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Chapter 1. Introduction  

1.1. A brief history of infectious disease 

The birth of germ theory 

The link between germs and disease seems obvious to us now, but it was actually a 

relatively recent (and contentious) development in human knowledge. For most of the 

last few thousand years, infectious disease was thought to be spread by miasma, or dirty 

air–a hypothesis that helped explain the transmissibility of disease in certain cases, but 

failed to translate into effective public health practices. As urbanization spread and 

diseases like cholera became more prevalent, water- or sewage-based transmission 

patterns played a large role in disease outbreaks. In a now-famous cholera outbreak in 

London, a physician named John Snow tracked each disease incident and concluded from 

their distribution that they originated from a public water pump. He correctly 

hypothesized that the water was contaminated and suggested the agent of contamination 

(what he termed “cholera poison”) had a cellular structure and was capable of 

reproducing (Snow, 1856).  

This hypothesis was part of an emerging “germ theory” of disease based on the 

groundbreaking work by Ignaz Semmelweis, Louis Pasteur and others that suggested that 

microorganisms, rather than miasma, were the source of infections and infectious disease. 

Joseph Lister’s adoption of this theory and promotion of antiseptic practices in surgery 

(and the consequent reduction in mortality) showed germ theory’s immediate 
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applicability to healthcare, but it was not until the work of Dr. Robert Koch that a 

conclusive link between a microbe and a human disease was first established. 

Establishing the germ-disease link 

Koch was the first to demonstrate the causative link between anthrax and Bacillus 

anthracis spores by purifying the bacteria from an affected sheep and using it to infect 

mice, who developed anthrax symptoms (Koch & Carter, 1987). Similar experiments 

using culture and reinfection lead him to uncover the cause of cholera (Vibrio cholerae) 

and tuberculosis (Mycobacterium tuberculosis) and conclusively demonstrate a link 

between microbes and infectious disease (Koch & Carter, 1987). This work also set the 

foundation for modern culture-based microbiology by improving culture and staining 

techniques, but most importantly it led to the development of what are now known as 

Koch’s postulates. 

Koch’s postulates are guidelines for establishing a causal link between an organism and a 

disease (Koch, 1876). They require a) the presence of the organism in all affected 

subjects and absence in unaffected subjects; b) the organism must be isolated and 

cultured from an affected subject; c) when introduced to an unaffected subject, the 

isolated organism should trigger the disease; and d) the identical organism must be 

cultured from the newly-diseased subject.  

Successes of Koch’s postulates 

The establishment of the germ-disease link and Koch’s postulates led to a revolution in 

medical microbiology as the causes of some of humanity’s most troublesome diseases 
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were uncovered. In this “Golden Age” of microbiology (Blevins & Bronze, 2010), 

bacteria causing diphtheria (1883), tetanus (1884), pneumonia (1886), plague (1894), and 

dysentery (1898), as well as many others (Table 1-1), were identified using the principles 

behind Koch’s postulates. These discoveries were essential in tracing disease vectors–

often involving fleas, rodents, or sewage–and establishing key elements of modern public 

health practices, sanitation, vaccines, and epidemiology. Later, the advent of antibiotics 

would provide the means to treat, rather than simply prevent, these diseases.  

Year Disease Organism Discoverer 

1877 Anthrax Bacillus anthracis Koch 

1878 Suppuration Staphylococcus Koch 

1879 Gonorrhea Neisseria gonorrhoeae Neisser 

1880 Typhoid fever Salmonella typhi Eberth 

1881 Suppuration Streptococcus Ogston 

1882 Tuberculosis Mycobacterium tuberculosis Koch 

1883 Cholera Vibrio cholerae Koch 

1883 Diphtheria Corynebacterium diphtheriae Klebs, Loeffler 

1884 Tetanus Clostridium tetani Nicholaier 

1885 Diarrhea Escherichia coli Escherich 

1886 Pneumonia Streptococcus pneumoniae Fraenkel 

1887 Meningitis Neisseria meningitidis Weischselbaum 

1888 Food poisoning Salmonella enteriditidis Gaertner 

1892 Gas gangrene Clostridium perfringens Welch 

1894 Plague Yersinia pestis Kitasato, Yersin 

1896 Botulism Clostridium botulinum van Ermengem 

1898 Dysentery Shigella dysenteriae Shiga 

1900 Paratyphoid Salmonella paratyphi Schottmüller 

1903 Syphilis Treponema pallidum Schaudinn, Hoffmann 

1906 Whooping cough Bordatella pertussis Bordet, Gengou 

Table 1-1 – Discoveries from the ‘golden age’ of bacteriology. 
Researchers who discovered the bacterial pathogens behind mankind’s most troubling diseases during the 

‘golden age’ of bacteriology. Adapted from Blevins and Bronze (2010). 
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1.2. Sequencing and its use in infectious disease 

Reaching the limits of culture-based investigations 

While the principles behind Koch’s postulates remain the gold standard for identifying 

pathogens, it became quickly evident that they were not universally applicable. Koch 

himself noticed the presence of M. tuberculosis and V. cholerae in subjects who did not 

demonstrate symptoms, violating the first postulate (and establishing the concept of an 

asymptomatic carrier). Another persistent complication is the fact that many organisms 

are not able to be grown in pure culture, and so the experimental design suggested by 

Koch (culture and experimental infection in an animal model) is inapplicable. 

There are any number of reasons why a pathogen might be unculturable. For instance, 

viruses require specific cellular machinery to reproduce, so culturing on cell-free medium 

is impossible. In other cases, the parasite may require coinfection with another organism 

for viability (Hepatitis D, for instance (Makino et al., 1987)). This lack of cultivability 

does not preclude these organisms from being pathogenic, however, so rigid adherence to 

Koch’s postulates would preclude investigators from understanding the diseases caused 

by these types of microbes. Adaptation around these limitations lead to the discovery of 

the viral causes of yellow fever (Sellards & Hindle, 1928), foot-and-mouth disease 

(Loeffier & Frosch, 1897), and polio (Landsteiner K, 1909), among many others. These 

advancements demonstrated a growing understanding of the range and diversity of 

pathogens. 
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One approach toward the investigation of uncultivable pathogens involves the use of 

nucleic acid sequencing. Sequence-based methods provide researchers with ways to 

identify pathogens regardless of their cultivability. Approaches such as PCR for specific 

marker sequences in target organisms are exquisitely sensitive and do not depend on the 

viability of the target organism (Josephson, Gerba, & Pepper, 1993). More complex 

methods, including whole-DNA shotgun sequencing, are able to recover the entire 

genome of a microbe (Anderson, 1981)–or even the genomes of all the microorganisms 

in a sample (Segata et al., 2013). These methods have revolutionized microbiology 

because they have allowed us to understand more fully the microbial world outside the 

petri dish. They have also advanced infectious disease research because their sensitivity 

enables us to uncover broad spectrums of pathogens that are not able to be cultured or 

otherwise identified. 

To formalize the use of sequencing methods in infectious disease research, Fredericks 

and Relman published an update to Koch’s postulates (Fredricks & Relman, 1996). The 

new guidelines were specifically crafted to avoid the requirement of cultivability in 

suspected microbes, as by the time that review was published, countless diseases had 

been linked to microbes that cannot be grown in pure culture, such as Whipple’s disease 

(the Tropheryma whippelii bacterium, (Relman, Schmidt, MacDermott, & Falkow, 

1992)) and Kaposi’s sarcoma (human herpesvirus 8, (Huichen Feng et al., 2007)). 

Notable differences between the Koch’s and Relman’s postulates, besides the de-

emphasis on cultivability, include reframing the presence or absence of the organism as 

the enrichment or depletion of nucleic acids from that organism; correlation between 
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sequence- and tissue-based methods such as staining or in situ hybridization; and 

identification of plausible methods of virulence (e.g. from related species or identified 

virulence factors). The Relman guidelines are significantly less rigid in their formulation 

than Koch’s postulates as well. For instance, the requirement of enrichment of nucleotide 

signals in affected tissues, rather than absolute presence/absence, reflects the 

understanding that many factors unrelated to the disease state may affect the appearance 

of microbial DNA, including environmental factors, presence as commensals, and 

reagent contamination. In total, Fredricks and Relman’s guidelines are given as flexible 

measures that should be assessed holistically, much as Koch’s postulates had to be later 

interpreted. The violation of multiple guidelines is possible even in established causal 

relationships and the authors emphasize that none of the rules are dogmatic. 

Successes using sequencing in etiologic agent detection 

Despite the incumbent difficulties in establishing microbe-disease links via sequencing, 

there have been a number of notable successes. In 1992, David Relman et al. established 

that Whipple’s disease was caused by a previously-unknown microbe by recovering 16S 

ribosomal RNA sequences from five patients with Whipple’s disease (Relman et al., 

1992). The organism, termed Tropheryma whippelii, had been seen in affected patients 

via microscopy since the first description of the disease but had resisted all culture 

efforts. Its association with the disease was thus well-known, and the target sequence was 

isolated from all five patients and none of the ten healthy controls. This long-term 

association of the cryptic microbe and the disease thus simplified the challenge of 

establishing causality. While the precise virulence mechanisms were not described in the 



 

7 

 

1992 paper, they noted that T. whippelii was related to other Actinomycetes bacteria 

including pathogenic mycobacteria, and potentially shared disease-causing 

characteristics. 

In 2008, Feng et al. (H. Feng, Shuda, Chang, & Moore, 2008) identified the virus that 

caused Merkel cell carcinoma (MCC) through the use of digital transcriptome subtraction 

(Huichen Feng et al., 2007). This technique uses a reverse transcription step to convert 

mRNA into cDNA prior to sequencing, and subsequently removes all human-related 

cDNA after sequencing. The remaining sequences are checked for homology to potential 

organisms of interest: in this case, they already suspected a viral etiology based on 

similarities between MCC and Kaposi’s sarcoma. The presence of a transcript with 

similarities to existing polyomavirus T antigen allowed the researchers to eventually 

uncover the complete viral genome using primer walking; this genome was then used to 

check transcripts from other MCC libraries and to design PCR assays to check other 

MCC samples. The rates of detection for the new polyomavirus (termed Merkel cell 

polyomavirus) were 80% in MCC tissue and 8% in healthy; this represents a significant 

shift from the strict presence/absence suggested by Koch’s postulates and a concordance 

with Fredricks and Relman’s more flexible guidelines. 

More recently, modern metagenomic sequencing was used to identify the pathogen in a 

case of neuroleptospirosis that had evaded diagnosis via normal methods (Wilson et al., 

2014). A patient that presented with severe but ambiguous symptoms that were initially 

suspected to be neurosarcoidosis after no pathogen was detected. Cerebrospinal fluid 
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(CSF) and serum was then shotgun sequenced and analyzed with SURPI, a rapid 

pathogen detection pipeline (Naccache et al., 2014). SURPI detected traces of 

Leptospiraceae bacteria in the CSF but not in the serum sample with coverage across 

3.8% of a leptospira genome. On this basis, the administering physicians decided to treat 

the patient for neuroleptospirosis and the symptoms resolved. Leptospiraceae is normally 

detected through a serological test for immune response, but due to peculiarities in the 

patient’s condition (severe combined immunodeficiency, immunoglobulin 

supplementation, etc), the serological challenge was negative. In many ways, the success 

in identifying the causative agent in this study was unusually fortuitous. Leptospira are 

uncommon enough in a hospital setting not to be likely environmental contaminants and 

pathological enough in nature to be a convincing agent. For diseases where the etiologic 

agent is uncharacterized, SURPI is not a valid option because it references existing 

databases- a flaw intrinsic to most of the current methods of sequence classification. If 

the organism was commonly commensal and pathogenic only by merit of a compromised 

immune system, it would also be difficult to discern from background levels of that taxa.  

Isolating microbial species for genomic analysis 

Identifying the etiologic agents in disease is rarely the final step in treatment and 

diagnosis. Virulence and pathogenicity of an agent is often linked to species- or strain-

specific variations that may be difficult to uncover using normal phylogenetic markers 

such as the 16S or ITS rRNA gene sequences (a method explained in more detail below). 

To fully understand the pathogenesis of an organism, the complete genome is desirable so 

that virulence mechanisms can be determined. However, genomes for most microbial 
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species are still missing or incomplete (Aggarwala, Liang, & Bushman, 2017; Brown et 

al., 2015; Hug et al., 2016).  

Traditionally the means to get a precise species- or strain-level genome is to isolate and 

culture the organism and sequence the isolate, but as described above, such culture-based 

approaches are frequently not applicable (Amann et al., 1990; Ghazanfar, Azim, & 

Ghazanfar, 2010; Schmeisser, Steele, & Streit, 2007). In the examples outlined 

previously, few of the etiologic agents were cultivable in pure culture. One way around 

this is to sequence the sample with sufficient depth to achieve complete coverage of the 

target genome (along with a large amount of background DNA) (Forde & O’Toole, 2013; 

Mardis, 2008). In cases where the genome is especially small, including viruses, 

enrichment using PCR techniques are viable options (Minot et al., 2013), but these 

techniques are difficult to scale up to normal prokaryotic and eukaryotic genomes. 

There have been significant improvements in the ability of shotgun metagenomic 

sequencing to identify strain-level variations in microbial communities (Alneberg et al., 

2014; Olm, Brown, Brooks, & Banfield, 2017; Scholz et al., 2016), but these efforts all 

face similar pitfalls. For some methods, the complete strain-level genome must be 

captured and added to the relevant databases. For instance, programs like StrainPhlAn 

(Truong, Tett, Pasolli, Huttenhower, & Segata, 2017) and PanPhlAn (Scholz et al., 2016) 

use strain-level reference genomes or species-wide “pangenomes” to profile 

metagenomic communities for those known strains. Other approaches that avoid the need 

for reference strains, such as CONCOCT (Alneberg et al., 2014) and MetaBAT (Kang, 
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Froula, Egan, & Wang, 2015), use pooled metagenomic libraries to construct strain-level 

genomes, but face challenges when the organism of interest is especially rare in the 

sample and are prone to chimeric misassembly of strain genomes. 

Methods such as selective whole-genome amplification (SWGA) (Leichty & Brisson, 

2014) allow the enrichment of a target organism in a sample by exploiting differences in 

certain sequence motifs along the target and host DNA. By using primers targeted to 

sequence motifs more frequently appearing in the target than the background, and a 

highly-processive polymerase such as phi29, a researcher can preferentially amplify the 

target genome above the background genome. The resulting product is directly 

sequenced, but the resulting depth of sequencing required to reach sufficient genome 

coverage is substantially reduced. In this way, SWGA makes it easier to get precise 

variant-level information about an organism and allows the sequence variants that 

underlie its virulence or pathogenicity to be identified. Implementing SWGA for arbitrary 

genomes is not trivial, however, as the method described in the original paper for  the 

selection of effective primer sets is complex and error-prone. 

1.3. Metagenomics and the role of the microbiome in disease 

The human microbiome 

Infectious disease research focuses on the single causative agents of a disease: isolating 

and understanding particular pathogens and how to combat them. But it has been known 

for some time that the body is home to a vibrant community of microbial life. In 1673, 

Antonie Philips van Leeuwenhoek, an acclaimed microscopist, described seeing a variety 
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of tiny “animalcules” in samples of pond water and wood–making him the first human to 

see a bacteria. In 1861, Joseph Leidy described a flourishing community of microbes 

inside the guts of many animals. His work “A flora and fauna within living animals,” is 

one of the first descriptions of the microbiome (Leidy, 1861). 

We know now that humans share our bodies with trillions of commensal microorganisms, 

most of them bacteria and bacteriophage. The exact makeup of these communities vary 

by body site and functional characteristics (The Human Microbiome Project, 2012). They 

also play key roles in maintaining normal health. For instance, microbes in the gut 

facilitate nutrient absorption and digestion (Shreiner, Kao, & Young, 2015), help regulate 

the immune system (Arpaia et al., 2013), and may even affect mental state (Rieder, 

Wisniewski, Alderman, & Campbell, 2017). Microbes on the skin feed off of shedding 

skin cells and help prevent infections (SanMiguel, Meisel, Horwinski, Zheng, & Grice, 

2017), and microbes in the genital tract can hinder the acquisition of sexually-transmitted 

diseases, such as HIV (Buve, Jespers, Crucitti, & Fichorova, 2014).  

The microbiome’s role in maintaining health is also supported by evidence linking 

disordered communities to diseases including inflammatory bowel diseases (Gevers et al., 

2014), obesity (Le Chatelier et al., 2013), cardiovascular disease (Z. Wang et al., 2011), 

as well as lung and skin disorders (Charlson et al., 2010; Hannigan, Pulos, Grice, & 

Mehta, 2015; Kalan et al., 2016; Young et al., 2015). Thus, it is essential to understand 

exactly what makes a microbiome “healthy”, what functions they perform in their 

respective body sites, and how to alter their composition to prevent or treat disease.  
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The advent of metagenomic sequencing 

Traditional culture-based techniques are inefficient for metagenomic studies both because 

of the relatively small fraction of microbes that are cultivable, and because of the slow, 

low-throughput nature of culturing. In addition, phylogenetic characterization using 

morphology rather than genetic sequence leads to significant issues: some microbes may 

be morphologically identical but separate species, while other microbes may have wildly 

different appearances based upon factors such as environment or lifecycle stage– some 

fungi belong to two different families depending on their sexual stage due to exactly this 

problem (Underhill & Iliev, 2014). 

The concept of metagenomic sequencing is basically the adaptation of modern 

sequencing technologies to perform surveys of all the microbes present in a sample. 

Generally, metagenomic sequencing falls into two approaches: tagged marker sequencing 

or whole-genome shotgun sequencing. Tagged marker sequencing uses the amplification 

of conserved genetic regions in the microbial targets of interest to gather a picture of the 

microbial community in a sample. Examples of this include 16S rRNA sequencing for 

bacteria (Weisburg, Barns, Pelletier, & Lane, 1991), and internal transcribed spacer (ITS) 

rRNA sequencing for fungi (Schoch et al., 2012). These regions, or “markers,” contain 

hypervariable loci flanked by conserved sequences; in bacterial 16S rRNA these are 

regions V1-V9, and in eukaryotic ITS rRNA they are ITS1 and ITS2. These 

hypervariable loci are under significantly less selective pressure than their surroundings, 

and thus accumulate mutations at a higher rate (Gray, Sankoff, & Cedergren, 1984). The 

similarity of these regions between two taxa can therefore be used as a proxy for how 
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related the taxa are to each other. This also enables the cataloging of these regions into 

databases, so that microbes can be linked to their respective version of each marker. 

Thus, the amplification and sequencing of these marker regions, followed by similarity 

searches in databases like GreenGenes for 16S (DeSantis et al., 2006) and UNITE for 

fungal ITS (Koljalg et al., 2005), results in a picture of the bacterial or fungal 

communities in a sample. Tagged sequencing is generally low-cost and computationally 

straightforward. However, the results are limited to the microbial kingdom of choice, and 

even the selection of the variable region in the marker sequence can influence how 

sensitive the assay is at retrieving certain families of microbes (Meisel et al., 2016).  

The alternative approach to tagged sequencing is known as whole-genome shotgun 

sequencing. In this approach, the total nucleic acids in a sample are fragmented and 

sequenced without an intermediate amplification step, and the sequencing reads are 

matched to a database of microbial sequences (Quince, Walker, Simpson, Loman, & 

Segata, 2017). The benefits of this approach are that it is markedly less biased as it can 

capture DNA from any organism in the sample, and that it allows partial reconstruction 

of the genomes of the organisms, enabling functional characterization. Shotgun 

sequencing thus provides a more complete picture of the microbiome, but suffers from 

both high costs and analytic difficulty. In many shotgun sequencing experiments, a large 

fraction of the reads cannot be assigned to an organism due to the true originator of the 

read being absent from databases. And while the sequencing itself is relatively less 

biased, the databases themselves are not– some microbial orders are much better 

characterized than others (e.g. bacteria versus viruses or fungi). 
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As well as helping characterize the function and dysfunction of our microbiomes, 

metagenomic sequencing provides a key advancement in germ theory and our ability to 

associate microbes with disease. Sequencing the total DNA from healthy and diseased 

subjects enables detection of differentially-abundant microbial signatures and potentially 

illuminates cryptic agents in diseases that had evaded culture-based detection. 

Furthermore, the ability to gather the actual genetic sequences from these microbes 

provides the means to understand their pathogenic capacity. Genes that influence 

virulence, toxicity and resistance to antimicrobial compounds can be recovered from the 

metagenome and may one day form the basis of rapid sequencing-based clinical tests.  

Successes linking the microbiome to disease state 

Because the gut is the most well-characterized component of the human microbiome, 

many of the disease links we’ve associated with changes in the microbiome have to do 

with intestinal disorders. In particular, inflammatory bowel diseases such as Crohn’s 

disease have been closely linked to dysbiosis in the gut (Huttenhower et al., 2014; Lewis 

et al., 2015). Crohn’s disease is a complex disorder involving immune-mediated 

inflammation of the gut, especially the proximal colon and ileum. Instead of a single 

causative bacterium, researchers have found that structural changes, such as the loss of 

certain classes of bacteria and outgrowths of others, can be predictors of Crohn’s disease 

onset (Gevers et al., 2014; Haberman et al., 2014). Antibiotic usage and a decrease in 

bacterial diversity were also associated with disease severity (Lewis et al., 2015). 

Correction of dysbiosis through the use of fecal microbiome transplantation has shown 

promising results for Crohn’s disease (Ruben J Colman, 2014).  
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Perhaps the most classic case of microbiome dysbiosis correlating with disease is in the 

case of Clostridium difficile infection. C. difficile is a commensal microbe in infants but 

rarely present in asymptomatic adults (Rousseau et al., 2012). Instead, infection is usually 

triggered by exposure to antibiotics, especially long-term use in chronic care facilities 

(Britton & Young, 2014). The alteration of the endogenous flora through antibiotics 

seems to provide an avenue for C. difficile colonization, and indicates that a “healthy” 

microbiome provides resistance to this pathogen. The exact mechanism by which the 

microbiome changes from being protective to permissive seems to be related to the 

production of bile salts and secondary bile metabolites (Britton & Young, 2014) (Britton 

2014). Certain bile acids trigger C. difficile spore germination, and their relative 

availability in the microbiome can be increased through the use of antibiotics. Thus, in 

the case of C. difficile, we observe a traditional infectious disease that is influenced 

strongly by the characteristics of the host gut microbiome. 

The use of the dysbiosis as a disease marker has also been demonstrated in preterm 

infants for necrotizing enterocolitis (NEC) (Pammi et al., 2017). In a systematic meta-

analysis, the authors found that increased levels of Proteobacteria and loss of 

Bacteroidetes and Firmicutes characterized a dysbiotic state that was a precursor to NEC. 

The correlation between gut bacteria and disease state indicate that microbiome 

monitoring and correction through the use of probiotics may be effective treatment for an 

otherwise difficult-to-treat disease. 
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Figure 4-6. 
Virome analysis. A) Heat map summarizing RNA viruses detected. Each column indicates a sample from 

the patient indicated at the top of the heatmap, each row indicates a type of virus.  The tiles are colored 

according to proportion of total viral reads. B) Heat map summarizing DNA viruses detected. Markings as 

in A. 

4.4. Discussion 

We present here a first look at the co-development of the microbiome and immune 

system in patients after gene therapy for SCID. We used targeted sequencing of vector 

integration sites to model the number of gene-corrected progenitor cells, and TCR 

sequencing to capture the development of the T cell repertoire following therapy. The 

combination of these data allowed a lower-bound approximation of the number of cell 

divisions required to progress from a lymphopoetic stem cell to a circulating T cell, a 

measurement uniquely possible thanks to gene marking by integration. We used shotgun 

metagenomic sequencing in longitudinal samples to track early-term changes in the gut, 
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oral and nasopharyngeal microbiome coincident with therapy. In a subset of these 

timepoints, we purified and sequenced RNA and DNA viruses to show clearance of 

pathogenic viruses with immune reconstitution and, in some patients, the presence of 

viruses not reported in clinical records.  

This estimate of cell divisions is limited by wide confidence intervals in the estimators 

for unique TCRs and integration site population sizes, but despite that most of the 

timepoints indicated roughly nine cell divisions between the progenitor stem cell and a 

circulating T cell. This is a minimum value because the amount of cell death during T-

cell ontogeny is unknown and likely high. This helps specify the functional capacity of 

the lymphoid precursor cell targeted in initial transduction.  

The microbiome analysis provided new evidence on how SCID gene therapy patients 

progress to healthier phenotypes after successful therapy. Their immune cell diversity, as 

measured by TCR sequencing, consistently moved from the oligoclonal range of older 

adults and into a higher diversity range more characteristic of healthy children of that 

age. Further, their overall circulating T cell richness showed a similar movement towards 

a healthy and age-typical state. This is concordant with the observed results of healthy 

immune function in these patients and shows that sequencing metrics of the T cell 

repertoire correlate with clinical outcomes. 

As in their immune repertoires, the microbiota of these patients changed in ways that 

resembled the microbiomes of healthy children. We saw an increase in diversity and 

richness of the microbes in the gut and oro- and nasopharygeal compartments and the 
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outgrowth of bacteria associated with healthy gut function. In some patients, we were 

also able to detect bacteria that may be associated with negative outcomes and antibiotic 

resistance, potentially as a result of extended exposure to antibiotics and hospitalization. 

An unexpected finding was the consistently low diversity of SCID oral samples, and the 

high colonization with Streptococcus.  It will be of interest to assess whether this is seen 

in other immunodeficient subjects, and target investigations of possible oral pathology 

associated with this organism. 

In some of these patients, we found viruses known to cause enteropathic conditions in 

humans, including astrovirus, bocavirus and adenovirus. In the case of patient B207, the 

adenovirus detection was clinically corroborated with a diagnosis of adenoviremia. In 

both, the viruses were cleared in later timepoints, likely as a result in part the newly-

functioning immune system. 

This study is also limited in a number of important ways. Most importantly, our sample 

size was quite small. Moreover, clinical considerations often led to inconsistent 

microbiome sampling based on patient and clinician availability, as sample collection 

was a secondary concern to patient monitoring. As a result, our ability to make broad 

inferences based on this sample set is limited.  

Opportunities to study similar systems of immune system/microbiome dynamics are 

present in SCID patients who undergo hematopoetic stem cell transplantation (HSCT). A 

pilot study looking at the microbiome development in SCID patients after HSCT (Lane, 
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2015) was also performed, though with 16S rRNA gene amplicon sequencing rather than 

shotgun sequencing, no healthy controls, shorter sampling period, and no concurrent TCR 

sequencing. They found inconsistent results in microbiome diversity after transplantation, 

possibly due to the limited temporal range of the study, but did note that there were clear 

differences in the microbiota before and after transplantation in the four subjects they 

studied. 

In summary, these data illustrate some of the uses of multi-omic data in assessing 

outcome in human gene therapy.  As more of these studies are carried out, it will be 

possible to more fully assess the utility of such data.  Of particular interest will be any 

signatures that help forecast outcome and provide new opportunities for initiating specific 

interventions. 

4.5. Methods 

4.5.1. Human subjects 

Patients were recruited as described (M. Cavazzana-Calvo et al., 2000; Hacein-Bey-

Abina et al., 2014). We collected the same sample types from six healthy children 

between the ages of 21-43 months under IRB 13-010072. We obtained sorted CD3+ T 

cells from three anonymous healthy adult donors above the age of 18 from the Human 

Immunology Core at the University of Pennsylvania. All samples were stored at -80oC. 
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4.5.2. Integration site analytical methods 

Integration site sequences were determined using two different methods due to changes in 

technology over the period of patient monitoring.  In the first, 454/Roche pyrosequencing 

was used to determine integration site placement (G. P. Wang et al., 2007).  In the 

second, Illumina paired end sequencing was used (C. C. Berry et al., 2012; C. C. Berry et 

al., 2017; Hacein-Bey Abina et al., 2015; Sherman et al., 2017). In both, DNA was 

broken using shearing or restriction enzyme cleavage, then DNA adaptors ligated on to 

the broken DNA ends.  Nested PCR was then used to amplify from the linker to the 

integrated vector, and the intervening segment of human DNA sequenced.  All 

integration site sequence analysis was be carried out in quadruplicate to minimize PCR 

jackpotting. All sample sets were worked up together with human DNA lacking 

integrated lentiviral sequences to monitor for PCR contamination, which was typically 

undetectable. Different linkers were be used for ligation-mediated PCR for each sample 

in a set to block PCR cross over. All samples were bar coded on both ends of the 

molecule, and only those with correct bar code pairs analyzed, thereby suppressing 

artifactual molecules resulting from PCR recombination.  A total of 31 samples were 

analyzed, yielding a total of 24,170 integration sites. 

4.5.3. TCR sequence analysis 

TCR sequencing was performed on whole blood samples that had been fractionated to 

yied T cell (CD3+) or PBMC fractions. Genomic DNA was isolated and sequenced at 

Adaptive Biotechnologies to determine CDR3 region sequences of the TCR beta locus 
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(H. Robins et al., 2012). Data were analyzed using the immunoSeq Analyzer version 3.0. 

A total of 40 samples were analyzed, yielding a total of 32 million TCRB sequences. 

4.5.4. Microbiome sequencing 

DNA was isolated from fecal, oral and nares samples using the following procedures: 

Small aliquots of fecal material (<= 1ml) and the tips of each swab (for oral and nares 

swabs) were deposited into a PowerSoil bead tube. DNA was extracted using standard the 

MoBio PowerSoil DNA extraction protocol, with one or more blank extraction controls 

worked up simultaneously with each set of samples. Work spaces were decontaminated 

using bleach and UV irradiation. The resulting DNA from all samples and blank controls 

was sequenced on an Illumina HiSeq 2500 using NextSeq chemistry and standard 

Illumina dual barcoding for each sample. 

Due to artifacts in genomic sequences for members of the Apicomplexa family, many 

reads from a common water contaminant (Bradyrhizobium) were cross-annotated as 

belonging to Apicomplexa. Consequently we removed all Bradyrhizobium and 

Apicomplexa reads before further analysis due to their uncertain provenance. 

4.5.5. Virome analytical methods 

Viral particles were isolated from a subset of the fecal samples using a protocol adapted 

from (Minot et al., 2013). Fecal samples were homogenized and filtered through a 0.4 

micron filter. The filtered samples were then treated with DNaseI and RNAseI to remove 
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exogenous nucleic acids.  Combined nucleic acids were then purified from the sample 

using the Qiagen UltraSens Virus Kit. 

To obtain DNA viruses, we amplified viral genomes in an aliquot of the combined 

nucleic acids using the Illustra Genomiphi V2 DNA amplification kit. Resulting 

amplified DNA was quantified using PicoGreen and stored at -20oC. To obtain RNA 

viruses, we treated a separate aliquot of the combined nucleic acids with DNAse+ and 

then performed reverse transcription of the RNA to cDNA using the SuperScriptIII First-

Strand Synthesis System from Life Technologies and second strand synthesis using 

Sequenase. The resulting cDNA was quantified with PicoGreen and stored at -20oC. 

Resulting DNA was prepared and sequenced using NextSeq for library preparation and 

an Illumina HiSeq 2500 for sequence acquisition. The same postprocessing pipeline was 

used, including all quality-control, host removal, and read annotation steps. For analysis, 

we considered only reads that fell under the Virus classification, and removed the 

following viral annotations as being reagent contamination (Abbas et al., 2016; Clarke et 

al., 2017): Enterobacteria phage M13, Enterobacteria phage T7, Enterobacteria phage 

phiX-174 sensu lato, Bacillus phage phi29, and Pseudomonas phage phi6, human 

herpesvirus 6 and 7, and Shamonda virus. 
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Supp. Figure 4-3. TCRB population characteristics (PBMC). 
Stacked bar graphs summarizing characteristics of the TCRB repertoire sequenced from PBMC cells. 
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Supp. Figure 4-4. TCRB repertoire similarity (PBMC). 
Bray-Curtis dissimilarity measurements for the TCRB repertoires sequenced from PBMC cells. 
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Supp. Figure 4-5. Lymphocyte progenitor cell divisions. 
Population size estimates for progenitors and daughter t cells, with the minimum number of doublings (cell 

divisions) required. 
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Supp. Figure 4-6. Mean read counts for metagenomic sequencing. 

 

4.7.2. Supplemental Tables 

All supplemental tables are attached in the Digital Supplement named 

SupplementalTables.xlsx. 

Supp. Table 4-1. Subjects in this study. 

Supp. Table 4-2. Vector integration site data. 

Supp. Table 4-3. TCR-beta repertoire data. 

Supp. Table 4-4. Microbiome data  
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Chapter 5. Conclusions and Future Directions  

In this thesis I describe novel approaches to using metagenomic sequencing in idiopathic 

and immune-related diseases. Metagenomics has found fruitful application in studies 

involving gastrointestinal disorders and dysbiosis of existing communities. However, the 

utility of metagenomics has been less clear in other types of diseases. The heightened 

sensitivity of next-generation sequencing at retrieving rare microbes will be key to 

uncovering causal pathogens in idiopathic diseases, but standard approaches suffer from 

extreme sensitivity to contamination and false-positives (Lauder 2016). Meanwhile, the 

interactions between microbiota and the immune system are beginning to be more clearly 

understood (Arpaia 2013, Kamada 2014, Atarashi 2013) but their interplay in immune 

disorders is less clearly defined. 

In Chapter 2, I present a study where we looked for microbial triggers of sarcoidosis, a 

granulomatous disease with no known cause. Our effort involved experimental and 

statistical methods to rigorously account for environmental contamination. We collected 

paired environmental controls for every sample and specific for every sample type: for 

formalin-fixed, paraffin-embedded (FFPE) tissue we sampled the surrounding blank 

paraffin, while for bronchoalveolar lavage (BAL) we sampled the prewash rinse of the 

scope done prior to the procedure. These paired environmental controls were integrated 

into the differential abundance testing by the use of a generalized linear mixed model 

(GLMM) in which the background level of a taxa was allowed to vary in each sample 

pair.  
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This approach demonstrated exceptional precision in the face of strong environmental 

covariates. We found that in one set of FFPE tissue samples, high levels of Aspergillus 

fungi were present in sarcoidosis samples and not in healthy controls. But this same 

difference was seen in the paired environmental controls, indicating that Aspergillus was 

environmentally derived. (We later traced the source of this contamination back to 

difference in storage sites between the two sample groups.) In studies without this 

experimental design, we would have been unable to disentangle the environmental 

confounder from the study group and spent significant time investigating Aspergillus 

fungi as potential sarcoidosis triggers. However, differential abundance testing with the 

GLMM did not identify Aspergillus as enriched. Rather, it identified a different fungus in 

the Cladosporiaceae family as being enriched in sarcoidosis tissue over both healthy 

tissue and the background environment. Cladosporiaceae fungi, while not known to be 

pathogenic, are significant allergens and can cause disorders including hypersensitivity 

pneumonitis (Chiba et al., 2009; Silva & Ekizlerian, 1985), so this is a biologically 

plausible trigger in accordance with Relman’s postulates (Fredricks & Relman, 1996). 

This paired environmental control study design and associated model are applicable to 

other low-biomass metagenomic studies that aim to find differences between two groups. 

While consensus has been reached on the necessity of blank controls in these studies to 

characterize the input from reagents (Kim et al., 2017; Salter et al., 2014), those controls 

alone are not always sufficient–for instance, they would not have uncovered the 

Aspergillus contaminant as described above. There exist other approaches for 

determining the source of microbial signatures in a sample (Knights et al., 2011), but this 
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is the first able to translate these contaminating sources into terms that affect differential 

abundance testing. Many clinical studies would benefit from this approach, especially 

those that investigate microbial communities in sources previously considered sterile in 

healthy individuals, such as the brain or placenta. In these studies, collection and storage 

methods may contribute significant amounts of microbial biomass as a percentage of the 

total. Without the controls, researchers may be erroneously reporting the presence of 

endogenous or enriched microbiota when in fact they are subtle contaminants. 

 In Chapter 3 I describe a computational method that efficiently designs primers to 

selectively amplify a target’s genome from a complex mixture. This program, swga, 

makes the method described in (Leichy 2014) significantly more accessible to a broad 

range of researchers. The wet-side method, selective whole-genome amplification 

(SWGA), uses a set of phi29 primers that bind more frequently to a target’s genome than 

the background to preferentially amplify the target using multiple-displacement 

amplification. With the correct primers, the resulting amplicon will have much higher 

amounts of target DNA proportionally than the starting mixture. Consequently, less 

sequencing effort is required to achieve high depth-of-coverage of the target genome. The 

swga program described in this chapter makes it possible to rapidly design primer sets for 

this assay, which was originally a manual and error-prone process. The program works 

by first identifying all k-mers of a range of lengths in the target and background genome. 

It then filters the k-mers for undesirable characteristics including self-complementarity 

and suboptimal melting temperature range, or uneven binding on the target genome. It 

then assembles a graph representation with primers as vertices, and compatible primers–
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i.e. those that do not form primer dimers–are linked by edges. Each primer is weighted by 

how frequently it binds the background genome. The program then searches for cliques, 

or completely-interconnected subgraphs, with the smallest possible weight. These cliques 

form the basis for selective primer sets for the SWGA method.  

In this chapter, I demonstrated the efficacy of this program and approach on three real-

life host/parasite systems. SWGA, when used with a well-chosen primer set, significantly 

reduces the costs associated with repeatedly obtaining high-coverage genomes of a given 

target. This is especially critical when retrieving genomes from targets that are difficult or 

impossible to culture, especially in the context of pathogen or parasite genomics. In this 

sense it is complementary to our efforts in Chapter 2 to identify microbial agents in 

sarcoidosis: one possible use for SWGA is the isolation and characterization of the 

precise Cladosporiaceae fungi in the sarcoidosis samples to see if there are strain-level 

differences that may be causing disease symptoms. 

In Chapter 4, I presented our efforts to characterize the interactions between the 

microbiome and immune system of SCID patients after gene therapy. The gene therapy 

trials for SCID provided a unique opportunity to observe a cohort of humans born 

without an immune system, but with colonized microbiomes (normally, the microbiome 

and immune systems co-develop in healthy babies). Once the gene therapy was 

administered, these patients’ immune systems began to develop, and we were able to 

track how the immune system and microbiome in these patients changed in response to 

each other. To do this, we used T cell repertoire sequencing and metagenomic shotgun 
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sequencing on a longitudinal sample set. We found that patients generally reconstituted a 

normal-looking immune system when the therapy worked, which was concordant with 

reported positive clinical outcome. We also found that patients’ microbiomes often 

started off in a dysbiotic state, frequently characterized by the dominance of certain 

bacteria or viruses, but shifted to resemble healthy children as time went on. We also 

found that the microbiomes of these patients began to harbor higher levels of antibiotic 

resistance genes as time went on, up until around six months post-therapy. This likely 

correlates to high exposure levels of antibiotics administered prophylactically until the 

patients were no longer immunocompromised (around six months post-therapy). We also 

found high levels of adenovirus and astrovirus in these patients, which only occasionally 

corresponded to clinical reports. In each case, high viral loads subsided with time, 

indicating clearance of the virus. 

This chapter demonstrated the potential applications for metagenomics in immune 

diseases and gene therapy. Because of established links between the microbiome and 

immune system, diseases that affect the immune system like SCID are likely to affect the 

immune system (and vice versa). In SCID patients, we were unsure whether immune 

system restoration would lead to restoration of a normal microbiome, or if a dysbiotic 

state would persist due to a founder-type effect. In the patients for which we had the 

longest sampling time course, we did see a normalization of the microbiome and decrease 

of antibiotic resistance load after immune reconstitution. While this conclusion is limited 

by the small number of patients, it suggests that the immune system acts to maintain a 

healthy microbial community in these patients. 
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Future directions 

The work presented in this thesis center around the use of metagenomic sequencing in a 

variety of diseases. I explored the use of sequencing to robustly identify triggers in 

sarcoidosis, efficiently isolate difficult-to-culture pathogen genomes such as 

Mycobacterium tuberculosis using SWGA, and characterize microbe-immune 

interactions in SCID after gene therapy. These works center around short-read 

sequencing, the current state-of-the-art sequencing method used today for metagenomics. 

However, it seems likely that this will soon be supplanted by rising long-read 

technologies, such as those from Pacific Biosciences and Oxford Nanopore. 

The essence of nanopore long-read sequencing is a small pore that moves nucleotide 

molecules through a few bases at a time and measures changes in the electrical potential 

based on the sequence. It avoids issues inherent to Illumina chemistry that lead to high 

error rates with longer sequences, and consequently can read tens of kilobases in length 

per sequence (under optimal conditions). However, nanopore sequencing comes with its 

own drawbacks, including a higher error rate and more difficult-to-model error profile. 

Even in the last few years, however, the error rates have decreased substantially and it 

seems reasonable to expect them to continue falling. Another key benefit of nanopore 

sequencing, specific to the Oxford minION, is the extremely small size of the sequencer 

itself. It is only slightly larger than a thumb drive and connects to a computer using USB. 

This small size raises alluring potential for field deployment as part of a portable 

sequencing and analysis toolkit. 
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Metagenomically, long-read sequencing offers a number of advancements over current 

methods. First, the retrieval of long contiguous DNA allows us to fill in the gaps and 

reconstruct microbial genomes much more easily (Loman, Quick, & Simpson, 2015; 

Quick et al., 2017). More comprehensive microbial genome databases will significantly 

improve our ability to classify and functionally annotate microbiomes. Second, long 

reads offer the ability to recover strain-level resolution in tagged sequencing experiments. 

While we are nominally constrained to tagged sequences smaller than 500bp in Illumina 

paired-end sequencing, long reads would enable the recovery of the entire 16S or ITS 

region and significantly improve our phylogenetic resolution (Kerkhof, Dillon, 

Häggblom, & McGuinness, 2017). Third, it opens up new opportunities for 

biosurveillance. Assuming we could identify a specific sequence unique to a pathogen or 

virulence gene of interest, long read sequencers can “read until” detection of that 

sequence (Loose, Malla, & Stout, 2016). Paired with a potentially field-deployable 

sequencer, this could enable extremely rapid monitoring of an environment for pathogens 

and antibiotic resistance capabilities, without the need for culture, extensive 

bioinformatics analysis, or data storage. 

Even considering our current approaches in short-read sequencing, there remains 

significant room for advancement from the techniques outlined in this thesis. 

Metagenomic sequencing is exquisitely sensitive, but this can result in a higher level of 

false positives and spurious detections. In Chapter 2, I outlined an experimental approach 

that helps assuage these problems, but there are situations in which environmental 

controls may not be identifiable or obtainable. Approaches that restrict DNA to just those 
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from viable organisms may be worthwhile in certain studies (Emerson et al., 2017) but 

often samples are collected and stored in ways that damage or kill the microbes in them. 

Other ways of reducing spurious detections include the use of RNA in conjunction with 

DNA, on the premise that RNA is more readily degraded in the environment due to 

ubiquitous RNase activity. Making cDNA libraries from RNA and comparing to the 

results from gDNA could identify signatures from only authentically-present microbes in 

the original sample.   

It is likely that metagenomic sequencing will become a core part of diagnostic and 

clinical work in time, but it has some way to go before it reaches the necessary level of 

affordability, speed and rigor. The promise of rapid, unbiased detection of any microbe or 

gene in a sample is one that could revolutionize our ability to track pathogens and disease 

outbreaks. Similarly, integration of metagenomic sequencing with new advancements in 

immunological sequencing will allow us to more effectively treat and understand 

immunological diseases. In total, the work demonstrated in this thesis lays a foundation 

for more robust and informative uses of metagenomic sequencing in the study of 

idiopathic and immunological disorders.  



 

152 

 

BIBLIOGRAPHY 

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., & Versalovic, J. (2014). The 
placenta harbors a unique microbiome. Science translational medicine, 6(237), 
237ra265-237ra265. doi:10.1126/scitranslmed.3008599 

Abbas, A. A., Diamond, J. M., Chehoud, C., Chang, B., Kotzin, J. J., Young, J. C., . . . 
Collman, R. G. (2016). The Perioperative Lung Transplant Virome: Torque Teno 
Viruses are Elevated in Donor Lungs and Show Divergent Dynamics In Primary 
Graft Dysfunction. Am J Transplant. doi:10.1111/ajt.14076 

Aggarwala, V., Liang, G., & Bushman, F. D. (2017). Viral communities of the human gut: 
metagenomic analysis of composition and dynamics. Mob DNA, 8, 12. 
doi:10.1186/s13100-017-0095-y 

Aiuti, A., Biasco, L., Scaramuzza, S., Ferrua, F., Cicalese, M. P., Baricordi, C., . . . 
Naldini, L. (2013). Lentiviral Hematopoietic Stem Cell Gene Therapy in Patients 
with Wiskott-Aldrich Syndrome. Science. doi:10.1126/science.1233151 

Aiuti, A., Cassani, B., Andolfi, G., Mirolo, M., Biasco, L., Recchia, A., . . . Bordignon, C. 
(2007). Multilineage hematopoietic reconstitution without clonal selection in ADA-
SCID patients treated with stem cell gene therapy. J Clin Invest, 117(8), 2233-
2240. doi:10.1172/JCI31666 

Aiuti, A., Slavin, S., Aker, M., Ficara, F., Deola, S., Mortellaro, A., . . . Bordignon, C. 
(2002). Correction of ADA-SCID by stem cell gene therapy combined with 
nonmyeloablative conditioning. Science, 296(5577), 2410-2413. 
doi:10.1126/science.1070104 

Allawi, H. T., & SantaLucia, J. (1997). Thermodynamics and NMR of internal GT 
mismatches in DNA. Biochemistry, 36(34), 10581-10594. doi:10.1021/bi962590c 

Alneberg, J., Bjarnason, B. S., de Bruijn, I., Schirmer, M., Quick, J., Ijaz, U. Z., . . . 
Quince, C. (2014). Binning metagenomic contigs by coverage and composition. 
Nat Methods, 11(11), 1144-1146. doi:10.1038/nmeth.3103 

Amann, R. I., Binder, B. J., Olson, R. J., Chisholm, S. W., Devereux, R., & Stahl, D. A. 
(1990). Combination of 16S rRNA-targeted oligonucleotide probes with flow 
cytometry for analyzing mixed microbial populations. Applied and environmental 
microbiology, 56(6), 1919-1925.  

Anderson, S. (1981). Shotgun DNA sequencing using cloned DNase I-generated 
fragments. Nucleic Acids Res, 9(13), 3015-3027.  

Arpaia, N., Campbell, C., Fan, X., Dikiy, S., van der Veeken, J., deRoos, P., . . . 
Rudensky, A. Y. (2013). Metabolites produced by commensal bacteria promote 
peripheral regulatory T-cell generation. Nature, 504(7480), 451-455. 
doi:10.1038/nature12726 

Atarashi, K., Tanoue, T., Oshima, K., Suda, W., Nagano, Y., Nishikawa, H., . . . Honda, 
K. (2013). Treg induction by a rationally selected mixture of Clostridia strains 
from the human microbiota. Nature, 500(7461), 232-236. 
doi:10.1038/nature12331 

Benjamini, Y., & Hochberg, Y. (1995). Controlling the False Discovery Rate - a Practical 
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical 
Society Series B-Methodological, 57(1), 289-300.  



 

153 

 

Berry, C., Hannenhalli, S., Leipzig, J., & Bushman, F. D. (2006). Selection of target sites 
for mobile DNA integration in the human genome. PLoS computational biology, 
2(11), e157.  

Berry, C. C., Gillet, N. A., Melamed, A., Gormley, N., Bangham, C. R., & Bushman, F. D. 
(2012). Estimating abundances of retroviral insertion sites from DNA fragment 
length data. Bioinformatics, 28(6), 755-762. doi:bts004 [pii] 

10.1093/bioinformatics/bts004 
Berry, C. C., Nobles, C., Six, E., Wu, Y., Malani, N., Sherman, E., . . . Bushman, F. D. 

(2017). INSPIIRED: Quantification and Visualization Tools for Analyzing 
Integration Site Distributions. Mol Ther Methods Clin Dev, 4, 17-26. 
doi:10.1016/j.omtm.2016.11.003 

Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fumagalli, F., Plati, T., . . . Naldini, L. (2013). 
Lentiviral Hematopoietic Stem Cell Gene Therapy Benefits Metachromatic 
Leukodystrophy. Science. doi:10.1126/science.1233158 

Bittinger, K., Charlson, E. S., Loy, E., Shirley, D. J., Haas, A. R., Laughlin, A., . . . 
Bushman, F. D. (2014). Improved characterization of medically relevant fungi in 
the human respiratory tract using next-generation sequencing. Genome Biol, 
15(10), 487. doi:10.1186/s13059-014-0487-y 

Blevins, S. M., & Bronze, M. S. (2010). Robert Koch and the ‘golden age’ of 
bacteriology. International Journal of Infectious Diseases, 14(9), e744-e751. 
doi:10.1016/j.ijid.2009.12.003 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics, 30(15), 2114-2120. 
doi:10.1093/bioinformatics/btu170 

Boyd, S. D., Marshall, E. L., Merker, J. D., Maniar, J. M., Zhang, L. N., Sahaf, B., . . . 
Fire, A. Z. (2009). Measurement and clinical monitoring of human lymphocyte 
clonality by massively parallel VDJ pyrosequencing. Sci Transl Med, 1(12), 
12ra23.  

Branton, W. G., Ellestad, K. K., Maingat, F., Wheatley, B. M., Rud, E., Warren, R. L., . . . 
Power, C. (2013). Brain Microbial Populations in HIV/AIDS: α-Proteobacteria 
Predominate Independent of Host Immune Status. PloS one, 8(1), e54673. 
doi:10.1371/journal.pone.0054673 

Britton, R. A., & Young, V. B. (2014). Role of the intestinal microbiota in resistance to 
colonization by Clostridium difficile. Gastroenterology, 146(6), 1547-1553. 
doi:10.1053/j.gastro.2014.01.059 

Brown, C. T., Hug, L. A., Thomas, B. C., Sharon, I., Castelle, C. J., Singh, A., . . . 
Banfield, J. F. (2015). Unusual biology across a group comprising more than 
15% of domain Bacteria. Nature, 523(7559), 208-211. doi:10.1038/nature14486 

Buve, A., Jespers, V., Crucitti, T., & Fichorova, R. N. (2014). The vaginal microbiota and 
susceptibility to HIV. AIDS, 28(16), 2333-2344.  

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., & 
Madden, T. L. (2009). BLAST+: architecture and applications. BMC 
Bioinformatics, 10, 421. doi:10.1186/1471-2105-10-421 

Campos, P. F. G., T. (2011). DNA Extraction from Formalin Fixed Material Ancient DNA 
(Vol. 11, pp. 81-85): Humana Press. 

Campregher, P. V., Srivastava, S. K., Deeg, H. J., Robins, H. S., & Warren, E. H. (2010). 
Abnormalities of the alphabeta T-cell receptor repertoire in advanced 



 

154 

 

myelodysplastic syndrome. Exp Hematol, 38(3), 202-212. doi:S0301-
472X(09)00461-5 [pii] 

10.1016/j.exphem.2009.12.004 
Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L., & 

Knight, R. (2010). PyNAST: a flexible tool for aligning sequences to a template 
alignment. Bioinformatics, 26(2), 266-267. doi:10.1093/bioinformatics/btp636 

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, 
E. K., . . . Knight, R. (2010). QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods, 7(5), 335-336. doi:10.1038/nmeth.f.303 

Cavazzana-Calvo, M., Andre-Schmutz, I., & Fischer, A. (2013). Haematopoietic stem 
cell transplantation for SCID patients: where do we stand? British Journal of 
Haematology, 160(2), 146-152. doi:10.1111/bjh.12119 

Cavazzana-Calvo, M., Hacein-Bey, S., de Saint Basile, G., Gross, F., Yvon, E., 
Nusbaum, P., . . . Fischer, A. (2000). Gene therapy of human severe combined 
immunodeficiency (SCID)-X1 disease. Science, 288(5466), 669-672.  

Chao, A. (1987). Estimating the population size for capture-recapture data with unequal 
catchability. Biometrics, 43(4), 783-791.  

Charlson, E. S., Bittinger, K., Haas, A. R., Fitzgerald, A. S., Frank, I., Yadav, A., . . . 
Collman, R. G. (2011). Topographical continuity of bacterial populations in the 
healthy human respiratory tract. Am J Respir Crit Care Med, 184(8), 957-963. 
doi:10.1164/rccm.201104-0655OC 

Charlson, E. S., Chen, J., Custers-Allen, R., Bittinger, K., Li, H., Sinha, R., . . . Collman, 
R. G. (2010). Disordered microbial communities in the upper respiratory tract of 
cigarette smokers. PloS one, 5(12), e15216. doi:10.1371/journal.pone.0015216 

Charlson, E. S., Diamond, J. M., Bittinger, K., Fitzgerald, A. S., Yadav, A., Haas, A. R., . 
. . Collman, R. G. (2012). Lung-enriched organisms and aberrant bacterial and 
fungal respiratory microbiota after lung transplant. Am J Respir Crit Care Med, 
186(6), 536-545. doi:10.1164/rccm.201204-0693OC 

Chase, M. W. (1961). The preparation and standardization of Kveim testing antigen. Am 
Rev Respir Dis, 84(5)Pt 2, 86-88. doi:10.1164/arrd.1961.84.5P2.86 

Chen, E. S., & Moller, D. R. (2014). Etiologic role of infectious agents. Semin Respir Crit 
Care Med, 35(3), 285-295. doi:10.1055/s-0034-1376859 

Chen, E. S., & Moller, D. R. (2015). Etiologies of Sarcoidosis. Clin Rev Allergy Immunol, 
49(1), 6-18. doi:10.1007/s12016-015-8481-z 

Chen, E. S., Wahlstrom, J., Song, Z., Willett, M. H., Wiken, M., Yung, R. C., . . . Moller, 
D. R. (2008). T cell responses to mycobacterial catalase-peroxidase profile a 
pathogenic antigen in systemic sarcoidosis. J Immunol, 181(12), 8784-8796.  

Chen, J., Bittinger, K., Charlson, E. S., Hoffmann, C., Lewis, J., Wu, G. D., . . . Li, H. 
(2012). Associating microbiome composition with environmental covariates using 
generalized UniFrac distances. Bioinformatics, 28(16), 2106-2113. 
doi:10.1093/bioinformatics/bts342 

Chiba, S., Okada, S., Suzuki, Y., Watanuki, Z., Mitsuishi, Y., Igusa, R., . . . Uchiyama, B. 
(2009). Cladosporium species-related hypersensitivity pneumonitis in household 
environments. Intern Med, 48(5), 363-367.  

Chin, E. L., da Silva, C., & Hegde, M. (2013). Assessment of clinical analytical sensitivity 
and specificity of next-generation sequencing for detection of simple and 
complex mutations. BMC Genet, 14, 6. doi:10.1186/1471-2156-14-6 



 

155 

 

Clarke, E. L., Lauder, A. P., Hofstaedter, C. E., Hwang, Y., Fitzgerald, A. S., Imai, I., . . . 
Collman, R. G. (2017). Microbial Lineages in Sarcoidosis: A Metagenomic 
Analysis Tailored for Low Microbial Content Samples. Am J Respir Crit Care 
Med. doi:10.1164/rccm.201705-0891OC 

Cowell, A. N., Loy, D. E., Sundararaman, S. A., Valdivia, H., Fisch, K., Lescano, A. G., . . 
. Winzeler, E. A. (2017). Selective Whole-Genome Amplification Is a Robust 
Method That Enables Scalable Whole-Genome Sequencing of Plasmodium vivax 
from Unprocessed Clinical Samples. mBio, 8(1), e02257-02216. 
doi:10.1128/mBio.02257-16 

Dean, F. B., Hosono, S., Fang, L. H., Wu, X. H., Faruqi, A. F., Bray-Ward, P., . . . 
Lasken, R. S. (2002). Comprehensive human genome amplification using 
multiple displacement amplification. Proceedings of the National Academy of 
Sciences of the United States of America, 99(8), 5261-5266. 
doi:10.1073/pnas.082089499 

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., . . . 
Andersen, G. L. (2006). Greengenes, a chimera-checked 16S rRNA gene 
database and workbench compatible with ARB. Applied and environmental 
microbiology, 72(7), 5069-5072.  

Dixon, P. (2003). VEGAN, a package of R functions for community ecology. Journal of 
Vegetation Science, 14(6), 927-930. doi:DOI 10.1111/j.1654-
1103.2003.tb02228.x 

Dollive, S., Peterfreund, G. L., Sherrill-Mix, S., Bittinger, K., Sinha, R., Hoffmann, C., . . . 
Bushman, F. D. (2012). A tool kit for quantifying eukaryotic rRNA gene 
sequences from human microbiome samples. Genome Biol, 13(7), R60. 
doi:10.1186/gb-2012-13-7-r60 

Douglas Bates, M. M., Ben Bolker and, & Walker, S. (2015). Fitting Linear Mixed-Effects 
Models using lme4. Journal of Statistical Software, 67(1), 1—48. 
doi:10.18637/jss.v067.i01 

Drake, W. P., Pei, Z., Pride, D. T., Collins, R. D., Cover, T. L., & Blaser, M. J. (2002). 
Molecular analysis of sarcoidosis tissues for mycobacterium species DNA. 
Emerg Infect Dis, 8(11), 1334-1341. doi:10.3201/eid0811.020318 

Dubaniewicz, A. (2013). Microbial and human heat shock proteins as 'danger signals' in 
sarcoidosis. Hum Immunol, 74(12), 1550-1558. 
doi:10.1016/j.humimm.2013.08.275 

Dubaniewicz, A., Trzonkowski, P., Dubaniewicz-Wybieralska, M., Dubaniewicz, A., 
Singh, M., & Mysliwski, A. (2007). Mycobacterial heat shock protein-induced 
blood T lymphocytes subsets and cytokine pattern: comparison of sarcoidosis 
with tuberculosis and healthy controls. Respirology, 12(3), 346-354. 
doi:10.1111/j.1440-1843.2007.01076.x 

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics, 26(19), 2460-2461. doi:10.1093/bioinformatics/btq461 

EL Clarke, M. R., KC Patterson, A Fitzgerald, M Feldman, L Litzky, F Bushman, RG 
Collman. (2015). Metagenomic analysis of Microbial Sequences in Specimens 
from Patients with Sarcoidosis and Controls. Am J Respir Crit Care Med, 
191(A6163).  

Emerson, J. B., Adams, R. I., Román, C. M. B., Brooks, B., Coil, D. A., Dahlhausen, K., . 
. . Rothschild, L. J. (2017). Schrödinger’s microbes: Tools for distinguishing the 



 

156 

 

living from the dead in microbial ecosystems. Microbiome, 5(1), 86. 
doi:10.1186/s40168-017-0285-3 

Ezike, D. N., Nnamani, C. V., Ogundipe, O. T., & Adekanmbi, O. H. (2016). Airborne 
pollen and fungal spores in Garki, Abuja (North-Central Nigeria). Aerobiologia, 
32(4), 697-707. doi:10.1007/s10453-016-9443-5 

Feng, H., Shuda, M., Chang, Y., & Moore, P. S. (2008). Clonal integration of a 
polyomavirus in human Merkel cell carcinoma. Science, 319(5866), 1096-1100. 
doi:10.1126/science.1152586 

Feng, H., Taylor, J. L., Benos, P. V., Newton, R., Waddell, K., Lucas, S. B., . . . Moore, 
P. S. (2007). Human transcriptome subtraction by using short sequence tags to 
search for tumor viruses in conjunctival carcinoma. Journal of virology, 81(20), 
11332-11340. doi:10.1128/JVI.00875-07 

Fingerlin, T. E., Hamzeh, N., & Maier, L. A. (2015). Genetics of Sarcoidosis. Clin Chest 
Med, 36(4), 569-584. doi:10.1016/j.ccm.2015.08.002 

Fischer, A., Grunewald, J., Spagnolo, P., Nebel, A., Schreiber, S., & Muller-Quernheim, 
J. (2014). Genetics of sarcoidosis. Semin Respir Crit Care Med, 35(3), 296-306. 
doi:10.1055/s-0034-1376860 

Forde, B. M., & O’Toole, P. W. (2013). Next-generation sequencing technologies and 
their impact on microbial genomics. Briefings in Functional Genomics, 12(5), 
440-453. doi:10.1093/bfgp/els062 

Fredricks, D. N., & Relman, D. A. (1996). Sequence-based identification of microbial 
pathogens: A reconsideration of Koch&apos;s postulates. Clinical Microbiology 
Reviews, 9(1), 18-&amp;.  

Gardes, M., & Bruns, T. D. (1993). ITS primers with enhanced specificity for 
basidiomycetes--application to the identification of mycorrhizae and rusts. Mol 
Ecol, 2(2), 113-118.  

Gaspar, H. B., Cooray, S., Gilmour, K. C., Parsley, K. L., Adams, S., Howe, S. J., . . . 
Thrasher, A. J. (2011). Long-term persistence of a polyclonal T cell repertoire 
after gene therapy for X-linked severe combined immunodeficiency. Sci Transl 
Med, 3(97), 97ra79. doi:3/97/97ra79 [pii] 

10.1126/scitranslmed.3002715 
Gaspar, H. B., Parsley, K. L., Howe, S., King, D., Gilmour, K. C., Sinclair, J., . . . 

Thrasher, A. J. (2004). Gene therapy of X-linked severe combined 
immunodeficiency by use of a pseudotyped gammaretroviral vector. Lancet, 
364(9452), 2181-2187. doi:10.1016/S0140-6736(04)17590-9 

Gevers, D., Kugathasan, S., Denson, L. A., Vázquez-Baeza, Y., Van Treuren, W., Ren, 
B., . . . Xavier, R. J. (2014). The Treatment-Naive Microbiome in New-Onset 
Crohn’s Disease. Cell Host &amp; Microbe, 15(3), 382-392. 
doi:10.1016/j.chom.2014.02.005 

Ghazanfar, S., Azim, A., & Ghazanfar, M. A. (2010). Metagenomics and its application in 
soil microbial community studies: biotechnological prospects. Journal of Animal 
&amp; …, 6(2), 611-622.  

Gini, C. (1912). Variabilità e mutuabilità. contributo allo studio delle distribuzioni e delle 
relazioni statistiche (variability and mutability. contribution to the study of the …: 
Tipogr. di Cupini. 

Gray, M. W., Sankoff, D., & Cedergren, R. J. (1984). On the evolutionary descent of 
organisms and organelles: a global phylogeny based on a highly conserved 



 

157 

 

structural core in small subunit ribosomal RNA. Nucleic Acids Res, 12(14), 5837-
5852.  

Greninger, A. L., Naccache, S. N., Federman, S., Yu, G., Mbala, P., Bres, V., . . . Chiu, 
C. Y. (2015). Rapid metagenomic identification of viral pathogens in clinical 
samples by real-time nanopore sequencing analysis. Genome Med, 7, 99. 
doi:10.1186/s13073-015-0220-9 

Guarner, F., & Malagelada, J. R. (2003). Gut flora in health and disease. Lancet, 
361(9356), 512-519. doi:10.1016/S0140-6736(03)12489-0 

Guggisberg, A. M., Sundararaman, S. A., Lanaspa, M., Moraleda, C., González, R., 
Mayor, A., . . . Odom, A. R. (2016). Whole-Genome Sequencing to Evaluate the 
Resistance Landscape Following Antimalarial Treatment Failure With 
Fosmidomycin-Clindamycin. The Journal of infectious diseases, 214(7), 1085-
1091. doi:10.1093/infdis/jiw304 

Gweon, H. S., Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D. S., . . . Schonrogge, 
K. (2015). PIPITS: an automated pipeline for analyses of fungal internal 
transcribed spacer sequences from the Illumina sequencing platform. Methods 
Ecol Evol, 6(8), 973-980. doi:10.1111/2041-210X.12399 

Haberman, Y., Tickle, T. L., Dexheimer, P. J., Kim, M.-O., Tang, D., Karns, R., . . . 
Denson, L. A. (2014). Pediatric Crohn disease patients exhibit specific ileal 
transcriptome and microbiome signature. The Journal of Clinical Investigation, 
124(8), 3617-3633. doi:10.1172/JCI75436 

Hacein-Bey Abina, S., Gaspar, H. B., Blondeau, J., Caccavelli, L., Charrier, S., 
Buckland, K., . . . Cavazzana, M. (2015). Outcomes following gene therapy in 
patients with severe Wiskott-Aldrich syndrome. JAMA, 313(15), 1550-1563. 
doi:10.1001/jama.2015.3253 

Hacein-Bey-Abina, S., Hauer, J., Lim, A., Picard, C., Wang, G. P., Berry, C. C., . . . 
Cavazzana-Calvo, M. (2010). Efficacy of gene therapy for X-linked severe 
combined immunodeficiency. N Engl J Med, 363(4), 355-364. 
doi:10.1056/NEJMoa1000164 

Hacein-Bey-Abina, S., Le Deist, F., Carlier, F., Bouneaud, C., Hue, C., De Villartay, J. 
P., . . . Cavazzana-Calvo, M. (2002). Sustained correction of X-linked severe 
combined immunodeficiency by ex vivo gene therapy. N Engl J Med, 346(16), 
1185-1193. doi:10.1056/NEJMoa012616 

Hacein-Bey-Abina, S., Pai, S.-Y., Gaspar, H. B., Armant, M., Berry, C. C., Blanche, S., . . 
. Thrasher, A. J. (2014). A Modified γ-Retrovirus Vector for X-Linked Severe 
Combined Immunodeficiency. N Engl J Med, 371(15), 1407-1417.  

Hacein-Bey-Abina, S., von Kalle, C., Schmidt, M., Le Deist, F., Wulffraat, N., McIntyre, 
E., . . . Fischer, A. (2003). A serious adverse event after successful gene therapy 
for X-linked severe combined immunodeficiency. N Engl J Med, 348(3), 255-256.  

Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCormack, M. P., Wulffraat, N., 
Leboulch, P., . . . Cavazzana-Calvo, M. (2003). LMO2-associated clonal T cell 
proliferation in two patients after gene therapy for SCID-X1. Science, 302(5644), 
415-419. doi:10.1126/science.1088547 

Hannigan, G. D., Pulos, N., Grice, E. A., & Mehta, S. (2015). Current Concepts and 
Ongoing Research in the Prevention and Treatment of Open Fracture Infections. 
Adv Wound Care (New Rochelle), 4(1), 59-74. doi:10.1089/wound.2014.0531 

Harrison, X. A. (2014). Using observation-level random effects to model overdispersion 
in count data in ecology and evolution. PeerJ, 2, e616. doi:10.7717/peerj.616 



 

158 

 

Hou, D., Zhou, X., Zhong, X., Settles, M. L., Herring, J., Wang, L., . . . Xu, C. (2013). 
Microbiota of the seminal fluid from healthy and infertile men. Fertil Steril, 100(5), 
1261-1269. doi:10.1016/j.fertnstert.2013.07.1991 

Howe, S. J., Mansour, M. R., Schwarzwaelder, K., Bartholomae, C., Hubank, M., 
Kempski, H., . . . Thrasher, A. J. (2008). Insertional mutagenesis combined with 
acquired somatic mutations causes leukemogenesis following gene therapy of 
SCID-X1 patients. J Clin Invest, 118(9), 3143-3150. doi:10.1172/JCI35798 

Hsiao, E. Y., McBride, S. W., Hsien, S., Sharon, G., Hyde, E. R., McCue, T., . . . 
Mazmanian, S. K. (2013). Microbiota modulate behavioral and physiological 
abnormalities associated with neurodevelopmental disorders. Cell, 155(7), 1451-
1463. doi:10.1016/j.cell.2013.11.024 

Hug, L. A., Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle, C. J., . . 
. Banfield, J. F. (2016). A new view of the tree of life. Nat Microbiol, 1, 16048. 
doi:10.1038/nmicrobiol.2016.48 

Hume, J. C. C., Lyons, E. J., & Day, K. P. (2003). Human migration, mosquitoes and the 
evolution of Plasmodium falciparum. Trends in parasitology, 19(3), 144-149. 
doi:10.1016/S1471-4922(03)00008-4 

Huttenhower, C., Knight, R., Brown, C. T., Caporaso, J. G., Clemente, J. C., Gevers, D., 
. . . White, O. (2014). Advancing the microbiome research community. Cell, 
159(2), 227-230. doi:10.1016/j.cell.2014.09.022 

Ishige, I., Usui, Y., Takemura, T., & Eishi, Y. (1999). Quantitative PCR of mycobacterial 
and propionibacterial DNA in lymph nodes of Japanese patients with sarcoidosis. 
Lancet, 354(9173), 120-123. doi:10.1016/S0140-6736(98)12310-3 

Jia, B., Raphenya, A. R., Alcock, B., Waglechner, N., Guo, P., Tsang, K. K., . . . 
McArthur, A. G. (2017). CARD 2017: expansion and model-centric curation of the 
comprehensive antibiotic resistance database. Nucleic Acids Res, 45(D1), D566-
D573. doi:10.1093/nar/gkw1004 

Josephson, K. L., Gerba, C. P., & Pepper, I. L. (1993). Polymerase chain reaction 
detection of nonviable bacterial pathogens. Appl Environ Microbiol, 59(10), 3513-
3515.  

Kalan, L., Loesche, M., Hodkinson, B. P., Heilmann, K., Ruthel, G., Gardner, S. E., & 
Grice, E. A. (2016). Redefining the Chronic-Wound Microbiome: Fungal 
Communities Are Prevalent, Dynamic, and Associated with Delayed Healing. 
mBio, 7(5). doi:10.1128/mBio.01058-16 

Kamada, N., & Núñez, G. (2014). Regulation of the immune system by the resident 
intestinal bacteria. Gastroenterology, 146(6), 1477-1488. 
doi:10.1053/j.gastro.2014.01.060 

Kaminski, J., Gibson, M. K., Franzosa, E. A., Segata, N., Dantas, G., & Huttenhower, C. 
(2015). High-Specificity Targeted Functional Profiling in Microbial Communities 
with ShortBRED. PLoS Comput Biol, 11(12), e1004557. 
doi:10.1371/journal.pcbi.1004557 

Kang, D. D., Froula, J., Egan, R., & Wang, Z. (2015). MetaBAT, an efficient tool for 
accurately reconstructing single genomes from complex microbial communities. 
PeerJ, 3, e1165. doi:10.7717/peerj.1165 

Kelly, B. J., Imai, I., Bittinger, K., Laughlin, A., Fuchs, B. D., Bushman, F. D., & Collman, 
R. G. (2016). Composition and dynamics of the respiratory tract microbiome in 
intubated patients. Microbiome, 4, 7. doi:10.1186/s40168-016-0151-8 



 

159 

 

Kennedy, M. K., Glaccum, M., Brown, S. N., Butz, E. A., Viney, J. L., Embers, M., . . . 
Peschon, J. J. (2000). Reversible defects in natural killer and memory CD8 T cell 
lineages in interleukin 15-deficient mice. J Exp Med, 191(5), 771-780.  

Kent, W. J., Sugnet, C. W., Furey, T. S., Roskin, K. M., Pringle, T. H., Zahler, A. M., & 
Haussler, D. (2002). The human genome browser at UCSC. Genome Research, 
12(6), 996-1006. doi:10.1101/gr.229102 

Kerkhof, L. J., Dillon, K. P., Häggblom, M. M., & McGuinness, L. R. (2017). Profiling 
bacterial communities by MinION sequencing of ribosomal operons. Microbiome, 
5(1). doi:10.1186/s40168-017-0336-9 

Kim, D., Hofstaedter, C. E., Zhao, C., Mattei, L., Tanes, C., Clarke, E., . . . Kelsen, J. 
(2017). Optimizing methods and dodging pitfalls in microbiome research. 
Microbiome, 5(1), 52.  

Klein, J. T., Horn, T. D., Forman, J. D., Silver, R. F., Teirstein, A. S., & Moller, D. R. 
(1995). Selection of oligoclonal V beta-specific T cells in the intradermal 
response to Kveim-Siltzbach reagent in individuals with sarcoidosis. J Immunol, 
154(3), 1450-1460.  

Knights, D., Kuczynski, J., Charlson, E. S., Zaneveld, J., Mozer, M. C., Collman, R. G., . 
. . Kelley, S. T. (2011). Bayesian community-wide culture-independent microbial 
source tracking. Nat Methods, 8(9), 761-763. doi:10.1038/nmeth.1650 

Koch, R. (1876). Investigations into bacteria: V. The etiology of anthrax, based on the 
ontogenesis of Bacillus anthracis. Cohns Beitrage zur Biologie der Pflanzen, 
2(2), 277-310.  

Koch, R., & Carter, K. C. (1987). Essays of Robert Koch. New York: Greenwood Press. 
Koljalg, U., Larsson, K. H., Abarenkov, K., Nilsson, R. H., Alexander, I. J., Eberhardt, U., 

. . . Ursing, B. M. (2005). UNITE: a database providing web-based methods for 
the molecular identification of ectomycorrhizal fungi. New Phytol, 166(3), 1063-
1068. doi:10.1111/j.1469-8137.2005.01376.x 

Kovanen, P. E., & Leonard, W. J. (2004). Cytokines and immunodeficiency diseases: 
critical roles of the gamma(c)-dependent cytokines interleukins 2, 4, 7, 9, 15, and 
21, and their signaling pathways. Immunol Rev, 202, 67-83. doi:10.1111/j.0105-
2896.2004.00203.x 

Kryazhimskiy, S., Rice, D. P., Jerison, E. R., & Desai, M. M. (2014). Global epistasis 
makes adaptation predictable despite sequence-level stochasticity. Science, 
344(6191), 1519-1522. doi:10.1126/science.1250939 

Landsteiner K, P. E. (1909). Uebertragung der Poliomyelitis acuta auf Affen. Z 
Immunitätsforsch., 2, 377-390.  

Lauder, A. P., Roche, A. M., Sherrill-Mix, S., Bailey, A., Laughlin, A. L., Bittinger, K., . . . 
Bushman, F. D. (2016). Comparison of placenta samples with contamination 
controls does not provide evidence for a distinct placenta microbiota. 
Microbiome, 4(1), 29. doi:10.1186/s40168-016-0172-3 

Le Chatelier, E., Nielsen, T., Qin, J., Prifti, E., Hildebrand, F., Falony, G., . . . Pedersen, 
O. (2013). Richness of human gut microbiome correlates with metabolic markers. 
Nature, 500(7464), 541-546. doi:10.1038/nature12506 

Leichty, A. R., & Brisson, D. (2014). Selective whole genome amplification for 
resequencing target microbial species from complex natural samples. Genetics, 
198(2), 473-481. doi:10.1534/genetics.114.165498 

Leidy, J. (1861). A flora and fauna within living animals (Vol. 44): Smithsonian institution. 



 

160 

 

Lewis, J. D., Chen, E. Z., Baldassano, R. N., Otley, A. R., Griffiths, A. M., Lee, D., . . . 
Bushman, F. D. (2015). Inflammation, Antibiotics, and Diet as Environmental 
Stressors of the Gut Microbiome in Pediatric Crohn&apos;s Disease. Cell Host 
&amp; Microbe, 18(4), 489-500. doi:10.1016/j.chom.2015.09.008 

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics, 25(14), 1754-1760. 
doi:10.1093/bioinformatics/btp324 

Li, H., & Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics, 26(5), 589-595. doi:10.1093/bioinformatics/btp698 

Lodolce, J. P., Boone, D. L., Chai, S., Swain, R. E., Dassopoulos, T., Trettin, S., & Ma, 
A. (1998). IL-15 receptor maintains lymphoid homeostasis by supporting 
lymphocyte homing and proliferation. Immunity, 9(5), 669-676.  

Loeffier, F., & Frosch, P. (1897). Summarischer Bericht Ober die Ergebnisse der 
Untersuchungen der Kommission zur Erforschung der Maul-und Klauenseuche 
bei dem Institut for Infektionskrankheiten in Berlin. Zbl Bakt, 1, 257-259.  

Loman, N. J., Quick, J., & Simpson, J. T. (2015). A complete bacterial genome 
assembled de novo using only nanopore sequencing data. Nat Methods, 12(8), 
733-735. doi:10.1038/nmeth.3444 

Loose, M., Malla, S., & Stout, M. (2016). Real-time selective sequencing using nanopore 
technology. Nat Methods, 13(9), 751-754. doi:10.1038/nmeth.3930 

Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J., & Knight, R. (2011). UniFrac: 
an effective distance metric for microbial community comparison. ISME J, 5(2), 
169-172. doi:10.1038/ismej.2010.133 

Luikart, G., England, P. R., Tallmon, D., Jordan, S., & Taberlet, P. (2003). The power 
and promise of population genomics: from genotyping to genome typing. Nature 
Reviews Genetics, 4(12), 981-994. doi:10.1038/nrg1226 

Makino, S., Chang, M. F., Shieh, C. K., Kamahora, T., Vannier, D. M., Govindarajan, S., 
& Lai, M. M. (1987). Molecular cloning and sequencing of a human hepatitis delta 
(delta) virus RNA. Nature, 329(6137), 343-346. doi:10.1038/329343a0 

Mardis, E. R. (2008). Next-Generation DNA Sequencing Methods. dx.doi.org, 9(1), 387-
402. doi:10.1146/annurev.genom.9.081307.164359 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet journal, 17(1), pp. 10-12. doi:10.14806/ej.17.1.200 

Martínez, F., Lafforgue, G., Morelli, M. J., González-Candelas, F., Chua, N.-H., Daròs, 
J.-A., & Elena, S. F. (2012). Ultradeep sequencing analysis of population 
dynamics of virus escape mutants in RNAi-mediated resistant plants. Molecular 
Biology and Evolution, 29(11), 3297-3307. doi:10.1093/molbev/mss135 

Meisel, J. S., Hannigan, G. D., Tyldsley, A. S., SanMiguel, A. J., Hodkinson, B. P., 
Zheng, Q., & Grice, E. A. (2016). Skin Microbiome Surveys Are Strongly 
Influenced by Experimental Design. J Invest Dermatol, 136(5), 947-956. 
doi:10.1016/j.jid.2016.01.016 

Michael Love, W. H., Simon Anders. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol, 15(550). 
doi:10.1186/s13059-014-0550-8 

Minot, S., Bryson, A., Chehoud, C., Wu, G. D., Lewis, J. D., & Bushman, F. D. (2013). 
Rapid evolution of the human gut virome. Proc Natl Acad Sci U S A, 110(30), 
12450-12455. doi:10.1073/pnas.1300833110 



 

161 

 

Mitchell, R. S., Beitzel, B. F., Schroder, A. R., Shinn, P., Chen, H., Berry, C. C., . . . 
Bushman, F. D. (2004). Retroviral DNA integration: ASLV, HIV, and MLV show 
distinct target site preferences. PLoS biology, 2(8), E234.  

Mollerup, S., Friis-Nielsen, J., Vinner, L., Hansen, T. A., Richter, S. R., Fridholm, H., . . . 
Hansen, A. J. (2016). Propionibacterium acnes: Disease-Causing Agent or 
Common Contaminant? Detection in Diverse Patient Samples by Next-
Generation Sequencing. J Clin Microbiol, 54(4), 980-987. 
doi:10.1128/JCM.02723-15 

Naccache, S. N., Federman, S., Veeeraraghavan, N., Zaharia, M., Lee, D., Samayoa, 
E., . . . Chiu, C. Y. (2014). A cloud-compatible bioinformatics pipeline for 
ultrarapid pathogen identification from next-generation sequencing of clinical 
samples. Genome Research, 24(7), 1180-1192. doi:10.1101/gr.171934.113 

Nelson, M. I., Edelman, L., Spiro, D. J., Boyne, A. R., Bera, J., Halpin, R., . . . Holmes, E. 
C. (2008). Molecular Epidemiology of A/H3N2 and A/H1N1 Influenza Virus during 
a Single Epidemic Season in the United States. Plos Pathogens, 4(8), e1000133. 
doi:10.1371/journal.ppat.1000133 

Nishiwaki, T., Yoneyama, H., Eishi, Y., Matsuo, N., Tatsumi, K., Kimura, H., . . . 
Matsushima, K. (2004). Indigenous pulmonary Propionibacterium acnes primes 
the host in the development of sarcoid-like pulmonary granulomatosis in mice. 
Am J Pathol, 165(2), 631-639. doi:10.1016/S0002-9440(10)63327-5 

Niskanen, S., & Östergård, P. R. J. (2003). Cliquer User&apos;s Guide, Version 1.0. 
users.aalto.fi.  Retrieved from http://users.aalto.fi/~pat/cliquer.html 

Noguchi, M., Yi, H., Rosenblatt, H. M., Filipovich, A. H., Adelstein, S., Modi, W. S., . . . 
Leonard, W. J. (1993). Interleukin-2 receptor gamma chain mutation results in X-
linked severe combined immunodeficiency in humans. Cell, 73(1), 147-157.  

Nunes, M. R. T., Faria, N. R., Vasconcelos, H. B., Medeiros, D. B. d. A., Silva de Lima, 
C. P., Carvalho, V. L., . . . Vasconcelos, P. F. d. C. (2012). Phylogeography of 
dengue virus serotype 4, Brazil, 2010-2011. Emerging Infectious Diseases, 
18(11), 1858-1864. doi:10.3201/eid1811.120217 

Nureki, S., Miyazaki, E., Matsuno, O., Takenaka, R., Ando, M., Kumamoto, T., . . . Ezaki, 
T. (2007). Corynebacterium ulcerans infection of the lung mimicking the histology 
of Churg-Strauss syndrome. Chest, 131(4), 1237-1239. doi:10.1378/chest.06-
2346 

O'Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D., McVeigh, R., . . . 
Pruitt, K. D. (2016). Reference sequence (RefSeq) database at NCBI: current 
status, taxonomic expansion, and functional annotation. Nucleic Acids Res, 
44(D1), D733-745. doi:10.1093/nar/gkv1189 

Olm, M. R., Brown, C. T., Brooks, B., & Banfield, J. F. (2017). dRep: a tool for fast and 
accurate genomic comparisons that enables improved genome recovery from 
metagenomes through de-replication. ISME J. doi:10.1038/ismej.2017.126 

Oyola, S. O., Ariani, C. V., Hamilton, W., Kekre, M., Amenga-Etego, L., Ghansah, A., . . . 
Kwiatkowski, D. P. (2016). Whole genome sequencing of Plasmodium falciparum 
from dried blood spots using selective whole genome amplification. bioRxiv, 
067546. doi:10.1101/067546 

Pammi, M., Cope, J., Tarr, P. I., Warner, B. B., Morrow, A. L., Mai, V., . . . Neu, J. 
(2017). Intestinal dysbiosis in preterm infants preceding necrotizing enterocolitis: 
a systematic review and meta-analysis. Microbiome, 5(1), 31. 
doi:10.1186/s40168-017-0248-8 

http://users.aalto.fi/~pat/cliquer.html


 

162 

 

Pannaraj, P. S., Li, F., Cerini, C., Bender, J. M., Yang, S., Rollie, A., . . . Aldrovandi, G. 
M. (2017). Association Between Breast Milk Bacterial Communities and 
Establishment and Development of the Infant Gut Microbiome. JAMA Pediatr, 
171(7), 647-654. doi:10.1001/jamapediatrics.2017.0378 

Peternel, R., Culig, J., & Hrga, I. (2004). Atmospheric concentrations of Cladosporium 
spp. and Alternaria spp. spores in Zagreb (Croatia) and effects of some 
meteorological factors. Ann Agric Environ Med, 11(2), 303-307.  

Ponstingl, H., & Ning, Z. (2010). SMALT [Utility]. Retrieved from 
http://www.sanger.ac.uk/science/tools/smalt-0 

Puck, J. M., Deschênes, S. M., Porter, J. C., Dutra, A. S., Brown, C. J., Willard, H. F., & 
Henthorn, P. S. (1993). The interleukin-2 receptor gamma chain maps to Xq13.1 
and is mutated in X-linked severe combined immunodeficiency, SCIDX1. Hum 
Mol Genet, 2(8), 1099-1104.  

Puel, A., Ziegler, S. F., Buckley, R. H., & Leonard, W. J. (1998). Defective IL7R 
expression in T(-)B(+)NK(+) severe combined immunodeficiency. Nat Genet, 
20(4), 394-397. doi:10.1038/3877 

Quick, J., Grubaugh, N. D., Pullan, S. T., Claro, I. M., Smith, A. D., Gangavarapu, K., . . . 
Loman, N. J. (2017). Multiplex PCR method for MinION and Illumina sequencing 
of Zika and other virus genomes directly from clinical samples. Nat Protoc, 12(6), 
1261-1276. doi:10.1038/nprot.2017.066 

Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., & Segata, N. (2017). Shotgun 
metagenomics, from sampling to analysis. Nat Biotechnol, 35(9), 833-844. 
doi:10.1038/nbt.3935 

R Core Team. (2017). R: A Language and Environment for Statistical Computing. 
Retrieved from https://www.r-project.org/ 

Relman, D. A., Schmidt, T. M., MacDermott, R. P., & Falkow, S. (1992). Identification of 
the uncultured bacillus of Whipple&apos;s disease. The New England journal of 
medicine, 327(5), 293-301. doi:10.1056/NEJM199207303270501 

Renz, H., Brandtzaeg, P., & Hornef, M. (2011). The impact of perinatal immune 
development on mucosal homeostasis and chronic inflammation. Nat Rev 
Immunol, 12(1), 9-23. doi:10.1038/nri3112 

Richter, E., Greinert, U., Kirsten, D., Rusch-Gerdes, S., Schluter, C., Duchrow, M., . . . 
Gerdes, J. (1996). Assessment of mycobacterial DNA in cells and tissues of 
mycobacterial and sarcoid lesions. Am J Respir Crit Care Med, 153(1), 375-380. 
doi:10.1164/ajrccm.153.1.8542146 

Richter, E., Kataria, Y. P., Zissel, G., Homolka, J., Schlaak, M., & Muller-Quernheim, J. 
(1999). Analysis of the Kveim-Siltzbach test reagent for bacterial DNA. Am J 
Respir Crit Care Med, 159(6), 1981-1984.  

Rieder, R., Wisniewski, P. J., Alderman, B. L., & Campbell, S. C. (2017). Microbes and 
mental health: A review. Brain, behavior, and immunity, 66, 9-17. 
doi:10.1016/j.bbi.2017.01.016 

Rizk, G., Lavenier, D., & Chikhi, R. (2013). DSK: k-mer counting with very low memory 
usage. Bioinformatics (Oxford, England), 29(5), btt020-653. 
doi:10.1093/bioinformatics/btt020 

Robins, H., Desmarais, C., Matthis, J., Livingston, R., Andriesen, J., Reijonen, H., . . . 
Cerosaletti, K. (2012). Ultra-sensitive detection of rare T cell clones. J Immunol 
Methods, 375(1-2), 14-19. doi:10.1016/j.jim.2011.09.001 

http://www.sanger.ac.uk/science/tools/smalt-0
https://www.r-project.org/


 

163 

 

Robins, H. S., Campregher, P. V., Srivastava, S. K., Wacher, A., Turtle, C. J., Kahsai, 
O., . . . Carlson, C. S. (2009). Comprehensive assessment of T-cell receptor 
beta-chain diversity in alphabeta T cells. Blood, 114(19), 4099-4107. doi:blood-
2009-04-217604 [pii] 

10.1182/blood-2009-04-217604 
Robins, H. S., Srivastava, S. K., Campregher, P. V., Turtle, C. J., Andriesen, J., Riddell, 

S. R., . . . Warren, E. H. (2010). Overlap and effective size of the human CD8+ T 
cell receptor repertoire. Sci Transl Med, 2(47), 47ra64. doi:2/47/47ra64 [pii] 

10.1126/scitranslmed.3001442 
Robinson, L. A., Smith, P., Sengupta, D. J., Prentice, J. L., & Sandin, R. L. (2013). 

Molecular analysis of sarcoidosis lymph nodes for microorganisms: a case-
control study with clinical correlates. BMJ Open, 3(12), e004065. 
doi:10.1136/bmjopen-2013-004065 

Rousseau, C., Poilane, I., De Pontual, L., Maherault, A.-C., Le Monnier, A., & Collignon, 
A. (2012). Clostridium difficile Carriage in Healthy Infants in the Community: A 
Potential Reservoir for Pathogenic Strains. Clinical Infectious Diseases, 55(9), 
1209-1215. doi:10.1093/cid/cis637 

Ruben J Colman, D. T. R. (2014). Fecal Microbiota Transplantation as Therapy for 
Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. Journal 
of Crohn&apos;s &amp; colitis, 8(12), 1569. doi:10.1016/j.crohns.2014.08.006 

Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt, M. F., . . . 
Walker, A. W. (2014). Reagent and laboratory contamination can critically impact 
sequence-based microbiome analyses. BMC Biol, 12, 87. doi:10.1186/s12915-
014-0087-z 

SanMiguel, A. J., Meisel, J. S., Horwinski, J., Zheng, Q., & Grice, E. A. (2017). Topical 
Antimicrobial Treatments Can Elicit Shifts to Resident Skin Bacterial 
Communities and Reduce Colonization by Staphylococcus aureus Competitors. 
Antimicrob Agents Chemother, 61(9). doi:10.1128/AAC.00774-17 

Schmeisser, C., Steele, H., & Streit, W. R. (2007). Metagenomics, biotechnology with 
non-culturable microbes. Applied Microbiology and Biotechnology, 75(5), 955-
962. doi:10.1007/s00253-007-0945-5 

Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., Levesque, C. A., . . 
. Fungal Barcoding Consortium Author, L. (2012). Nuclear ribosomal internal 
transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. 
Proc Natl Acad Sci U S A, 109(16), 6241-6246. doi:10.1073/pnas.1117018109 

Scholz, M., Ward, D. V., Pasolli, E., Tolio, T., Zolfo, M., Asnicar, F., . . . Segata, N. 
(2016). Strain-level microbial epidemiology and population genomics from 
shotgun metagenomics. Nature methods, 13(5), 435-438. 
doi:10.1038/nmeth.3802 

Schroder, A. R. W., Shinn, P., Chen, H. M., Berry, C., Ecker, J. R., & Bushman, F. 
(2002). HIV-1 integration in the human genome favors active genes and local 
hotspots. Cell, 110(4), 521-529.  

Segata, N., Boernigen, D., Tickle, T. L., Morgan, X. C., Garrett, W. S., & Huttenhower, C. 
(2013). Computational meta'omics for microbial community studies. Mol Syst 
Biol, 9, 666. doi:10.1038/msb.2013.22 



 

164 

 

Sellards, A. W., & Hindle, E. (1928). The Preservation of Yellow Fever Virus. Br Med J, 
1(3512), 713-714.  

Sherman, E., Nobles, C., Berry, C. C., Six, E., Wu, Y., Dryga, A., . . . Bushman, F. D. 
(2017). INSPIIRED: A Pipeline for Quantitative Analysis of Sites of New DNA 
Integration in Cellular Genomes. Mol Ther Methods Clin Dev, 4, 39-49. 
doi:10.1016/j.omtm.2016.11.002 

Shreiner, A. B., Kao, J. Y., & Young, V. B. (2015). The gut microbiome in health and in 
disease. Current opinion in gastroenterology, 31(1), 69-75. 
doi:10.1097/MOG.0000000000000139 

Siltzbach, L. E. (1961). The Kveim test in sarcoidosis. A study of 750 patients. JAMA, 
178, 476-482.  

Silva, C. L., & Ekizlerian, S. M. (1985). Granulomatous reactions induced by lipids 
extracted from Fonsecaea pedrosoi, Fonsecaea compactum, Cladosporium 
carrionii and Phialophora verrucosum. J Gen Microbiol, 131(1), 187-194. 
doi:10.1099/00221287-131-1-187 

Smit, A. H., R; Green, P. (2013-2015). RepeatMasker Open-4.0.  
Snow, J. (1856). The Mode of Propagation of Cholera. The Lancet, 67(1694). 

doi:10.1016/s0140-6736(02)67846-8 
Song, Z., Marzilli, L., Greenlee, B. M., Chen, E. S., Silver, R. F., Askin, F. B., . . . Moller, 

D. R. (2005). Mycobacterial catalase-peroxidase is a tissue antigen and target of 
the adaptive immune response in systemic sarcoidosis. J Exp Med, 201(5), 755-
767. doi:10.1084/jem.20040429 

Stack, J. C., Murcia, P. R., Grenfell, B. T., Wood, J. L. N., & Holmes, E. C. (2012). 
Inferring the inter-host transmission of influenza A virus using patterns of intra-
host genetic variation. Proceedings of the Royal Society of London B: Biological 
Sciences, 280(1750), rspb20122173-20122173. doi:10.1098/rspb.2012.2173 

Suchankova, M., Paulovicova, E., Paulovicova, L., Majer, I., Tedlova, E., Novosadova, 
H., . . . Bucova, M. (2015). Increased antifungal antibodies in bronchoalveolar 
lavage fluid and serum in pulmonary sarcoidosis. Scand J Immunol, 81(4), 259-
264. doi:10.1111/sji.12273 

Sundararaman, S. A., Plenderleith, L. J., Liu, W., Loy, D. E., Learn, G. H., Li, Y., . . . 
Hahn, B. H. (2016). Genomes of cryptic chimpanzee Plasmodium species reveal 
key evolutionary events leading to human malaria. Nature Communications, 7. 
doi:10.1038/ncomms11078 

Taylor, G. B., Paviour, S. D., Musaad, S., Jones, W. O., & Holland, D. J. (2003). A 
clinicopathological review of 34 cases of inflammatory breast disease showing an 
association between corynebacteria infection and granulomatous mastitis. 
Pathology, 35(2), 109-119.  

Teirstein, A. S. (1998). Kveim antigen: what does it tell us about causation of 
sarcoidosis? Semin Respir Infect, 13(3), 206-211.  

Tham, R., Katelaris, C. H., Vicendese, D., Dharmage, S. C., Lowe, A. J., Bowatte, G., . . 
. Erbas, B. (2017). The role of outdoor fungi on asthma hospital admissions in 
children and adolescents: A 5-year time stratified case-crossover analysis. 
Environ Res, 154, 42-49. doi:10.1016/j.envres.2016.12.016 

The Human Microbiome Project, C. (2012). Structure, function and diversity of the 
healthy human microbiome. 486, 207. doi:10.1038/nature11234 

https://www.nature.com/articles/nature11234 - supplementary-information 

https://www.nature.com/articles/nature11234#supplementary-information


 

165 

 

Thrasher, A. J., Gaspar, H. B., Baum, C., Modlich, U., Schambach, A., Candotti, F., . . . 
Fischer, A. (2006). Gene therapy: X-SCID transgene leukaemogenicity. Nature, 
443(7109), E5-6; discussion E6-7. doi:10.1038/nature05219 

Truong, D. T., Tett, A., Pasolli, E., Huttenhower, C., & Segata, N. (2017). Microbial 
strain-level population structure and genetic diversity from metagenomes. 
Genome Research, 27(4), 626-638. doi:10.1101/gr.216242.116 

Underhill, D. M., & Iliev, I. D. (2014). The mycobiota: interactions between commensal 
fungi and the host immune system. Nature Reviews Immunology, 14(6), 405-416. 
doi:10.1038/nri3684 

Walker, W. A. (2013). Initial intestinal colonization in the human infant and immune 
homeostasis. Ann Nutr Metab, 63 Suppl 2, 8-15. doi:10.1159/000354907 

Wang, G. P., Berry, C. C., Malani, N., Leboulch, P., Fischer, A., Hacein-Bey-Abina, S., . . 
. Bushman, F. D. (2010). Dynamics of gene-modified progenitor cells analyzed 
by tracking retroviral integration sites in a human SCID-X1 gene therapy trial. 
Blood, 115(22), 4356-4366. doi:10.1182/blood-2009-12-257352 

Wang, G. P., Ciuffi, A., Leipzig, J., Berry, C. C., & Bushman, F. D. (2007). HIV 
integration site selection: analysis by massively parallel pyrosequencing reveals 
association with epigenetic modifications. Genome Research, 17(8), 1186-1194.  

Wang, G. P., Garrigue, A., Ciuffi, A., Ronen, K., Leipzig, J., Berry, C., . . . Bushman, F. 
D. (2008). DNA bar coding and pyrosequencing to analyze adverse events in 
therapeutic gene transfer. Nucleic acids research, 36(9), e49.  

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., Dugar, B., . . . Hazen, S. 
L. (2011). Gut flora metabolism of phosphatidylcholine promotes cardiovascular 
disease. Nature, 472(7341), 57-63. doi:10.1038/nature09922 

Weinstein, J. A., Jiang, N., White, R. A., 3rd, Fisher, D. S., & Quake, S. R. (2009). High-
throughput sequencing of the zebrafish antibody repertoire. Science, 324(5928), 
807-810. doi:324/5928/807 [pii] 

10.1126/science.1170020 
Weisburg, W. G., Barns, S. M., Pelletier, D. A., & Lane, D. J. (1991). 16S ribosomal DNA 

amplification for phylogenetic study. J Bacteriol, 173(2), 697-703.  
Wilson, M. R., Naccache, S. N., Samayoa, E., Biagtan, M., Bashir, H., Yu, G., . . . Chiu, 

C. Y. (2014). Actionable Diagnosis of Neuroleptospirosis by Next-Generation 
Sequencing. proxy.library.upenn.edu, 370(25), 2408-2417. 
doi:10.1056/NEJMoa1401268 

Wood, D. E., & Salzberg, S. L. (2014). Kraken: ultrafast metagenomic sequence 
classification using exact alignments. Genome Biol, 15(3), R46. doi:10.1186/gb-
2014-15-3-r46 

Young, J. C., Chehoud, C., Bittinger, K., Bailey, A., Diamond, J. M., Cantu, E., . . . 
Collman, R. G. (2015). Viral metagenomics reveal blooms of anelloviruses in the 
respiratory tract of lung transplant recipients. Am J Transplant, 15(1), 200-209. 
doi:10.1111/ajt.13031 

 


