs were ordered based on their coordinates on the reference alignment, and this 

ordering was used with an in-house Perl script to build the final scaffold containing 181 

contigs.  

 Genome annotation: The CF1E scaffold was annotated using the RAST web 

annotation service (Aziz et al. 2008) with the latest FIGfams version 57 (Genome ID: 

43675.9). In order to allow a direct comparison, the reference genomes of R. 

mucilaginosa, DY-18 and R. mucilaginosa M508 (downloaded from the Genome OnLine 

Database) were also annotated using the same pipeline. CRISPR loci were identified 

using CRISPRFinder (Grissa et al. 2007). The spacers between the repeats were extracted 

and compared to the virome sequenced from the same sample (downloaded from the 

NCBI; SRX090639) (Lim et al. 2012), and other viromes in mymgdb (Schmieder and 

Edwards).     

Rothia-targeted 16S PCR of lung sections from explanted lungs.  DNA was 

extracted from 5-6 homogenized lung tissues from explanted lungs of four transplant 
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patients using the Macherey-Nagel Nucleospin Tissue Kit (Macherey-Nagel, Bethlehem, 

PA) with the Gram-positive variation that included an overnight proteinase K digestion.  

Extracted DNA was amplified using Actinobacteria-targeted PCR primers (Rothia_1F: 

5’-GGGACATTCCACGTTTTCCG-3’, Rothia_1R: 5’-TCCTATGAGTCCCCACCATT-

3’) that encompass a 322bp region of the 16S rRNA gene including the hypervariable 

regions 6–7. Two of the four patients were positive for Actinobacteria; right lower and 

lingular (left) lobes for Lung 9, and lingular lobe for Lung 7 (Supporting Information S3, 

Supplementary Figure 5.5). The PCR products were purified and sequenced. Sequencing 

of the three partial 16S gene fragments indicated Rothia was present in lungs from one of 

the four CF patients.  

  



!

!
!

200 

Results and Discussion 

 Mutations in the CFTR locus affect proper ion transport in lung epithelial cells, 

impairing the clearance of mucus in the airways and encouraging microbial colonization 

and persistence. Until recently, most laboratory and clinical microbiology only focused 

on a few pathogens, particularly P. aeruginosa. This "one mutation, one pathogen" model 

of the CF ecosystem is being replaced by a "polyphysiology, polymicrobial" view that is 

expected to improve treatment until gene-therapy is able to fix the underlying genetic 

cause.  

 An important step in understanding the CF lung ecosystem, with the ultimate goal 

of eliminating microbes or altering their pathogenicity, is to determine which microbes 

are present and the ways in which their survival depends on local chemistry. An initial 

step in this direction is to use metagenomic and metatranscriptomic data previously 

generated from microbes and viruses present in CF sputum samples (Lim et al. 2012). 

Metagenomic data provide information on which microbes and viruses are present, and 

their metabolic capabilities, while metatranscriptomic data provide information on which 

organisms are metabolically active (Lim et al. 2012).  Such metabolism data will enable 

predictions of local lung chemistry that may impose patient-specific selective pressures 

on the microbes.  Data from eighteen microbiomes existing in six CF patients with 

different health statuses were analyzed here (Supporting Information S1; Supplementary 

Table 5.2).  

The metagenomic data showed that 15/18 (83%) sputa contained R. mucilaginosa 

and 16/18 (89%) sputa contained the common CF pathogen P. aeruginosa.  Although P. 

aeruginosa was present in a greater number of samples, its abundance was lower than 
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that of R. mucilaginosa in 11 of the 14 samples where these species co-existed. Both 

species abundances ranged from 1% to 62% (Figure 5.1). The relative percentages of 

these two opportunistic pathogens varied between patients and within the same patient as 

their health status changed. The results show no obvious pattern of synergy or 

competition between the two pathogens. 

A health status of ‘Ex’ (for exacerbation) indicates a stark decline in lung function 

that is typically treated with intravenous antibiotics. Thus, between a health status of ‘Ex’ 

and ‘Tr’, patients will have been given antibiotics in addition to those that are often 

prescribed as continued therapy. The abundance data in Figure 5.1 indicate that these 

exacerbation-associated antibiotic treatments did little to permanently exclude R. 

mucilaginosa from CF lung communities.  Patients CF1, CF4, CF6, CF7, and CF8 all had 

appreciable abundances of R. mucilaginosa by the last sampling time point.  Only the R. 

mucilaginosa population in CF5 did not recover from antibiotic treatment by the last 

sampling time point; however, as this patient was only followed for 21 days (compared to 

17-58 for the other patients), it is possible R. mucilaginosa could still rebound from 

antibiotic treatment.  These results indicate that R. mucilaginosa is able to survive the 

typical CF antibiotic treatment, as is the main CF pathogen P. aeruginosa.  



!

!
!

202 

 

Figure 5.1: Prevalence of Rothia mucilaginosa, and the prototypical pathogen 
Pseudomonas aeruginosa, in eighteen microbiomes from six CF patients. Patients were 
sampled at times of differing health status (Supplementary Table 5.1). Ex: Exacerbation; 
Tr: On treatment; Pt: Post treatment; St: Stable; * present in <1% of the microbiome. 

R. mucilaginosa is present in CF lung explants and metabolically active.  The 

presence of R. mucilaginosa DNA in sputum samples (as detected by metagenome 

sequencing) could be explained by its abundance in the oral cavity and subsequent 

contamination of the sputum during collection.  However, this is unlikely for several 

reasons. Previous studies have indicated little contamination of sampled sputa with oral 

inhabitants (Rogers et al. 2006; Goddard et al. 2012), and the presence of Rothia has been 

confirmed in CF lungs (Fodor et al. 2012). Examination of lung tissue samples was the 

best way to definitively determine the presence of R. mucilaginosa in CF lungs from our 

cohort.  Between 5 and 6 lung tissue sections from explanted lungs of each of four 

transplant patients were screened for Rothia-related microbes using 16S rDNA targeted 

PCR and sequencing. One out of the four patients was positive for Rothia (Supporting 

Information S3, Supplementary Figure 5.5), indicating this bacterium is indeed present 

within lung airways. Unfortunately this patient was not available for the metagenome 

sequencing. The R. mucilaginosa population present in the oral cavity may serve as a 
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reservoir and “stepping stone” for lower respiratory infection, as described in many 

respiratory chronic infections such as CF and chronic obstructive pulmonary disease 

(Gomes-Filho et al. 2010).  

The presence of R. mucilaginosa DNA in sputum or lung tissues does not 

necessarily indicate this bacterium is metabolically active in the lung environment.  

Examination of a metatranscriptome dataset indicated that mRNAs and rRNAs are being 

produced by Rothia species (Supporting Information S2; Supplementary Figure 5.2-5.3), 

which suggests this bacterium is metabolically active in the CF lung.    

Genetic differences of R. mucilaginosa between patients. Longitudinal studies of 

P. aeruginosa (Oliver et al. 2000), Burkholderia dolosa (Lieberman et al. 2011), and 

Staphylococcus aureus (Goerke and Wolz 2010) within and between CF patients have 

shown evolutionary adaption to the CF lung. Here, we define adaptation as a process 

where mutations that alter pathogen behavior (in this case, metabolism) become fixed in 

response to specific environmental pressures, e.g. the availability of nutrients, oxygen, or 

redox potential. The power of the metagenomic data is in its ability to uncover the genetic 

mutations underlying these adaptations, that occur over long periods of selection.  

Characterizing these mutations thus enables us to infer which selection pressures are 

strongest in the CF lung, whether they be the dynamic lung physiology, immune system 

surveillance, and/or antibiotic treatment.  

We found evidence for similar evolutionary adaptation in R. mucilaginosa. The 

metagenomic sequences from each sample were mapped separately against the reference 

genome R. mucilaginosa DY-18, (GI: 283457089; originally isolated from persistent 
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apical periodontitis lesions (Yamane et al. 2010). As shown in Figure 5.2, the mapped 

sequences reveal gaps where portions of the reference genome sequence were not 

covered by metagenomic reads (i.e., were absent) in the CF-derived datasets (gap 

patterns > 5 kbp shown in Figure 5.2; Supplementary Table 5.3). The out-group in Figure 

5.2 is due to low coverage of R. mucilaginosa reads in the metagenomes of these patient 

samples (<1X coverage; Supplementary Table 5.4). Most of the gaps occurred in regions 

of low GC content (Figure 5.2), which most likely represent genes acquired by DY-18 via 

horizontal gene transfer (Lawrence and Ochman 1998).  

 The gap patterns were most different between patients, indicating unique R. 

mucilaginosa strains exist in each patient.  Within each patient, differences in gap 

patterns between time points were less numerous, but their existence indicates that the 

genome of R. mucilaginosa has been evolving independently in each patient. Combined 

with similar findings for P. aeruginosa (Oliver et al. 2000) and S. aureus (Goerke and 

Wolz 2010), this suggests that essentially every CF patient harbors a unique strain of R. 

mucilaginosa that evolves in the lung. If each strain also has a unique antibiotic 

resistance profile, then CF treatment will need to be tailored to the particular strain 

present in each patient. 
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Figure 5.2: Hierarchical clustering of the sample based on gap patterns, which 
correspond to regions of the reference genome R. mucilaginosa DY-18 that were not 
represented by any metagenomic reads. BWA mapping was used and gaps were 
identified in a 1 kbp stepwise window. Only gaps ≥5 kbp were plotted. Exact coordinates 
and annotations for the gaps are in Supplementary Table 5.3. The clade composed of 7-D, 
6-D, 6-A, and 7-C appears to be lacking the majority of the reference genome, due to the 
low sequence coverage of R. mucilaginosa in these metagenomes. 
 
 

Characteristics of CF1E genome scaffold. The metagenome from CF1E had over 

40,000 reads mapping to the reference genome, indicating enough data may be present to 

reconstruct the full genome of the R. mucilaginosa strain present.  All CF1E 

metagenomic reads were assembled de novo into 996 contigs with a N50 value (weighted 

median value of all contigs) of 11,178bp. Contigs were aligned against the reference 

genome R. mucilaginosa DY-18 using nucmer (Kurtz et al. 2004), resulting in one single 

scaffold built from 181 contigs with an 8.8-fold average sequencing depth (Figure 5.3). 

The CF1E R. mucilaginosa genome scaffold was then annotated using the RAST server 

(Genome ID: 43675.9) and compared to DY-18 that had been re-annotated using the 

same pipeline.  

 The CF1E genome scaffold consists of one circular chromosome of 2,278,618 bp 

with a GC content of 59.6%.  Only large indels are reported here and SNPs were not 
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examined. No large rearrangements were detected between CF1E and the reference 

genome DY-18. Phylogenetic analysis of the 16S rDNA loci indicated CF1E and the 

reference strain DY-18 are close relatives (Supporting Information S3; Supplementary 

Figure 5.4), which is consistent with their average pairwise nucleotide identity of 85%.  

The sequence reads were relatively equally distributed across the genome, except at the 

multi-copy rRNA genes and in the highly conserved rhs region (Figure 5.3).  
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Figure 5.3: Circular representation of R. mucilaginosa CF1E draft genome. Genome 
coordinates are given in Mbp. From outside to inside, the circles represent: (i) Fragments 
missing in the DY-18 reference (red); CRISPR region and phage-associated genes as 1) 
phage lysin, 2) phage shock protein, and 3) CRISPR elements, (ii) Coverage of the 
genome up to the scale of 50X; * marked Region V containing a genome fragment with 
an average coverage of 38 X (peaks at 48X) at the region of rearrangement hotspot (rhs) 
elements (iii) Gaps in the scaffold (red); rRNA operons (blue) (iv) Contig order and size; 
(v) GC skew; (vi) GC content deviation. 
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The high coverage regions – rRNA operons and rhs elements. The rRNA 

operons assembled into one single contig (contig173) and had an average coverage depth 

of approximately 3.5 times the average depth of coverage for the rest of the scaffold (i.e. 

31X versus 8.8X). The sequence from this contig was used to fill in three gaps that were 

predicted to correspond to the rRNA operons, based on alignment with the reference 

genome (Figure 5.3).  

 The rearrangement hot spot (rhs) gene region (Figure 5.3: Region V marked *) 

also had a high average coverage of 39X. The primary structure of Rhs proteins consists 

of an N-terminal domain, a “core” domain, a hyperconserved domain, and a DPxGL 

motif followed by a C-terminus that varies between strains and species (Jackson et al. 

2009). Previous studies have shown that rhs genes play a role in competition between 

strains or species, similar to the contact-dependent growth inhibition (CDI) system (Poole 

et al. 2011).  The variable C-termini of Rhs proteins have toxin activities, and the small 

genes that typically follow rhs genes are thought to encode proteins that provide 

immunity to the toxins. Kung et al. (2012) showed that the rhs-CT in P. aeruginosa 

delivers toxins to eukaryotic cells, activating the inflammasome (Kung et al. 2012). The 

high coverage of the conserved rhs region suggests that rhs is present in high abundance 

in the CF microbial community. It is possible that the rhs system is widely used by CF 

microbes for (i) cell-to-cell interactions and communication, particularly for biofilm 

formation, (ii) direct antagonistic effects on the growth or viability of competitors, and/or 

(iii) attacking cells of the host-immune system. Additional experimental studies are 

needed to further assess these possibilities.    
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The high coverage rhs region in the CF1E genome scaffold included an rhs gene 

sequence related to one of the two rhs genes of DY-18 (RMDY18_19250). However, 

there is an apparent gap in the scaffold sequence, beginning 24 amino acids upstream of 

the DPxGL motif of the encoded Rhs protein. In the DY-18 reference genome, this gap 

corresponds to the coding sequence for the toxic C-terminal region of Rhs, and the 

beginning of the gene encoding the RhsI immunity protein. Assuming the presence of 

multiple rhs-CT/rhsI modules in the metagenome, assembling this region will be 

challenging. 

Functional annotation of the R. mucilaginosa genome scaffold. RAST predicted 

1,739 gene products belonging to 248 function subsystems (Supplementary Table 5.5). 

The most abundant functions included biosynthesis and degradation of amino acids and 

derivatives, protein metabolism, cofactor/vitamin/prosthetic group/pigment biosynthesis 

and metabolism, and carbohydrate metabolism (Supplementary Table 5.6). Thirty-seven 

ORFs present in the DY-18 genome and absent in the CF1E scaffold are listed in Table 

5.1 (DY-18 specific). Genes only present in CF1E are listed in Table 5.2 (CF1E specific). 

Genome regions specific to only one of the two strains ranged from multiple kbp (mostly 

in gene coding regions) to a few nucleotides in non-coding regions. Additional analyses 

were performed on several of the genomic regions unique to CF1E; regions were chosen 

for their potential influences on CF-lung specific evolution of niche utilization and 

antibiotic resistance.  

 (i) L-lactate dehydrogenases (LDHs):  The CF1E scaffold had a cytochrome c-

dependent LDH (EC 1.1.2.3) in addition to the expected NAD (P)-dependent LDH (EC 

1.1.1.27). The nucleotide sequence of LDH (EC 1.1.2.3) was 80% identical to the LDH 
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of R. dentocariosa ATCC 17931. Lactate is secreted by the human host, and produced by 

many CF-associated microbes (e.g., Staphylococcus and Streptococcus spp.) through 

fermentation (De Backer et al. 1997). Lactate has been detected in the CF sputum at a 

mean concentration of 3 mM, and higher concentrations have been correlated with lower 

lung function (Bensel et al. 2011). Because LDHs enable cells to use lactate as an energy 

source for growth and reproduction, they are considered as virulence factors. For example, 

utilization of lactate by Neisseria spp. (reviewed in Smith et al. 2007) enhances their rate 

of O2 metabolism (Britigan et al. 1988).  

 R. mucilaginosa is a facultative anaerobe. The presence of both types of LDH 

may allow cells to respond to micro-changes in oxygen and nutrient availability by 

utilizing different metabolic pathways. This would indicate that the primary niche of R. 

mucilaginosa is the microaerophilic environment at the epithelial surfaces in the mucus 

plug, which also contains lactate and oxygen from the cells and blood, respectively.  A 

cytochrome c-dependent LDH could allow R. mucilaginosa to utilize extracellular L-

lactate with cytochrome c as the terminal oxidase (Lederer 1974) under aerobic 

conditions, producing pyruvate and hydrogen peroxide (H2O2) (Garvie 1980). Pyruvate 

could serve as a food reservoir for fermentative bacteria (e.g., R. mucilaginosa in the CF 

lung (Price-Whelan et al. 2007)) while also inhibiting the glucose uptake rate of 

competing bacteria (Brown and Whiteley 2007). The production of H2O2 could also serve 

to inhibit the growth of other organisms, or be used by microbes with catalase activity to 

yield water that is scarce in the dehydrated CF lung environment (Potter et al. 1967; 

Tarran et al. 2001). Under anaerobic conditions, NAD-dependent LDH allows the 
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organism to undergo fermentation through the reduction of pyruvate to lactate (reviewed 

in (Garvie 1980). 

(ii) Antibiotic resistant genes: An additional copy of a gene encoding the 

macrolide export ATP-binding/permease protein MacB was found into the CF1E scaffold. 

Sequence alignments showed that the two MacB-encoding genes are only 12% identical 

at the nucleotide level, indicating that one MacB was acquired horizontally and did not 

originate by gene duplication. The protein sequence of the acquired MacB matched a 

hypothetical protein in R. mucilaginosa M508 and MacB from R. mucilaginosa ATCC 

25296 (E-value: 0). The predicted amino acid sequences showed specific hits to the 

family comprising the MJ0796 ATP-binding cassette (CD03255), followed by a MacB-

like periplasmic core domain (PFAM 12704) and FtsX-like permease family 

(PFAM02687) domain.         

In addition, modulator of drug activity B (MdaB) was present in the CF1E 

scaffold. Overexpression of MdaB has been shown to confer resistance against 

tetracycline and adriamycin in E. coli (Adams and Jia 2006). In addition to this gene, the 

genome of R. mucilaginosa in CF1E encoded drug resistance transporters (EmrB/QacA 

subfamily), multidrug resistance transporters (Bcr/CflA family), and a glycopeptide 

antibiotic resistance protein. These diverse strategies for antibiotic resistance may 

underlie R. mucilaginosa’s ability to survive antibiotic treatments (Figure 1). 

 (iii) Type I restriction modification: The type I restriction modification (R-M) 

system is a mechanism to protect against foreign nucleic acids via non site specific 

endonucleases (Murray 2000). There are three subunits: M 

(Modification/Methyltransferase), S (Specificity) and R (Restriction). The M and S 
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subunits are responsible for recognizing self and non-self, while the R subunit performs 

the cleavage. The S subunit contains two target recognition domains that are important 

for restriction specificity and modification of the complex activity.  Mapping of 

metagenomic reads to the reference DY-18 genome (Figure 5.2, Supplementary Table 5.3) 

showed that only the CF1E metagenome had this Type I R-M system region, whereas the 

other metagenomes had gaps of 7-9 kbp around this region of the DY-18 genome. The 

CF1E scaffold likely encodes an S subunit with different sequence specificity, as this 

subunit is only 37% identical (nucleotides) or 41% identical (protein) to the DY-18 copy 

(Supplementary Table 5.7 and Supplementary Figure 5.1). This is of interest because 

Type I R-M systems have been modified during the adaptation of P. aeruginosa and 

Burkholderia cenocepacia to the CF lung. For example, the Type I R-M of P. aeruginosa 

Liverpool epidemic strain (LES) colonizing CF patients was shown to carry a different 

regulatory specificity (M-subunit) in comparison to strain PA01 (Smart et al. 2006). In 

addition, the expression of type I R-M was greatly increased in B. cenocepacia in the 

presence of sub-inhibitory concentrations of antibiotics (Sass et al. 2011). Together these 

observations suggest that modification of type I R-M system could be a general 

mechanism for adaptation to the CF lung.   

 (iv) Phage lysin: Phage lysins are anti-bacterial agents often used in bacterial 

competition, and have also been associated with the release of cellular components to the 

extracellular medium during biofilm formation (Whitchurch et al. 2002; Carrolo et al. 

2010). One copy of the phage lysin gene was present in CF1E, but this did not have any 

appreciable nucleotide similarity to any genes in phage or bacteria. However, 

bioinformatic analysis of the predicted amino acid sequence revealed its similarity to the 
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N-acetylmuramoyl-L-alanine amidase of R. mucilaginosa ATCC strain 25296 (E-value: 

10-150), a hypothetical protein of R. mucilaginosa M508 (E-value: 10-148), and an 

amidase-5 domain similar to pneumococcal bacteriophage Dp-1 (E-value: 6.88 X 10-42). 

Phage lysins are commonly found in prophages (Schmitz et al. 2010). However, no 

prophages were detected in the CF1E genome scaffold based on PhiSpy (Akhter et al. 

2012). Although it is currently unclear what, if any, advantage is offered by this phage 

lysin in the R. mucilaginosa genome, this lysin could provide an alternative strategy for 

microbial competition.   

  (v) Clusters of interspaced short palindromic repeats (CRISPRs): CRISPRs are 

characterized by stretches of short sequence repeats that flank short “spacer” sequences 

composed of viral or plasmid DNA. Four CRISPR elements were identified in CF1E; 

these were all ~4 kbp downstream of the Cas1 CRISPR-associated gene. The length of 

these CRISPRs ranged from 253 bp to 1,316 bp (Supplementary Table 5.8). All CRISPRs 

contained the same direct repeat sequence of 36 bp. The spacers in each CRISPR element 

(collectively referred to as a ‘spacer set’) ranged in copy number from 3 to 17, and their 

sizes ranged from 33 bp to 88 bp. Two of the spacer sets code for hypothetical proteins 

while the other two sets are unknown (Supplementary Table 5.8). A total of 48 spacer 

sequences were extracted from the four spacer sets; these spacers were compared to the 

CF1E virome sequences, but no similarities were found.  
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Table 5.1: Genomic regions present in the DY-18 reference genome but missing from the 
CF1E draft genome. See details in Supplementary Table 5.11.  

Region starting 
coordinate  
(on DY-18) 

Region 
size 
(bp) 

Protein(s) annotated on the genomic fragment 

44,199 697 Predicted ARSR subfamily of helix-turn-helix bacterial 
transcription regulatory protein CDS 

119,455 7,752 Conserved hypothetical protein, putative cell 
filamentation protein CDS 

138,835 470 

Predicted nucleic acid-binding protein CDS; 
exopolysaccharide biosynthesis protein related to N-
acetylglucosamine-1-phosphodiester alpha-N-
acetylglucosaminidase CDS 

149,644 1,290 UBA/THIF-type NAD/FAD binding fold CDS 

319,311 5,105 ATP-binding protein of ABC transporter 

620,953 3,564 

Putative glutamate transporter permease protein CDS; 
ABC-type amino acid transport system, permease 
component CDS; Glutamate binding protein CDS; 
COG1126: ABC-type polar amino acid transport 
system, ATPase component CDS 

1,410,305 915 Putative integral membrane protein CDS 

1,817,923 2,084 Pyruvate oxidase [ubiquinone, cytochrome] (EC 
1.2.2.2) CDS 

1,924,698 994 Cell wall surface anchor family protein CDS 

2,084,618 5,926 

Amino acid ABC transporter, periplasmic amino acid-
binding protein CDS; Cystathionine gamma-lyase (EC 
4.4.1.1) CDS; O-acetylhomoserine sulfhydrylase (EC 
2.5.1.49) CDS 

Total of 20 Hypothetical proteins* 
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Table 5.2: Predicted protein-coding sequences present in the CF1E scaffold annotated by 
RAST, but missing from the DY-18 reference (list excludes hypothetical proteins). See 
details in Supplementary Table 5.12.  

Inserted position  
(based on DY-18) 

Fragment 
length (bp) Protein annotated on the inserted fragment  

53,748 3,174 Phage lysin, N-acetylmuramoyl-L-alanine amidase 
CDS  

65,967 913 Modulator of drug activity B 

70,542 1,534 Putative DNA-binding protein 

156,926 1,615 Predicted nucleic acid-binding protein CDS 

239,949 1,690 Putative hydrolase CDS 

613,830 2,685 Acyltransferase 3 CDS 

808,821 318 Mobile element protein CDS 

 1,013,020 1,866 2-oxoglutarate/malate translocator CDS 

1,671,769 3,475 Macrolide export ATP-binding/permease protein 
MacB (EC 3.6.3.-) CDS 

1,884,458 1,840 Mobile element protein CDS 

2,044,067 1,547 L-lactate dehydrogenase (EC 1.1.2.3) CDS 

Total of 21 Hypothetical proteins* 
 
 

Phages are an important source of genes in microbial communities. The CRISPRs 

found in R. mucilaginosa CF1E may correspond to previously attacking phages and 

plasmids that these cells were able to resist. In order to identify these phage perpetrators, 

spacer sequences were compared against all host-associated and environmental viromes 

in MyMgDB (Schmieder and Edwards). One of the spacers was identified in two human 

oral cavity viromes (Willner et al. 2011a), whereas none of the spacers were similar to 

sequences from other environmental viromes (Supplementary Table 5.9). The results 

suggest these bacteria may have been exposed to phages found in the oral cavity, which 
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suggests cells may have existed in this environment prior to opportunistic infection of the 

CF lungs. Because these spacer sequences did not match phages in the virome sequenced 

from the same sample, the phages to which R. mucilaginosa is resistant are not present, or 

are below the detection limit, in this sample. However, if temperate phages dominate in 

the CF lung (Willner et al. 2011a) as in the  human gut virome (Reyes et al. 2010), this 

result is expected because the virome would largely composed of free-living viruses.  

However it is also possible that these CRISPRs do not protect the cells against phage 

infection, but are involved in a CRISPR-dependent modulation of biofilm formation, as 

described previously in P. aeruginosa (reviewed in Palmer and Whiteley 2011). Biofilm 

formation has been shown to be important for persistent bacterial infection of CF lungs, 

as well as an overall decline in lung function. Therefore, the role of these CRISPRs in 

CF1E and other CF lung isolates’ pathogenesis should be explored further.  
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Conclusions 

 The metagenomic and genomic analyses presented here suggest that R. 

mucilaginosa is a common inhabitant of CF lungs, and that it evolves and adapts to each 

patient’s lung environment over the course of a persistent infection. Genomic analysis of 

CF1E highlighted many potential adaptations:  multiple genes encoding L-lactate 

dehydrogenases (LDHs) that could enable utilization of lactate, many multi-drug efflux 

pumps for antibiotic resistance, and the modification of rhs elements and the type I 

restriction system. Alterations of the type I restriction system has the potential to 

influence horizontal transfer of genes. The CF1E genomic sequence indicates extensive 

phage-host interactions, including the acquisition of a phage lysin and changing CRISPR 

elements. 

Based on these potential metabolic adaptations, we hypothesize that R. 

mucilaginosa lives in the microaerophilic surface of the viscous mucus layer that is 

characteristic of CF airways (Figure 5.4). Under this hypothesis, cytochrome c-dependent 

LDH would enable R. mucilaginosa to use extracellular lactate. However, this process 

would require oxygen, which is more readily available at the surface of the mucus layer 

(e.g., from the blood). As the oxygen level is depleted, metabolism could be supported by 

fermentation and anaerobic respiration with nitrate as an alternative electron acceptor, as 

observed in P. aeruginosa (Hoffman et al. 2010). Persistence in low oxygen 

environments would also allow for evasion of antibiotics and ROS activity. In addition, R. 

mucilaginosa carries a low-pH induced ferrous ion (Fe2+) transporter along with heme 

and hemin uptake and utilization systems. Co-occurring CF pathogens including P. 

aeruginosa and S. maltophilia are known to synthesize redox active phenazines that are 
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able to reduce Fe3+ to Fe2+ (Dietrich et al. 2008; Wang et al. 2011) potentially giving R. 

mucilaginosa access to Fe2+ in the low pH sputum where the ferrous ion transporter is 

induced.  

 The results presented here highlight the similar evolutionary trajectories and 

ecological niches of several species of bacteria that colonize the CF lung.  These 

similarities are remarkable because each bacterial species starts with different genetic 

material: P. aeruginosa has a relatively large genome (> 6 Mbp), whereas R. 

mucilaginosa has only a 2 Mbp genome (Supplementary Table 5.10). These findings 

suggest that obtaining strain specific genome data can illuminate patient-specific bacterial 

inhabitants of CF patients.  This specific information enables predictions to be made 

regarding the bacteria’s physiological adaptations in each patient, which would further 

enable physicians to optimize antibiotic treatments.  
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Figure 5.4: Hypothesized adaptions of R. mucilaginosa to the CF lung environment. The 
model is based on the comparison between the reference genome DY-18 and the 
reconstructed genome CF1E. rhs: rearrangement hot spot; Type I R-M: Type I restriction 
modification; MdaB: Modular of drug activity B; ROS: reactive oxygen species; CRISPR: 
Clustered Regularly Interspaced Short Palindromic Repeats.  
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Appendix for Chapter 5 

 

Supplementary Figure 5.1:  Dot Plot matrix view of the alignment of CF1E type I 
restriction modification system (subunit M, R, S) against DY-18.  
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Supporting Information 

(S1) Samples information 

The patients were selected based on the eligibility criteria that include (i) a known 

clinical diagnosis of CF, (ii) a protocol defined exacerbation that requires intravenous 

antibiotics, and (iii) a drop in FEV1 of at least 15% or more compared to the best FEV1 in 

the past 12 months. Sputum samples were collected from six CF volunteers 

(Supplementary Table 5.2) at the Adult CF Clinic (San Diego, CA, United States) by 

expectoration into a sterile cup except sample CF4-A that was a tracheal aspirate. All 

collection was in accordance with the University of California Institutional Review Board 

(HRPP 081500) and San Diego State University Institutional Review Board (SDSU 

IRB#2121). Clinical status at the time of collection was designated as exacerbation (prior 

to systemic antibiotic treatment), on treatment (during systemic antibiotic treatment), post 

treatment (upon completion of systemic antibiotic treatment) or stable (when clinically 

stable and at their clinical and physiological baseline). The samples collected during 

exacerbation were designated as Day 0 sample.   

(S2) Rothia mucilaginosa in community metatranscriptomes 

Rothia was detected in 3/5 metatranscriptomes (Supplementary Figure 5.2). Even 

though R. mucilaginosa was present in high abundance in the CF1 samples, the number 

of metatranscriptomic sequences in these samples was too small for significant detection. 

Metatranscriptome was not generated for the CF1E sample. On the other hand, CF4C, the 

only time point from patient CF4 containing R. mucilaginosa (~20% in the microbiome), 
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had 120 R. mucilaginosa hits to mRNAs (1.6% of microbial transcripts) and 15 hits to 

rRNAs (0.2% of microbial transcripts) in its metatranscriptome (Supplementary Figure 

5.16). The transcripts were scattered randomly across the genome (Supplementary Figure 

5.3) starting from position 148,000 (no coverage was detected before this position).   
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Supplementary Figure 5.2: The prevalence of R. mucilaginosa in the corresponding 
community transcriptomes.  

 

 

 

 

Supplementary Figure 5.3: Coverage of 120 CF4C metatranscriptomic mRNA reads on 
the reference genome  R. mucilaginosa DY-18 starting from position 148,000 bp.  
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(S3) Characteristics of CF1E 

(i) Defining Gaps 

Gaps in the genome scaffold are defined as regions present in the reference DY-

18 genome that were not covered by contigs in the final scaffold. The size of each gap 

was based on the difference in scaffolding coordinates at the end of the previous contig 

and the start of the next contig. For building the scaffold, gapped regions were filled with 

the ambiguous base N. There were only four gaps spanning more than 1 kbp, and in the 

reference genome these regions contained genes with unknown functions (i.e., 

hypothetical proteins). The genes present in the reference genome that correspond to the 

missing regions in CF1E are listed in Supplementary Table 5.15.  

(ii) Phylogenetic analysis of  Rothia spp.  

All 16S rRNA gene sequences from Rothia spp (n=36) were identified and 

retrieved from the NCBI nucleotide database (Supplementary Table 5.6) and aligned with 

a full-length 16S rRNA gene from the CF1E genome scaffold.  The phylogenetic analysis 

of these 16S rRNA gene sequences revealed four distinct groups of human Rothia-

isolates that were strongly supported in both Bayesian inferences (≥95% Bayesian 

posterior probability) and maximum likelihood-based resampling (bootstrap of ≥70%) 

(Supplementary Figure 5.4A). The closest neighbor of R. mucilaginosa CF1E was DY-18, 

followed by isolates of Rothia sp. from CF patients. In addition, the tree showed that 

other CF Rothia spp. isolates belong to either the R. mucilaginosa group or R. 

dentocariosa group. The two Rothia spp. that clustered with the human group were 
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isolated from mouse nose (Rothia sp. CCUG 25688) and herbs in tumulus (Rothia sp. 

J03).  

A phylogenetic analysis of Rothia species based on the RecA, RpoA, and Inf2 

amino acid sequences placed CF1E closest to the ATCC strain 25296 instead of DY-18 

(Supplementary Figure 5.4B). However, CF1E was placed in the R. mucilaginosa group 

with strong support according to both Bayesian posterior probability and maximum 

likelihood bootstrapping.  

Methods used for Phylogenetic analysis: 16S rRNA sequences of the genus 

Rothia were downloaded from GenBank and compared to the 16S fragment from 

assembled CF1E contig 0173. RecA, RpoA, and Inf2 protein sequences of R. 

mucilaginosa and R. dentocariosa were downloaded from GenBank (accession numbers 

in Supplementary Table 5.13 and 5.14). Each gene was aligned separately using 

MUSCLE (version 3.8.31) (Edgar 2004) and the alignment was trimmed using trimAI 

(version v1.4.rev7) (Capella-Gutiérrez et al. 2009). The three separate gene alignments 

were then combined into a single alignment. For each dataset (16S rRNA and protein-

coding genes), a phylogeny was estimated using MrBayes (version 3.1.2) (Ronquist and 

Huelsenbeck 2003) by four independent runs with the GTR+I+Ґ model of evolution, 

sampling every 100 generations for 10 X 106 generations. Support for nodes was assessed 

with maximum likelihood bootstrapping as implemented in RAxML (version 7.2.6) 

(Stamatakis 2006) with the GTRGAMMAI model for 16S rRNA sequences and the 

PROTGAMMADAYHOFF model for amino acid sequences, both using default 

parameters.  
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Supplementary Figure 5.4: Phylogeny of Rothia species, a majority-rule consensus 
phylogram computed from the set of 36,000 credible trees. (A) Phylogeny based on the 
16S rDNA. A “+” above a node indicates a branch supported by ≥95% Bayesian 
posterior probability and a “++” indicates additional maximum likelihood bootstrap of 
≥70%. Branches with double diagonal lines have been shortened 8-fold to aid viewing. 
(B) Multilocus phylogeny based on the RecA, RpoA, and Inf2 protein sequences. A “++” 
above a node indicates a branch supported by ≥95% Bayesian posterior probability and 
maximum likelihood bootstrap of ≥85%. Branches with double diagonal lines have been 
shortened by 10.4 times to aid viewing. Detailed accession number, source of isolation 
and reference for each sequence are shown in Supplementary Table 13 and 14.  
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Supplementary Figure 5.5: Majority-rule consensus phylogram of sequenced partial 
Actinobacteria-specific 16S PCR fragments from lung sections. The branch support is 
indicated by Bayesian posterior probability. Lung 7 corresponds to patient CF7 who 
microbiomes were generated before the lung transplant, and the Lung 9 patient was not 
used in our metagenomic analysis. Branches with double diagonal lines have been 
shortened by ~3-fold to aid viewing. 
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Supplementary Table 5.1: Diseases associated with R. mucilaginosa. 

Disease Reference(s) 
Oral squamous cell carcinoma (Pushalkar et al. 2011) 
Periodontitis (Siqueira Jr et al. 2007) 
Branchial pouch anomalies (Pahlavan et al. 2010) 
Upper respiratory tract infection in 
sickle cell disease (Rogovik et al. 2010) 

Pneumonia (Ko et al. 2009; Fusconi et al. 2009) 
Endocarditis (Pinsky et al. 1989) 
Pericoronitis (Peltroche-Llacsahttanga et al. 2000) 
Psoriasis (Gao et al. 2008) 
Peritonitis (Hodzic and Snyder 2010) 

Bacteremia (Kaufhold et al. 1992; Vaccher et al. 
2007; Ohno et al. 2010) 

Bacterial meningitis (Lee et al. 2008) 
Arthritis (Kaasch et al. 2010)  

Central nervous system infections (Pulzova et al. 2009; Blouin et al. 
2010) 

Granulomatous dermatitis (Morgan et al. 2010) 
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Supplementary Table 5.2: Microbiomes used in this study. Clinical status was 
designated as exacerbation (prior to systemic antibiotic treatment), on treatment (during 
systemic antibiotic treatment), post treatment (upon completion of systemic antibiotic 
treatment) or stable (when clinically stable and at their clinical and physiological 
baseline). The samples collected during exacerbation were designated as Day 0 sample, 
and the times between samples are cumulatively calculated from Day 0. 

 

  

Patient ID 
(Gender, Age) Time Point Time Line 

(Day) Health Status 

CF1 
(Male, 38) D 0 Exacerbation 

 E 14 On Treatment 

 F 33 Post Treatment 
CF4 

(Male, N/A) A 0 Exacerbation 

 B 11 Post Treatment 

 C 58 Stable 
CF5 

(Female, N/A) A 0 Exacerbation 

 B 21 Post Treatment 
CF6 

(Female, 39) A 0 Exacerbation 

 B 12 On Treatment 

 C 17 Post Treatment 

 D 46 Stable 
CF7 

(Male, 36) A 0 Exacerbation 

 B 20 On Treatment 

 C 27 On Treatment 

 D 37 Post Treatment 
CF8 

(Male, 26) A 0 Exacerbation 

 B 17 Post Treatment 
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Supplementary Table 5.3A: Annotation of the gaps ≥5 kbp in CF1 metagenomic 
reference mapping against R. mucilaginosa DY-18. Refer to Supplementary Table 5.2 for 
detailed patient samples information.  

CF1 
CF1-D-Ex (Day 0) CF1-F-Pt (Day 33) 

Genes 
Start Stop Start Stop 

* 116,888 127,413 118,226 127,208 

Seryl-tRNA synthetase (EC 6.1.1.11) CDS; 
Conserved protein with diacylglycerol kinase 
catalytic domain CDS; FIG01029139: hypothetical 
protein CDS;  FIG01029400: hypothetical protein 
CDS;  conserved hypothetical protein, putative cell 
filamentation protein CDS;  putative cell 
filamentation protein CDS; hypothetical protein (6) 

 191,241 198,554 192,364 198,337 

FIG01028594: hypothetical protein CDS;  
FIG01029378: hypothetical protein CDS;  
FIG01028871: hypothetical protein CDS (2); 
hypothetical protein 2) 

** 317,814 325,245 319,381 325,118 
4 hypothetical proteins + ATP-binding protein of 
ABC transporter 

 1,044,230 1,052,204 1,045,478 1,052,421 

GTP pyrophosphokinase (EC 2.7.6.5), (p)ppGpp 
synthetase I CDS;  Type I restriction-modification 
system, DNA-methyltransferase subunit M (EC 
2.1.1.72) CDS; Type I restriction-modification 
system, specificity subunit S (EC 3.1.21.3) CDS;  
Type I restriction-modification system, restriction 
subunit R (EC 3.1.21.3) CDS 

** 1,214,127 1,222,178 1,214,321 1,221,292 
FIG01293855: hypothetical protein CDS; 
hypothetical protein (2) 

 1,369,419 1,382,713 1,369,198 1,377,838 

FIG01028573: hypothetical protein CDS; 
FIG01028929: hypothetical protein CDS;  
FIG01029243: hypothetical protein CDS;  
FIG01029252: hypothetical protein CDS; CRISPR-
associated protein Cas1 CDS 

* 1,784,753 1,798,606 1,786,942 1,798,038 

FIG01028641: hypothetical protein CDS;   
Acetyltransferase (EC 2.3.1.-) CDS;  FIG01028952: 
hypothetical protein CDS; glycosyl transferase, 
family 2 CDS; FIG01028912: hypothetical protein 
CDS;  protein tyrosine phosphatase CDS; Ribose-
phosphate pyrophosphokinase (EC 2.7.6.1) CDS; 
N-acetylglucosamine-1-phosphate uridyltransferase 
(EC 2.7.7.23) / Glucosamine-1-phosphate N-
acetyltransferase (EC 2.3.1.157) CDS; ABC 
transporter, ATP-binding protein CDS; 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase 
(EC 2.7.1.148) CDS 

** 1,893,621 1,899,157 1,893,621 1,898,769 hypothetical protein (3);  protein tyrosine 
phosphatase CDS 

** 2,084,616 2,090,484 2,084,469 2,090,539 

Amino acid ABC transporter, periplasmic amino 
acid-binding protein CDS; Cystathionine gamma-
lyase (EC 4.4.1.1) CDS; O-acetylhomoserine 
sulfhydrylase (EC 2.5.1.49) CDS; hypothetical 
protein CDS 

 

* Gaps present in CF1E 

** Gaps present in CF1E with sizes slightly smaller than 5 kbp and therefore not shown in the line plots (Figure 5.2 and 
Supplementary Figure 5.1).  
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Supplementary Table 5.3B: Annotation of the gaps ≥5 kbp in CF6 metagenomic 
reference mapping against R. mucilaginosa DY-18. Refer to Supplementary Table 5.2 for 
detailed patient samples information. 

CF6 CF6-B-Tr (Day 12) CF6-C-Pt (Day 17) Genes 
Start Stop Start Stop 

 

293,008 301,901 293,008 299,553 

NAD-dependent protein deacetylase of SIR2 family 
CDS;  FIG01029042: hypothetical protein CDS (2);  
FIG01029042: hypothetical protein CDS;   
FIG01028880: hypothetical protein CDS;  
FIG01028880: hypothetical protein CDS 

 

1,045,416 1,056,255 1,045,555 1,056,118 

Type I restriction-modification system, DNA-
methyltransferase subunit M (EC 2.1.1.72) CDS; 
Type I restriction-modification system, specificity 
subunit S (EC 3.1.21.3) CDS;  Type I restriction-
modification system, restriction subunit R (EC 
3.1.21.3) CDS; hypothetical protein (2) 

 

1,212,461 1,225,388 1,216,259 1,225,272 

 FIG01029335: hypothetical protein CDS;  
Triosephosphate isomerase (EC 5.3.1.1) CDS;  
FIG01293855: hypothetical protein CDS; 
hypothetical protein (2) 

 1,236,551 1,241,615 1,236,259 1,242,067  FIG01293855: hypothetical protein CDS;  
FIG01293855: hypothetical protein CDS 

 

1,480,952 
 

1,493,792 
 1,483,197 1,491,820 

FIG01293855: hypothetical protein CDS;  
FIG01293855: hypothetical protein CDS; 
Glutamate-ammonia-ligase adenylyltransferase (EC 
2.7.7.42) CDS; Glutamine synthetase type I (EC 
6.3.1.2) CDS 

 1,893,606 1,898,780 1,893,621 1,898,780 hypothetical protein (2) 
 

1,952,461 1,959,004 1,952,580 1,959,091 

FIG01029071: hypothetical protein CDS; 
Cystathionine gamma-synthase (EC 2.5.1.48) CDS; 
Thymidylate kinase (EC 2.7.4.9) CDS; Thymidylate 
kinase (EC 2.7.4.9) CDS; Thymidylate kinase (EC 
2.7.4.9) CDS; ACT domain protein CDS; Mannose-
6-phosphate isomerase (EC 5.3.1.8) CDS 

 
2,160,027 2,187,871 2,160,027 2,187,948 

Cell division protein FtsK CDS;   Cell division 
protein FtsK CDS;  FIG01029055: hypothetical 
protein CDS; hypothetical protein (14) 
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Supplementary Table 5.3C: Annotation of the gaps ≥5 kbp in CF7 metagenomic 
reference mapping against R. mucilaginosa DY-18. Refer to Supplementary Table 5.22 
for detailed patient samples information. 

CF7 CF7-A-Ex (Day 0) CF7-B-Tr (Day 20) Genes 
Start Stop Start Stop 

 119,183 130,754 119,330 130,480 Mainly non-coding region + 1 hypothetical protein 
 317,552 324,682 319,276 325,352 non-coding region, deleted from the cf1e scaffold 

too 
 

815,783 821,768 812,145 818,057 

putative two-component system response regulator 
CDS;  FIG01029073: hypothetical protein CDS;  
FIG01029073: hypothetical protein CDS;  
FIG01029073: hypothetical protein CDS 

 

1,046,072 1,058,265 1,044,326 1,059,604 

Type I restriction-modification system, DNA-
methyltransferase subunit M (EC 2.1.1.72) CDS; 
Type I restriction-modification system, specificity 
subunit S (EC 3.1.21.3) CDS;  Type I restriction-
modification system, restriction subunit R (EC 
3.1.21.3) CDS; hypothetical protein (4) 

 1,213,573 1,227,654 1,216,352 1,221,526 non-coding region + half of hypothetical protein 
 

1,366,206 1,382,817 1,366,502 1,382,793 

FIG01029408: hypothetical protein CDS; 
FIG01029391: hypothetical protein CDS; 
FIG01028573: hypothetical protein CDS; 
FIG01028929: hypothetical protein CDS;  
FIG01029243: hypothetical protein CDS;  
FIG01029252: hypothetical protein CDS; CRISPR-
associated protein Cas1 CDS 

 

1,786,873 1,797,870 1,786,975 1,792,449 

glycosyl transferase, family 2 CDS; FIG01028912: 
hypothetical protein CDS; protein tyrosine 
phosphatase CDS;  Ribose-phosphate 
pyrophosphokinase (EC 2.7.6.1) CDS 

 

  1,792,870 1,799,197 

N-acetylglucosamine-1-phosphate uridyltransferase 
(EC 2.7.7.23) / Glucosamine-1-phosphate N-
acetyltransferase (EC 2.3.1.157) CDS; ABC 
transporter, ATP-binding protein CDS; 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase 
(EC 2.7.1.148) CDS; Dimethyladenosine transferase 
(EC 2.1.1.-) CDS 

 1,888,835 1,898,868 1,892,504 1,898,840  FIG01028568: hypothetical protein CDS; 
hypothetical protein (2) 

 

1,971,322 1,988,862 1,972,818 1,982,106 

Probable ATP-dependent helicase lhr (EC 3.6.1.-) 
CDS;  FIG01028989: hypothetical protein CDS; 
Ribosomal large subunit pseudouridine synthase A 
(EC 4.2.1.70) CDS;  putative glycosyl hydrolase 
CDS;  putative glycosyl hydrolase CDS 

 2,160,027 2,165,406 2,160,373 2,166,081 hypothetical protein (7) 
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Supplementary Table 5.3D: Annotation of the gaps ≥5 kbp in CF8 metagenomic 
reference mapping against R. mucilaginosa DY-18. Refer to Supplementary Table 5.2 for 
detailed patient samples information. 

CF8 CF8-A-Ex (Day 0) CF8-B-Pt (Day 17) Genes 
Start Stop Start Stop 

 118,031 124,798 120,245 125,303 Non-coding region  
 1,048,704 1,054,082   subunit R only that's missing 
 

  1,045,578 1,054,259 

Type I restriction-modification system, DNA-
methyltransferase subunit M (EC 2.1.1.72) CDS; 
Type I restriction-modification system, specificity 
subunit S (EC 3.1.21.3) CDS;  Type I restriction-
modification system, restriction subunit R (EC 
3.1.21.3) CDS; hypothetical protein (4) 

 
1,339,023 1,346,126   

predicted nucleic acid-binding protein CDS; 
predicted nucleic acid-binding protein CDS;  
FIG01029207: hypothetical protein CDS;  

 

  1,341,734 1,348,705 

FIG01029207: hypothetical protein CDS;  
gluconolactonase CDS;  protein of unknown 
function DUF34 CDS;  Peptide methionine 
sulfoxide reductase MsrA (EC 1.8.4.11) CDS 

 

1,365,871 1,382,363 1,366,786 1,383,290 

FIG01029408: hypothetical protein CDS; 
FIG01029391: hypothetical protein CDS; 
FIG01028573: hypothetical protein CDS; 
FIG01028929: hypothetical protein CDS;  
FIG01029243: hypothetical protein CDS;  
FIG01029252: hypothetical protein CDS; CRISPR-
associated protein Cas1 CDS 

 

1,701,452 1,706,504 1,701,544 1,706,768 

ABC transporter related CDS; ABC transporter 
related CDS; ABC transporter related CDS; ABC 
transporter related CDS;  Protease II (EC 3.4.21.83) 
CDS 

 
1,893,711 1,898,815 1,893,481 1,898,769 

FIG01028568: hypothetical protein CDS; protein 
tyrosine phosphatase CDS; protein tyrosine 
phosphatase CDS; hypothetical protein (2) 

 

1,971,500 1,981,982 1,975,975 1,981,085 

Probable ATP-dependent helicase lhr (EC 3.6.1.-) 
CDS;  FIG01028989: hypothetical protein CDS;  
Ribosomal large subunit pseudouridine synthase A 
(EC 4.2.1.70) CDS; putative glycosyl hydrolase 
CDS 
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Supplementary Table 5.4: Statistics from BWA mapping of metagenomic reads against 
the reference genome R. mucilaginosa DY-18. 

Metagenome Number of 
Mapped Reads 

Maximum 
Coverage 

Mean 
Coverage 

Number of Bases 
(% bases of  reference 

genome) 

CF1-D 4,772 12 0.9 1,239,444 
 (55%)  

CF1-E 41,835 47 7.8 2,117,375 
(93%) 

CF1-F 12,512 17 2.4 1,892,620 
(84%) 

CF4-C 8,886 23 1.6 1,621,081 
(72%) 

CF6-A 355 6 0.06 131,287 
(6%) 

CF6-B 9,925 18 1.8 1,683,390 
(74%) 

CF6-C 10,790 20 1.9 1,728,332 
(76%) 

CF6-D 800 8 0.15 285,337 
(13%) 

CF7-A 5,088 16 0.9 1,220,642 
(54%) 

CF7-B 9,588 16 1.7 1,659,075 
(73%) 

CF7-C 133 7 0.02 42,330 
(2%) 

CF7-D 1,246 8 0.2 416,645 
(18%) 

CF8-A 10,225 50 1.8 1,6,45,293 
(73%) 

CF8-B 11,236 16 2.0 1,783,108 
(79%) 
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Supplementary Table 5.5: General features of the CF1E R. mucilaginosa scaffold, DY-
18 reference genome, and M508 draft genome.  

Rothia mucilaginosa CF1E  
DY-18 
(reference)  

M508* 

Genome Size  2,278,618 bp  2,264,603 bp  2,313,271  

GC content  59.6%  59.6%  59.6% 

Predicted gene 
products**  

1,739  1,739  1,790  

Total subsystems** 
(%)  

248 
(42%)  

254  
(42%)  

251 
(41%)  

* Draft genome in supercontigs format from the Genomes Online Database (GOLD).  

** Numbers obtained from the RAST-annotation server  
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Supplementary Table 5.6: Subsystem feature counts of R. mucilaginosa CF1E, DY-18, 
and M508.  

Subsystem features CF1E DY-18 M508 

Amino Acids and Derivatives  153 162 148 

Protein Metabolism  142 142 141 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments  136 130 128 

Carbohydrates 101 101 107 

RNA Metabolism  90 89 93 

DNA Metabolism  63 81 79 

Nucleosides and Nucleotides 59 60 60 

Cell Wall and Capsule  58 60 57 

Stress Response  50 50 50 

Fatty Acids, Lipids, and Isoprenoids  29 29 29 

Virulence, Disease and Defense  25 22 24 

Respiration  22 21 22 

Membrane Transport  18 18 17 

Cell Division and Cell Cycle  13 14 14 

Phosphorus Metabolism  13 13 13 

Regulation and Cell signaling  10 10 10 

Nitrogen Metabolism  9 9 9 

Potassium metabolism  9 9 9 

Iron acquisition and metabolism  7 7 4 

Sulfur Metabolism  5 5 6 

Dormancy and Sporulation  1 1 1 

Metabolism of Aromatic Compounds  1 1 1 

Miscellaneous 50 50 49 
 

Subsystem features that do not have any count: photosynthesis; Phages, Prophages, Transposable 
elements, Plasmids; motility and chemotaxis; secondary metabolism.  
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Supplementary Table 5.7:  Sequence identities of the genes encoding the Type I 
restriction modification system in CF1E and DY-18, determined using BLAST. The 
identity value is subjected to >97% query length coverage. 

 Nucleotide level Identity against 
DY-18 (%) 

Protein level Identity against  
DY-18 (%) 

Subunit R 81 75 
Subunit M 87 88 
Subunit S 37 41 

 

Supplementary Table 5.8: CRISPR positions in the CF1E genome scaffold. 

start end length DR 
length 

No. of 
Spacers 

Blastx against NR 

1,389,037 1,389,864 827 36 11 
hypothetical protein 
from Caenorhabditis 
remanei 

1,392,263 1,393,579 1,316 36 17 no hit 

1,394,037 1,395,297 1,260 36 17 

hypothetical protein 
from Propionibacterium 
freudenreichii subsp. 
Shermanii CIRM-BIA1 

1,395,433 1,395,686 253 36 3 no hit 
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Supplementary Table 5.9: Identification of the spacer sequences in CF1E CRISPR 
structure from human- and environmental-viral metagenomes at 100% length coverage 
and ≥90% identity (≤2 mismatches). 

Virome (Habitat) Spacer sequence No. of hits 
(Willner et al. 2011) (Oral) 

5b11623defc42938f41589107350896f_186762_266 

5b11623defc42938f41589107350896f_176283_256 

5b11623defc42938f41589107350896f_176158_244 

5b11623defc42938f41589107350896f_175980_260 

5b11623defc42938f41589107350896f_175807_233 

5b11623defc42938f41589107350896f_173039_268 

5b11623defc42938f41589107350896f_159634_255 

5b11623defc42938f41589107350896f_159104_258 

5b11623defc42938f41589107350896f_158624_261 

5b11623defc42938f41589107350896f_118402_230 

5b11623defc42938f41589107350896f_84294_248 

5b11623defc42938f41589107350896f_70709_261 

5b11623defc42938f41589107350896f_60807_263 

5b11623defc42938f41589107350896f_60398_267 

5b11623defc42938f41589107350896f_58332_260 

5b11623defc42938f41589107350896f_48083_250 

5b11623defc42938f41589107350896f_37476_262 

5b11623defc42938f41589107350896f_33576_249 

5b11623defc42938f41589107350896f_18007_255 
 

CAACGATTCCCACGCG
GCGCGCCCAGTCTCCG
TCTGA 
 

19 

(Willner et al. 2011) (Oral) 

f44d959b723905a049b0334f19668e5c_207520_157 

f44d959b723905a049b0334f19668e5c_201888_260 

f44d959b723905a049b0334f19668e5c_110173_251 

f44d959b723905a049b0334f19668e5c_212940_122 
 

CAACGATTCCCACGCG
GCGCGCCCAGTCTCCG
TCTGA 
 

4 
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Supplementary Table 5.10: A comparison of putative adaptations and predicted 
metabolisms of R. mucilaginosa and P. aeruginosa that are hypothesized to enable 
persistence in the CF lung, based on literature and genomic data. 

CF-lung adapted phenotype Pseudomonas aeruginosa * Rothia mucilaginosa  
Respiration Undergoes aerobic, 

microaerobic, & anaerobic 
respiration 
Increasing denitrification 
Fermentation 

Aerobic 
Microaerobic  
Anaerobic (very slow growing) 
Reduces nitrate 
Fermentation 

Food source Free amino acids  
(Prefers L-alanine, L-arginine, 
L-glutamate) 
Lactate 
Pyruvate 
Arginine 

Free amino acids 
Sucrose 
Fructose 
Lactate 
Glycerol & glycerol-3-phosphate 
Pyruvate 

Motility Uses flagella but this is lost 
when P. aeruginosa adapts 
towards persistence 

Not known 

Mucoidy / Biofilm Conversion to mucoidy  
(overproduction of alginate) in 
persistent infection 
Biofilm production is alginate –
dependent  

Organism contains mucoid 
capsule 
 
 
Biofilm production is mannose-
dependent 

Signaling and 
communication systems 
 

Loss of quorum sensing 
molecules e.g. AHLs due to 
∆LasR 
Rhs may be responsible for the 
communication between self, 
competitors & host? 

No known quorum sensing 
molecules 
 
Rhs may be responsible for the 
communication between self, 
competitors & host? 

Type III secretion Down-regulated or lost to reduce 
virulence 

Not detected in the genome 

Other virulence factors Loss of virulence including 
secretion of elastase and 
exotoxin 

- 

Siderophores Pyoverdine and pyochelin Not detected in the genome 

Iron acquisition  Multiple mechanisms; 
independent systems for heme, 
Fe3+ and Fe2+ uptake and use 

Heme, hemin uptake and 
utilization systems in Gram 
Positives; Low-pH induced 
ferrous iron transporter 

Antibiotic resistance 
mechanisms 

β-lactamases 
Mex – multidrug efflux pumps 
Loss of OprD (Imipenem 
resistance) 
Mutation – induced 
 

Modulator of Drug Activity 
(MdaB) 
Macrolide export ATP-
binding/permease protein MacB 
EmrB/QacA subfamily drug 
resistance transporter 
Bcr/CflA family multidrug 
resistance transporter 

Prophages Detected in the genome Not detected in the genome 

 
* Mainly extracted from (Hogardt and Heesemann 2010) 
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Supplementary Table 5.11: Genes that are missing from the CF1E genome scaffold but 
present in the DY-18 reference. Genes are considered missing when the gap is within a 
contig.  

Name Length Start End Region 
Size 

predicted ARSR subfamily of helix-turn-helix bacterial 
transcription regulatory protein CDS 396 43502 44199 697 

conserved hypothetical protein, putative cell filamentation 
protein CDS 693 119455 127207 7752 

FIG01029139: hypothetical protein CDS 687 119455 127207 7752 
FIG01029400: hypothetical protein CDS 756 119455 127207 7752 
hypothetical protein CDS 210 119455 127207 7752 
hypothetical protein CDS 156 119455 127207 7752 
hypothetical protein CDS 210 119455 127207 7752 
hypothetical protein CDS 189 119455 127207 7752 
hypothetical protein CDS 561 119455 127207 7752 
hypothetical protein CDS 285 119455 127207 7752 
putative cell filamentation protein CDS 636 119455 127207 7752 
exopolysaccharide biosynthesis protein related to N-
acetylglucosamine-1-phosphodiester alpha-N-
acetylglucosaminidase CDS 

1317 138835 139305 470 

predicted nucleic acid-binding protein CDS 489 138835 139305 470 
UBA/THIF-type NAD/FAD binding fold CDS 1071 149644 150934 1290 
hypothetical protein CDS 1179 260142 261857 1715 
hypothetical protein CDS 117 260142 261857 1715 
hypothetical protein CDS 1314 283582 285106 1524 
ATP-binding protein of ABC transporter CDS 777 319311 324416 5105 
FIG01028874: hypothetical protein CDS 1215 319311 324416 5105 
FIG01029167: hypothetical protein CDS 792 319311 324416 5105 
hypothetical protein CDS 333 319311 324416 5105 
hypothetical protein CDS 903 319311 324416 5105 
ABC-type amino acid transport system, permease component 
CDS 684 620953 624517 3564 

COG1126: ABC-type polar amino acid transport system, 
ATPase component CDS 765 620953 624517 3564 

Glutamate binding protein CDS 831 620953 624517 3564 
putative glutamate transporter permease protein CDS 939 620953 624517 3564 
FIG01029195: hypothetical protein CDS 1194 656126 657389 1263 
hypothetical protein CDS 1791 1237261 1239756 2495 
putative integral membrane protein CDS 687 1410305 1411220 915 
Pyruvate oxidase [ubiquinone, cytochrome] (EC 1.2.2.2) CDS 1752 1817923 1820007 2084 
cell wall surface anchor family protein CDS 735 1924698 1925692 994 
Amino acid ABC transporter, periplasmic amino acid-binding 
protein CDS 846 2084618 2090544 5926 

Cystathionine gamma-lyase (EC 4.4.1.1) CDS 1161 2084618 2090544 5926 
hypothetical protein CDS 1029 2084618 2090544 5926 
O-acetylhomoserine sulfhydrylase (EC 2.5.1.49) CDS 1152 2084618 2090544 5926 
FIG01029286: hypothetical protein CDS 981 2105030 2107749 2719 
FIG01029131: hypothetical protein CDS 1476 2209635 2211353 1718 
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Supplementary Table 5.12: Genes present in the CF1E genome scaffold but missing in 
the reference genome DY-18.  

Name Insertion site region size 
hypothetical protein CDS 53748 3174 
Phage lysin, N-acetylmuramoyl-L-alanine amidase CDS   
Modulator of drug activity B CDS 65967 913 
Putative DNA-binding protein CDS 70542 1534 
hypothetical protein CDS 92872 1160 
hypothetical protein CDS 111545 710 
hypothetical protein CDS 119455 1338 
predicted nucleic acid-binding protein CDS 156926 1615 
hypothetical protein CDS   
putative hydrolase CDS 239949 1690 
hypothetical protein CDS 374555 1065 
acyltransferase 3 CDS 613830 2685 
hypothetical protein CDS 625770 945 
hypothetical protein CDS 686303 719 
Mobile element protein CDS 808,821 318 
hypothetical protein CDS 992646 3146 
DNA-cytosine methyltransferase (EC 2.1.1.37) CDS   
hypothetical protein CDS   
2-oxoglutarate/malate translocator CDS 1013016 1866 
putative helicase CDS 1084123 5306 
putative helicase CDS   
hypothetical protein CDS   
FIG01029049: hypothetical protein CDS 1383788 1489 
hypothetical protein CDS   
hypothetical protein CDS 1392429 754 
PE-PGRS FAMILY PROTEIN CDS 1434185 4251 
hypothetical protein CDS 1464431 1830 
Mercuric ion reductase (EC 1.16.1.1) CDS 1671908 1271 
Macrolide export ATP-binding/permease protein MacB (EC 3.6.3.-
) CDS 1671564 3475 

hypothetical protein CDS   
hypothetical protein CDS 1788171 2192 
hypothetical protein CDS   
hypothetical protein CDS 1790071 2205 
hypothetical protein CDS   
hypothetical protein CDS 1817923 1800 
Mobile element protein CDS 1884458 1840 
L-lactate dehydrogenase (EC 1.1.2.3) CDS 2044067 1547 
Flagellar hook-length control protein fliK CDS 1924657 966 
hypothetical protein CDS 2000796 1310 
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Supplementary Table 5.13: Isolation source and references of sequences extracted and 
used in the 16S phylogenetic analysis.  

Category Organism 
(Accession) 

Isolation source Underlying disease Reference 

Human Rothia arfidiae SMC-
A6087 (DQ673322) 

Blood Pneumonia Ko KS et al. 
(2009) 

Rothia mucilaginosa 
CF1E 

Sputum from CF Cystic Fibrosis This Paper 
(2012) 

Rothia mucilaginosa 
DY-18 (NC_013715) 

Oral Persistent apical 
periodontitis lesion 

Yamane K. et 
al. (2010) 

Rothia sp. Lab 21-
1_x2 (GQ900877) 

Sputum from CF Cystic Fibrosis Guss AM. et 
al. (2011) 

Rothia sp. sp2-iso-
om10x3 (GQ900840) 

Sputum from CF Cystic Fibrosis Guss AM. et 
al. (2011) 

Rothia mucilaginosa 
ATCC 25296 

Oral - HMP 
unpublished 

Rothia sp. sp3-iso-
117x2 (GQ900845) 

Sputum from CF Cystic Fibrosis Guss AM. et 
al. (2011) 

Rothia sp. ChDC 
B201 (AF543279) 

Oral - unpublished 

Rothia sp. Smarlab 
3302411 (AY538697) 

Bronchic 
expectoration 

- unpublished 

Rothia sp. Sp3-iso-
110x2 (GQ900846) 

Sputum from CF  Guss AM. et 
al. (2011) 

Rothia sp. Oral taxon 
188 (GU470892) 

Oral - Dewhirst FE. 
(2010) 

Rothia sp. sp2-iso-
AG4x3 (GQ900837) 

Sputum from CF - Guss AM. et 
al. (2011) 

Rothia dentocariosa 
ATCC 17931 
(CP002280) 

Oral - HMP 
unpublished 

Cheese Rothia sp.  R-23177 
(AJ969174) 

Smear-ripened 
cheese 

- unpublished 

Animal Rothia sp. C158-P 
CA-T3P21 

   

Rothia sp. BP 
(EU725780) 

Poultry - India Otitis unpublished 

Rothia sp. CCUG 
25688 (AJ131122) 

Mouse nose - Collins et al. 
(2000) 

Outgroup Escherichia coli str. 
K-12 substr. MG1655 
(NC_000913) 

   

Pseudomonas 
aeruginosa PAO1 
(NC_002516) 
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Supplementary Table 5.13: Isolation source and references of sequences extracted and 
used in the 16S phylogenetic analysis. (continued) 

Category Organism 
(Accession) 

Isolation source Underlying disease Reference 

Environmental Rothia sp. CMG M10 
(EU081515) 

Pakistan 
coastline 

- Uzair B. (Ref 
unclear) 

Rothia sp.YIM C456 
(EU135638) 

Haloalkaline soil - Cui XL. et al. 
(Ref unclear) 

Rothia sp.ZHT413 
(EU873349) 

Venerupis 
philippinaram 
shell 
conglutination 
mud 

- unpublished 

Rothia sp. JSM 
078151 

Saline soil - unpublished 

Rothia sp. RA22 
(FJ898305) 

spring - Yang H and 
Lou K. 
(2011) 

Rothia sp. ZF11 
(GQ891672) 

water from high 
level natural 
radiation area 

- Zakei D. et 
al. (2010) 

Rothia sp. LH-CAB6 
(HQ717389) 

Air around 4200 
m 

- unpublished 

Rothia sp. DG3 
(JN208194) 

Soil - unpublished 

Rothia sp. BBH4 
(AM183255) 

Deep sea 
sediment 

- unpublished 

Rothia amarae 
(AY043359) 

Foul water sewer 
sludge 

- Fan Y. et al. 
(2002) 

Rothia sp. RV13 
(GU318366) 

Dysidea tupha 
(marine sponge) 

- unpublished 

Rothia sp. 3_1/4V Semi-coke - unpublished 
Rothia terrae strain L-
143 
(NR_043968) 

soil - Chou YJ. et 
al. (2008) 

Rothia sp. J03 
(DQ409139) 

Herbs in tumulus - unpublished 

Rothia sp. Piab1P 
(DQ457602) 

nodules of 
Hedysarum 
glomeratum 

- Muresu r. et 
al. (2008) 

Milk Rothia sp. H29 
(EF204383)  

Raw milk - Hantsis-
Zacharov E. 
et al. (2007) 

Rothia sp. H7 
(EF204384) 

Raw milk - Hantsis-
Zacharov E. 
et al. (2007) 

Rothia sp. H21 
(EF204385) 

Raw milk - Hantsis-
Zacharov E. 
et al. (2007) 
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Supplementary Table 5.14: Protein-coding genes used for multilocus phylogenetic 
inference.  

Organism  Isolation Source Genes (Accession) 

Rothia dentocariosa ATCC 
17931 

Human oral RecA (ADP41036) 
RpoA (ADP39732) 
Inf2 (ADP41005) 

Rothia dentocariosa M567 Human oral cavity RecA (EFJ76920) 
RpoA (EFJ77777) 
Inf2 (ZP_07072987) 

Rothia mucilaginosa ATCC 
25296 

Human oral  RecA (EET75911) 
RpoA (EET75429) 
Inf2 (ZP_05367468) 

Rothia mucilaginosa DY-18 Human oral RecA (BAI65285) 
RpoA (BAI64339) 
Inf2 (BAI65313) 

Rothia mucilaginosa M508 Human airways sample RecA (EHB87709) 
RpoA (EHB88703) 
Inf2 (EHB87687) 

Rothia mucilaginosa CF1E Cystic Fibrosis sputum RecA 
RpoA (This study) 
Inf2  

 

Supplementary Table 5.15: Genes missing from the CF1E genome scaffold, based on 
contig mapping to the reference genome DY18.  

Gene name Gene 
length 

1-acyl-sn-glycerol-3-phosphate acyltransferase (EC 2.3.1.51) CDS 681 
Cell division protein FtsI [Peptidoglycan synthetase] (EC 2.4.1.129) CDS 1,866 
COG0834: ABC-type amino acid transport/signal transduction systems, 
periplasmic component/domain CDS 840 

COG4420: Predicted membrane protein CDS 933 
Dihydrolipoamide dehydrogenase (EC 1.8.1.4) CDS 1,407 
FIG01028708: hypothetical protein CDS 1,464 
FIG01029080: hypothetical protein CDS 153 
FIG01029402: hypothetical protein CDS 1,749 
FIG01114456: hypothetical protein CDS 1,146 
PTS system, mannose-specific IIC component (EC 2.7.1.69) CDS 867 
 putative ABC transporter ATP-binding protein CDS 114 
Ribonuclease D (EC 3.1.26.3) CDS 1,266 
Transcriptional regulator, FUR family CDS 591 
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Supplementary Table 5.16: Metatranscriptomics sequence data summary. 

Sample Total 
number of 
sequences 

Total number of 
non-rRNA reads 

Total number of 
microbial transcripts 

Total  
R. mucilaginosa 

hits (rRNA) 

Total  
R. mucilaginosa 
hits (non-rRNA)  

CF1D 1,991 1,900 283 4 0 
CF1F 25,238 7,971 312 3 2 
CF4A 68,414 59,394 1,030 0 0 
CF4B 32,737 32,446 471 0 0 
CF4C 36,172 34,411 7,442 15 120 
* No metatranscriptome was generated from CF1E 
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Chapter 6 

Metabolic activities of CF anaerobic communities and their responses to 

perturbations caused by oxygen and pressure 

 

Abstract 

The pulmonary disease of Cystic Fibrosis (CF) patients is characterized by mucus 

plugging of the airways, polymicrobial infections, prolonged ineffective immune 

responses, and ultimately irreversible airway tissue remodeling. Despite aggressive 

antimicrobial and anti-inflammatory treatments, CF patients undergo periodic pulmonary 

exacerbation (CFPE). The cause of CFPE is unknown and has been attributed to 

multifactorial elements. The diverse community assemblages in CF airways include 

aerobic bacteria, as well as facultative and obligate anaerobes. Metagenomic analysis 

showed high diversity of metabolic potentials and many of these anaerobes are capable of 

fermentation processes. Fermentation products have been found in CF sputum and breath 

gas. A preliminary longitudinal study also showed that an increase in fermentation 

products coincides with CFPE. The fermentation products can be toxic to both host cells 

and other microbial cells, altering the immune response and the physiology of 

opportunistic pathogens in the CF airways. This study investigates if microbial 

fermentative processes are the cause of CFPE. In addition, perturbations through oxygen 

and pressure were used in an attempt to inhibit fermentation processes. Here we collected 

forty-one CF sputum samples from 15 CF patients over a 6 months period for community 

culture and experimental perturbations in vitro. The fermentative signature was 

significantly higher during stable and exacerbation states compared to during and after!
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antimicrobial treatments. Hyperbaric treatments with and without oxygen significantly 

reduced the fermentative signature. Metatranscriptomic analysis showed that the in vitro 

culture model was highly enriched for anaerobes when compared to the initial 

communities characterized from the sputum samples. Environmental stress-related genes 

including superoxide reductase, rubrerythrin and neutrophil activating proteins are highly 

expressed by the anaerobes during their growth in the WinCF system. Genes involved in 

redox homeostasis and pyruvate fermentation are significantly correlated with the amount 

of fermentative signatures. Overall taxonomic and gene expression profiles revealed 

strong patient- and sample-specific signals despite the different experimental 

manipulations. High expression levels of ferroxidase and acyl carrier protein genes 

provide alternative therapeutic targets to alleviate the effect of anaerobes in CF lung 

pathogenesis.  
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Introduction 

Pulmonary failure is the main cause of morbidity and mortality in Cystic Fibrosis 

(CF) patients (O’Sullivan and Freedman 2009). CF lung disease is characterized by 

polymicrobial infections (Sibley et al. 2008) and mucus plugging (Fuchs et al. 1994) of 

the airway, prolonged ineffective immune responses (Cohen and Prince 2012), and 

ultimately irreversible airway tissue remodeling. Despite aggressive antimicrobial and 

anti-inflammatory treatments, CF patients undergo periodic pulmonary exacerbation 

(CFPE). CFPE is characterized by increased cough and sputum production, as well as 

declined lung function, eventual loss of respiratory function, and death (Fuchs et al. 

1994).  

Based on the data generated with standard microbial culture techniques, 

Staphylococcus aureus and Haemophilus influenza are commonly found in younger CF 

patients (LiPuma 2010). As the disease progresses the communities often become 

dominated by Pseudomonas aeruginosa, Burkholderia cepacia complex, 

Stenotrophomonas maltophilia, Achromobacter spp. and Rohia spp.; many of which are 

highly resistant against multiple antibiotics (LiPuma 2010; Lim et al. 2013). Using 16S 

rRNA gene analysis by microarray and high-throughput sequencing, more than 1,000 

different taxa across ~90 genus have been associated with CF airways infection (Cox et 

al. 2010; Guss et al. 2011). Many of the species identified are environmental and oral-

associated opportunistic pathogens, consisting of both aerobes and anaerobes. Every adult 

CF patient however presents a unique microbial community (Lim et al. 2012; Lim et al. 

2014a). Although CF associated community assemblages are taxonomically diverse, they 

carry very similar metabolic properties (Lim et al. 2012; Lim et al. 2014a). This suggests 
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that the CF airway microenvironment is highly similar across CF patients and drives the 

community towards acquiring similar metabolic properties as the disease progresses.  

Microbial metabolism in CF lungs is associated with disease state (Twomey et al. 

2013) and potentially influence the progression of CF pulmonary disease. The lungs 

present a spatially structured microenvironment that ranges from highly oxygenated in 

the upper airways to anoxic within the mucus plugs (Worlitzsch et al. 2002; Cowley et al. 

2015). Opportunistic pathogens including viruses, bacteria, and fungi evolve and stratify 

in this structured microenvironment to persist in the CF lungs. As the disease progresses, 

mucus and biofilm build up in the airway and create an environment with steep oxygen 

gradient (Worlitzsch et al. 2002). In addition, atypical pH values and nutrient availability 

within the mucus plugs are capable of driving microbes to use alternative heterotrophic 

metabolisms. When readily available electron acceptors (i.e. O2, NO3
-, and SO4

2-) are 

depleted, facultative anaerobes tend to switch to fermentative metabolism.  

The diverse community assemblages in CF airways include aerobes as well as 

facultative and obligate anaerobes. Metagenomics and metatranscriptomics studies 

revealed a range of metabolic functions that led to a theoretical electron tower model 

consisting of possible aerobic, anaerobic, and fermentation pathways represented by the 

conventional and non-conventional CF-associated bacteria (Quinn et al. 2015). However, 

the metabolism of the CF microbes as a community in CF airways remains 

uncharacterized. P. aeruginosa PAO1 preferentially penetrates into hypoxic airway 

surface liquid on human airway epithelial cultures (Worlitzsch et al. 2002; Alvarez-

Ortega and Harwood 2007). This behavior is supported by metabolic adaptation of P. 

aeruginosa through increased expression of genes involved in anaerobic and 
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microaerobic respiration (Alvarez-Ortega and Harwood 2007; Hoboth et al. 2009). A 

strong relationship between the presence of anaerobes and the level of metabolites such 

as lactate and putrescine has also been reported during CF patient exacerbation (Twomey 

et al. 2013).  

In the lungs of CF patients, the perturbation from drugs, physical therapies, and 

airway remodeling following exacerbation events destabilizes the established community 

(Zarei et al. 2012). This creates new spatial structures, which select for populations 

capable of living under anoxic conditions and more difficult to eradicate through 

treatment. Therapeutic application of hyperbaric oxygen (HBO) is an established 

treatment for various conditions, especially in the management of chronic infections 

(Kranke et al. 2012). Many of these clinical successes provide an impetus for studies of 

HBO effects on microbial persistence and resistance against antimicrobial compounds in 

CF airways. For instance antibacterial effects of antibiotic exposure increases under 

increased oxygen partial pressure compared to normoxic conditions (Brown et al. 1968; 

Muhvich et al. 1989). According to Fick’s first law of diffusion, oxygen penetration is 

dependent on the diffusion coefficient, which is a function of the viscosity of the solution. 

Therefore, the diffusion of O2 through mucus is slow compared to water, and even slower 

across the thick dehydrated (and thus more viscous) mucus in the CF airways. Fick’s law 

of diffusion across a fluid membrane (Mathieu 2006) further states that the amount of gas 

transferred per unit time (ΔN/Δt) across thickness Δx is proportional to the area (A) 

available for exchange and the partial pressure difference (ΔP) of the gas across the 

membrane:   
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ΔN/Δt = (K)(A)(ΔP)/Δx 

 

K = Krogh’s Diffusion Coefficient 

 

K = αD 

 

α = solubility of the gas 

D = Diffusion rate 

 

As the area and thickness are assumed to be the same in all conditions, the amount 

of gas transferred across the mucus plug per unit time should thus increase with 

increasing pressure (ΔP). In the context of the CF lung, increases in pO2 within the mucus 

plug will disrupt anaerobic respiration and fermentation processes that may facilitate CF 

disease pathogenesis.  

The present study therefore addresses two pivotal questions. First the roles of 

anaerobes in CF-associated microbial communities were investigated, comparing their 

fermentative signatures to pulmonary exacerbation through a longitudinal study design. 

Metagenomics, metatranscriptomics, and metabolomics approaches were concurrently 

collected with the WinCF community culture model (Quinn et al. 2015) to acquire an 

insight of the community structure and metabolic activities of CF anaerobes. Secondly 

we investigate the effect of perturbations through increased oxygen concentrations and 

pressure on microbial community structure and metabolism.   
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Materials and Methods 

Sampling procedure: Fifteen CF patients from the University of California, San 

Diego adult CF clinic were recruited for this study (Table 6.1). The patients were selected 

based on eligibility criteria that included: (i) an established diagnosis of CF based on 

consistent clinical symptoms and confirmation by genetic screening of the CFTR gene, 

(ii) ability to perform induced sputum procedures and willingness to provide fresh 

sputum samples during every clinic visit, and (iii) the patients need to be classified as 

“Frequent Exacerbating Patient”, i.e. 2 or more exacerbations per year according to 

attending physician. Informed consent was collected from each patient prior to the study. 

Induced sputum samples and patients’ information were collected in accordance 

with the University of California Institutional Review Board (HRPP #081500) and the 

San Diego State University Institutional Review Board (SDSU IRB #2121). Sterile saline 

was used as mouth rinse prior to the inhalation of 7% hypertonic saline via a nebulizer. 

Sputum was expectorated into a sterile cup over a thirty-minute period.   

‘Stable samples’ were collected when the patients were clinically stable without 

respiratory symptoms (i.e., increase cough, increased sputum production, and suffering 

shortness of breath) and not treated acutely with antimicrobial compounds. ‘Exacerbation 

samples’ were collected when the patients were presented with increase respiratory 

symptoms and a drop in the FEV1 for ≥15% compared to the patient’s best FEV1 in the 

past 12 months. ‘Treatment samples’ indicate samples that were collected during either 

oral or intravenous antibiotic treatments for exacerbation episodes. ‘Post-treatment 

samples’ were collected within 24 hours after either oral or intravenous antibiotic 

treatments for the patient’s exacerbation episode.  
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Sample processing: Sputum samples were processed immediately after each 

collection as described in (Lim et al. 2012; Lim et al. 2014b). In short, each sputum 

sample was homogenized with a 3 ml syringe until no visible clumps remained. The 

homogenized sample was aliquoted into: (i) one tube containing Trizol-LS (Life 

Technologies) and 0.1 mm Zirconia silica beads (BioSpec) for the metatranscriptomics 

study, (ii) three sterile cryovials for metabolomics analysis, and (iii) one sterile cryovial 

for the community culture model. Extra sputum samples (if any) were aliquoted into 15 

ml falcon tubes for metagenomics analysis, and into separate cryovials for storage. 

Metatranscriptomic tubes were homogenized immediately at medium speed for 10 

minutes. Samples for community culture model and metagenomics were transported in 

ice to the lab prior to culture study (see below) while others were transported on dry ice 

and stored at -80°C until further processes.  

 

Community culture model: Artificial sputum media (ASM) that mimics the 

constituents of sputum from CF patients was made based on the modified recipes from 

(Sriramulu et al. 2005; Palmer et al. 2007; Fung et al. 2010). The modifications include 

(i) increased mucin concentration to 20 mg/ml to better reflect the viscosity in CF 

sputum, (ii) additional 3 µg/ml ferritin was added as an alternative iron source and as 

substitute of diethylene triamine pentaacetic acid (DTPA) (Reid et al. 2007; Hare et al. 

2012), and (iii) omitting the addition of antibiotics onto the media (Quinn et al. 2015). 

The media was kept sterile by using sterile 1X PBS, autoclaving the 5% mucin for 10 



! 266 

mins, and ensuring sterile microbiology techniques during handling. All other reagents 

were sterilized through 0.22 µm – filtration prior to the mixing.  

Within 24 hours post-collection, homogenized sputum was diluted 10-fold using 

sterile ASM. Physiochemical variables including pH changes, respiratory activity, and 

macrocolonies formation were monitored through the addition of 1 mg ml-1 phenol 

red/bromocresol purple (Sibley et al. 2008), tetrazolium dye (Bhupathiraju et al. 1999), 

and 3% coomassie blue, respectively, at 10-1 volume of the sputum-ASM mixture 

(Supplementary Figure 6.1). The mixture was then inoculated into the capillary tubes. 

The tubes were plugged at one end and laid horizontally in the MH-holder 

(Supplementary Figure 6.2). Each holder holds seventeen tubes (the sample arrangement 

within each holder is shown in Supplementary Figure 6.2). Each holder contained tubes 

for either (i) Hyperbaric oxygen (HBO; 2.4 atm at 100% O2), (ii) Normobaric hyperoxic 

(HO; 1.0 atm at 100% O2), (iii) Hyperbaric normoxic (HBA; 2.4 atm at 21% O2), (iv) 

Hyperbaric hypoxia (HBN; 2.4 atm at <1% O2 using nitrogen), or (v) Control (CTRL; 1.0 

atm at 21% O2) treatment, per sputum sample. The pressure at sea level is represented by 

1 atmosphere (atm) and the treatment protocols are based on UCSD hyperbaric oxygen 

chamber treatment protocol guidelines for monochamber. All treatments were conducted 

for 60 minutes prior to incubation in 5% CO2 environment at 37 °C (Supplementary 

Figure 6.3). The tubes were then monitored and imaged every 24 hours for 72-96 hours.  

 

Capillary tube imaging and image analysis: All images were taken in the dark on 

white backlight (Logan 5.5 X 9 inches2 light box) using a Canon EOS Rebel T3 camera 

(Canon U.S.S Inc., Melville, NY, USA). All images were taken under identical settings 
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(manual focus, ISO 3,200, Aperture F4.5) and saved in raw and JPEG format. Images 

were cropped to retain only the tubes (Supplementary Figure 6.1) and used for further 

analysis. Tubes 14-19 (Supplementary Figure 6.1) within each image were used for 

calculating the volume of tubes occupied with gas bubbles and the final percentage 

represent the average of all six tubes. Statistical analysis was carried out using the 

PRISM software (Graphpad).  

 

Processing capillary tubes contents for metatranscriptomics and metabolomics: 

At the end of 72 – 96 hour incubation, the content of tubes 14-19 (tubes with ASM + 

sputum only) was collected for metatranscriptomic and metabolomic analysis. ASM and 

sputum from three tubes were added into a cryovial containing 1 mm zirconia beads and 

1 ml Trizol LS®, mixed, and kept at -80°C until further processing. ASM and sputum 

from the other three tubes were separately added into three sterile cryovials for 

metabolomic analysis. Three sterile ASM without sputum (Tubes 20-22) were added into 

one sterile cryovial to serve as negative control for the metabolomcis study. Metabolomic 

samples were all kept at -80°C and transferred to the University of California, Davis 

West Coast Metabolomics Center. Metabolites were extracted using the standard plasma 

extraction protocol (20 µl of sputum in 1 ml of 3:3:2 acetonitrile:isopropanol:water) and 

analyzed using gas chromatography Time-Of-Flight (GC-TOF) mass spectrometry.  

 

Microbial metagenomes: Sputum collected for microbial metagenomes were 

treated as described in (Lim et al. 2014b). Briefly, samples were treated with β-

mercaptoethanol at 0.2-sample volume and rocked at room temperature for one hour. 
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Cells were spun down and repeatedly washed three times with sterilized deionized water 

to lyse human cells. The washed cells were then resuspended in 1X DNase buffer (50 

mM NaAc; 10 mM MgCl2; 2 mM CaCl2) and treated with 15 units ml-1 DNase I 

(Calbiochem) to remove extracellular DNA. Total DNA was extracted using the 

Nucleospin® Tissue kit (Macherey-Nagel) following the gram-positive variation protocol. 

Library preparation was done using the Nextera XT kit (Illumina) and all samples were 

sequenced in-house on Illumina MiSeq platform using the 600-flow sequencing 

chemistry.  

 

Metatranscriptome RNA isolation and RNA-seq library preparation: Sputum and 

capillary tubes contents in Trizol LS® were thawed on ice. RNA was extracted using a 

combination of chloroform phase separation and Zymo RNA Clean & Concentrator 

column (Zymo). Interphase and phenol-chloroform layers were saved for DNA 

extraction. RNA-seq libries were constructed using a combination of the Ribo-Zero Gold 

Epidemiology rRNA removal kit (Epicentre) and TruSeq Stranded mRNA kit (Illumina). 

Libraries were sequenced at the University of California, Davis Genome Center on 

Illumina HiSeq platform using the rapid-mode paired-end 2 X 250 bp chemistry.  

 

Metagenomics Data Preprocessing: Metagenomic reads were preprocessed using 

PrinSeq (Schmieder and Edwards 2011) to remove low quality reads (minimum quality 

score of 25). The resulting reads were then compared to a human genome database (hg19 

genome) using SNAP aligner (version 1.0beta; Zaharia et al. 2011) and non-human reads 
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were extracted using bamtoFastq 

(http://gsl.hudsonalpha.org/information/software/bam2fastq).  

 

Metatranscriptomics Data Preprocessing: FASTQ files were manually uploaded 

to Illumina BaseSpace for quality check and data preprocessing. Read quality and adapter 

trimming were performed using FASTQToolKit (in BaseSpace Labs) using the 

parameter:  

(--adapters-5 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT,GATCGGAAGAGCACACGTC

TGAACTCCAGTCAC  

--adapters-3 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT,GATCGGAAGAGCACACGT

CTGAACTCCAG  

--adapter-trimming-stringency 0.9 --min-length 70 --min-seq-complexity 70 --trim-tail-5 

5 --trim-tail-3 5 --trim-qual-score 25 --trim-ns). All reads shorter than 70 bp were 

discarded. SortMeRNA v.2.0 was used to extract non-rRNA sequences.  

 

Data Analysis: Bacterial taxonomy of the metagenomic sequences were assigned 

based on BLASTn search against the NCBI nucleotide (NT) database (Figure 6.1). 

Sequences assigned to the phylum Chordata, or any synthetic/vector sequences were 

further removed prior to the comparison of metagenomic datasets against the KEGG 

database using BLASTx. The resultant KEGG-BLASTx output was analyzed using the 
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HUMAnN pipeline (Abubucker et al. 2012). The normalized relative abundance values 

(file *-04b.txt) were used for subsequent analysis.  

All metagenomic sequences were also concatenated into a single file and 

assembled with SPADES assembler (Bankevich et al. 2012) using the parameter –k 127 

and --careful. Large contigs (>1,000 bp) were extracted and used for open reading frames 

(ORFs) prediction via MetaProdigal (Hyatt et al. 2012). Final contigs and resulting ORFs 

were then used as the backbone for metatranscriptomics sequence recruitment.  

MetaphlAn2 (Segata et al. 2012) was used for taxonomic assignment of the 

metatranscriptomics reads. Kyoto Encyclopedia Genes and Genomes (KEGG) database 

was used for functional assignment based on BLASTx. The KEGG-BLASTx output of 

was analyzed using the HUMANn software (Abubucker et al. 2012) and further analyzed 

using R statistical software packages. Using the taxonomical and gene annotations, only 

read 1 (R1) was used for the calculation of relative and normalized abundance.  

An in-house WinCF-specific transcriptomics database (CFaDB) was constructed 

using all annotated gene sequences from the genomes of the six genera (Veillonella spp., 

Prevotella spp., Streptococcus spp., Haemophillus spp., Fusobacterium, and 

Granulicatella spp.) identified from the capillary cultures (Figure 6.5). The gene 

sequences were downloaded from the PATRIC database (www.patricbrc.org). Non-

rRNA sequences were compared against the CFaDB using BLASTx. Hit counts were 

normalized based on the formula: 
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! !
! !

!

!!!

 

 

where  !(!) = Normalized abundance of gene !  

 !(!) = the fraction of the identifiable reads that map to gene !  

i.e. ! !
!  where !(!)  is the number of hits to gene ! and N is the total 

number of hits to all genes 

 !(!) = The effective length of gene ! in bases 

 K = the number of different genes within that sample 

 

Normalized abundance where used for all downstream analysis. Random Forests 

analyses (Breiman 2001) were done using the R package randomForest (Liaw and 

Wiener 2002).  

 

! !
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Table 6.1: Total number of samples collected at different health status. Fifteen patients 
were recruited for this study and a total of 35 samples were collected.  
 

Sample 
ID Age Genotype Exacerbation Post -

Treatment Stable During 
Treatment Total 

CF1 36 dF508 1 0 0 0 1 
CF2 23 dF508/3849 1 0 0 0 1 
CF3 32 dF508/c.1340delA 0 1 1 0 2 
CF4 22 dF508/394delTT 1 0 0 1 2 
CF5 22 dF508/1249 1 1* 1 0 3 
CF6 32 dF508/unknown 0 0 1 0 1 
CF7 24 dF508/p.E585 2 2 1 0 5 
CF8 60 dF508 3 0 1 0 4 
CF9 40 dF508 0 0 1 5 6 

CF10 29 dF508 1 0 1 0 2 
CF11 29 dF508 3 0 2 0 5 
CF12 23 dF508/3849 0 0 0 1 1 
CF13 26 dF508 0 0 0 1 1 
CF14 24 W1282X/L206W 1/1* 0 1 0 3 
CF15 29 dF508/3737C>T 0 0 1 1/1* 3 

CF16** 24 dF508 1 0 0 0 1 
      Total 41 

* Capillary culture experiment omitted. 
** Patient dropped out of the study. No metagenome was constructed.!  
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Figure 6.1: Overview of the experimental and data analysis processes. 
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Results 

Induced sputum samples (n=41) were collected from fifteen CF subjects ages 22 – 

60 (median = 27.5) across a 6-month period (Table 6.1). The patients’ clinical stability 

and exacerbation events during sampling were defined based on pulmonary function tests 

and patient’s reported outcomes such as increased sputum production and cough (See 

Methods) (Fuchs et al. 1994).  

The main bacterial species (relative abundances > 5%) detected by metagenomic 

sequencing (Supplementary Table 6.1) across all CF patients include Pseudomonas 

aeruginosa, Stenotrophomonas maltophilia, Staphylococcus aureus, Rothia 

mucilaginosa, Streptococcus spp., Prevotella melaninogenica, Veillonella parvula, 

Achromobacter xylosoxidans, and Marinomonas sp. MQYL1 (Table 6.2). Eight out of the 

fifteen patients (53%) had P. aeruginosa as their major colonizer (relative abundances 

range from 40% - 97%), while in the other patients the dominant species differed 

between R. mucilaginosa, S. aureus, or S. maltophilia (Table 6.2; Supplementary Figure 

6.5). Despite the differences in the community profiles, the functional compositions 

based on KEGG annotation were highly similar across all patients (Supplementary Figure 

6.6).  
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Table 6.2: Microbial communities associated with each CF patients. Taxanomy was 
assigned based on sequence comparison using BLASTn against the NCBI non-redundant 
nucleotide (nt) database. No metagenome was generated for patient CF15 & CF16.  
 

Patient ID Major bacteria Patient ID Major bacteria 
 
CF1 

 
Pseudomonas aeruginosa (92%) 
Other bacteria entails < 1% of the 
total reads 
  

 
CF8 
(August; 
November) 
 

 
Pseudomonas aeruginosa (97%; 
91%) 
Other bacteria entails < 1% of the 
total reads 
 

CF2 Streptococcus spp. (39%) 
Rothia mucilaginosa (20%) 
Staphylococcus aureus (8%) 
Prevotella melaninogenica (7%) 
 

CF9 
(July; 
November) 

Pseudomonas aeruginosa (62%; 
41%) 
Prevotella melaninogenica (2%; 
15%) 
Streptococcus salivarius (2%; 14%) 
Veillonella parvula (1%; 8%) 
Rothia mucilaginosa (8%; 3%) 
Streptococcus parasanguinis (6%; 
5%) 
 

CF3 Rothia mucilaginosa (65%) 
Streptococcus pneumonia (8%) 
Streptococcus mitis (6%) 
Other Streptococcus spp. (32%) 
 

CF10 Stenotrophomonas maltophilia 
(43%) 
Pseudomonas aeruginosa (24%) 
Veillonella parvula (16%) 
Streptococcus parasanguinis (8%) 
 

CF4 Staphylococcus aureus (53%) 
Veillonella parvula (5%) 
Streptococcus pneumoniae (5%) 
Pseudomonas aeruginosa (4%) 
Rothia mucilaginosa (3%) 
Other Streptococcus spp. (18%) 
 

CF11  
(August; 
October) 

Pseudomonas aeruginosa (97%; 
40%) 
Streptococcus intermedius (< 1%; 
29%) 
Achromobacter xylosoxidans (< 1%; 
10%) 
Staphylococcus aureus (10%) 
 

CF5 Rothia mucilaginosa (47%) 
Marinomonas sp. MWYL1 (14%) 
Staphylococcus aureus (4%) 
 

CF12 Pseudomonas aeruginosa (77%) 
Streptococcus parasanguinis (11%) 
Other bacteria entails < 1% of the 
total reads 
 

CF6 Pseudomonas aeruginosa (92%) 
Other bacteria entails < 1% of the 
total reads 
 

CF13 Pseudomonas aeruginosa (66%) 
Streptococcus parasanguinis (11%) 
Rothia dentocariosa (6%) 
Streptococcus salivarius (3%) 
Rothia mucilaginosa (3%) 
Veillonella parvula (1%) 
 

CF7 Pseudomonas aeruginosa (47%) 
Streptococcus salivarius (12%) 
Streptococcus parasanguinis 
(9%) 
Veillonella parvula (6%) 
 

CF14 
 

Staphylococcus aureus (46%) 
Rothia mucilaginosa (12%) 
Streptococcus parasanguinis (12%) 
Prevotella melaninogenica (8%) 



! 276 

Fermentation signatures were found in “stable” and “exacerbation” samples: In 

the fresh sputum samples that were added to sterile ASM (Figure 6.1) microbial growth 

and chemical changes due to respiration, pH changes, gas production were clearly visible 

through the capillary tubes (Supplementary Figure 6.1). The volume of capillary tubes 

occupied by gas (Figure 6.2) was calculated as mean percentages from six capillary tubes 

containing ASM and sputum without additional chemical (Supplementary Figure 6.1; 

Tube 14-19). After 72 – 96 hours of incubation at 5% CO2, the tubes containing samples 

collected during exacerbation and stable states showed higher amounts of gas bubbles 

compared to those with treatment and post-treatment samples (Figure 6.2). Stable 

samples produced 0-58% gas (median = 35%), while exacerbation samples produced 0-

63% gas (median = 34%) (Figure 6.2). The amount of gas production by the microbial 

community from exacerbation samples was significantly higher than treatment and post-

treatment samples (Figure 6.2; Mann-Whitney test; p = 0.03 with df = 17 and p < 0.0001 

with df = 23, respectively). However, the amount of gas production from stable samples 

was only significantly higher compared to post-treatment samples (Mann-Whitney test; p 

< 0.001; df = 17) but not to treatment samples (Mann-Whitney test; p=0.0853; df = 11). 

Interestingly, overall gas production can be prevented when tetrazolium dye was added to 

the same ASM-sputum mixture (Supplementary Figure 6.1). At least one stable or 

exacerbation sample was collected from fourteen of the total fifteen CF patients recruited 

and 93% (13/14) of these patients carry microbial communities that produce gas in the 

WinCF system (Supplementary Table 6.2).  

 

! !
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Figure 6.2: The amount of gas production through CF microbial community 
metabolisms. Fresh sputum samples were inoculated into capillary tubes and the volume 
of tubes occupied by gas bubbles was calculated after 72 – 96 hours incubation at 37°C 
and 5% CO2. Samples collected during stable and exacerbation states demonstrated 
significantly higher amount of fermentative characteristic compared to treatment and 
post-treatment samples. (Mann-Whitney test; Stable vs Treatment, p = 0.0853, df = 11; 
Stable vs Post-treatment, p = < 0.001, df = 17; Exacerbation vs Treatment, p = 0.03, df = 
17; Exacerbation vs Post-treatment, p = < 0.0001, df = 23) 
 

Pressure with and without oxygen decreased fermentation signatures: The 

hypothesis implicit to this work is that increased oxygen concentration within the mucus 

plug will prevent gas production. Twenty-eight sputum samples collected were subjected 

to hyperbaric oxygen (HBO; 100% O2 and 2.4 atm), pressure (HBA; 21% O2 and 2.4 

atm), hyperoxic (HO2; 100% O2 and 1 atm), and hyperbaric nitrogen (HBN; <1% O2 and 

2.4 atm) treatments prior to the 37°C incubation under 5% CO2 for 72 – 96 hours 

(Supplementary Figure 6.3).  

HBO2, HBA, and HO2 treatments all increased the penetration of O2 into the 

capillary tube mucus plugs (Supplementary Figure 6.4). In the control tubes oxygen was 
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only detected in the first 2-3 mm of the mucus plug within the capillary tube. Upon 

exposure at a normobaric condition to 100% O2 for 60 minutes elevated O2 

concentrations were detected in the first 9-10 mm of the mucus plug surface. An increase 

in pressure to 1.5 atm and 2.4 atm at 100% O2 did not increase penetration of O2 

(Supplementary Figure 6.4). Absolute concentrations of the O2 within the tubes were not 

assessed.  

The effect of changes in pressure and oxygen concentrations on microbial 

metabolism under these conditions is markedly different. Compared to the controls 

(CTRL: non-treated), the effect of pressure with or without oxygen significantly reduced 

the amount of gas produced by the sputum microbial communities (Figure 6.3). The 

addition of antibiotics also reduced the amount of gas produced (Supplementary Table 

6.3) in addition of the effect of pressure. The amount of recovered total RNA per volume 

of liquid showed that the pressure and oxygen treatments did not affect the overall growth 

of bacteria (Supplementary Figure 6.7). !

! !
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Figure 6.3: The effect of oxygen and pressure on microbial metabolism in the WinCF 
system. Sputum samples were subjected to hyperbaric oxygen (HBO; 100% O2 and 2.4 
atm), pressure (21% O2 and 2.4 atm), hyperoxic (100% O2 and 1 atm), and hyperbaric 
nitrogen (HBN; <1% O2 and 2.4 atm) treatments prior to 37°C incubation under 5% CO2 
for 72 – 96 hours. Elevated pressure significantly reduced the amount of gas produced by 
the sputum microbial communities.  

 

Thirty-one individual samples were selected from 7 experiments across 3 patients 

(CF9, CF11, and CF14) to characterize the molecular signatures within the tubes through 

metatranscriptomics and metabolomics (Supplementary Table 6.4). These samples 

represent a range of gas production, form 0% to 66% (Supplementary Table 6.4). Total 

RNA was extracted from 3 sputum samples and 31 WinCF contents stored in Trizol LS. 

Total rRNA was depleted using the Ribo-Zero kit (Epicentre) prior to high-throughput 

sequencing (See Methods). More than 19 million paired reads were retained after filtering 

low quality sequences and removing rRNA-like sequences. The same samples set with 

additional 45 sputum samples were also subjected to gas chromatography mass 

spectrometry (GC-MS) analysis. Across all sputum and WinCF samples, 255 metabolites 

were detected. Across all metatranscriptomes (from sputum and WinCF culture) 13,610 
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unique genes were annotated from the KEGG database. Based on a supervised random 

forests classification model, the metabolites and transcripts from the WinCF communities 

are distinctly different from the sputum communities (Figure 6.4).  

 

!
Figure 6.4: Comparison of metabolites (A) and genes (KOs) identified in sputum 
samples (filled circles) and capillary samples (unfilled circles) as shown by 
multidimentional scaling (MDS) plot based on the output of supervised random forests 
analysis. The classification from random forests distinctly differentiates sputum and 
capillary samples, with out-of-bag (OOB) error at 0% based on metabolites and 2.94% 
based on genes. 
 

Mainly anaerobes were growing within the WinCF system: Metaphlan2 (Segata et 

al. 2012) was used to assign the taxonomic group to each sample using the R1 read of the 

non-rRNA sequences (Figure 6.5). The main bacteria in the WinCF are anaerobes that 

include Prevotella spp. (P. melaninogenica and P. naceiensis), Streptococcus spp., 

Veillonella spp. (Unclassified sp., V. atypica, and V. parvula), Fusobacterium nucleatum, 

Haemophilus parainfleunza, and Granulicatella spp. (Figure 6.5). The taxonomical 

profiles showed that patients are more similar within themselves than across the 

perturbation experiments (Random Forests Classification OOB error of 0% and 100%, 
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respectively; Figure 6.5). Therefore, we hypothesized that the CF microbial communities 

switch their metabolism in response to the biochemical perturbations within the mucus 

plug caused by pressure and oxygen without significantly changing the composition of 

the community members.  

 

!
!
Figure 6.5: Taxonomic group assigned to non-rRNA sequences using Metaphlan2. 
Dendogram shows the hierarchical clustering of samples based on Euclidean distance 
calculated from the overall relative abundance of species assigned via Metaphlan2. Black 
symbols represent the three patients and the colored squares describe different 
experimental manipulations perform during WinCF culture (See Methods). Patients are 
more similar within themselves than the different experimental manipulations (Random 
Forests Classification OOB error 0% and 100%, respectively).  
 
 

Gene expression profiles present highly patient- and sample-specific signals: The 

most abundant KEGG assigned metabolic pathways identified from the WinCF 

communities include ribosome, phosphotransferase system (PTS), homologous 

recombination, aminobenzoate degradation, glycolysis and gluconeogenesis, protein 

Patient ID
Sample Date

Experiment

Hyperbaric Nitrogen (<1% O2; 2.4 atm)
Control (21% O2; 1 atm)
Hyperoxic (100% O2; 1 atm)
Pressure Normoxic (21% O2; 2.4 atm)
Hyperbaric Oxygen (100% O2; 2.4 atm)

CF9 CF11 CF14
11/10/2014 02/12/201511/20/2014 01/14/201510/23/2014 02/09/201512/15/2014

10
/2

3/
20

14

Relative abundance

0 20 40 60 80 100

Unclassified Veillonella 
Veillonella atypica

Prevotella melaninogenica
Fusobacterium nicleatum

Unclassified Neisseria 
Prevotella nanceiensis

Murine osteosarcoma virus
Haemophilus parainfluenzae

Fusobacterium periodonticum
Prevotella bivia

 Unclassified Pseudomonas
Prevotella disiens

Lachnospiraceae bacterium ICM7
Unclassified Granulicatella

Staphyloccocus phage 80alpha
Unclassified Peptostreptococcus

Campylobacter showae
Unclassified

Sputum
WinCF Tubes

CF9 CF11
CF14



! 282 

export, as well as arginine, proline, thiamine, beta-alanine, and selenocompound 

metabolism (Figure 6.6A). The most abundant modules (defined as functional units in the 

KEGG metabolic pathway maps) include the PTS system Mannose- and N-

acetylgalactosamine specific II component, NAD- and NADP-malic enzyme type in C4-

dicarboxylic acid cycle, F-type ATPase bacteria, reductive citric acid cycle (Arnon 

Buchanan cycle), adenine nucleotide biosynthesis, ATP synthase, methane oxidation, and 

gluconeogenesis (Figure 6.6B). We hypothesized that individual genes and not the 

organism is important in the observed microbial responses to biochemical perturbations. 

Therefore, protein sequences from the genomes of the six most abundant genus observed 

in the WinCF transcriptomes (Prevotella, Veillonella, Fusobacterium, Streptococcus, 

Haemophilus, and Granulicatella) were downloaded from the PATRIC database 

(www.patricbrc.org) to generate a WinCF-specific database (CFaDB).  

The WinCF transcriptomes were compared against the CFaDB using BLASTx. 

On average, 66% of the transcripts mapped against the CFaDB compared to 46% of 

transcripts that mapped against the KEGG database (Supplementary Table 6.4). A total of 

7,993 unique genes were identified from the CFaDB across all WinCF transcriptomes. 

The most abundant protein expressed was feroxidase (1.3% of total transcripts across all 

samples) while other interesting proteins are environmental stress-related genes that 

include superoxide reductase, acyl carrier protein, neutrophil activating protein A, 

rubrerythrin, and Thioredoxin (Figure 6.6C) were present in high abundance. The overall 

WinCF gene expression profiles showed strong patient- and sample-specific signals 

despite the different experimental conditions (Supplementary Figure 6.8). A supervised 

random forests analysis classified the gene expression profiles at 0% out-of-bag error 
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based on individual patient, and 100% out-of-bag error based on experimental treatments.  

Correlation of gene abundances against the percent gas production: A supervised 

random forests model based on the normalized RNA gene abundance and the percent 

bubbles production were able to predict 78.6% of the variance. The most important genes 

identified from the model were used to perform a linear regression of normalized gene 

abundance against the percent gas production (Supplementary Figure 6.9). Some of the 

genes that are significantly represented are presented in Figure 6.7. As the percent of gas 

production increased, the expression level of carbon starvation protein A, 3-

hydroxybutyryl-CoA / 3-hydroxyacyl-CoA dehydrogenase, thiol:disulfide oxidoreductase 

related to ResA genes, and all components of acetoin dehydrogenase (E1-E3) increased 

significantly (Figure 6.7). !  
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Figure 6.6: Functional characterization of the capillary communities based on the 
normalized abundance of (A) pathways and (B) modules annotated based on the KEGG 
database, and (C) genes annotated based on the CFaDB.  
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Figure 6.7: Linear regression of the normalized transcripts abundance against the amount 
of gas production (%v/v). The selected transcripts (A-C, and F) were identified from a 
supervised random forests model (Supplementary Figure 6.9), while D and E (the E1 and 
E2 components of acetoin dehydrogenase complex) were extracted to compliment the E3 
component (F) of acetoin dehydrogenase complex. The expression level of the E1 
component beta-subunit is presented in Supplementary Figure 6.10.    
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Metabolite profiles were sample-specific: GC-MS was used to characterize the 

metabolites produced by the WinCF communities. Three control tubes with sterile ASM 

were included during the experiment and were submitted simultaneously for GC-MS 

analysis. The reported average intensity from the three control sterile samples was used to 

subtract the intensity from the samples with sputum and negative values were treated as 

zeros. Subsequent analysis used the corrected intensity for each sample and therefore, did 

not take into account the substrates that were consumed by the WinCF communities. 

Similar to the transcriptomes analysis, the metabolomics profiles were more likely to 

cluster by patients than the experimental perturbations (Figure 6.8A). However, some 

treated samples were randomly distributed across the dendogram (Figure 6.8A). The 

supervised classification based on random forests analysis showed 0% OOB error when 

the profiles were classified based on patients, and 100% OOB error when the profiles 

were classified based on experimental perturbations, showing strong patient-specific 

signals.  

Relative abundances of the 255 GC-TOF metabolite intensities can be compared 

between samples for the same metabolite, but each metabolite intensity is not a direct 

reflection of abundance. The metabolites with the highest intensities include maleimide, 

leucine, ethanolomine, indole-3-lactate, tocopherol alpha, heptadecanoic acid, erythritol, 

inosine, arachidic acid, trimetryllysin, threonic acid, and 4 unknown compounds (Figure 

6.8B). A combination of unsupervised random forests analysis and Partitioning Around 

Medoids (PAM) clustering classified the samples into two distinct groups with an OOB 

error of 6.45%. The top 15 most important variables separating the groups were identified 

using the random forests analysis and used for principal component analysis. The PCA 
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plot revealed two distinct groups of samples with small clusters of samples by sampling 

date, especially for samples from patient CF14 (Figure 6.9). The negative loadings of 

PC1, which accounts for around 58% of the variability between these samples, are mainly 

from CF14 February and January collection with high levels of inosine, tocopherol alpha, 

trimethyllysin, arachidic acid, threonic acid, maleimide, heptadecanoic acid, indol-3-

lactate, erythritol, and the three unknown compounds (Figure 6.9). On the other hand, the 

positive loadings of PC1 separate the rest of the samples that have high level of 

ethanolamine and leucine (Figure 6.9).    

!
!
Figure 6.8: Metabolites characterization of the WinCF community. (A) The overall 
corrected compound intensity was used to group the samples based on Bray-Curtis 
similarity cluster analysis. (B) The corrected abundance based on of the top 16 
metabolites. The samples were organized to observe changes due to experimental 
perturbations.  
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Figure 6.9: Principal component analysis of the top 15 most important metabolites 
identified from random forests analysis using the corrected intensity from the WinCF 
metabolomes. The red lines indicate vectors from PC1 and PC2.  
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Discussion 

In addition to the commonly known CF-associated bacteria, a range of anaerobes 

including the genera of Prevotella, Veillonella, Porphyromonas and Actinomyces have 

been detected in the CF lungs through culture-dependent and culture-independent studies 

(Tunney et al. 2008; van der Gast et al. 2011). However, the role of these anaerobes in 

CF lungs pathogenicity is unclear. Several recent studies have shown that microbial 

fermentation processes in the CF lungs are important and potentially contribute to the 

decline of a patient’s health status (Twomey et al. 2013; Whiteson et al. 2014; Quinn et 

al. 2015). The amount of fermentation precursors or metabolic products, specifically 

pyruvate, lactate, and putrescine varies with health status of the CF patients (Twomey et 

al. 2013). Utilizing the WinCF system (Quinn et al. 2015) this study explores the 

signatures of fermentation in 15 CF patients through visual characterization of microbial 

community metabolism. Metatranscriptomes and metabolomes were used to identify the 

molecular signatures generated by the communities.  

Microbes inhabiting the CF lungs experience an oxygen gradient and the WinCF 

model was shown to create a steep oxygen gradient (Supplementary Figure 6.4 and 

(Quinn et al. 2015). On average, 60 – 65 µl of sputum-ASM mixture was inoculated into 

the capillary tube with an inner diameter of 1.15 mm. As one end was sealed to mimic the 

plugged airways (Supplementary Figure 6.2), the net amount of oxygen diffused into the 

artificial sputum media within the long capillary tube was limited. Due to the steep 

oxygen gradient within the capillary tubes, the WinCF model presented here was highly 

enriched with anaerobes such as Veillonella spp., Prevotella spp., Streptococcus spp., 

Haemophilus spp., Fusobacterium spp. and Neisseria spp. (Figure 6.5).  
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While Veillonella spp., Prevotella spp. and Fusobacterium are well known 

anaerobes, some clinical isolates have shown to be highly aerotolerant (Tally et al. 1975; 

Silva et al. 2003). Homogenization during sample processing introduced molecular 

oxygen into the sputum. Nevertheless these anaerobes represent the majority of the 

community in the WinCF model (Figure 6.5). The observation can be explained by high 

expression level of the genes superoxide reductase and rubrerythrin (Figure 6.6C). 

Superoxide reductase is an enzyme that reduce toxic superoxide radicals (O2
-) to 

hydrogen peroxide (H2O2) while rubrerythrin is able to reduce H2O2 into non-reactive 

oxygen species (Sztukowska et al. 2002; Kovacs and Brines 2007). CF lungs are known 

to contain high level of oxidative stress from the host and microbial activities (Galli et al. 

2012). Aerotolerance and having antioxidant abilities are one of the major adapted 

advantages of CF anaerobes to survive in CF lungs. Expression of these genes protects 

the bacterial cells from reactive oxygen species including molecular oxygen, hydrogen 

peroxides, and free radicals. In addition, the expression of carbon starvation protein A is 

highly correlated with the amount of gas production (Figure 6.7). The induction of this 

gene has been shown to induce resistance to other stresses including low pH and 

oxidative stresses (Kolter et al. 1993; Hengge-Aronis 2002), suggesting that the gas 

production is a response to or an effect of the low pH and high oxidative stress 

environment. 

Within the WinCF system, the production of gas bubbles (Figure 6.2) is a result of 

catabolic processes such as anaerobic respiration and fermentation. The amount of gas 

production within the WinCF model is highly dependent on the redox states of the 

environment. Multiple oxidoreductases such as 3-hydroxybutyryl-CoA and 3-
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hydroxyacyl-CoA dehydrogenase, dihydrolipoamide dehydrogenase of acetoin 

dehydrogenase, and thiol-disulfide oxidoreductase related to ResA were specifically 

involved (Figure 6.7). These oxidoreductases contain redox-active properties that transfer 

electrons from a donor to acceptor, using NAD(P) as cofactors. Specifically, thioredoxin, 

a disulfide oxidoreductase that is important in cell redox homeostasis is present at high 

level (Figure 6.6C). As thioredoxins have low redox potential (-270 to -330 mV 

measured in Escherichia coli), they are known to be efficient thiol-disulfide reductants 

(Krause et al. 1991; Aslund et al. 1997). The expression level of thiol-disulfide 

oxidoreductase is linearly related to the amount of gas production (Figure 6.7), 

suggesting that the thiol-disulfide reactions are crucial in regulating the redox potential 

that affect major proteins responsible for the gas production.  

Interestingly, the production of gas bubbles within the ASM-sputum mixture can 

be prevented by the addition of tetrazolium dye (Supplementary Figure 6.1). The 

reduction of tetrazolium dye requires an electron donor and most often NADH is used. 

The new generations of commercially available tetrazolium dye contain a mixture of 

intermediate electron acceptors to facilitate the reduction of the dye, which makes it more 

efficient in accepting electrons from NADH (Berridge et al. 2005). The addition of 

tetrazolium dye in the WinCF experiment provides excessive amounts of secondary 

electron acceptor and perturbs the “normal” redox balance within the CF microbial 

communities environment. CF microbes need diverse terminal electron acceptors to 

complete oxidative phosphorylation. However, if an electron acceptor is unavailable, 

another alternative strategy is fermentation. The observation of diminished gas bubbles 

production in the presence of tetrazolium dye suggests that this process is a result of 
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microbial fermentation processes. Alternatively, the added electron acceptors potentially 

interfere with redox active proteins such as thioredoxins that affect downstream crucial 

major pathways responsible for the gas production. 

Acetoin dehydrogenase is composed of three components including acetoin-

dependent dichlorophenolindophenol oxidoreductase (E1), dihydrolipoamide 

acetyltransferase (E2) and the dihydrolipoamide dehydrogenase (E3) (Peng et al. 2007). 

Additional evidence of fermentation is the linear relationship between all three 

components of acetoin dehydrogenase and the amount of gas production (Figure 6.7; 

Supplementary Figure 6.10). The expression of acetoin dehydrogenase is induced by the 

high level of acetoin (Ould Ali et al. 2001). Acetoin is a major fermentation product of 

pyruvate in many bacteria via the Embden-Meyerhof pathway. The fermentation of 

pyruvate generates high level of CO2, which is likely to be the gas bubbles produced 

within the tubes. The production of acetoin is significant in low pH and the fluctuating 

redox CF-mucus environment in order to avoid acidification while regulating the 

NAD/NADH ratio. In addition, acetoin can also be used as a carbon storage metabolite 

for competitive advantage in a polymicrobial environment. Acetoin catabolism by acetoin 

dehydrogenase produces acetaldehyde (López et al. 1975; Oppermann et al. 1991). 

Acetaldehyde was detected at high level in a previous study using the WinCF system 

(Quinn et al. 2015). However, the source of acetaldehyde was unknown. This data 

suggests that acetaldehyde is the product of acetoin metabolism and pyruvate 

fermentation.  

The clinically relevant conditions of the WinCF system showed that both stable 

and exacerbation samples produced significantly higher amounts of gas bubbles 
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compared to samples collected during or after antibiotic treatment (Figure 6.2). This 

finding suggests that the presence of fermenters and/or fermentative processes in this 

community can be prevented through antibiotics. The observation leads to a bold 

hypothesis that fermenters start their activities immediately after the antibiotic stress is 

lifted (Figure 6.10). The subsequent accumulation of fermentative products then initiates 

a cascade of reactions that include (i) the use of fermentative products by other microbes 

(Létoffé et al. 2014; Whiteson et al. 2014; Filkins et al. 2015), (ii) the production of toxic 

products, where both mechanisms subsequently cause exacerbation directly or indirectly 

(Murray et al. 2014) (Figure 6.10).  

We hypothesize that increases in oxygen concentration within the mucus plug 

through the application of oxygen and pressure will disrupt these anaerobic respiration 

and fermentation processes which contribute to CF disease pathogenesis. Our results 

showed that pressure with and without additional oxygen reduced the amount of 

fermentation (signatures of gas production) within the WinCF model (Figure 6.3). The 

comparable amounts of total RNA recovered per volume of liquid within the capillary 

tubes (Supplementary Figure 6.7) suggests that pressure did not affect the overall 

biomass of the microbial communities. From the metatranscriptomics analysis, it is likely 

that the anaerobes were responding to pressure through redox homeostasis (see 

discussion above). Pressure affects redox balance through (i) changing the membrane 

fluidity and hence changes in the ion permeability and microbial bioenergetics processes, 

(ii) affecting the transmembrane protein that changes ions and metabolites transport 

across the membrane, altering microbial metabolism, or (iii) affecting bacterial motility, 

preventing the stratification of the communities along the oxygen and chemical gradients 
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within the capillary tube (Zobell and Cobet 1962; Meganathan and Marquis 1973; Welch 

et al. 1993). Many of these mechanisms have been well studied in the model mesophilic 

bacterium Escherichia coli by subjecting the bacteria to pressure up to 100MPa (Bartlett 

2002). The pressure exerted on the microbial community in our study (2.4 atm; ~ 48 feet 

water; 17 PSI; 142 kPa) is significantly less than that used in the E. coli experiments and 

therefore, more likely to induce microbial stress response without impeding essential 

metabolic processes. The correlation of the general stress response element indicated by 

the expression of carbon starvation protein A with the amount of gas production provided 

a strong evidence of the stress response induction (Figure 6.7A).  

In all conditions, ferroxidase, an enzyme that catalyzes the oxidation of of Fe(II) 

to Fe(III), was expressed at high level within the capillary culture model (Figure 6.6C). 

This characteristic may be an adapted trait of the anaerobes as the capillary tube is highly 

anoxic and anoxic microenvironment has been shown to favor the maintenance of 

bioavailable Fe(II) (Worlitzsch et al. 2002). In addition, Fe(II) has been found in high 

level and dominating the iron pool in CF lungs while correlated negatively with the lung 

function of CF patients (Hunter et al. 2013). Iron availability is critically important in 

disease pathogenesis. The availability of Fe(III) is often limited due to the chelation by 

host immune proteins lactoferrin and the competition with other bacteria. However, the 

ability to utilize Fe(II) provides these anaerobes an advantage to survive and persist in the 

CF lungs. Collectively, the addition of Fe(II) chelating therapy may be a potential CF 

therapeutic in controlling the effect of anaerobes in CF lung disease and this has been 

proposed to control biofilm development in P. aeruginosa infection (Hunter et al. 2013). 

A potential chelating agent includes the Chinese herbal medicine Lingusticum wallichi 
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Franchat, which contain two active ingredients, tetramethylpyrazine and ferulic acid that 

have been shown to chelate iron and decrease the level of hydroxyl radicals induced 

damage (Zhang et al. 2003).  

Additionally, the high expression level of acyl carrier protein (ACP) is significant. 

ACP is important in the biosynthesis of fatty acids, phospholipids, endotoxins, 

glycolipids, and signaling molecules for growth and pathogenesis of many bacteria 

(Byers and Gong 2007). Pantothenamide antimicrobial compounds have been shown to 

inhibit fatty acid biosynthesis through the formation and accumulation of inactive ACP 

(Zhang et al. 2004). The high expression level of ACP by these communities (Figure 

6.6C) provides a potential target for the pantothenamide class of antimicrobial 

compounds (Zhang et al. 2004).  

It is worth noting that the expression profiles that were examined here were taken 

72 – 96 hours into the WinCF culture. The gene expression profiles presented in this 

study is depicting microbial responses to an established CF lung-like environment within 

the capillary tube through the first two days of experiment, including low pH and high 

oxidative stress (Figure 6.10). The anaerobes also responded to these conditions through 

regulating the redox potential to achieve fermentation while alleviating the effect of pH 

and oxidative stress through multiple routes. The WinCF culture system can be improved 

to closer represent the plugged CF airways by reducing the length of the capillary tube or 

inoculants to a more appropriate inner diameter to length ratio. An experimental and 

mathematical model has shown that the inner diameter to length ratio according to sheep 

airways is predicted at 1:30 (Lipsett 2002). In this experiment, the inoculants reached 
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1:60 (1.15 mm inner diameter to 65 mm length of the tube) and therefore created an 

environment that is highly enriched for anaerobic communities.  

 

Conclusion 

The metabolic activities of microbes, specifically the anaerobes, can be easily 

examined and amplified through simple inoculation of sputum into commonly used blood 

capillary tubes. Anaerobes played a significant role in the health of CF patients even 

though present in low abundance within the sputum or mucus plug. This study showed 

that fermentative signatures from the anaerobes are significantly represented during 

patient’s stability and exacerbation events. The fermentation-associated pathway(s) is 

highly sensitive to antibiotics clinically, as well as additional electron acceptors and 

pressure experimentally. A summary of the major findings and the proposed role of 

anaerobes in CF lungs are presented in Figure 6.10. The enriched anaerobes within the 

WinCF culture model are highly adapted to the highly reduced, low pH, and high ROS 

environment. The ability to regulate cellular and environmental redox potentials through 

mixed-acid fermentation processes provides additional advantage. Subsequent pyruvate 

fermentation generated high level of CO2, which is visible through the WinCF culture 

model. Downstream production of acetoin and acetaldehyde as byproducts allowed the 

anaerobes to neutralize acidification and further regulate the ratio of NAD:NADH. Most 

importantly, the preference of anaerobes for Fe(II) and consistent high expression of ACP 

provided two potential drug targets to alleviate the effect of anaerobes in CF lungs.   
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Figure 6.10: A proposed model of the role of anaerobes in CF lungs based on the WinCF 
transcriptomics analysis. Black lines indicate responses without the pressure of 
antibiotics. Red lines indicate inhibition due to antibiotics. The mucus plugs within the 
CF lung is a highly reduced environment with high level of reactive oxygen species. The 
lack of CFTR function and microbial activities further reduced the pH within the mucus. 
Anaerobes respond to the “CF lung” environment through regulating genes such as 
thioredoxins/thiol-dilsulfide oxidoreductase, carbon starvation associated genes, 
superoxide reductase, rubrerythrin and ferroxidase. Thioredoxins served dual purposes, 
including antioxidant activity and cell redox homeostasis. In order to avoid acidification 
and regulate NAD/NADH ratio, anaerobes induced pyruvate fermentation, creating 
excessive amount of acetoin. High level of acetoin induces the break down of acetoin 
through acetoin dehydrogenase, producing acetaldehyde. During pyruvate fermentation, 
CO2 production served as an indicator in the WinCF model. Accumulation of 
fermentative products results in a cascade of reactions that subsequently cause 
exacerbation event in CF patients. The metabolic activities of anaerobes are sensitive to 
commonly used antibiotics. However, their metabolic activities resumed as soon as the 
antibiotic stress is lifted.   
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Appendix for Chapter 6 
 
Supplementary Table 6.1: Summary of microbial metagenomic sequence data 
 
Sample ID Health 

Status 
Total 

Sequences 
Total 
Hits Bacteria1 Unknown2 

CF1 Ex 29,316 24,506 14,223 
(49%) 4,810 

CF9 (July) Pt 14,689 11,857 7,057  
(48%) 2,832 

CF9 (Nov) St 87,321 64,170 43,552 
(50%) 23,151 

CF8 (August) Pt 167,448 154,812 133,232 
(80%) 12,636 

CF8 (Nov) Ex 784,143 682,956 580,850 
(74%) 101,187 

CF2 Ex 28,128 19,750 1,788 
(6%) 8,378 

CF10 Ex 82,337 52,298 8,630 
(11%) 30,039 

CF11 (August) Pt 583,394 516,628 412,705 
(71%) 66,766 

CF11 (Sept) Ex 113,763 93,139 59,879 
(53%) 20,624 

CF3 Pt 36,368 25,585 10,139 
(28%) 10,783 

CF12 St 77,933 65,466 46,596 
(60%) 12,467 

CF14 Ex 41,194 28,445 18,944 
(46%) 12,749 

CF13 St 78,901 60,989 41,254 
(52%) 17,912 

CF4 Ex 17,383 12,678 839 
(5%) 4,705 

CF5 (Oct) Tr 16,038 11,598 354 
(2%) 4,440 

CF5 (Nov) Pt 20,158 14,336 2,264 
(11%) 5,822 

CF7 Ex 336,845 322,801 12,461 
(4%) 14,044 

CF6 Pt 59,491 51,174 35,754 
(60%) 8,317 

1 Total number of hits based on only Read 1 of the paired-end reads, BLASTn 
comparison against the NCBI nucleotide (nt) database. Percentage was calculated against 
the “Total Sequences”.  
2 Unknown sequences are sequences that do not have any similarity against the NCBI 
nucleotide (nt) database based on BLASTn comparison at ≥ 60% of sequence length 
coverage and ≥ 40% nucleotide identity.   
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Supplementary Table 6.2: Presence of microbial communities that produce gas in the 
WinCF system across all CF patients. No Exacerbation or Stable samples were collected 
from patient CF3. Treatment sample from patient CF3 yielded an average of 1.6% of gas 
bubbles in the WInCF system. Ex: Exacerbation; St: Stable 
  

Sample ID Health Status Gas Production 
CF1 Ex yes 
CF9 St yes 
CF8 Ex yes 
CF2 Ex yes 
CF10 Ex yes 
CF11 Ex yes 
CF12 St slightly 
CF14 Ex slightly 
CF13 St no 
CF4 Ex yes 
CF4 St yes 
CF15 St yes 
CF5 Ex yes 
CF7 Ex yes 
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Supplementary Table 6.3: The effect of antibiotics on the WinCF community 
metabolisms and gas bubbles production. Phosphate-buffered saline (PBS) was used as 
the control of fluid addition to the top of the mucus within the capillary tubes (See 
Supplementary Figure 3).   
 
  Percentage of tubes occupied by gas (%) 

  
Hyperbari
c Oxygen 

Hyperbaric 
Normoxic Hyperoxic Control 

Hyperbaric 
Nitrogen 

CF11 46.3 46.3 66.3 60.4 n/a 
+Ciprofloxacin 18.1 4.6 17.8 17.6 n/a 
CF14 3.5 6.1 23.3 20.4 3.1 
+PBS 0.0 0.8 8.5 14.4 0.0 
+Tobramycin 0.0 0.0 0.0 0.0 n/a 
CF14 1.0 2.0 10.4 28.7 0.0 
+PBS 0.0 1.9 22.4 17.9 0.0 
+Ciprofloxacin 0.0 0.0 1.0 0.0 0.0 
CF5 11.8 23.9 49.2 58.9 23.7 
+PBS 10.5 17.7 51.4 43.6 3.9 
+Tobramycin 0.0 0.8 4.5 4.5 0.0 
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Supplementary Table 6.4: Metatranscriptomics data characteristics 
 

Patient 
ID 

Sample 
Date Sample Source Experiment 

 
% Gas  

Raw reads 
(R1) 

Raw reads 
(R2) 

Filtered 
(R1) 

Filtered 
(R2) 

(St) 
CF9  10/23/14 Capillary tubes 

Hyperbaric 
Oxygen 34.3 1,167,008 1,167,008 999,937 1,072,105 

CF9 10/23/14 Capillary tubes 
Hyperbaric 
Normoxic 30.2 863,254 863,254 712,140 788,137 

CF9 10/23/14 Capillary tubes Hyperoxic 41.0 780,661 780,661 649,750 720,885 

CF9 10/23/14 Capillary tubes Control 39.7 1,277,290 1,277,290 1,064,742 1,191,137 
(St) 
CF9 11/20/14 Capillary tubes 

Hyperbaric 
Oxygen 30.8 1,113,318 1,113,318 691,034 793,638 

CF9 11/20/14 Capillary tubes 
Hyperbaric 
Normoxic 24.4 1,639,272 1,639,272 899,244 1,346,224 

CF9 11/20/14 Capillary tubes Hyperoxic 36.1 1,092,248 1,092,248 718,973 814,993 

CF9 11/20/14 Capillary tubes Control 33.0 2,326,293 2,326,293 1,440,474 2,052,767 
(Ex) 
CF11 12/15/14 Capillary tubes 

Hyperbaric 
Oxygen 46.3 832,223 832,223 672,416 763,368 

CF11 12/15/14 Capillary tubes 
Hyperbaric 
Normoxic 46.3 1,270,126 1,270,126 975,427 1,136,146 

CF11 12/15/14 Capillary tubes Hyperoxic 66.3 1,200,693 1,200,693 989,298 1,090,087 

CF11 12/15/14 Capillary tubes Control 60.4 1,180,331 1,180,331 865,625 966,934 
(Ex) 
CF11 2/9/15 Capillary tubes 

Hyperbaric 
Oxygen 7.4 751,373 751,373 365,194 449,269 

CF11 2/9/15 Capillary tubes 
Hyperbaric 
Normoxic 4.5 1,061,056 1,061,056 222,617 304,010 

CF11 2/9/15 Capillary tubes Hyperoxic 12.8 1,286,104 1,286,104 478,822 701,360 

CF11 2/9/15 Capillary tubes Control 12.4 1,081,704 1,081,704 337,793 410,401 

CF11 2/9/15 Capillary tubes 
Hyperbaric 
Nitrogen 2.0 1,192,993 1,192,993 533,758 611,308 

(Ex) 
CF14 11/10/15 Capillary tubes 

Hyperbaric 
Oxygen 36.9 1,252,550 1,252,550 945,614 984,863 

CF14 11/10/15 Capillary tubes 
Hyperbaric 
Normoxic 36.2 3,820,714 3,820,714 2,425,368 3,563,676 

CF14 11/10/15 Capillary tubes Hyperoxic 52.5 1,082,452 1,082,452 883,398 959,022 

CF14 11/10/15 Capillary tubes Control 47.0 682,926 682,926 517,240 573,991 
(Tr) 
CF14 1/14/15 Capillary tubes 

Hyperbaric 
Oxygen 3.5 654,121 654,121 576,314 553,208 

CF14 1/14/15 Capillary tubes 
Hyperbaric 
Normoxic 6.1 1,530,717 1,530,717 1,175,054 1,383,996 

CF14 1/14/15 Capillary tubes Hyperoxic 23.3 1,670,081 1,670,081 1,103,763 1,559,588 

CF14 1/14/15 Capillary tubes Control 20.4 596,611 596,611 402,104 476,208 

CF14 1/14/15 Capillary tubes 
Hyperbaric 
Nitrogen 3.1 2,115,033 2,115,033 1,408,123 1,956,701 

(Ex) 
CF14 2/12/15 Capillary tubes 

Hyperbaric 
Oxygen 1.0 950,239 950,239 581,484 644,186 

CF14 2/12/15 Capillary tubes 
Hyperbaric 
Normoxic 2.0 679,543 679,543 506,048 583,888 

CF14 2/12/15 Capillary tubes Hyperoxic 10.4 1,202,108 1,202,108 736,822 825,940 

CF14 2/12/15 Capillary tubes Control 28.7 652,210 652,210 366,286 459,873 

CF14 2/12/15 Capillary tubes 
Hyperbaric 
Nitrogen 0 889,092 889,092 643,778 745,829 

CF9 10/23/14 Sputum N/A 
 

2,515,843 2,515,843 421,861 1,604,894 

CF9 11/20/14 Sputum N/A 
 

1,740,291 1,740,291 229,834 1,194,769 

CF14 1/14/15 Sputum N/A 
 

891,202 891,202 36,753 779,049 

CF14 2/12/15 Sputum N/A 
 

3,143,606 3,143,606 332,540 2,831,450 
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Supplementary Table 6.4: Metatranscriptomics data characteristics (continued) 
 

Patient 
ID 

Sample 
Date Sample Source Experiment 

non-rRNA 
(R1) % 

non-rRNA 
(R2) % 

 
% R1 Hits 
to KEGG  

% R1  
Hits to 

CFaDB 
(St) 
CF9  10/23/14 Capillary tubes 

Hyperbaric 
Oxygen  1,118,742  97.3  1,028,619  89.6  3.90  70.5 

CF9 10/23/14 Capillary tubes 
Hyperbaric 
Normoxic  777,309  92.2  696,385  82.8  3.79  63.7 

CF9 10/23/14 Capillary tubes Hyperoxic  741,329  96.8  686,163  89.9  5.21  60.8 

CF9 10/23/14 Capillary tubes Control  936,347  74.3  796,499  63.4  3.87  63.7 
(St) 
CF9 11/20/14 Capillary tubes 

Hyperbaric 
Oxygen  729,715  83.6  585,445  68.7  3.75  62.8 

CF9 11/20/14 Capillary tubes 
Hyperbaric 
Normoxic  843,134  59.1  392,547  27.8  2.43  29.4 

CF9 11/20/14 Capillary tubes Hyperoxic  743,653  83.1  611,428  69.6  4.27  62.0 

CF9 11/20/14 Capillary tubes Control  1,201,005  55.3  566,891  26.4  2.20  29.5 
(Ex) 
CF11 12/15/14 Capillary tubes 

Hyperbaric 
Oxygen  710,593  88.2  632,147  78.7  3.16  69.7 

CF11 12/15/14 Capillary tubes 
Hyperbaric 
Normoxic  661,270  54.1  743,008  61.0  4.87  81.2 

CF11 12/15/14 Capillary tubes Hyperoxic  663,319  56.8  694,557  59.6  3.29  82.5 

CF11 12/15/14 Capillary tubes Control  665,956  65.0  701,856  69.0  2.82  81.9 
(Ex) 
CF11 2/9/15 Capillary tubes 

Hyperbaric 
Oxygen  668,628  136.1  247,683  51.7  0.00   49.1 

CF11 2/9/15 Capillary tubes 
Hyperbaric 
Normoxic  151,624  42.4  194,459  60.6  3.45  76.5 

CF11 2/9/15 Capillary tubes Hyperoxic  432,325  56.5  183,784  25.0  0.90  25.9 

CF11 2/9/15 Capillary tubes Control  425,882  92.1  355,879  82.3  2.34  56.3 

CF11 2/9/15 Capillary tubes 
Hyperbaric 
Nitrogen  577,540  86.2  489,850  75.3  2.83  58.8 

(Ex) 
CF14 11/10/15 Capillary tubes 

Hyperbaric 
Oxygen  933,301  87.2  965,502  91.0  3.41  88.1 

CF14 11/10/15 Capillary tubes 
Hyperbaric 
Normoxic  137,380  3.7  285,605  7.7  2.35  56.7 

CF14 11/10/15 Capillary tubes Hyperoxic  870,214  85.7  934,263  92.5  3.77  80.5 

CF14 11/10/15 Capillary tubes Control  431,431  70.6  468,567  77.3  7.16  77.5 
(Tr) 
CF14 1/14/15 Capillary tubes 

Hyperbaric 
Oxygen  561,663  91.4  537,448  87.7  4.96  88.1 

CF14 1/14/15 Capillary tubes 
Hyperbaric 
Normoxic  411,792  27.8  456,518  31.0  6.61  75.0 

CF14 1/14/15 Capillary tubes Hyperoxic  156,448  9.5  200,827  12.3  2.89  59.9 

CF14 1/14/15 Capillary tubes Control  361,948  70.9  421,484  83.6  13.61  81.0 

CF14 1/14/15 Capillary tubes 
Hyperbaric 
Nitrogen  399,329  19.3  434,245  21.1  3.59  62.5 

(Ex) 
CF14 2/12/15 Capillary tubes 

Hyperbaric 
Oxygen  397,680  57.0  444,933  65.0  5.44  75.5 

CF14 2/12/15 Capillary tubes 
Hyperbaric 
Normoxic  543,692  88.4  588,603  96.3  4.43  62.3 

CF14 2/12/15 Capillary tubes Hyperoxic  350,306  38.9  436,206  49.3  4.62  67.0 

CF14 2/12/15 Capillary tubes Control  350,306  71.2  436,206  90.7  14.88  70.6 

CF14 2/12/15 Capillary tubes 
Hyperbaric 
Nitrogen  624,202  78.9  720,297  91.8  8.09  68.2 

CF9 10/23/14 Sputum N/A  361,559  19.2  1,495,065  88.8 14.7 - 

CF9 11/20/14 Sputum N/A  200,681  14.4  1,115,970  89.7 19.38 - 

CF14 2/12/15 Sputum N/A  88,682  3.0  233,501  8.2 12.08 - 
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Supplementary Figure 6.1: Sample arrangement in each MH holder and the 
colorimetric changes observed on Day 4 of incubation at 37°C and 5% CO2. Tetrazolium 
dyes were added into tubes 3 and 4 to detect growth. Interestingly, there was no gas 
production in tube 3 that containing tetrazolium dye and the same mixture of ASM and 
sputum as the rest of the sample tubes. 
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Supplementary Figure 6.2: Design of an MH holder and sample arrangement in each 
holder 
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Supplementary Figure 6.3: Perturbations were introduced through increased oxygen 
and pressure. Experimental treatments were performed prior to the incubation of capillary 
tubes at 37°C. Antibiotics (Ciprofloxacin or Tobramycin) or phosphate buffered saline 
(PBS) was added to the top of the mucus within the capillary tubes to mimic addition of 
compounds onto plugged airways.  
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Supplementary Figure 6.4: Oxygen and hyperbaric oxygen treatment increases the 
amount of dissolved oxygen into mucus solution. Relative O2 concentration was 
monitored based on the sensing chemistry platinum (II) 5,10,15,20-tetrakis (2,3,4,5,6-
pentafluorophenul)-porphyrin (PtTFPP) entrapped into poly(styrene-block-
venulpyrolidone) nanobeads, at which low oxygen is indicated by bright fluorescence and 
high oxygen is indicated by dark fluorescence (refer to Standards).  
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Supplementary Figure 6.5: Microbiomes of all CF patients in this study based on 
shotgun metagenomic sequencing of microbes-enriched DNA. Sequence data were 
analyzed based on BLASTn comparison against the NCBI nucleotide database.  
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Supplementary Figure 6.6: Similarity of each CF sample based on taxonomical and 
functional assignment using the metagenomic sequence data.   
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Supplementary Figure 6.7: The amount of RNA per volume of liquid within the 
capillary tubes. Total RNA was extracted from the contents of 3 tubes and the same tubes 
were used for the calculation of % of gas within the tubes. RNA concentration was 
calculated based on the area under-the-curve on Agilent Bioanalyzer 6000 Pico Chip 
analysis. The total volume of liquid was calculated as (100 - percentage of tubes with 
gas).  
 
 
 
 
 

 
 
 
Supplementary Figure 6.8: Hierarchical clustering of samples based on Bray-Curtis 
distance calculated from the overall normalized gene abundance assigned via CFaDB.  
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Supplementary Figure 6.9: Variable Importance Plot (VIP) based on the percent mean 
squared error (MSE) of a supervised random forests analysis. The higher the error, the 
more important the variables in this model. Therefore, the top 10 genes were chosen for 
linear regression analysis against the percent gas production. ) 
 
 
  

Acetaldehyde.dehydrogenase..ethanolamine.utilization.cluster
Arsenical.pump.driving.ATPase..EC.3.6.3.16.
Uncharacterized.ABC.transporter.ATP.binding.protein.MJ0121
Acyl..acyl.carrier.protein...UDP.N..acetylglucosamine.O.acyltransferase
Foldase.protein.PrsA.precursor..EC.5.2.1.8.
Tetracenomycin.polyketide.synthesis.O.methyltransferase.tcmP..EC.2.1.1...
Transcriptional.regulator..GntR.family
5.methylthioribose.kinase..EC.2.7.1.100.
Flavin.utilizing.monoxygenase
Two.component.sensor.kinase.yesM..EC.2.7.3.....associated.with.MetSO.reductase
Transcriptional.repressor.for.NAD.biosynthesis.in.gram.positives
Immunoreactive.84kD.antigen.PG93
3.hydroxybutyryl.CoA.dehydratase
Translation.initiation.factor.2
AmpG.permease
Deblocking.aminopeptidase..EC.3.4.11...
Glutamyl.tRNA.synthetase..EC.6.1.1.17.
Anaerobic.sulfite.reductase.subunit.A
Glucose.1.phosphatase.precursor..EC.3.1.3.10.
Large.conductance.mechanosensitive.channel
NLP.P60.family.protein
Dihydrolipoamide.dehydrogenase.of.acetoin.dehydrogenase..EC.1.8.1.4.
Lipoate.protein.ligase.A
Thiol.disulfide.oxidoreductase.related.to.ResA
3.hydroxybutyryl.CoA.dehydrogenase..EC.1.1.1.157
putative.Fe.S.oxidoreductase
Glutamate.decarboxylase..EC.4.1.1.15.
putative.ATP.binding.protein
3.hydroxybutyryl.CoA.dehydrogenase...3..hydroxyacyl.CoA.dehydrogenase
Carbon.starvation.protein.A

4 6 8 10 12 14 16

%IncMSE

3.hydroxyacyl.CoA.dehydrogenase..EC.1.1.1.35.



! 318 

 
 

Supplementary Figure 6.10: Normalized gene expression level of the E1 components 
beta-subunit of acetoin dehydrogenase against the `amount of gas production.  
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CHAPTER 7 

The final run 

 

Perspective and Future Directions in CF research 

Redefining the Climax and Attack Model published by (Conrad et al. 2013): A 

model of our current understanding of CF pulmonary disease is presented in Figure 7.1. 

The lack of functional CFTR proteins on the airway epithelia leads to defective mucus 

formation and clearance, which provides a platform for the colonization of opportunistic 

microbes including viruses, bacteria, and fungi (Smith et al. 1996; LiPuma 2010). Many 

of these organisms come from the environment and the host itself including oral cavity 

(Fodor et al. 2012; Twomey et al. 2013).  Inefficient immune responses result in not only 

the inability to clear the infection but also tissue damage and permanent scarring. 

Microbes in the CF lungs are able to adapt to the CF airways through acquiring similar 

metabolic potentials, virulence factors, and antibiotic resistance genes, or regulating their 

metabolic activities in response to perturbations (Lim et al. 2012; Lim et al. 2013; Lim et 

al. 2014; and Chapter 7).  

As the disease progresses, mucus continues to build up and microbial activities 

within the lungs create oxygen, chemical, and nutrient gradients that further select for a 

specific groups of persistent microbes (Worlitzsch et al. 2002; Quinn et al. 2014; Cowley 

et al. 2015). In time, the transient initial communities become the persistent Climax 

community that is highly resilient to perturbations by antibiotics, host immune responses, 

and other microbes (Conrad et al. 2013). The Climax community establishes itself within 

the CF lungs, especially at the area of mucus plugs and damaged tissues, while incoming!
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opportunistic microbes and their metabolic products continue to cause further damage. 

The disease progression cycle repeats until the patient loses their lung function. This 

model is in line with the gradual decline in lung function observed in CF patients 

(VanDevanter 2012). The proposed model supports the observation that in some cases, 

high concentrations of the classical CF pathogens, such as P. aeruginosa, are recovered 

during exacerbation and that in time, microbial diversity decreases as the patient age 

(Cox et al. 2010; Zhao et al. 2012).  However, to date the clinical significance of 

community composition fluctuations in the progression of CF pulmonary disease and 

exacerbations is still unclear.  

The role of anaerobes and other upper respiratory tract bacteria such as 

Streptococcus spp. in CF lungs is significant, but yet to be determined. In this 

dissertation, all facultative anaerobes and obligate anaerobes are collectively defined as 

anaerobes. The build up of toxic products and the production of secondary metabolites by 

anaerobes are known to support other microbes within a polymicrobial system (Létoffé et 

al. 2014; Whiteson et al. 2014), as well as directly and indirectly elicit heighten immune 

responses (Murray et al. 2014). This dissertation showed that fermentation processes are 

detected in CF sputum during stable and exacerbation states, but not during treatment, 

indicating that the drugs administered in response to exacerbation, including antibiotics, 

inhibit fermentative activity.  

 

Here, I proposed the mechanisms that lead to CF exacerbation: 

(i) Microbial activities lower the pH within the mucus plug, generate high 

level of reactive oxygen species, and create a steep redox potential.  



! 321 

(ii) Anaerobes express stress response genes to alleviate the effect of 

acidification and reactive oxygen species. 

(iii) Anaerobes accomplish redox homeostasis through enzymes (thioredoxins 

and different oxidoreductases) and metabolites (such as acetaldehyde), as 

well as induction of pyruvate fermentation. 

(iv) Neutral products from fermentation also neutralize acidification. 

(v) However, accumulation of toxic products from fermentation and stress-

response processes initiate immune responses, which directly or 

indirectly (through other members of the community) cause exacerbation.  

 

The tipping point of a Climax community: Current clinical therapies for CF lung 

disease are mainly directed against the symptoms. These treatments often 

indiscriminately decrease the symptoms but rarely provide long-term resolution in 

decreasing exacerbation events. In some cases, the steady decline in lung function 

becomes a downward spiral. Most often lung transplant is required to prolong the 

patient’s life. Therefore, the motivation for future studies is to decrease exacerbation 

frequency and airway remodeling through the manipulation of microbial metabolisms 

such as the anaerobes that are associated with exacerbation. In addition, further study is 

needed to identify the tipping point of the Climax community that eventually leads to the 

death of CF patients.    

 

Applications of multi-omics approaches in other polymicrobial infections. This 

dissertation presents the first attempt in combining multi-disciplinary approaches in 
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studying complex polymicrobial infections. The combination use of clinical information, 

metagenomics, metatranscriptomics, and metabolomics has proven to be beneficial. The 

same approaches presented in this dissertation can also be used in the monitoring of other 

chronic diseases from obesity, diabetes and chronic heart diseases to chronic wound 

infections, asthma and chronic obstructive pulmonary diseases (COPD), all of which are 

thought to be the result of polymicrobial infections. To date, one of the many challenges 

remains is the process of aggregation and presentation of multi-dimensional data in a 

concise and meaningful way.  
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Figure 7.1: What’s happening in the CF lungs? A. The defective mucociliary clearance 
in the CF lungs provides a colonization platform to opportunistic flora and environmental 
pathogens. Inefficient immune responses lead to chronic infection and microbes adapt to 
the CF lung environment. In time, a resilient Climax community establishes and CF 
patients gradually lose their lung function. B. Current hypothesis in the roles of anaerobes 
in CF pathogenesis.   
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Conclusion 
 

Recognition of the CF lung as a polymicrobial ecosystem opens the door to new 

ways of understanding and treating CF patients. Chapter 2 provides a set of 

comprehensive molecular solution for studying the viral and microbial communities in 

complex samples, using CF sputum as an example. Chapter 3 is the first study to 

simultaneously access microbial metagenomic, viral metagenomic, and community 

metatranscriptomic data across individuals and temporal scales in any ecosystem. The 

data also reveals that the dominant player in CF airways, P. aeruginosa can be replaced 

by other opportunistic bacteria such as Pseudomonas fluorescence and Rothia spp. 

Chapter 4 describes a new way of coupling metagenomics and clinical information in 

assessing the patient’s health status with the ultimate goal to provide a new and improved 

way of identifying and characterizing complex disease. Chapter 5 provides an example of 

how normal flora can evolve into opportunistic pathogens and became an important 

component of the CF lung microbiome while posing a threat to the CF airways. 

Metagenomics data were used to reconstruct a near complete CF Rothia mucilaginosa 

genome that was compared to a periodontitis isolate of R. mucilaginosa. The CF-derived 

genome encodes metabolic capabilities and strategies against extracellular stress that 

allows the organism to survive in the CF lung. It can be concluded that every patient 

presents a unique microbial community and that these communities adapt to the CF 

airway environment through the acquisition of similar metabolic potential. Some patients 

presented a classic CF lung microbiome where P. aeruginosa, S. maltophilia, or ESBL E. 

coli were one of the main players at the time of sampling. However, other non-typical CF 

pathogens community members such as Rothia mucilaginosa, Streptococcus spp., 
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Prevotella spp., and Veillonella spp. were also common in these patients. An important 

finding from this dissertation is that the diversity in metabolic potential allows CF 

microbes to carry out not only aerobic respiration, but also anaerobic respiration and 

fermentation processes. Chapter 6 provides experimental evidence showing that CF 

anaerobes are aerotolerant and their metabolism can contribute to CF pathogenesis. These 

anaerobes are sensitive to perturbations including antibiotic treatments as well as 

pressure. However, the molecular signatures across the anaerobes in seven samples 

across three patients showed strong patient- and sample-specific signals. Taken together, 

this dissertation showed that CF pulmonary disease is complex and highly personalized. 

The progressive changes in time call for continuous personalized monitoring effort for 

CF patients.  
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