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ABSTRACT OF THE DISSERTATION

Viral metagenomics in host-associated systems

Dana Leigh Willner
Doctor of Philosophy in Biology

University of California, San Diego, 2010
San Diego State University, 2010

Professor Forest Rohwer, Chair

Viruses are the most abundant and diverse entities on earth. Exploration of
viral diversity has traditionally been limited by the lack of common marker genes,
however, the advent of viral metagenomics has made it possible to characterize global
viral communities. Viruses in host-associated systems, such as human and animal
tissues, are of special interest as they may be causative agents of disease.
Additionally, changes in the total viral consortium may be indicative of host health
status, with opportunists and pathogens replacing normal viral flora in the disease

state. This dissertation presents an introduction to viral metagenomics and explores

XVi



use in both human and animal associated systems. Methods in viral metagenomics,
including both molecular biology and bioinformatics are reviewed as well as viral
metagenomic studies to date. The metagenomic signature technique is explored as a
method to characterize metagenomes and to screen for contaminating host genomic
DNA sequences in viral metagenomes. Three experimental studies are presented to
demonstrate the utility of metagenomics in healthy and diseased individuals. A case
study of oropharyngeal viruses revealed the presence of phage-encoded virulence
genes in healthy individuals, and also provided the first ever characterization of
oropharyngeal viral communities. In the second study, viral communities from the
airways of individuals with and without cystic fibrosis (CF) were compared. There
was a striking difference in metabolic functions encoded by phage in CF versus Non-
CF individuals. Regardless of which taxa were present, CF-associated phage shared a
common core metabolism that reflected the disease state and aberrant airway
physiology. Viral communities in healthy and diseased fish were compared in the
third study. In contrast to the airway viromes, fish-associated viromes were found to
differ taxonomically but not in metabolic function in the disease state. Together these
studies demonstrate the power of viral metagenomics for discovery and for

deciphering how viral communities change in the face of disease.
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CHAPTER 1: INTRODUCTION

Viruses are the most diverse biological entities on earth. Culturing-based
approaches to study this diversity are not feasible, due to the scale of the problem and
the inability to culture viruses and/or their hosts. Culture-independent methods such as
16S rDNA analysis, which have been so successful for changing our view of microbial
diveristy, are not applicable to viruses because they do not share signature genes. Viral
metagenomics circumvents these limitations, allowing for the direct isolation and
sequencing of viral DNA and RNA from environmental samples. This chapter will
review metagenomic methods and how they have been used to survey viral

communities in most of the world's major biomes.

Viral metagenomics for discovery and ecological studies

Since the publication of the first two viral metagenomes in 2002, nearly 100
viromes have been sequenced and published (Table 1.1). This explosion in
metagenomic data has been enabled by improvements in isolation techniques, reduced
sequencing costs, and the development of bioinformatic tools. Metagenomic methods
can be applied to study viruses in any system, including marine, terrestrial, and
animal-associated environments. Viral metagenomics has been used for two main
applications: 1) viral discovery and 2) ecological studies.

Viral metagenomics has been used as a diagnostic tool to discover etiologic
agents in disease outbreaks and also to develop rapid screens for viral pathogens in

plants and animals. Many traditional diagnostic techniques such as PCR and ELISA



Table 1.1: Viral metagenomic studies, Continued. Studies were classified by type as well as by
sequencing and isolation methods.



Ecological studies
Name Goal Methods used Reference
Viral Sequencing
purification
Offshore marine Characterize the diversity of two Refined Sanger Breitbart et
viruses uncultured marine viral al., 2002
communities
Marine sediment Characterize a near-shore marine Refined Sanger Breitbart et
viruses sediment viral community and al., 2003
compare to marine communities
Adult fecal DNA Characterize the composition Refined Sanger Breitbart et
and population structure of a al., 2003
viral community from human
feces
Horse fecal viruses Characterize the composition Intermediate  Sanger Cann et al.,
and diversity of viruses in the 2005
equine gut
Four marine Characterize viral distribution Refined 454 GS20 Angly et al.,
viromes and diversity in four oceanic pyrosequencing 2006
regions
Coastal RNA Characterize the diversity of Intermediate Sanger Culley et al.,
viruses marine RNA viruses from off the 2006
coast of Vancouver, BC
Adult fecal RNA Characterize RNA viruses Intermediate  Sanger Zhang et al.,
viruses isolated from human feces 2006
Chesapeake Bay Characterize an estaurine viral Intermediate Sanger Bench et al.,
virioplankton community 2007
Soil viruses Characterize viral diversity in Refined Sanger Fierer et al.,
desert, prairie, and rainforest 2007
soils and compare to bacterial,
archaeal, and fungal diversity
Tampa Bay Identify the genes associated Refined 454 GS20 Breitbart et
lysogens with lysogeny in temperate pyrosequencing al., 2008
phage in an aquatic system
Infant fecal viruses  Characterize viral communities  Refined Sanger Breitbart et
in an infant gut al., 2008
Microbialite viruses Assess diversity of viruses in Refined 454 GS20 Desnues et
microbialites pyrosequencing al.,
Southern Line Evalute the effects of human Refined 454 GS20 Dinsdale et
Islands viruses disturbance on viral pyrosequencing al., 2008a
communities associated with
four coral reefs
Aquaculture pond Characterize changes in the viral Refined 454 GS20 Dinsdale et
viruses community in four aquaculture pyrosequencing al., 2008b

ponds



Table 1.1: Viral metagenomic studies, Continued.

Name Goal Methods used Reference
Viral Sequencing
purification

Solar saltern viruses Characterize changes in the viral Refined 454 GS20 Dinsdale et
communities over time and pyrosequencing al., 2008b
across a salinity gradient

Salton Sea viruses  Characterize viral communities  Refined 454 GS20 Dinsdale et
in the Salton Sea in California pyrosequencing al., 2008b

Skan Bay viruses Characterize viral communities  Refined 454 GS20 Dinsdale et
in Skan Bay in Alaska pyrosequencing al., 2008b

Mosquito-associated Characterize viral communities ~ Refined 454 GS20 Dinsdale et

viruses associated with mosquitoes in pyrosequencing al., 2008b
San Diego, CA

Human diarrhea Characterize viral communities  Intermediate Sanger Finkbeiner et

viruses in pediatric patients with al., 2008
diarrhea

Rice paddy viruses Characterize ssDNA viral Intermediate  Sanger Kim et al.,
diversity in soil 2008

Healthy and Assess differences between viral Refined Sanger Marhaver et

bleached coral communities associated with al., 2008

viruses healthy and diseased corals

Hot spring viruses  Characterize the diversity, Intermediate  Sanger Schoenfeld
composition, and adaptations of et al., 2008
two viral communities from hot
springs

Porites compressa  Determine the effects of Refined 454 GS20 Vega Thurber

viruses stressors on viral communities pyrosequencing et al., 2008
associated with coral

Hydrothermal vent  Determine the prevalence of Intermediate Sanger Williamson

viruses temperate viruses in et al., 2008
hydrothermal vents

Lake RNA viruses  Characterize RNA viral Intermediate  Sanger and 454 Djikeng et
communities in a freshwater lake GSFLX al., 2009

pyrosequencing

Reclaimed water Characterize the viral Refined 454 GSFLX Rosario et

viruses community in reclaimed water pyrosequencing al., 2009
and compare to potable water

Human respiratory =~ Compare respiratory viral Refined 454 GSFLX Willner et

tract viruses communities from individuals pyrosequencing al., 2009
with and without cystic fibrosis

Viral discovery
Nasopharyngeal Develop a method for viral Intermediate  Sanger Allander et
viruses screening in human al., 2005

nasopharyngeal aspirates



Table 1.1: Viral metagenomic studies, Continued.

Name Goal Methods used Reference
Viral Sequencing
purification
Human blood Develop a method for viral Refined Sanger Breitbart et
viruses identification in human blood al., 2005
Novel blood viruses Identify viruses associated with  Intermediate ~Sanger Jones et al.,
acute viral infection and HIV 2005
Novel human Viral screening of human Intermediate  Sanger Allander et
polyomavirus nasopharyngeal aspirates al., 2007
Honeybee colony Identify candidate pathogens in ~ Crude 454 GSFLX Cox-Foster
collapse disorder honeybee colony collapse pyrosequencing et al., 2007
disorder
Borna virus in Identify etiologic agents in Crude 454 GSFLX Honkavouri
psittacine birds parrots with proventricular pyrosequencing et al., 2008
dilation disease
Arenavirus in Identify the cause of death in Crude 454 GSFLX Palacios et
transplant patients  two patients following transplant pyrosequencing al., 2008
RNA viruses in Develop a method for rapid Intermediate Sanger Victoria et
animal tissue identification of RNA viral al., 2008
pathogens in animal tissue
Poultry intestinal Identify viruses associated with  Intermediate ~Sanger Zsak et al.,
viruses enteric disease in poultry 2008
Plant pathogenic Develop a diagnostic tool to Crude 454 GSFLX Adams et al.,
viruses detect viral pathogens in plants pyrosequencing 2009
Syrah grapevine Identify etiologic agents of Crude 454 GSFLX Al Rawanih
decline viruses decline in Syrah grapevines pyrosequencing et al., 2009
Hemorrhagic fever  Determine the etiologic agent of Crude 454 GSFLX Briese et al.,
virus a hemorrhagic fever outbreak pyrosequencing 2009
Klassevirus Identify etiologic agents Crude 454 GSFLX Greninger et
discovery associated with diarrhea in pyrosequencing al., 2009
children
Fecal and Demonstrate the utility of a Crude 454 GSFLX Nakamura et
nasopharyngeal high-throughput sequencing pyrosequencing al., 2009
viruses approach to detect human
pathogens
Sea lion viruses Determine the etiologic agent of Refined Sanger Ng et al.,
a mortality event in captive 2009
California sea lions
Sea turtle viruses Identify viruses associated with  Refined Sanger Ng et al.,
fibropapillomas in sea turtles 2009
AFP stool viruses Identify etiologic agents in stool Intermediate 454 GSFLX Victoria et
samples from children with pyrosequencing al., 2009

acute flaccid paralysis



rely on a priori knowledge to identify pathogens. In many cases, especially disease
outbreaks and sudden mortality events, the etiologic agent is novel. Metagenomics
provides rapid screening for both known and novel pathogens, since nucleic acids are
isolated directly from the environment. Adams et al.(2009) identified a novel
bromovirus in an infected plant using a methodology to rapidly screen for plant
pathogens using metagenomics and high-throughput sequencing (1). Similarly, RNA
viruses causing decline disease in Syrah grapevines were discovered by metagenomic
analysis (2). Allander et al. (2001) identified two novel bovine parvoviruses in
commercially available bovine serum while developing the DNAse-SISPA method for
viral discovery (3). Viral metagenomics has also identified etiologic agents of disease
outbreaks in animals including poultry and apicultured bees (discussed below), and a
rapid assay has recently been developed to detect RNA viruses in animal tissue (4-6).

Analysis of viral, and especially phage, communities using metagenomics has
provided insight into microbial ecology and environmental dynamics of host-
associated and agricultural systems. Virus-encoded functional genes are indicative of
the most important metabolic processes in a given ecosystem, and viral metabolic
profiles are distinct in different environments (7). In marine environments, phage and
algal viruses carry photosynthetic genes which enable their hosts to carry out
photosynthesis even in intense sunlight, which is normally photo-inhibitive (8-11).
Many phage also encode genes for antibiotic and host immune resistance, and
virulence factors such as toxins which enhance the pathogenicity of their microbial
hosts (12). Though not discussed in detail in this chapter, phage also influence

biogeochemical cycles, control microbial populations, maintain microbial diversity



through predation, and have been shown to exert top-down controls in marine,
hyperthermal, and soil environments (13-17).

Viral taxonomy can also provide an environmental readout, as abundant
viruses may represent thriving host communities, and viral diversity is correlated with
environmental complexity. Metagenomic analysis of viral communities in Korean rice
paddy soil revealed a high diversity of eukaryotic viruses, many of which seemed to
be novel pathogens of indigenous plants and animals (18). Fierer et al. (2007) found
similar results in prairie, desert, and rainforest soils (19). Soil is an extremely complex
environment, containing many niches and microhabitats, and thus would be expected

to support the high level of viral diversity observed in these studies (20).

Laboratory methods for viral metagenomics

Viral isolation and purification techniques in metagenomics range from crude
to very refined. Crude protocols involve initial processing of samples via
homogenization, shaking, or centrifugation of environmental or clinical samples with
no further viral purification steps prior to nucleic acid extraction. Metagenomes
generated from crude isolations often contain a large proportion of non-viral
sequences, as no attempts have been made to remove eukaryotic and microbial cells.
Refined protocols use filtration followed by density gradient centrifugation to
specifically isolate and purify virions. Cesium chloride step gradients have been
commonly used to separate viral particles from free DNA and cellular material based
on buoyant density (21). While refined methods enrich and select for viruses, at each

step virions can be lost to processing, which may decrease the overall viral diversity



detected (21). Many viral metagenomes have been created using an intermediate
approach, i.e. using filtration to remove larger non-viral particles, but with no
subsequent density centrifugation step.

Following viral nucleic acid isolation, metagenomic protocols often include
additional steps to remove host genomic DNA or amplify nucleic acids. Samples
derived from plants or animals can be contaminated with DNA from host organisms
and microbial flora, as well as microbial DNA from reagents (3). DNAse treatment is
commonly used to degrade unwanted free DNA prior to sequencing, as viral nucleic
acids are protected from degradation by their proteinaceous capsids (3; 21). While
DNAse treatment does reduce the amount of contaminating DNA in viral samples, it
does not completely remove it, and the use of bioinformatic filters may be necessary
after sequencing (3).

The amount of total nucleic acids isolated from viral particles is often too low
for sequencing, depending on the sequencing technology. Multiple displacement
amplification with Phi29 polymerase can be used to amplify total viral DNA or cDNA,
and generate adequate template for sequencing (21-23). Viral RNA can be amplified
using whole transcriptome amplification methods, such as the TransPlex system (21;
24). Very small amounts of starting viral nucleic acid material may need to be cloned

(e.g., LASLs; see below).

Metagenomic sequencing

Metagenomic sequencing technologies differ in library preparation methods

and the length of reads produced. Sanger sequencing methods produce the longest



reads (>600 base pairs), but require cloning. The earliest DNA viral metagenomes
were linker-amplified shotgun libraries (LASLs), created by ligating dsDNA linkers to
genomic DNA fragments and cloning them into a vector plasmid for subsequent
Sanger sequencing (25-27). LASLs were initially limited to dsDNA viruses, however,
the advent of strand-displacement amplification using Phi29 polymerases extended the
technology to ssDNA viruses (18; 28). Allander et al. (2005) sequenced the first RNA
viral metagenome by using random RT-PCR primers linked to adaptor sequences for
cDNA synthesis (29). Similar to the LASL method, adaptor-ligated cDNAs could then
be cloned and Sanger sequenced.

The development of high-throughput pyrosequencing by 454 Life Sciences
revolutionized viral metagenomics, allowing for the rapid acquisition of large amount
of sequence data with no cloning (30). The sequencing by synthesis methodology of
454 pyrosequencing is explained in detail in (30). The first pyrosequenced viral
metagenomes were published by Angly et al. in 2006, which were sequenced using
454 GS20 technology, producing over 1.5 million metagenomic reads with an average
length of 102 base pairs (31). In 2007, 454 Life Sciences released the GSFLX system,
which extended read length to an average of 250 base pairs. Subsequent improvements
in sequencing chemistry have extended read length to over 400 base pairs, which is
nearly comparable to read lengths produced by Sanger sequencing. Other high-
throughput sequencing methodologies are currently available, including reversible
chain termination sequencing (e.g. Illumina) and sequencing by ligation (ABI SOLiD)
(32). These methods produce shorter sequences (<100 base pairs) which are maybe

less appropriate for metagenomic projects. However, Illumina's new generation will



10

produce >200 base pair reads.

Bioinformatics for viral metagenomics

Bioinformatic analyses of viral metagenomes strive to answer three questions:
how many viruses are there (diversity), what are they (taxonomy), and what are they
doing (function)? Analyses often extend to compare diversity, taxonomy, and function
between viromes, e.g. diseased versus healthy. Additionally, bioinformatic screens can
be used to identify and filter out host and other non-viral sequences from
metagenomes. Bioinformatic methods for viral metagenomics can be generally
classified as similarity-dependent or similarity-independent. Similarity-dependent
methods rely on comparisons with known sequences maintained in annotated
databases to assign taxonomy and function to metagenomic sequences. Viral
metagenomes typically contain a large number of sequences with no similarity to
known sequences. For example, in microbialite viromes, unknown sequences
accounted for 99% of metagenomic libraries (33). Similarity-based analyses exclude
these sequences, and may disregard a significant fraction of the available data.
Similarity-independent methods are free of this limitation, and are able to utilize all
metagenomic sequences whether they are known or unknown. Here, we review both
similarity-dependent and similarity-independent bioinformatic methods for the
analysis of viral metagenomes.

Metagenomic sequences are typically assigned to taxonomic classes by
BLAST-based comparisons to known sequences. Many target databases are available

ranging from the very general, such as the non-redundant database at NCBI, to
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specific boutique databases containing subsets of viral or other sequences. Users can
conduct BLAST from the command line interface or use annotation services such as

MG-RAST (http://metagenomics.nmpdr.org/) or IMG (http://img.jgi.doe.gov/), and

can select from a variety of BLAST algorithms (34; 35). BLASTn compares
nucleotide sequences to a nucleotide database, while tBLASTx compares translated
sequences to a translated nucleotide database in all six reading frames (34). tBLASTx
can identify similarities at the amino acid level, and is useful for viral discovery, as
novel viruses may by similar to known viruses at the protein but not the nucleotide
level. BLASTx can also be used to compare translated metagenomic sequences to
protein databases, such as the SEED (34; 36).

Several software packages are available to rapidly parse and visualize BLAST

results, and also to assist in taxonomic assignment. CARMA (http://www.cebitec.uni-

bielefeld.de/brf/carma/carma.html) classifies sequences taxonomically by searching

for conserved Pfam domains and protein domains, and works well for even short

sequence lengths (37). MEGAN (http://www-ab.informatik.uni-

tuebingen.de/software/megan) assigns metagenomic sequences to NCBI taxonomic

classes based on significant BLAST similarities, and assigns taxonomy at the lowest
(i.e. most specific) level possible using a least common ancestor algorithm (38). The

GAAS (http://www.sourceforge.net/GAAS) metagenomic tool also uses BLAST

similarities to assign taxonomy. GAAS provides a set of viral community relative
abundances based on all BLAST similarities for all sequences (39). GAAS also
normalizes for the length of the target genome in the database, which provides more

accurate estimates of community composition (39). BLAST analysis is biased towards


http://metagenomics.nmpdr.org/
http://www.sourceforge.net/GAAS
http://www-ab.informatik.uni-tuebingen.de/software/megan
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larger genomes since they will produce more sequence fragments of a given size per
genome than smaller genomes (39). Without normalization, viruses with larger
genomes may appear more abundant than they truly are, and viruses with small
genomes that are present in low abundances may be missed completely.

The phage proteomic tree (PPT) provides a framework to compare and
visualize phage populations in metagenomes. Phylogenetic distances between phage in
the PPT were determined by calculating distances between phage proteins using
BLASTDp (40). Initially, 105 phage genomes were incorporated into the tree, however,

there are now 510 genomes available (http://phage.sdsu.edu/phage) (40). BLAST

similarities to the phage genomes can be plotted against the PPT using the Bio-

Metamapper (http://scums.sdsu.edu/Mapper) to obtain phage community signatures

for a given environment. Using the phylogenetic relationships represented by the PPT,
phage communities in different metagenomes can be compared using UniFrac.
UniFrac provides statistical analyses to compare phylogenetic diversity between
environments (41; 42). The inputs to UniFrac are a phylogenetic tree and counts of the
relative abundances of each taxa in each environment, and outputs include distances
between environments, statistical tests to tell which environments are significantly
different, and environments clustered by phylogenetic similarity (41; 42).

Metabolic functions are assigned to viral metagenomic sequences using
BLAST similarities. Specialized databases containing functionally annotated
sequences are available such as the NCBI Cluster of Orthologous Groups (COGs),
TIGR funcat, and SEED (36; 43; 44). For viral metagenomes, BLAST analyses may

only assign functions to a small percentage of sequences, as many viral proteins are


http://scums.sdsu.edu/Mapper
http://phage.sdsu.edu/phage

13

unknown, and homologies may be distant between viral proteins and microbial
proteins in the database (45). There are other methods available for functional
annotation, including profile Hidden Markov Model approaches (see (46)) and gene
neighborhood analysis (see (47)). Once sequences are annotated, metabolic profiles
(i.e. the cohort of metabolic functions in a viral community) are compared using non-
parametric and multivariate statistical techniques. The non-parametric statistical
program XIPE compares the metabolic profiles of metagenomes in a pairwise manner,
using a bootstrap procedure (48). XIPE determines if metabolic profiles are different
overall at a particular confidence level, and then identifies which functional groups are
driving the observed difference (48). Metastats performs similar comparisons, but uses
a different statistical methodology which allows for comparison of multiple samples
within two groups (49). Multivariate methods such as canonical discriminant analysis
(CDA) and non-metric multidimensional scaling have also been used to compare large
sets of metagenomes and group them by functional similarities (45; 50; 51).

Viral diversity and community structure cannot usually be determined from
BLAST comparisons, since many metagenomic sequences have no significant
similarities to known organisms. Laboratory methods such as Pulsed Field Gel
Electrophoresis (PFGE) and Randomly Amplified Polymorphic DNA (RAPD-PCR)
assays have been used to quantify viral richness (52-55). These methods do not always
provide an accurate assessment of diversity, e.g. one band can represent multiple
genomes in PFGE (56). Additionally, they cannot be used for metagenomes which
have already been sequenced unless sufficient starting material was saved a priori.

Computational methods which do not rely on BLAST similarities (i.e. similarity-
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independent methods) have been developed to explore the diversity of viral
communities. PHAge Communities from Contig Spectrum (PHACCS) implements
mathematical models to determine viral community structure and calculate alpha
diversity measures from contig spectra (25; 57). When metagenomic sequences are
assembled, overlapping sequences are grouped together to form contigs, or contiguous
sequences. A contig is defined by the number of sequences that compose it, i.e. a 2-
contig was produced from two original sequences, a 10-contig from ten sequences. A
contig spectrum is a sequential listing of the number of contigs of each type generated
by assembly, e.g. the contig spectrum [5 2 1] corresponds to one 5-contig, two 2-
contigs, and one 3-contig. PHACCs can be easily run from a web interface

(http://biome.sdsu.edu/phaccs/) or from the command line. The program takes four

inputs: the calculated contig spectrum, the average fragment size in the metagenomic
library, the minimum overlap length, and the average genome size (39; 57). Contig

spectra can be generated using the free software Circonspect

(http://sourceforge.net/projects/circonspect/), and average genome size can be
estimated using GAAS (39). PHACC: tests several viral community structure models,
and outputs the best fit model, along with estimated species richness, evenness, and
the Shannon diversity index (57).

Methods to compare diversity between environments (beta-diversity) using
viral metagenomes range from very simple to very complex. Diversity comparisons
seek to determine which species are shared and which are unique to individual
environments. Finding the number of shared and unique sequences in metagenomes

can be used as a simple proxy for species diversity. Bi-directional BLAST analysis has
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been applied to metagenomes to find shared sequences as well as to protein sequences
in individual genomes to identify orthologs (33; 51; 58-60). Each metagenome is
formatted as a BLAST database and is compared pairwise to all other metagenomes
using either BLASTn or tBLASTX. Sequences from two metagenomes which are the
best BLAST hit for each other in both directions (i.e when metagenome 1 was used as
the database and metagenome 2 was used as the query and vice versa) were considered
to be shared between metagenomes. A higher percentage of shared sequences between
metagenomes indicate a higher degree of similarity, however, bi-directional BLAST
does not give any information on the actual number of species shared. Monte Carlo
methods have been used to provide more accurate assessments of beta-diversity (31;
33). In brief, metagenomic reads from different metagenomes are assembled with each
other to generate cross-contig spectra representing shared species between two viral
communities (31). Monte Carlo simulations based on the cross-contig spectra are then
used to determine the percentage of species shared, and how their abundances change
between the different communities (31). This methodology is described in detail in

(31).

Bioinformatic screens for host DNA contamination

Molecular methods such as DNAse treatment may not completely remove host
and other undesirable DNA from viral metagenomic samples. Contaminating
sequences can be rapidly identified and removed using bioinformatic methods.
Compositional analysis provides a rapid screen for eukaryotic DNA contamination in

viral metagenomes as discussed in (61) and Chapter 2 of this dissertation.
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Compositional analysis techniques examine patterns of oligonucleotide usage in DNA
sequence, and can be used to classify genomic and metagenomic sequences (62-67).
Eukaryotic genomes are depressed in CG dinucleotides (68). Dinucleotide odds ratios
compare the frequency of a dinucleotide in a sequence, given the frequency of the
individual nucleotides composing it (69). An odds ratio greater than one indicates that
the dinucleotide is more abundant than expected, while an odds ratio less than one
indicates that is it less abundant than expected (69). CG odds ratios which are
significantly less than one for a metagenome suggest the presence of eukaryotic DNA
and warrant further analysis, typically BLASTn comparisons, to find and remove
contaminating sequences (61). The computational time for calculation of dinucleotide
odds ratios is minimal, so pre-screening with compositional analysis saves time by
preventing unnecessary BLAST analyses which are more computationally intensive

(61).

Conclusions

Viral metagenomics provides a methodology to characterize viral ecology in
natural systems. Analysis of viral communities can provide information on the health
of an ecosystem as well as reveal novel pathogens and etiologic agents of disease.
Metagenomic methods can also be even further refined to select for functional subsets
in populations using methods such as DNA-SIP (70). Metagenomics gives an
overview of how a system is working, but follow-up studies are required to extract
more specific details about community structure and dynamics. Assembly of

metagenomic sequences into contigs could provide more information, however, to
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truly validate the presence of a novel virus and obtain a complete genome, more
specific methods such as PCR would be necessary. This approach has typically been
used in viral discovery studies such as those of Allander et al. (2005 and 2007), i.e.,
identification of candidate viruses through metagenomics, followed by PCR
confirmation and characterization (29; 71). Metagenomic data must also be carefully
screened for contaminating sequences, as discussed in the following chapter. Viral
metagenomics provides a starting point for the in-depth study of viral taxonomy,
function, and diversity. With careful selection of follow-up studies and verification of
results, the applications of viral metagenomics are only restricted by the limits of our

imaginations.
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Summary

Previous studies have shown that dinuclectide aun-
dances capture the majorty of varlatlon In genome
algnatures and are ussful Tor quantitying lateral gene
transfer and bullding molecular phylogenies. Metage-
nomes contaln @ mixture of Individual genomeas, and
might be expected to lack compositional slgnatures.
In many metagenomlc data sets the majorty of
sequences have no significant similarities to known
sequences and are effectively excluded from subse-
quent analyses. To clrcumyent this limitation, dl-, tri-
and tetranuclectide abundances of 86 microblal and
viral metagenomes conslsting of short pyrosagquenc-
Ing reads were analysed to provide & mathod which
Includes all sequences that can be usad In combina-
tion with other analysls to Increasse our knowledge
about microblal and viral communities. Both princlpal
component analysls and hlerarchical clustering
showed definitive groupings of metagenomes drawn
from similar emvironments, Together these analyses
showed that dinuclectide composition, as opposed
to tr- and tetranuclecides, defines a metagenomic
algnature which can explaln up 1o B0% of the varlance
betwesn blomes, which 1s comparable to that
obtalned by functional genomics. Metagenomes
with anomalous content were also ldentified using
dinucleotide abundances. Subsequent analyses
determined that these metagenomes were contami-
nated with exogenous DNA, suggesting that this
approach s 8 usetul metrlc Tor quallty comtrol. The
predictive strength of the dinuclectide composition
alao opens the possibliity of asslgning ecologlcal
clasalflcations to unknown fragments. Ervironmental
selection may be responsiile Tor this dinuclectide

Feosived 8 Deosmber 200E; acospled 31 January 2008, ° For oome-
sporcencs. E-mall wilnerS@@aloom; Tel. [(+1) 619 G54 1320 Fax
[+1] 519 G5 ST
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slgnature through direct selection of apacific compo-
sitlonal signals; howewver, slmulations suggest that
the environment may selact Indirectly by promating
the Increased sbundance of a few dominant taxa.

Introduction

ESevaral studes have demonsirated sequence-based sig-
rafures In 3 wide varsty of Individual genomes (Burge
etai, 1992 Kadln ar&l, 1887, 1988; Campball &f &,
1999, Gerllas and Kanin, 2001), and genomic algnaturea
have bean both visualzed and valldalsd by chaos game
representations (Deschavanne et &, 1999; Wang =f al,
2005). Applicallons of genomic signaturs analyels Include
defecllon of laleral gene trarsfer In bactena, molecular
prylogeny, and binning of Indvidual matagenomic rag-
ments either for temonomiz assignment, o to Infer poa-
glble host ranges for viruses [Teeling ef &i, 2004; Abe
et ai., 2005; Chapus ef al, 2005; Dufralgne arf &, 2005,
Fartl &t &, 2005; Woyke &t &, 2008). Metagenomic dala
gats conslat of OMA sequancs fragments from consorla
which contaln boih culturable and recalciirant microbss
and virus=a. Thess dala sets alten contaln & high percen-
age of fragments which show no signifizant eimilarity 1o
known sequences, which has ralssd concemes among
regearchers about the validity of descriptions based on
guch a small subsst of the data (Schioes and Handels-
man, 2003; Teeling of &1, 2004). Tesling and colsagues
uzed tatranudieotde frequenclas o asslgn tEaxonomic
clasalficalions to fosmid-slzed fragments. The telranu-
cleolide abundances had high daciminatory powsr In
metagenomes wilh low community diveralty [Tesling
gfai, 2004). Emwlronmental metagenomas, howswver,
vzually rave high phylogenstic diversity and smaller
gequencea (lees than 1 kb), many of which ars not das-
gifiable using dalabase searchea (Breltbart et &, 2002,
Angly af 81, 2006, Marlin-Cuadrado e ai, 2007; Wealsy
et ai., 2007; Desnuea of al, 2008, Dinsdale et ai, 20033) .
For example, In matagenomes dedvad from madnes soo-
gyatems, theas 'Unknown' esquencas compras up 1o B0%
ol the tolal sequence data, while In microblallies they
accourt kor more than 99% (Desnues &f &, 2008). Thare-
fore, similanty-bassd compansons and charactarzallons,
guch as besl BLasT hits, disregard an owerwhelming pro-
porllon of matagenomic ssquances, as fhey arsincapable
of dassiying urknowns,
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Analys=is of the occurence of ollgonudsciids frequen-
clea In sukanyotz, microblal (Bacters and Archess), and
wiral genomes has demonatrated that Individual genomas
possass ssquence-bassd algnaturss, which reflact the
specific patlerns of dinucleotids abundances (Burge
argl, 1882, Karlin and Ladunga, 1284, Karlin and Burgsa,
1225, Bllsdell <f &), 1996, Kadin and Mrazek, 1997,
Karin etal, 1998, Campball &fai, 1999 Gantles and
Karlin, 2001). This dnucleobice slgnature has more phy-
Ioganatic slgnal than ganomic GC corlent, since 1he per-
centags of G and © nuclaotdes can vary widsly across
ganomes (Teseling &t al, 2004). The overabundanca or
relative absance of particular dinuclectides has been
linked to DNA structural praferencas as well as context-
dapendant cugs, such as polental mutatkons and reguia-
tory reglons (Karlin ef ai., 19598). For example, vertsbrate
ganomes, and egpecially the human genome, show a
daprasslon of the frequancy of GG dnucleoiides. This
phanomenon has been hypoihesized o ba driven by the
propansty for CiE bo TA mutations that arlza Tollowing
methylation and subsequent deamiration (Burge st al,
1882; Karlin &t ai., 1888). Addilonally, dinuclectide signa-
tures hawve been shown bo be Influenced by amino ackd
praferences and codon blasss, which In turm may be
driven by the enviranmeant (Karlin et ai., 1998; Singar and
Hickey, 2003 Goodard efai, 2007, Faul &f g, 20083).
Muslscide frequandsa may also refsct anvironmeantal
condiions such as tamperatura, pH, metal concantrations
and cther propertiss of an organism's habltat (Karlin et at,
1998). Firally, obligats Inraceliulsr baclsral parasitas
and vlru=as that require endogenaus cellular machinery b
rapllzats have genomic signaturss that tend to mirmor
thoza of the host (Kadin &f &, 1888, Campball &t ai,
192g).

Dinadale and collaaguas (200BR) recently showed that
metagenomesa dedved Trom gmilar anvironments exhibit
gimilar metabollc profles, based an functonal annotations
of componant genss. Howevar, as with pravious matage-
nomes, thess comparlsons were based exdusively on
sequencas that contalned identifiable protain-encoding
ganas, excluding & lamgs proportion of e sequencas
from the analysls. Hers we pressrl an alternsative
approach for profling & neary dentical s=1 of matage-
nomes based on GC and d-, - and tetranuclactide
frequencles 10 detemming If relaled metagenomes show
gimilar cligomends composition. This was not expactad o
CoCUr bECausS matagencmes cortain @ midure of
gequencas denved from & vanely of Indiidual ganomes.
Since GG content has baan shown 1o be 8 poor disciml-
natary boal In binning of metaganomic sequencas, It was
uzed hiers as 8 companson to avaluale the affactivensss
of dinudeotides In characterizing melagenomes (Teeling
afal, 2004). Bodh princlpal component analysls (PCA)
and hlemnchical o uskeing showed definiive groupings of
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metagenomes darved fram similar environments baszad
golely on dinuclactide abundances. We hypoinesize that
ihes= groupings are diven by emvironmeral selection,
aliher for particular microblal and viral texa withdistinctive
druclecticde blases or by direct selecton lor DA

comgositon.

Results and discusaslon
Viral metagenomess have reduced GC comtant

EC content vanes widely betwasn Individual genomes, 8z
well as batwean metagenomes from difersm eminon-
mentz (Rocha and Danchin, 2002; Foarsner ef &, 2005;
Fagz stal, 2007 Previous studles have ussd GO
content to catsgorze boih genames and metagenomes
and 1o bin esquences 1or taxonomic assignmeant, daspis
avldance that It perarma pooly 85 a dassiication matic
[Riocha and Danchin, 2002; Tealing f &6, 2004; Fosrstner
etal., 2005; Raes atal, 2007). Hare, GC conterl was
used tocharactsrze melagenomes 1o provide & standard
for comparison with the perormance of ollgomerkc abun-
dances In classtying and describing both microblomes
and vIrnmes.

To A=e4ss trends IN GG content among 1he 88 metage-
NomeE, average matagenamic GG content and standard
dewvlaiors were calculated [Tables 51 and S52) and
descnpiive statistics were complled by Melagenome type
fl.e. mizroblomes of vromes; Flg 1) and by bloma
[Flg. 2. GC coment In boih the microblal and wiral data
asta follows an approximataly normal distdbution (Flg. 1)
Cwerall, the ¥Ilomas have a lower Bverage GG comant,
with 8 mean of 45.19% varsus 48.56%. Thia mimare 1he
4% average diferenca betwesn SC contert In phage and
ihelr bactedal hosts reported by Rocha and Canchin
(2002, Similarly, the average GC contert of all misro-
pal and vl genomes avalable from MCE (hitpor
Www.nod Nim.nIn.gov) are 48.70% and 44.32%, raspec-
flvsly, an approcimately 5% difersnce. Although Hens 1
no clear conzansus, It has b==n suggestsd thal he
Imcreassd AT content of wWrusses may bs dus Siher 1o
shortsr genome |sngine or to an Incrsased ensrgsatic
cosl azscclated with & and C nucleclides (Rocha and
Danchin, 2002).

A two-sample test 1o compare the mean GG parcent-
a@=a betwesn viral and microblal metaganomes revaalsd
that GC corment was signicardly difsrenl with a Pvalug
lege than 0.0007, and the 25% conlidencs Intereal 1or 1he
frus mean diMerencs |a (2.52, 6.87). The relativaly lowear
owverall GC content of the viromea suppors 1he ldea that
wirus=a, ard espedially phage, 1end to bs more AT-rich
ihan thelr hosle (FRocha and Danchin, 2002). A single
wirome from the Arctic was an cutller with 2 GG content of
€2.10%. Thia reault directly contradicts the prevalling
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Fig. 1. Frequerey hislogmmes of par cent GG conlent for merabi@l
ard viral melagenames with normal curve Hing B descriptive
sialistics. Extreme ohs=ralions are ndicated by amows

wizdom that genameas from cokler enyronmeants would
have Higher AT contsnt (Foarstner et ai, 2005 .

GC comant 15 not 8 strong preaiclor of blomes

GC contant Bmang srvironmentsblomes was alzo datar-
mined, GC contenl genarally vadsd acrosa the blomes
wiih no overall frenda. Desplts some apparent custera In
Flg. 2, GC content only explalined 34.8% and 15.9% af
vanalion In microblal end viral metagenomes, respec-
tvaly, scroas blomses (besed on adustad ¢ values Trom
regresalon aralysls). This conoboratas pravious work
winch demaonsirated hat GC contar hss [itle discimins-
tory power for binning of matagenomic fragments (Teelng
elal, 2004). Although GC comfent has been shown o
differ significantly batwesn soll and marne metags-
nomes, no overall trends wens cbeerved among the &5
melagancmes Inthis sudy which encompasssd & Rgsr
valely of envronments (Foerstner efgl, 2005, Aass
af g, 2007,

Denview af ainucisoiice relgiilve abunaances

Some microblal, viral end sukaryoic genomsea show
glgnillcant extremas In Indvidual genomic dinucieotds
Bbundancea (Burge efal, 1882 Karin sfai, 1987,
Campbell st &, 1888). To asseas the over- and under-

represent@Etion of druclsoides 0 Indivdual melags-
nomes, ralatve sbundance odds rafos, g, Wers
calculated [sss Experiments! procedwes|. Slandard
devialicra tor each mallve abundance odds ratlo were
glan calculated to assess ihe dagres of varlation In
dnuclectics USEge DEWEEN Matagenamic Saquances,
To compars relaive abundance vadallons In melage-
nomes win hoss In Individusl genomes, 10 random
gubssle of ganomic fragmsnts with an avarags lsngth of
100 bp wara created Tor two microblal genomes (Eschar
iche caif K-12 and Helobactarum salinarim [1). Foreach
ragmer =at, dinucleciide relative abundance ratlos
ware calculatsd and averaged and then compared wilh
Ihe calculaied dinucleotids usage proflle for the emlire
genome, uging the & matric, sxplained in Karlin and col-
|eaguea (1987) Bnd Experments! grocedures, The same
process was 880 conducted using random aets of 1000
gequencsa from B mediumsalinity Solar Saltsm micro-
biome ard 1he Christmaz Island marna microbloms.
The distencs betwesn average dinudseolids relative
abundance profles of genomic fragments and microblal
genomes was =maller than the distancs batwesn relative
abundances for metagenomes and thelr subaets, regard-
|eme of coverage (Table S3). Thiz Indicates that as
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dnuckeolide abuncanos exiremes as desoribad by Karln and odleaguss [1587). Vales culside ol the normal rangs, 078 < @ < 1.00, iIndcate

extrame dinuolextide abundances.

comparad with Individual genomes, metagenomes exhiblt
mare vanation In dnucleatide uzage, which 12 expacted,
ginca metagenomes are compriged of sequence frag-
merts Trom & varlaty of argariams.

The majolly of metagenomes did not show any
axtrames In dinudexiide relative abundanczas. All micro-
blomes showsd abundances of AGGT dinudseclides In
the mommal rangs (078 < g < 1.00) under-represant
AGICT, and ower-represant AATT, although not necessar-
lly In the slgrificart range (Flg. 3; Table S4). Microblal
metageancmes alzo tanded to under-repressnt TA, excapt
for two microblomes from marng  envionments. The
coral-assoclated  microblomes  delved  Trom Fories
compresss daplaysd an overabundance of ARTT and
Co/E6E dnucleolides, while the microblome  derved
from & second coral spacles, Pontes asieoidss, did not.
Thiz may e due to diferencas In sdialion technlqueas
as discuzssd balow.

Az wih the microblal metagenomes, the majordly of
wlnomes showed no exireme dinuclecids abundancas

@200 The Authars

{FIg. 3; Tabla 55). In general, AC/ET dinudeclides tandad
T be under-representsd and all wiromes showed TA
depreselon, alihough mast wers outalde the signilcant
rangs. Thies coral viromes, two manne viromas, one
fresrwabsr virome and the masquits ¥Iromes show eleva-
flon of AATT, which has been Shown ta be common In
gENCIMEs rom & wids varlaty of organisms (Burge of al,

1953,

Dinucisotide blases 55 8 oo for evaluating human
coramingtion In metagenames

Anomalles In dinuclectide rslative sbundancs odds ratioe
can ba used o quickly Identlly discrepandes In melags-
nomas such a2 hurman genomic DA contaminatian. The
Soudan Black microblome showed an elevation of CATG
dnucleotides and a8 savers dapression of GG dinucls-
olldes not cbservad In ary other microblome. Thie CG
depreaslon was Indicallve of confaminaling human DA
saquencas In ihe metagenome. BLASTH analysls was then
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corductsa on this metagenome and praviously unidant-
fled human ssquences wers found (data nat shown)
{Altachul ef &, 1930). Thiz human genomic contamina-
tion was mroduced during sequendrg, 3 185 PCR Ind-
cated no human genomic DMA In the original samples
(a3 not snown).

A3 Indicated by the dinucledtide blasss In Table S5 the
two animal viroms samples also showsd 3 deprassion of
CG nucleatides 0 (8. =0.208 and @ = 0.27). Thess
samples were viral paiclas collected fram human lung
spuium. A5 with the Scudan Biack microbloms thase viral
melagenomes have sbundances of CG nuclectdss In
ranges nomally exhibited by vertebrate, and especially
hurman DA (Gentles and Karlin, 20013, Human genamie
CMA conamiration was confimmed by BLASTM analysls
(Alichul of &1, 1980). While BLAST aralysls can require
days o complats, the calculation of dnucleotds relalve
abundancs odds ralics can be perfomed Inoa mattsr
of minuies. We ihersfors suggest thal this approach
can be used a3 & quallty control matric for human DNA
corfamiratlon.

Dinucleciide relative abundance dislances are langes
behwesn wislaied metagenames

To  simultanecusly compars sbundance  diferences
between matagenomas In all 16 dinucleatdes, the & sta-
tistc was calculstsd as praviously described (Kanin &t &l
1887, van Pass=al of ar, 2006). A matrlx of adustsd &
valuea for all palrwlse comparlsons of the 86 matage-
nomea was generated and 2cored using quartlss of the
obesrved dstibullon ol & walusa o define similarty
ranges (Fig. 4). The quarllles of the empirizal distibubicn
corneaponded dosely with the empiical cut-olt values
delined by Kanin and colleagues based on companzons
between refsrence genomes (Table 58], and thersfars
wars given simllar dasalfications (Karin af al, 1938).
When compared with all other matagenames using &,
trhe Scudan Black microblome appearsd very different

rom ary of he cther metaganomes, Indudng the olher
gubterrarnean sample (adjusted & greater than 135 In all
cassa; Flg. 4; upper amows), &3 cordimmed by BLASTH
aralysls. The Anctic viral melagenoms was diztant from
the clher viromes, yel [t bore weak similladly to rary
microblomes from a varlety of eny ionments (Fig. 4, lower
arrowe]. Frophage oflien develop genomic coment similar
10 that of thelr cactenal hosts (Blalsdell ef ai, 1886). Con-
slstent with tis cbservatlion, Angly and collaagues (2006)
ghowed that thia virome contalre alarge prophage slgral.

The sk F compressa coral microblomes were more
gimilar to each oiher than to &l cther melagenomes
[ <80 In &l cases), and wers difflerent from the £ as-
irecides metagenoms. These =k P compressas micro-
plomes where 18Kken from corals treaied with difsren
gtregeora In aguarla (Vega Thurber e ai, 2008). This
experimenl was perfommed In Hawsall. In conirasl, ihe
F gstrepides coral was Eken drsciy from a marine smwl-
rorment rear Panama (Wegley of 21, 2007). DIferences
In overall dinudecdide Trequendea may cornsapond 1o di-
ferencea In the microblal consorila asscclated with difer-
el coral speces andior difersnt coastdl  hablais.
Alternatively, diferencea In Isolation techniques may be
regponsiple for the dssimilarty between the coral
metagenomes, as the F aafreoides 3ampls was known 1o
contaln mitcchondrigl DA,

Thiee cIMBNsions Sxpialn the majonty of vanance
in metagenames

For both viromes and microblomes, FCA was conductad
1o reduce the dmenslonallty of the sat of dinudeotide
gbundance prediciors. Whils & was used as a summary
measure b SmulEnecusly compare al differsnces
E=twesn dnucleotide abundances, FCA comibined 1he
dbundance varables Nt mew varables which betler
explained drucleciide differencss betwesn melage-
romes. The alganvalusa for 1ha Trst three principal com-
pornerts dertvad from @, valuss (Tabls 1) far microblal

Table 1. Elgervaues and per cert ol vanance esplained Tor the st e principal componsnts defead rom oligonucksotide oompostian of

microbiomes ard viomes

Dinucksolides

PCA P2 PC3
idorabin!
Eljenvalue .77 1395 1.35
Fer cent vanance =phalned 7. % 19.5% 1207
Cumulsikie per cent vanance syplainsd 7. % 07 2% BOUET:
ira
ERjenvalue oS 214 1.61
Per cent vanance =sphalred 205 214% 1817
Cumulsiie per cent vanarce Sxpkairesd 205 5TO% 7407

Trinuglsolides Tetranuclectides

(=] PC2 3 PCA Fc2 PS3

Z3an 10024 Ta8 24.37 58949 205
IT3A% 16807 12.5% apEs 3% 1055
IT3A% 52.3% o5 % apEs 58 5% TOd4%
=47 .54 2487 a2,z 21.13 2rm
24.8% 14.5% 138% 24.3% 129% 10,85
24.8% 8.7 = e Y 24.3% o2 47.8%

S 200 The Authors
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and wiral metagenomes ware all grealer than one and
thus wars ratained (Quinn and Keough, 2002). For mico-
blomes, the first three prAnclpal components explained
80.8% of the vadance bebween melagenomes. For the
winomes, the fourth prindpal component alec had an
glgenvalus greater than one; however, this component
was excluded, sincs the first three components explaned
nearly 74% of the varlance. Thig |2 compareble 1o what
was oblalined by functioral genomic analysss using
two princlpal components  (-70%; Dinsdals st ai,
2008h).

Frinclpal component analysls was also conductad for
ti- and 1etranucleotide relative abundance odds ratios o
datemmine whether dilerences In sequenca composiion
of metaganomes could be better explained by higher-
order oQligonusieciides. Dinuclectides  explained  the
highest proportion ol varlancs between microblal and Wral
melagenomes (Table 1) as comparad with oiher allge-
nudsclides. Thess reaulls suppart the notian orginally
posiled by Karlin that dinudectides are sufldem o
caplure the maljorty of vadallons In sequence composl-
Hon (Kadin et al, 1987).

Frevious work by Sandberg and colleagues (2003
demorstraled Hatl longer oligonuclectides ars mors
ugsiul for classifization of genomic ragrmenls; howewer, It
I2 Imezrant 1o nole that Sandberg and colleagues utlllzed
raw allgonucieotds Trequandes, whils this analysls uaes
8 comeciad measuns, he relalive abundancs odds ratio
({Burge &fal, 1882; Karin &f &, 1887). This measure
confrols for underlying prevalences of lower-onder termma,
and allows for frue delerminalion of olligonuciactids
blassa (Burge af &, 1992; Karlin &t &, 1987). To llustrate
the owerastimation of dacimingtony powsr which ooours
when unadjusted measures ars used, PCA was corr
ducted using di-, ti- and tefranudsciide raw frequences
(Table 57). In all cases, the per cert of warlabllity
explained was Infigted when raw ITequences  wers
ussd. However, regardiess of whether aw o adusted
Mequency MeEsures ware usad, dinuclectides always
axplalned maons af the varabllity batwssn matagenomes
tan trl- and 1etranuclectidas. Thesa rasults difler frrom the
wok of Tesling and collsagues which shawad tha Ottty of
tetranudectides for binning of genomic fragments, and
aleo thatl of Fride and colleagues which demonsirabed
gfrong 1etranucleotics blases across microblal and prags
genomes (Pde et &, 2003 Tesling = &, 2004). While
both ol these studies did uss comecied abundance mea-
sUnEd bo cordrol for kower-ordar terms, 1hey considensd
miuch longer ssquencas (from 40 kb to entire genamas]
than tha metaganomic fragmants uged In thia study, which
averaged 100 bp In length (Pride ot &), 2003, Teelng
of &l., 2004). Thersfors, while Tor genomas and longsr
s=quence fragments, Higher-order ollgonucleotides may
provde mone discriminatory power, dinuclactides perfom

b=st for the degciplion of naturally occurmng melage-
romic signatures basad on shart sequenca fragments.

Metagenomic clushering based on olgonucisodide
refathve abundances

Threg-dimersional acattsr ploée of e Mgt hree princlipal
componsrls derved from dinuciectide relative abun-
dance odds ratos showed tal metagenomas denved
from almiar blomss o ustar fogather (Fg. 55 All four fish
micrcblomeas (lop |af, yallow drcles) clustarad tghily, a3
dd two metagenomes defved fom mice (top lef, red
circles encloead In black allipse). The Soudan Black sub-
terranean microblome fell dstincty outside ary distin-
qguishable cluster, reflecting It high level of composiional
dscordance with other metagenomss, &8s alo demon-
straled In frequency analysls using the & statistic. The
sampls ussd o generats this metagencms was taken
from the reduced mine ssdiments In Mimesota, an
extrema, anoxdc anvironmeant unike any cthers Included
In this sludy (Ecwarda ef 51, 2008) and It 13 highly lksly
ihat the compestion of the microblal commurity greaty
difers from those of the othar microblomes. Additionalty,
viromes fom - =milar marne smwironments  grouped
1ogethner (bottom 1ett, blue dcles), while the Arctic maring
vIral metagenome was very distiant from all oiner vromes,
due 10 the Righ aburdance of prophags Sequencas.

The acattsr plofs also revealsd several Imlerssting
frends among matagencmas rom relatsd emvironmens.
Three af the four melagenomes from the Northem Line
Islanca (bop leM, blug droles enclosed In black slipas)
clustarad, whila tha fourth, 1aken from Christmas 1=5and,
1all s=parataly. TR fourh microbloma raprasents Chrst-
mag Island, which Iz e mosty Righly Inhablted of all four
Izlands (Diradale & &, 20085). Mot only does Chrisimas
Ieland have dstincy diferent water cheamistry from 1he
olher three lslands, but aleo the reel-asscclatad microbss
are more haterctrophic and pathogenic, as exnibiied by
1he structural and functional ‘metabolic proflles’ (Ciredale
et ai, 20083, h). WHthin the coral ssmples (grasn o iles),
all of the P compresss microblal melagenomes clusterad
fightly near the PC3 axls, whils the P astreoldes metags-
rome fell more cerirally In the plot. These data again
support the hypodhes!s that thers are Inherant difierences
In theae samples desplte the fact that they were dassHled
a prion 8= belonging to the 3ame blome. Twa of 1he hree
mosguito vinomes (botom left, Diack clcies) clusiered
geparatsly om ihe 1hird. BLAST Bnalyses demorstraled
1Nt thesa wa matagenomes wers ovsrwhaimingly doml-
rated by Saguances 'om a single-strandsd virus of moa-
quines, Asdes stbopichia densowius (dats not shown).
The third mosquite sampls was subjsctsd to single-
stranded DMA dgestion prior to sequencing and corialn-
INg no sequences with BLasT similariies o this virus.

S 200 The Authors
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Interestirgly, for both microblomes  and  viromes:
nyperaling matsgenomes (top and bottom Ieft, purple
tlrzles) clustered according b & saliniyy gradiant with
the high-zalinity salfern Iying farthest Tollowed by the
medium-galinily saltemrs, with the low-salinity samplas
Iylng mare centrally. This comoborates resulis from pre-
wioug sudles In z0lar sallame, which show ihat diversity
decredsas &8s s@llem ponds Decome more  saline
(Benlloch &tal, 2002; Casamayor stal. 2002). The
decresss in diversity Isads 1o the marksd dominance of
sxframe halophilss &t high: salinty, thus creafing a
metagenomic dinudestide sligrature dominated by the
inputz of relslively faw species (Benlioch stal, 2002;
Casamayor etal, 2002). This supports the ypothesls
that dominant taxa In e emwironmenl may drive
metagenomic dinusiectide signals.

To furthar test this dominant axs mypothesls, we oom-
parsd e genomic =grafures of Soundam taxa in
medium- and righ-saiinity sallams 1o the metagenomic
signaturss. For each genome Ideriified Dy BLASTH,
dinucieatide relstive abundancs cdda ratios wera calcu-
lated, Weighted averages of odde ratios were calculated
uzing subs=ls of the moat abundant taxa a3 described In

Expevimental procedures, For each subsat, the distance
200 The Authars

betwesn the welghted averags dinudecdde garaiurs and
he matagencmic Sgralure Was axpreassd using the &
matda of Karlin and collsagues (19875, As shown by tha
rank Bbundanca curves, the high-zaliniy saltem metags-
nome Fad kwer dverslly and was less sven than ihe
mediurm-aalinity saltsm, With BLASTH hits 10 fewer known
penomes [Fig. B4 and B, Tae SB). At high salinity, ovar
7o of BLAST hits are gitributabla to only two microblal
pEromes (Sedmbectsr ruber and Haloguadraim wal-
sgpni, whils 8t medum zalinity neafy B0 faxa must b
rcluded o account for 70% of BLAsST hits. When the
number of g@enomes used to calkculate the welghtsd
average abundance rafios wersus & was plotied, the
curved mirmored the BLASTRDEsed rank-abundance curve
for sach melagenome (Flg. 6C and O). At high salinity, tha
dstance betwesn the esiimatsd dinudectide Bbundances
&nd the trus abundances changad [lile 82 more ganomes
were added, whils the dalance continuously decreassd
with the addilon ol genomss at medium saliniy. This
supports the hypothesis thel dominant taxa are driving
dnuclentics signatures, since sach 18O S88ma bo con-
tribute to the metagenomic dinuclectide slgrature accond-
g 1o I3 relsllve sbundanca. |t should be noted that
ewen wher all genomes Ideniilied by BLesTH hits are
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microblomes.

cormzldered, there 12 2l conskderale dstance betwesn
dinucisciide ralative abundance estimates and the trus
melagenamic signaturs (F = 44 for medum salinty, and
& = 68 for low galnity). Thiz 12 attibutable o the Ege
perceniage of SeJUENCES IN sach Metagenoms with no
gimillarlty to known microbial genomes (BE% a1 madium
eallrity and 63% at high salinity), wHch may have langs
corribulions to he metagenomic slgnatures.

Ecatier plots created using the first three principal come
ponents from PCA with trl- and fstranuclectids relstive
sbundance odds ratis (Flg. 5, centra and dght) dd not
provide any addiional o usteing of melagenomes. In facl,
clusters and overall trends eppeared 10 decline andior
disappsar when longer ollgonuclectides wers used.
Cinucleotds relative abundances exhibiad substantal
discrimiratory powsr to dustar matagenomas by anvimor:
mer and also 1o provids blologlcally rslevant Informaton
about simiartias and diffsrences b=twesn metagenamic
librarles.

Dinucleclide clustering s robust fo the addfion of
metagenames contgimng longer 2aquences

Tre 221 of BE micrcblal and virgd metagenomes uged In
tris study were selected becauss all Eamples Wars pro-
c=assd and s=quenced aralogously, producdng approd-
malely 100 tase palr pyrossquendrg reads. Since the
calculated drucleotida relative abundancs ratios reflect

average abundances over the enfire melagenoma, 11
might be assumed that e Introduction of longer
gaquencs reads would hawve Nl sffsct, alihough as
previously statad, longer ssquences may have sronger
glgnatursa using Higherander oligonudsciides, Ciher
approaches o matagenomicss, such as the use of foamids
and BACs, may be subject to diferencas In cloning aHl-
clandes which could Imrcduce bas Addionally, 1he
Incluglon of further metagenomes could Increass the ds-
crimimatory powver ol dinuclectides IF more distinct erwl-
ronments wers repreaentsd, but I addilonal data were 1o
come Trom gmilar environments, 11 could also polentially
decreass resdiullon. To det2mine the effects of the addl-
flon of metagenamic llorafeas on clustaing behaviour, 11
microkial and 3 wWral matagenomes wene added 1o 1he
aralysls. GO content, druclectida relallve abundanca
ookl raflos and othar characterstics of these addilonal
matagenomes ans provided In Tabls S5,

When the 11 microblal melagenomes were added, FCA
produced comparable results to the analyslz which
Included only pyrosaquenced microblomes. Previously,
dnuclactide relative abundancss sccounted for B05%,
with the addition of the other microblomes; 76.4% of 1he
varlation was explained. Desplte this reduction, melage-
romeas sill exhiblted nearly the samea o usteing behaviour
a3 In the previous aralysis, with 1he Soudan Black
matagenome falling to assoclats with cihar microblames
[FIg. 51, l=tt, omnge circle), and sk of seven coral
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metagenomes jgreen dicles] dustedng together. The
clusterng of hypsrsaline metagencmas (purple circlas)
once again occumad along & =3linity gradient, and the
newly added melagenomsa from a Sparish satten (purple
square) dustered with pre-sxisting Highesalinity solar
saltam samplss [Legaull af gl 2006). Two of the whals
tall metagenomas (yallow drcles) which were darlved
from whala bones clustersd together, whila the thid
zampla, which was taken from a microblal mat, dd not
{Tringa &f &L, 2005,

Fior wiromes, the botal per cent of varance sxplained oy
the first three pinclpal components was 73.8% &
decreass from 7E.4% In the previous analysls. Agaln,
however, slmilar cluslaring behaviour was cbssrved, with
the Arcllc viral metagenoms and 1he two known contami-
nated lung samplas [FI3. 51, right, red cirdes) appearing
anomalous. The two hot springs metagenomes (green
squares), which weare defved from an enyironmant unllke
any other In tha data set, =y distinclly cutslde the rest of
the poiris on the scattar plot, displaying & closs aseocla-
tion with each othar bul a dramatic differencs with the rest
of the viromes (Schoenleld et ar., 2008).

Matagenomic signaties

Hisrarchical ciustering by dinuclieolide redative
abundance oods raios

Hlerarchical clustaring was us=d o quaniily the grouping
beraviour and trends of the 45 microblal and 41 viral
metagenomes demonstratsd  visusly by e thres-
dmensloral scatter plote. Using dnucleotides, both the
microblomes (Flg. 7) and viromes (Flg. 52) formad mary
cluslers conlalning matagenomes sxclusvely from ident-
cal or similar blomas. Conslstent with 1he PCA results, he
flen microblomes clusterad together, as did the mica
microblomes, similar maring viromes and 1he bwo con-
tarmirated human lung viromes. Addiloral assoclationz
which were not apparant In the scatier pliats were cleady
delireated In the dendrograms, such as the grouping of
chicken and cow rumen micrablomas. Trends In metags-
nomic clustaring, such as the appearance of a =alinity
gradieni, wars also conslslent with the scatter plot results.
Hierarchical clustering of wromes did not segregats
metagenomes by environment 23 well &8 clustedng Tor
microblomes. THs reflscts the Righer fotal percentags of
varlance explained by drnuclectids relative abundances

@ 2008 The Authars
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for microblomes (B0.595) varsus viromas [T2.4%). Add-
Horally, there may &= unknown 2imilariies betwesn anyl-
ronmers which are l:|I1'|'|I'Ig G|IJB1&I'|I'IQ Iessavwlour, IZ‘TEHUI'I;
aszaodallons batwean blomsas which havs bean classifed
& prion as diMerent, and challenging traditonal notans of
whal cormtiiutes 8 bloms.

Cavegls

The majority of the melagenomic DMAS were amplified
uEing multiple displacement ampliiication with PR poly-
merEae prior b sequencing, which could artildally Iriiats
the ooourrancs of saquancss from amall drouler as well
as large linear genomes, and potentlally exdods small
linear wiral ganomes, thus blasing dnuclaotida frequert
des (Flnard stai, 2006, Splle efal, 2005). Howeaver,
mulilple displacement amplification generally provdes an
aven repreaentation of genomea except at the ends, and
blag created by amplification would e away from dinuds-
olide extremes (Dean et ai., 2002). Additionally, all of the
pyrogequenced melagenomes usad In hig sludy wers
collsck=d and procassad Inoan Kenfical manner, Thus
aqually exposing them to any potantiEl biases dus to
gampling or amplifization. Addtionally, It should be noted
thal the sequences usad here wens gensrated from
pyrosequancing using the ES20 platform, which has besn
reported to have an ermor rate as high a8 4% (Huse &t al,
2007). Howevar, Inpractcs this ermor rale has been deter-
mined 10 be much lowsr, on the order of 0.25% [Huss
af g, 2007),

conclusions

Frenicous work has demansirated the prasencs of distine-
tive olligonuciectide Signatures In a varlsty of prokaryotic,
aukaryollc and viral genomes, as well 85 maked difsr-
ences In dnuclectdes abundances between the genames
of distanty related organisms (Burge st ai, 1882; Karlin
and Ladunga. 1884, Blalsdell ef ai., 1986; Kadln &t ai,
1887, Genlles and Kaidin, 2001; Teellng efal, 2004).
Meslagenomes represent 8 diVerss cross-section of & par-
ticular environmental community, and therefare are not
compossd of ONA from a aingle typs of arganism, but &
mixture of DMA from & varlsty of organisms (Trings and
Aukin, 2005). InMally, we hypothesized that an Indivdual
melagenome woul nol have & characterslc signaturs,
gince 11 easantlally represants an awsraging of genames
from muttiple specles. Inslead, drucleotds composltions
analyzle ehowed hat desplis this high level of divarsly,
melagenomes oo have distinct sequence-based sgna-
tures. These dinudeciide signatures are driven by
ansronmental aslection, In 1hat erviroNments may bs
domirated by & group of highly abundant taxa whoss
BaquUence compoalion acoounts or trends In dinuclsotids

abundances, Allemallvaly, the ervircnment el mighl
e selecing for particular patlems of dinudsclides,
Irreapeclive of 1BX0NOMY. WIh the current data set, 1he
matagenomic dinudectids profing performs bater than
prafiling using higher-order allgonuciactides, and axplalira
approxlmalely e same proporlon of varancs betwean
metagenomes as funclional genomlc aralyses. This
approach also challenges preconcslved nollons regarding
what consiitutes a blome, Indicating that the data may
carmy Irormation that undarmines 8 prod bome classll-
caliors. The predotive power of tHe approach suggssts
hat 1 may be poasible 1o [dently SNomalous gequenceg
In & marner analogous to that used for Indvidual
genomeas. The dinudectids compoalton was alsa ussiul
for detemmining subtle slgnals In saquance dala, such as
ihe pressnce of contamination, and should be ussd as &
rapld quallty check for metagsnomes. Togsther theas
reqults show that using dinudeolide abundances allows
for more complels chamactenzaton of melagenomic
contsrl and for rapkd companaong betwesn melage-
nomes. Theae aralysss could alec be ussd In combing-
flon with funcflonal analyses such 88 those presanted In
Dinsdale and collsagues (2008h0). Since funstional anno-
fators raly on Emilartes b known ssquances whils com-
posiioral analyses do not, ervironmental clustering o
metagenomes by funcllon could be cormoboratad wsing
dnucleotide elgnalures, thus providing greater power 1o
daciminats betwaan anviranmants.

Experimental procedures
Dala salz

Thea primary dafa used for this study coneisl of pyrocegquanc-
ing (Roche/d54 Lite Sciencas) reads for a total of BE6 metags-
nomes (45 microbial and 41 siral) denvad from nine diffssnt
biomes, clacsifisd as in Dinsdale and collaguss (20086).
Table 2 chows the bioma dacsificationz along with how many
matagenomes from sach biome ware used in the aralysis.
Tha metagenomic cequances ars fresly avaibble from both
iha SEED platform and MCHI, and acosssion numbers as
well as dascrptions of the metagenomes are provided in

Table 2. The 85 microbial ard vial metagenomess s in e study
classilied by bicme.

Elome= Micrabial metagenomes Wil melagenames
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Flandne
Frestryater
Conal
Flicrobimlites
Fish

Cther animaks
Masquiia
Tkl

| bW~ &bhidK
—
WRKKOOEDRK |

A
[}
Fy
g

& 2008 The Audhors

Journa compilation & 2008 Bociety for Applied Microbiclogy and Bladowsll Pubishing Lid, Emvionmeanta) Microbiolagy, 11, 1752-1766

36



Tablez 5104 and 5108, Data cats are clazsifisd az micrcbial
or wiral dapending on whsther campls DNA war sxtracted for
saquancing from a whole microbial fraction ar wiral fraction
derivad from cassium chiornde dersity gradient ultacentriu-
galion as pesiously dascrbed (Angly af al, Z006; Wagley
etal, 2007, Decnuss of i, 2008; Dincdalks et al, 20085).
Metagenomic caguences hawe an average lngh of
1002 bp, ard maeblgernomic sizes m@nge from 4E4E
caquances to 6BS 590 s=quences. Additional metagenomic
dala e=is used in PCA wers cbhined fram CAMERA (hHp:f
camerazali2.net).

Frequency tabwation

GC conbent and monce and di-, -, tedanuclectide counts
over each snfire metagenoms were c@loulated using a s=i-
writen Parl script. This ecipt and all olher programes used in
thiz analycic are available al hitp:/zourcetorge. net’projecte’
dirucleotidesig. Counts of M nucleotides (raprezenting a poor
caquancing read) as well as digonucleotides containing M
nuskectides ware tabulated and in all cases comprised lass
than 1% of the tolal frequency data. All N monc- and di- and
higher-ordar oligonuclectidee wers mmoved from the data
cats prior to further data procaczing.

Thes odds mbo measurs of dinucklsotide bias 75 wae ussd
to ewaliate dinucleotidss for ower and under-rpecantation
in iha metaganomes (Burge =f al, 1992; Karlin =t al, 1987).
Thiz measure accounis both for the undedying frequencies of
individual mononuclsclides and for the complamardary
nalure of double-stranded DMA (Burge efad, 1982; Kadin
etal, 1907 Raw fraquancy valuss wars comsctad by awer-
agng the frequancy of mach monc- or dinudsdtids with the
fraquency of itz mverse complement, and assigning the
awverage fraquancy, , toboth (Burge =t al, 1882). Following
fraquency cormeclion, i+ wac calcuabted for all poczible
dirudeotidez over all metaganomes ac o, = whizh
FE
cormects the chearved dinuclsotids frequency for the lower-
ordar mononuckotide frequency ferme (Kadin =t 2, 1887;
1898). As chown in Reswls, My walues ware then clascifisd
ac nomnal or extreme according to the given crileda (Kadin
=tal, 1897; 1898). Standard deviations for diruclectide rala-
tive abundance odds matics were calculated by determining
i walues for sach irdividual s=quenca and then cacuating
the adueted avesrage dfference betwe=n sach sequence and
i for the whole metagenomes. Ralative abundance odds
ratios weme calculated for tinucleotides using the thind-order

e
Pzt d for tetrarudectides. uzing

firfithe f, [ £
the dourth-ordar meatric :hm:—mwﬁrw.n.w.\"rz st .
e e S g

where Nand M reprazant any nuclectide (Karlin of 2i, 1987).

measure  Fie =

Caiculziion of relgiive sbundance differances

Caleulation of pir allows for comparison of dinuclkotide
fraquencies acroes an ndwvidual metagenome, and identifies
polertial dinuclsatide bias. To compars the overall fraqusn-
ciec betwesn metaganomes, the average dinudectide rala-

D 2003 The Authars

Metagenomic slgnafures

e abundarcs differsnce, &, was cakubted for all pai reics
combinationz of the 88 metagenomes (Karlin =f ai, 1887)
uEing a seb-written Jawa progam. The walus of & wacn

calcuated as #F, g = %E” {1 = i g)] where £ and

g reprecent two ditferent matagenomes (Karlin ef afl, 1897).
Deecriptive staticlice and a graphical summary of the dictn-
bution of & values were gereraled using Minitab Version 13
sotteare (Minitab State Cdlege, PA, U3SA), and values wers
clazsified by quardils. The average reltive abundance diffr-
encec reported in Aeswis am multiplied by 1000 for sasier
comparison.

Comparfsan of dnucieclioe relaive sbundance varziom
in QENOMSs Versus Melsgencmeas

Ten randomly calectsd cats of 1000 caquences sach wers
selacied from a meadium-zalinity saltsrn micrchiomes and the
Chisimas|sland microbioms ueing a sel-written Ped sonpt, to
gve 0126« and 0006« coverage of the makgesnomes
racpectivaly. The genomes of £. colf K-12 substran MG1655
[MC_002813) and H. salinarwm R1 (MC_01 0384 ) wers dowrr
loaded from MCBI (hitpitasass. nobi. lm. rih.gow), and dinucke-
ctide relabive abundances odds ratios wem calkulabed ac
deccribed above. Aandom seds of genomic fragmantz were
gareratad uzing a selfawntten Ped coiptwhich allows the uzar
o gpecify the desired ganomic coverage as well as anaverage
fragmert langlh. Ten cet of fragments with an average length
of 100 bp wens genarated for both 0125« and 0.005x cowver-
age. For mach e=t of ganomic and metagenomic sequences,
dinucleclide ralative abundance cdde rafios were calulabed
as described abowve. Aslalive abundance odds ratios wers
awvaragad over 10 repstiions and comparsd with tha dinucle-
ctide profiles for the original genomes or medagenome wsingthe
i matic of Kadin and collraguss (1987 deccribed abowe.

BLAST analiysiz of metagenoames and rank-abundance
calcLiations

Melagesnomae wers comparad with the databace of all
microbial genomes  awalable from  WCBI  [hitpaieesss.
richi.nlm.nih.gow) using ELASTM with an &walus cut-off of 10°
[Altzchul &f al., 1920). Complets genomes for sach onganism
detached by ELAST wara downkcaded from NGBl and dinucle-
ctide relabive abundances odds ratios wem calkulabed ac
deccrbed above. To dedemine the relative confribution of
=ach genome to the metaganomic cignature, waighled aver
ages of dinucleotide relative abundances weme caloulatsd by
multiplying sach dinuclkeotide relative abundance odde mlio
for a genome by the parcantage of tofal BLAST hits to that
ganome in the subsst of genomes corsidensd, summing the
weightsd odds ratios, and then dividing by the number of
genomes in the cubeet

Stalistica! analysls

All claticlical analysis was parformed wing Minitab Version
16 coftwars [Minikab, State Colage, PA, USA). Simpla
deccriplive clalistics as wel az hislograms and box plots of
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EC comdent for microbial and wiral genomes wers creaated
using the Minilab Descriplive Stalishice oplion. GC condent
waz aleo asplorad by biome using a scattsr plot gereratsd
using the 2D Plot routine. Trende in di-, tri- and fedranucle-
otide fraquancies wers examined in Minitab uwzing PCA az
wall as hisrarchical clustaring. Forall analyses, malative abun-
dance odds mlios wers used instead of row Fraguency
waluss, becauss the raw valuss wers too highly comrebbed o
provide meaningiul recuths. Principal componerd aralysis
takee a e=l of comelaled variables and educes them to a
emaller e=d of uncorelaled variables, which can then be ueed
for further anaysis (Cuinn and Keough, 2002}, Prircipal com-
ponent analysic was pearformed in this study separately on
the microbial and wiml matageromes, using the cormslation
ascociation matriz to compensate for unequal vanances of
predictor variables (Quinn and Keough, 2002). Predictor cets
ware raduced to thres principal comporents based on sigen-
walu=z in both cases, and {hecs principal componens. weane
used to genarale three-dimersional ccatter plots with the
coftwares package Graphic (KykBank Softwars, Ayr, LK)
Eigerwaluss grealer than one indicale thal a prindpal com-
ponent explins more of the variancs than weould b2 expectsd
by chance. Since PCA conductksd using a cormalation matnx
cltandardizee aach onginal warablk o kave a maan of z=ro
ard awvarnance of 1, the iodal variance squale the tolal rumber
of originad predicions. Thus, the larger the sigenvalue, the
larger propotion of the wariance a prncipal component is
explaining (Guinn and Keough, 2002).

Hiararchical dustenng using Euclidean dislonces wih
Ward linkage was pafomed on slandardized data generated
from both the mw vabes of M, 72 and T and the
principal component waluse generated from the PCA. Both
methods aczigned the came number of optimal clusters of
idertical composition.
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Table 52. GC conterd with slandard deviations dor all
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Supplementary Table 1. GC content with standard deviations for all microbiomes.

Standard
Biome GC Content (%) Devlation (%)
Subterransan 496 12.0
Subterransan 446 10.3
Hyp=rsaline 55.3 12.0
Hypersaline 5B 13.2
Hypersaline 1.4 11.5
Hyp=rsaline 446 14.6
Hyp=rsaline 58.4 12.4
Hyp=rsaline 1.1 10.5
Hypsarsalina 61.4 1.3
Hypsarsalina 435 132
Hypsarsalina 50.4 128
Marine 48.3 11.0
Marine 474 1.8
Marine 50.0 10.3
Marine 50.5 12.0
Marine 50.0 12.0
Marine 50.0 10.4
Marine 456 11.0
Marine 49.0 85
Frashwatar 44 4 13.0
Frashwatar 44 5 123
Freshwatar 45.4 13.0
Freshwatar 51.0 14.7
GCoral 471 11.9
GCoral 4588 10.5
GCoral 438 2.6
GCoral 486 10.3
Coral 44.0 10.0
Coral 447 10.0
Coral 479 10.2
Microbialites 428 10.2
Microbialites 477 1.8
Microbialites 50.0 12.8
Fish 574 2.3
Fish HE.3 a8
Fish 542 10.4
Fish H2.8 a8
Crther Animals 52.3 1.2
Crther Animals 50.5 11.0
Crther Animals 51.3 1.8
Crther Animals 458 a8
Cither Animals 491 121
Cither Animals 486 11.5
Cither Animals 543 121

Cither Animals 49 4 1.7



Supplementary Table 2. GC content with standard deviations for all viromes.

Standard
Blome GC Content (%) Deviation (%)
Hyperzaline 469 1.7
Hyperzaline 41.5 11.0
Hypersaline 485 1.7
Hypersaline 441 121
Hypersaline 49 9.9
Hypersaline 477 1.7
Hypersaline 437 11.4
Hypersaline 53 10.4
Hypersaline 493 125
Hypersaline 473 131
Hypersaline 446 12.2
Hypersaline 449 11.9
Marine 473 145
Marine 469 11.5
Marine g2.1 .z
Marine as.a .z
Marine as.s a7
Marine a4.5 101
Marina are az
Marine 385 ==
Marine 40 106
Freshwater 464 1.8
Freshiwater 464 11.8
Freshiwater 40.2 12.0
Freshwater 429 2.8
Caral 491 125
Caral 472 10.2
Caral 485 109
Caral 433 a5
Caral 435 2.3
Caral 455 115
Microbialites 456 109
Microbialites 461 111
Microbialites 406 2.9
Fish 48.8 121
Fish 53.5 11.3
Other Animals 40.4 2.9
Other Animals aaT 9.8
Mosquito 458 2.0
Mosquito 521 121

Mosquito 563 12.6



Supplementary Table 3. Results of simulation to evaluate the degree of variation in

dinucleotide relative abundance profiles of gecnomes versus metagenomes. Melagenomes

included are a medium salinity solar saltern microbiome with SEED 1D 44404 16.4 and the

Christmas Island microbiome with SEED [Dy 44<0004-1.3.

Metagenome/Genome name

Medium =alinity saltem mizrobiome
E. coli K-12 (WC_000a13)
Halcbactarium A1 (NC_010G64)
Christmas microbiome

E. coli K-12 {(MC_000213)
Halcbacterium A1 (NC_010GE64)

Type

Metagenomsa
Gerome
Gerome
Metagenome
Gerome

Gerome

Coverage

01285
01258
01285
0,005
0,008
0.005X%

Sequences par
repetition (avg)
1000
5827
2h21
1000
254
100

5*

2.44
075
0.64
2.81
1.64
231

44



Supplementary Table 4. Over- and under-represented dinucleotides in microbiomes. Values

culside the normal range are shaded and standard deviations are in parentheses. Values less than

078 correspond o under-representations, p¥er greater than 1.23 indicates over-representation.

Light grey indicates p¥uy less than (.50, medium gray between (.50 and .70, dark gray between

(.70 and 078, charcoal gray between 1.23 and 1.30, and black between 1.30 and 1.50.

p*ACIGT

PAGCT AT

FCATS

FOCGE

=E]

FEATC

Biome “AATT
Subderran=an Ihl 0,80 (0.25)

Subderranzan
Hypzrzalin=
Hypzrzalin=
Hyp=rzalin=
Hyp=rzaline
Hyp=rzalin=
Hyp=rzaline
Hyp=rzaline
Hyp=rzalin=
Hyperzalin=
Marine

Marine

Marine

Marine

Marine

Marine

Marine

Marine
Freshwatsr
Freshwatsr
Freshwatsr
Freshwatsr
Coral

Coral

Coral

Coral

Coral

Coral

Coral
Microbialbes
Microbialibes
Microbialibes
Fizh

Fizh

Fizh

Fizh

CHh=r Arimaks
CHhzr Arimaks
CHh=r Arimaks
CHh=r Arimaks
CHher Arimaks
CHher Arimaks
CHher Arimaks
CHher Arimaks

1.00 (0.42) 1.19(0.71)

087 (0.31)

0.85 [0.28)
102 (0.44) 098 (0.23)
0.80 (0.28)
1.00 (0.38)
108 [0.28)
0.96 (0.29)
093 (D.45)
0.83 0.28)
0.97 (0.28)
1.06 (0.53)
021 [0.28)
024 (0.30)
092 (0.32)
021 (0.23)
021 (0.38)
0.86 (0.27)
026 [0.54)
020 (0.33)
0.89 (032
0.84 (0.28
106 [0.43)
1.06 [0.38)
102 [0.35)

1.08 (0.43)
1.06 (0.38)
1.0 (0,44

1.21 (0.31)
111 (0.22)
1.21 (0.45)
1.16 (0.23)
1.18 (0.31)
118 (0.32)
117 (0,30
1.18 (0.35)
117 (0.2%)
1.16 (0.37)

097 (0.32)
101 (0.34)
0.85 [0.28)
0.84 0.28)
024 0.28)
085 (0.37)
0.83 [0.24)
0.83 [0.25)
0.84 (0.25)
0.84 [0.25)
0.80 (0.25)
0.81 (0.25)
081 (0.25)
0.84 [0.24)
0.80 (0.25)
081 (0.24)
092 (0.4
093 [0.27)

1.22 (0.23)
1,18 (0.28)

1.18 (0.32)
1.18 (2.31)
1.16 (0.30)
118 (0.2%)
1.10 (0.32)
117 (0,30
1.10 (0.32)
1.16 (0.28

1.20 (0.28)
1.2 [0.41)
112 (0.32)

084 0.28) 1.02(0.45) 0.95 (0.3
094 10435 D90(0.55)

08T (0.57) 1.08 (0.55)
084 0.28) 1.16 (0.58)
083 |D.Eﬁjm
O 0.31) 096 (0.41)
080 052 1.1 (0.63)
086 [0.25) 1.00(0.49)
083 [0.28)
0.9 [0.42)
0,80 [0.28)
0,83 [0.28)
081 .41
oA 0.2
086 0.28)
088 0.29)
fas 0.28)
088 0.53)
078 0.27)
082 10.53)
088 10.29)
086 0.23)
086 0.23)

0T (0.43)
1.07(0.41)
1.09(0.29)
082 (0.50)
1.04{0.42)
1.01 {D.45)
1,03 (0.48)
1.03(0.42)
1.00(0.40)
1.17 (0.58)
1.01 (0.53)
0,95 (0.57)
DB (D.40)
1.00{0.29)

034 (0.5d)
030(0.23)

084 0.30) D81 (0.29)

107 037 | o.51 (0.29)

Q.84 10.29)
078 [0.31)
098 [0.27)
094 027}
094 027y D92 0.57)
084 0.28) 1.03(0.42)
089 (0.24) 1.120.E0)
089 0.24) 1.17(0.43)
092 (0.25) 1.11(0.4a)
090 0.24) 1.1040.44)

1

1

0183(0.23)
0/83(0.29)
0195 (0.54)
0194 [0.52)

090 0.25) 1.14 [0.43)
091 025 1.11 [0.40)
030 028 1.11 0.42)
098 [0.28) 1.00 [0.38)
088 [0.28) 1.06(0.41)
088 025 1.08 [0.58)
086 0.59) 1.00 0.E5)
Q91 0.29) 1.03 [0.45)

1.02 (0.55)
1.01 (0.5
1,02 (081)
099 (0.41)

1.12 (0.5
0,84 (0.43)
1.04 (081)
1,08 (0.4%)
0,98 (0.41)
112 (029
1,20 (0.50)
1.10(0.42)
1,05 (0.45)
1,08 (0.48)
1.10(0.42)
1,04 (0.40)
1.04 (0.28)
117 (0.28)
1.03(0.37)
1,03 (0.40)
1.04 (0,22
1.00 (0.34)
0.97 (0.25)
1.01 (0,29
1,00 (0,29
0,99 (0.28)
1,00 (0.29)
1,01 (0.34)
1.01 (0.32)
1.00(0.37)
1,00 (0.42)
1.12(0.50)
111 (043
1.10(0.48)
1,07 (0.44)
0,99 (0.43)
1.01 (0.40)
0,98 (0.43)
1,02 (0.38)
095 (0.41)
1.01 (0.36)
111 (0.68)
1,03 (0.45)

1.09 (0.38)
1,06 (0.48)
0.04 (0,38
0,96 (0.38)
0.00 {0.31)
1.07 (052
0.840.45)
0,88 (0.28)
0.00 {0.31)
1.04 (0.54)
1.06 (0.39)
1.22 (0.52)
1.01 (0.58)
0.8 {0.41)
0.4 (0.45)
0.96 (0.45)

1.02 (0.80)
1.05 (0.51)
1.04 [0.48)
1.0 0,48

1.5

112 {0.42)
0.95 {0.80)
0,55 (0.42)

1.10(0.33)
0,48 (.44}
112027}
1.8 {0.25)
1.18{0.23)
1.0 (0,40
147 {026
1.3 205
1.20(0.22)
0.98(0.43)
1.1 (0.31)
0.83(0.23)
0.85(0.53)
1.04 {0.28)
1.10(029)
1.07(0:21)
1.04 .28
0,50 (046)

1.01 (0.48)
1.01 (037
1.10(0.25)
1.12(02m)
059 (D 54)
0.8T(0.47)

0,87 (D.48)
0,94 {D.38)
0,92 (0.48)
1.03(031)
1.17(D35)
1.11 (D21}
1.13(022)
1.07(D.25)
1.12(024)
1.12(027)
1.03(027)
1.18 (029
1.02(030)
1.08(031)
1.02(0:30)
1.07 (D81
1.12(038)

1.00 (033
Q.85 (0.24)
1.08 {0.29)
1.08 {0.28)
1.13 {0.40)
0.97 (033
1.11 {0.40)
1 0]
1.7 {003
0.92 (037
1.05 {0.38]

0,95 (D.45)
0.9 (0.38)
0.95(0.37)
0.95 (0.37)
0.95 (0.35)
0.84(0.42)

0,85 (0.28)
0.89 (0,35
0,89 (D.34)

0.9 {D.20

1.05 (0.35)
0.98 (0.29)
0.92 (0.35)
0.98 (D.36)
1.02 {0.38)
1.01 {0.38)
1.02 (0.35)
1.02 (0.25)
1.09 {0.35)
1.08 (0,35
1.08 (0.35)
0.93 (0.32)
0.99 (D34
0.99 (03]
1.00 {0.42)
1,05 (0,38

PG “TA
00 20 THREERN

0.8 [0.40) 0.70 (0.88)
1.100.33)
1.100.31)
100 [0.31)
119032
1.06 [0.38)
.88 (0.50
100 [0.31)
1.1310.42)
106(0.23) 0.78 [0.2€8)
106 (0.28) 102 [027)
0.96 [0.42)
1.190.23)
1.7 (0310
1.17 [0.32)
1.20 0.30)
1.0 (0.34)
104 (0.27)
1.18 (0.35)
1.18{0.30) 0.79 (027
1200300 083 (0.3Y)

122 .27 [

0.80 (0.28)
084 (031)
0.82 (052)
0.79 (0.29)
093 (0.34)
1.08 (0.30)
0.82 (050

063 (0340 095 (0.38)
0.2 (0.30)
001 (D44) 0B4{042) 087 (032

0.87048) |EEEERY 0.7 0.52)

OBT(D44) 0.83{0.42) 085 (0.30)

D84 (0.29)
0.3 [0.32)
084 (0.23)
0.87 (0.23)
0.79 (0.28)
0.79 [027)
0.20 (0.27)
0.75 (0.38)

0.84 (0.31)
108 [0.23)
1.12 (0.28)
1.06 [0.28)
1.100.32)
1.21 [0.25)
1.21 [0.25)
1.17 [0.28)
1.18 [0.285)
108 (0.27)
108 (0.27)
108 (0.27)

0,80 (0.28)
083 (0.27)
0.81 (0.28)

1.11 0.28)
108 0.25)
1.11 0.4
106(0.32) 081 (028

45



Supplementary Table 5. Over- and under-represented dinucleotides in vimal metagenomes.

Walues of p#xyovlside the normal range are shaded and standard deviations are given in

parcntheses. Values less than (.78 correspond to under-representations while p#r greater than

1.23 corresponds to over-representation. Light grey shading indicates p¥yy less than 0,50,

medium gray between 0,50 and (.70, dark gray between 0,70 and (.78, charcoal gray between

1.23 and 1.30,

and black between 1.30 and 1,50,

Bilorme EAATT  pPrAGIGT  prAGIST prAT pOATE  prODIGE PG prGATD prGo prTA
Hypersaline 118(0.25) 0.84 [O27) O24(0.27) 0.34(0.57) 1.02(0.43) 089 (043) 1.05(0328 0.87(0.34) 1.12(0.27) 085(0.27)
Hypersalins 114 (024) 0.840024) QSB(027) 0.92(0.30) 1.05(0.47) 1.01 (0.48) 092035 0.086(0.30) 1.12(0.27) 057 (0.27)
Hypersaline  1.1370.31) 0.84[027) QS2(02Z3 1.01(043) 1.02(043) 085(043) 1.10(031) 1.04(0.35) 1.07(0.31) 083 [0.27)
Hypersalinz 114 (032) 0.82027) O91(0023) 101 (0400 1.01(043) 087(041) 113035 1.03(0.35) 1.06(0.31) 082 (0.27)
Hypersaline 10(0.30) 0.91 [030) Q92(0.27] 1.06(0.37) 0.80(0.36) 1.03(0.35) 1.08(02% 1.08(0.26) 0.06(0.26) 083 ([0.25)
Hypersaline 113 (0.28) 0.94 [0.28) Q20(0.27) 1.01(0.37) 1.05(0.48) 08S(0.40) 11002 1.050.23) 1.01 (0.20; EFEIEEEN
Hypersaline 118(0.25) 0.92 025 QS5(0.27) 0.91(0.34) 1.03(046) 089(045) 1.05(03% 0.81(0.31) 1.21 (0.26) 057 [0.26
Hypersalins 102 {031) 1.01 [028) O86(0.26) 1.06(0.43) 1.02(0.38) 080035 1.22(024) 1.12(0.26) 0.07(0.30)
Hypersaling 146 (0,33) 0.83[027) 091(023) 0.90(0.45 0.88(045) 087(041) 116033 1.04(0.36) 1.04(0.32) 082 (0.28)
Hypersaling 119 (0,33) 0.80(027) 091(023) 097 (0.45 0.08(0.48) 08B(045) 116038 1.03(0.34) 1.07(0.32) 0.80(0.28
Hypersalinz 146 (027) 0.85 0026 OS3(0027) 1.00(0.35 1.01(046) 1.08(045) 1.03[036 1.00(0.32) 1.08(0.28) 084 (0.27)
Hypersaline 114 (027) 0.53 [027) 024(0.28) 0.90(0.35 1.01(047) 1.05(045) 1.03(035 1.00(0.33) 1.08(0.28) 085027
Manne 112(032) 0.58[022) Q92(0.32) 1.06(0.48) 0.85(0.49) 087(053) 1.16(034) 1.03(0.28) 1.13(0.31) 021 [0.27)
Marine 116 (0.25) 090 [027) Q93(0.28) 0.99 (0. 1.01(0.45) 1.00(043) 1.04 032 0.89(0.34) 1.12(0.28) 086 (0.2
Marine 0,82 [027) 0.8 [qzﬂﬁ 0.04(0.30) 0.82(027) 1.320200 1.17(0.28) 1.18(0.26)

Marine 1A2(021) 0.84 (0028 1.03(0.27) 0.90(0.27) 1.06 (0.48) 1.06 (0.52) 0.06(0.27) 1.09(0.26) 083 [0.26)
Marine 1.20(029) 0.83 (0U25) 1.020.26) 0.87 (0.3 1.02(0.48) 1.13(052) 0.85(0.27) 1.12(0.26) 082 [0.27)
Marine 118(022) 0.84027) 093026 0.91(0.25 1.03(0.47) 123 (060) 0.88(0.26) 1.09(0.26) 083 [0.26)
Manne 1.41(0.20) 093 (0026) 1.02(0.26) 0.92 (0.25 1.08(0.44) 1.09 (052) 0.098(0.26) 1.07 (0.27) 057 90.26)
Marine 1AD(021) 0950026 1.00 (026 0.83 (0.27) 1.08(0.45) 1.07 (0.51) 0.098(0.27) 1.03(0.27) O&F (0.27)
Marine 140{0.23) 0.53 0026 Q97 (0.28) 0.9 (0.23) 1.01(0.48) 1.13(049) 091 (03% 0.88(0.29) 1.05(0.27) 081 [0.26
Freshwater 1.18(0.26) 0.83 025) OS2(0.27) 0.98(0.35 1.06(0.44) 08B (046) (0.350.3963 0.95(034) 1.20(0.28) 083 [0.27)
Freshwater 114 {026) 0.93027) OS4(028) 0.96(0.35 1.05(0.44) 1.02(045) 1.01 (033 0.084(0.26) 1.12(0.27) 053 (0.28)
Freshwater 1A7(024) 0.93 026 OSE(028) 0.90(0.37 1.01(0.53) 1.06(054) 1.02[03% 0.80(0.31) 1.20(0.27) 080(0.25)
Freshwater 1.21(0.28) 0.80(027) QS2(0.27) 0.96(0.40) 1.04(042) 086(042) 1.10(031) 0.06(0.36) 1.16(0.28) 0.80(0.27)
Corl 112 (034) 1.05 048 082033 0.2 (0.35) [[EEIEESY vad 054) 092045 0.88(0.35) 1.14(0.33) 0.50(0.47)
Coral 0859 (025 091 (022 0.24(0.37) 1.09(041) 1.04(041) 0820300 0.83(0.24) 1.140.26) EREHOEEN
Coral 1.32(0.34) 1.03 (0035 080032 084 (0.35 0.06(0.53) [[ETICEG) 1.00 (045 0.83(0.46) 0.86(0.40) 053 [031)
Coral 114 {024) 083 0026) 1.00(0.27) 0.84(0.31) 1.07(0.45) 1.03(048) 090035 0.87(0.20) 1.15(0.26) 053 [0.27)
Coral 119 (0.28) 0.95(034) 091 03] 0.91(0.31) 1.00(0.47) 1.12(045) 091 (03 0.682(0.34) 1.04(0.32) 0.80(0.39)
Caral Mummm 083030 0.93(0.38 0.88(050) 1.20(047) 088 [041) 082(0.38) 0.87(0.33) 085029
Microblalites 1,20 0.27) 0.850.26) 093(027) 0.90(035 0.087(043) 1.08(043) 1.02(032) 1.01(0.32) 1.09(0.28) 084 (0.26)
Microbialies 118 (0.25) 0,98 (029) 087 (025 0.96(0.34) 1.06(0.41) 1.02(043) 1.05[030] 080(0.21) 1.12(0.26) 082 (0.25)
Microbialiies 1.1 (0.23) 0.96 (0.27) 087 (0.23) 054 (030 0.05(0.55) 1.02(050) 1.02(03% 0.85(0.31) 1.00(0.28) 086 (0.3
Fish 1AZ(031) 0.83 [041) Q87 031 u.qu.@mna&[n.sm 054 (033 0.85(0.34) 1.14(0.30)

Fish 1A7(032) 0.57 [034) OS2 028) 1.06(0.43) 1.16(0.43) 083(037) 1.02(025 0.87(0.26) 1.12(0.27)

Ciher Animals 113 (0.25) 0.85023) 116034 086 (023 1.17(0.33) [E J 02203 1.00(0.28) 0.87 (0.33)

Oiher Animals 113 (0.23) 0.85 [0026) 1.4 028 087 (027 1.16 (0.30) KB =W 027 [057) 0.88(0.27) 0.88(0.27)

Masquiia 1 0.96 (033 066 (027) 0.85(0.34) 1.13(043) 088(045 1.02[031] 0.82(0.31) 1.16(0.28)

MosquAD f B 020034 0860EH 1.01(0.47) 1.2 (046) 092039 1.05(029) 0.00(0.36) 1.18(0.31)

Mosguiio i B C.o7 (0300 0.27)0.2684 1.00 (048) 0.88 (0.47) 088 (057) 118035 0.98(0.47) 1.03(0.30)
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Supplementary Table 6. Ranges and classifications for the four quartiles of &% values (6% given

as multiplicd by 1000} comparcd with classificabions given by Karlin ¢t al. (Karlin, 1998).

Quartile Range  Classification Reference Range(s) and
Classification (Karlin 1998)

8" = 63 Weary Similar 8" = B0 Close

83 = 8% =90 Moderately Similar 55 = 8% = 85 Moderately Similar

90 < & < 143 Weakly Similar 90 = & < 120 Weakly Similar

125 = &* = 145 Distartly Similar

6" =142 Distant 150 = &* = 180 Distant
125 < &° = 145 Very Distant

Supplementary Table 7. Eigenvalues and percent of variance explained for the Frst three

principal components dervied from raw oligonucleotide frequencics of microbiomes and

viromes.
Dinucleotides Trinuclectides Tetranucleolides

Wicrobial PC1 PC2 PC3 Pzl FPC2 FPC3 FC1 PC2 PC3
Eigemalue B.58 2.92 253 | 29568 1385 GBE | 10287 5BBE 205
Fercant Variance Explained 44.00 261% 15.5% | 46.2% 21.6% 21% | 402% 23.0% 80%
Cumulative Percent Variance Explaned 44,00 TO1% B5E% | 46.2% G7.8% TEO%: | 40.2% 63.2% T1.2%
Viral

Eigemalue 704 4.18 248 | 3584 BOS 627 |12637 3341 2634
Femrcant Variance Explained 536% 18.E% 16.2% | §6.0% 12.6% DA% | 494% 13.1% 1023%
Cumulative Percent Variance Explainad 53.6% 71.8% BA.1% | 66.0% GB.E% TR4% | 494% 625% TETR

Supplementary Table 8. Results of BLASTN analvsis (e-value<(.00001) comparing a medium
salinity solar saltern microbiome (SEED [D: 444.0416.4) and a high salinity solar saltern

microbiome (SEED TD: 4440419 3) 1o all microbial genomes in NCBL

Metagenome Number of hits Number of
(% of metagenome) unique taxa

Medum salinity solar
zaltem micrchiome T (12%) 286

High sdinity solar
saltem microbiome 11478 [32%) 140
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Supplementary Table 9. Characteristics of additional metagenomes containing
long sequence reads used in PCA. All metagenomic sequences were obtained from CAMERA
(http://camera.calit2.net). M indicates microbial metagenomes while V indicates

viral metagenomes.

Metag=nome Type GC(%) pAGCT pAT pTCGA pAATT pGG/CC pAC/GT pCG pGC pTGICA pTA
Acid Mine (Tyzon =t al., 2004) M BEO 082 1M\ 123 1.26 1.17 078 026 084 093 056
Whale Fall Bone (Tringes =t al., 2008) o} 455 087 1@ 080 125 1.06 085 106 124 104 033
Whale Fall Mat [Tring= =t al, 20065 M B30 082 114 101 129 1.02 080 108 114 106 0OBd
Whale Fall Rik {Tring= =l al., 2005) M 440 087 1.0 0885 124 1.17 078 03 147 104 OF7

ALCHA below chlorophyll base [Delong = al., 2008) 0] 5285 088 085 057 1.42 1.21 080 021 028 097 Q6B

AL OHA below suphodic zone [Dslong = al., 2008) 2] B3 083 10 102 129 117 082 09 097 098 072
ALCHA deep abyss (D=long =t al., 2005) 0] 545 088 110 1.05 127 1.12 053 101 028 039 069
ALCHA wel bebow [Delong =tal., 2006) 0] Bz0 0B .02 102 132 117 052 028 026 036 069
AL OHA upper suphotic {Delong & al, 2008) 2] 43 084 108 104 1.16 108 085 0% 104 108 OF6
ALCHA minimum zone | Delong el al., 2008) 0] 485 08z 1.0 105 1.11 1.12 08 0% 028 103 081
Wazeca Soil (Tringe =tal., 2005) 0] BT3 082 113 .07 133 [ek= ] 082 1.9 110 035 Q64
Spanish Satern (Lagauk = al, 2006) 2] Bdd s 112 12 10 o 103 119 088 105 070

Chesapeake Bay Virioplankion (Bench etal., 2007) W 4G4 101 084 102 108 098 026 084 104 114 OTE
Het Springs Bear [Schoenfeld =t al., 2008) W 445 098 102 10 1.18 1.07 0s2 026 108 100 080

Het Spring Oclopus [Schosnfald =t al., 2003) W 477 101 100 1.00 108 1.04 022 026 1058 100 094




Supplementary Table 10A. Description of microbial metagenomes including SEED and NCBI

accession numbers and references.

Description Sead NCBI Genome Biame # of Sequences
Scudan Aad (Edwards =t al., 2008) 44402615 = Sublaran=an 334358
Soudan Black (Edwards et al., 2008) 44402623 17835 Subteran=an 385827
Loww zalinily zolar salbem (Dinsdale = al., 20080) 44404357 3 23352 Hyp=rzadine 208 208
K=dium zalinily colar saltsm (Dinsdals =t al., 20086} 4440455 2 23377 Hypsrsdine 33,929
Meadium zalinfly sab=rn (Ciredal= e d., 2008k) 44404343 23373 Hyp=rsdine 23284
Plazmids fram low salinily zolar satem (Dinsdal==tal,, 4440020 3 28443 Hyparzadine 111 431
Ki=diom zalinity zalar salbem (Dinzdale =t al, 2006k) Q440418 5 18445 Hypersdline  B,062
High zalinily solar salt=m {Dinsdal= =t al., 20086} 4440419.3 28453 Hypzrsaine 35,446
I=dium zalinily solar saltem (Dinsdale =t al., 2008b) 4440425 5 28542 Hypsrsdine 32,871
Lovww =aliniy salar saltem {Dinzdale =t al., 20080) 4440425 3 28461 Hyp=rsaline 34,296
Satan Sea (Dinsdals st al, 20088) 4440329 5 28813 Hyp=rsaline 178407
Lire |zland=-Kingman {Dinsdal= =t al., 200%a) 44400373 pi= Rl Marire 185445
Lire |slandz-Kiftimat {Dinsdal= et al., 2008a) 44400413 T Karine 22T HZ
CASP Treated Seawater [Dincddl= et o, 2008E) 44403684.3 19145 Karine 54,848
CAMEP Tramad Seawaber [Diredale et o, 2008E) A4A03680.3 19146 Warire 50,313
Wanilale Treated Seawater (Dinsdal= et al., 2008b) 44403655 19145 Marin= 12446
Wanilale Treatsd Segwater (Dinsdal= =t al., 2006b) 4440363 3 19145 IMarin= 33773
Lire |=lands-Palmyra [Dirsdade o o, 2008a) 44400393 b= g Warine 280,723
Lirez |zlands- Tabuaeran (Cirsdak: = al, 20084) 44402733 pezte S Marire 200,844
Tilapia pond (Dinzdale =t al., 3X0Eb) 44404403 2B3aT7 Freshwatsr 381 O7e
Healthy fish pond [Diredals e o, 2008k 4440413.3 73406 Frashwatsr 63,978
Healthy fish prebesd (Dinsdals st al., 2008L) 44404113 3407 Fra=hwatar 44,03
Tilapia pond 3 (Dinsdal= e al., 2008b) 4440422 3 2BR03 Freshwater 67,612
Parites compressa ime= zero (Dinsdale = al., 2008b0) 4440380.3 8427 Caral 53473
Paries camprasza control (Dinsdals = al, 20085) 44403735 23429 Caral BE 191
Paries comprasza tzmperoiurs {Dinsdale =t al., 2008} 4440373 2 =243 Caral 61,368
Parites compressa DOC [Dincdale et d., 2008k) 44403723 23433 Conal 62953
Parites comprassa pH (Dinsdals = al., 2008h) 44408733 28436 Caral 67,994
Parites comprazsa ndrier [Dinedde o d., 20080) A440361.3 23437 Caral 6E,008
Parties asteroides Wegley etal., 2007) 4440319.3 23371 Caral 316273
Fios Mesguiles [Desnuss etal., 2008) 4440060.3 28351 Microbiali=z 124 264
Highbome Cay (Desnues ot al, 2008 44400613 78333 Microhialies 267 573
Pozas Azul=s |l {Desnues e d., 2008) 44400673 28235 Mercbiallzs 325,148
Healthy fish gun (Dinsdale =1 al, 2003k) 44400E5.3 ZBEEE Fizh 51,438
Morbid fizh gut (Dinsdale et al., 2008b) 44400863 28591 Fizh 60,311
Healthy fish slime [Dirsdale o o, 2003E) A4400ED.3 Z3maz Fizh 62,085
Moarbid fizh slime (Dinsdal= =t al., 20085) 44400663 23506 Fizh 82442
Cow umane pool plankion [Diredale e d., 20080) 4440367 4 ==l b Chher animals 236,840
Cow uma=ns B0FE (Dinsdal= =t al., 2008k} 44403665 ZBEQE Other animaks 178,713
Coree numzres B40FE [Diredal= e dl., 2008k) 44403663 23607 Other animals 284,843
Cow umans T10F (Dinsdal= et al., 2008b) 44403673 28608 Other animals 345217
Chick=n cecum MCTC {Dinsdal= =t al., 20080} 44400387 3 ZgEaa Other animals 237,240
Chickan uninfeciad (Dinsdals o al., 2008b) 44403883 Z3EaT Other animals 234 232
Lean mice [Dirsdale = al., 2003k) 4440324 .3 17401 CHhzr animals 43,074
Obes= mice (Cinsdae = d., 2008k0) 44403253 1740 CHher animals 35,053
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Supplementary Table 10B. Description of viral metagenomes including SEED and NCBI

accession numbers and references.

Description Seed NCBI Genome Biome # of Sequences
Lo sdlintly solar zafierm [Direddle o1 o, 20085 14056 5 63 Hyper=aline 266 534
Low sainily solar zalermn [Dinsdale =1 ., 2008k 4440452 3 28373 Hyperzaline 110511
Kedium zalinity solar zalern [Dircdal= = d., 2003E) 4440421 .3 23178 Hyperzalina 28378
Medium salinity solar saliern [Dirsdale e d., 2008k5) A440417.3 28445 Hype=rzaline 55903
High salinity solar aliern [Ciredale et dl., 2006k) A440145.4 28447 Hyperzaline 47 B&7T
High salinity solar zaliern [Diredals et a., 2008k) dddnidd 4 28461 Hyperzaline 4845
Low salinily solar zahern [Dinedale =1 ., 2008k 44404203 28455 Hyperzaline 62 B85
High salinity solar zaliern [Ciredale et dl., 2006k) 44404213 2B45T Hyperzaline 154,167
Medium salnity solar =alern [Dirsdaes =1 d., 2008k) 4440427 3 8463 Hyp=rzaline 39,943
Kedium zalinity solar zalern [Dircdal= = d., 2003E) 4440428 5 254BE Hyperzalina  E3.735
Salton S=a 1 (Dinzdale et al., 2006b) A440EET.5 28813 Hypersadine 53 787
Salton S=a 2 [Dinsdale =t al., 200EL) 4440658 .5 ez iy el Hyparzdine 28,870
Marine GOM {Angly = al , 2008) A440504 .5 1776 Marine 295208
Marin= BEC [Angly =t al., 2006) 44403063 17767 Marin= 416 468
Arclic (Angly =tal., 2006) A440306.5 17763 Marine 635,590
SAR (Angly =t d., 2006) 44403223 17 Marine 398,343
Line Island= - Kingman {Dinsdals =t al., 2008} 44400285 ZBuE Marine 4015
Line Islards - Kritimati [Dinzdale =tal., 2006a) 44400585 pec= e Marine 320,207
Line Island=-Palmyra [Dinzdale =tal., 200Ea) 44400405 ZRIGE Marine E20.297
Line Island=-Tabuae=ran [Cinsdde =t al, 2008a) 44402803 2B1E Marine 330,265
Shan Bay (Dinsdale o dl., 2008k) 4440330.3 28819 Marine 31,376
Tilapia pond (Dinsdale =t al., 2008b) 44404303 28361 [ 57134
Heahhy tilapia pond [Dincdale el al., 2008k) A440412.3 2403 Freshwater 60,319
Heahhy prebead pord (Dinsdal= =t al., 20085 44404143 241 Frezhwatsr 67,083
Tilapia pond 3 (Dinzdal= e al., 2008E) 4440424 5 e Freshwater 67 E12
Fonites compresss fime zero (Dincdde et al., 2008k) 44403763 2B4E Comal 3,270
Fontes compressa comrol (Dincsdals et d., 2008k) 44403743 =47 Comal 9,340
Pantes compressa femperaturs (Dinsdalke = d ., 2008k) 4440375.5 25412 Caoral 39,028
Pontes compressa DO (Dinzdale =t al., 2006b) 44403703 28421 Comal 35,680
Fortes compressz pH [Dincdale e al., 2008k) 44403713 28423 Coral 50,384
Parnters compresse nudrent {Dinsdale =t al, 20086) 4440377 5 28425 Caral 34,433
Pozos Azukes || [Desrues =t al,, 200E) 44408205 28365 Micrchbiaies 302387
Rics Mesquites (Desnues =1 al., 2008) 44405213 2B3ET Microbiaies 325866
Highborn= Cay [Desnues = al., 2008) 44406255 B8 Microbiaites 325868
Heahhy lizh sime [Dinzdale =t al., 2008b) 44400855 28401 Fizh 61476
Morbid fish slime [Dinsdale el ., 2008b) 44400845 23403 Fizh 61,111
Lung cputum Cystic Fibrosis paiient (Dinsdale = ol ., 2008k5) 44404413 28441 Hheranimak 98,225
Lung spubum healthy (Dinsdale = al., 20085) 4440442 4 58453 CHher animak 39807
Mezquits Coearsdie, CA (Dinsdale =1 al , 2003k) 44400823 28413 Mezquits 340,003
Mezquits San Diego, CA (Dinsdal= =t al., 2008b) 44400535 BT Meequits 657,204
Mezquita || San Diego, CA (Dinsdale =t al., 2008k) A44006L 5 28463 Mezquits E16 578
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Supplementary Figure 1. Three-dimensional scatter plot of principal components from PCA of microbial and viral dinueleoticde frequencies for

original and additional metagenomes. The percent of variation cach principal compaonent explains is indicated in parentheses.
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Supplementary Figure 2. Hicrarchical clustering of viromes by the first three principal components from

dinucleotide relative abundances. Clusier numbers are indicated above the branch [or the cluster node, and

metagenomes are labeled according to hiome. Coral PC indicates P compressa coral viromes, Marine LI

indicates viromes from the Line Islands, and 85 indicates solar salterns.
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CHAPTER 3: VIRAL METAGENOMICS IN THE HEALTHY HOST

To most effectively use viral metagenomics to identify emerging pathogens and
to delineate the role of viruses in disease, it is first necessary to establish baseline viral
communities in healthy individuals. Many studies have focused on identifying specific
viruses in disease outbreaks, but few have characterized the normal viral flora in the
non-diseased. This chapter provides a case study of oropharyngeal viruses in the
healthy adult population, and demonstrates the use of metagenomics as a rapid
screening tool, and a vehicle for the discovery of novel and unexpected viruses.
Additionally, the effects of sample preparation techniques on metagenomes are

discussed.

Introduction

The human oropharynx is constantly exposed to a wide variety of viruses and
microbes from the environment, from both inhaled air and ingested food and water.
The oropharynx serves as a niche for commensal bacteria, some of which (e.g.
Streptococcus and Neisseria spp.) can be pathogenic when introduced into other body
sites (1-3). In healthy individuals, these normal flora prevent colonization by invading
organisms by changing the local pH, producing bacteriocins, and providing a
mechanical barrier which prevents adherence to mucosal surfaces (3-5). The
oropharynx is also a reservoir for several viruses, including HIV, as well as
papillomaviruses and Epstein-Barr virus, which are associated with oropharyngeal
carcinomas (6-9). While oropharyngeal and oral microbes in general have been

studied extensively using culturing and 16S sequencing, little is known about viral
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communities in the oropharyngeal spaces of healthy individuals (1; 10-13). The advent
of viral metagenomics, i.e. culture-independent sequencing of viral nucleic acids, has
made it possible to rapidly screen human samples for both known and novel viruses
(14-17). For example, a number of known pathogenic viruses, as well as previously
unknown types, were detected in nasopharyngeal aspirates from patients with
respiratory infections (14; 16).

Here, we present the first description of oropharyngeal viral communities in
healthy individuals. The initial purpose of this study was to evaluate the feasibility of
viral screening using metagenomics in asymptomatic human subjects. Characterization
of viral communities in healthy individuals is critical, as it establishes a baseline for
comparison with samples from diseased individuals. However, in healthy individuals,
viruses are likely to present in very small numbers, presenting a greater challenge for
detection. We demonstrate that oropharyngeal swabs coupled with high-throughput
sequencing are an effective method for sampling and characterizing oropharyngeal
viral communities. Viral metagenomic sequences from a pool of 19 oropharyngeal
samples provided complete coverage of several phage genomes, and identified the
oropharynx as a potential reservoir for enterobacteria phage T3. Additionally, phage-
encoded platelet-binding factors associated with Streptococcus mitis virulence in the
endocardium were detected for the first time in the oral cavity, providing a potential

link between viral communities in the oropharynx and heart disease.

Materials and Methods

Subject recruitment for the oropharyngeal metagenomes and saliva PCR assay
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were approved by the San Diego State University Institutional Review Board (SDSU
IRB 2121) and Environmental Health Services (BUA 06-02-062R). Subject
recruitment for the saliva metagenomic study was approved by the Stanford University

Administrative Panel on Human Subjects in Medical Research.

Oropharyngeal sampling

Oropharyngeal swab samples were collected in July 2007 from individuals
with no symptoms of respiratory infection as assessed by a pre-screening
questionnaire. A signed consent form was obtained from each subject prior to sample
collection, as required by the San Diego State University Institutional Review Board
(IRB). Study subjects ranged in age from 23 to 56 years old, and consisted of 8
females and 11 males. Samples were obtained by swabbing the area posterior and
superior to the palatopharyngeal arch (lower border of the nasopharynx) on both the
right and left sides with a sterile swab. Swabs were replaced into their original self-

sealing specimen containers and transported to the laboratory.

Oropharyngeal sample processing and viral isolation

Upon arrival at the laboratory, 2 ml of SM buffer (50 mM Tris-HCI, pH 7.5,
100 mM NaCl, 8 mM MgS0O., 0.01% gelatin) was added to the oropharyngeal swabs.
Samples were then treated with dithiothreitol to break up mucus as described in (17),
and subsequently filtered through 0.8 pm polycarbonate filter (Sterlitech Corp.) and
0.45 pm Millex-HYV filters. Filtrates from 19 individual samples were combined to

form a pooled sample. The filtrate was brought to a density of 1.15 g ml™ by addition
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of solid cesium chloride (CsCl). This sample was overlaid onto a CsCl step gradient to
concentrate viral particles as detailed in (18). Ten microliters of each viral concentrate
was vacuum filtered onto a 0.02 micron Anodisc (Millipore), stained with SYBR Gold
(Invitrogen), and virus-like particles (VLPs) were visualized using epifluorescence
Microscopy.

Half of the viral concentrate was filtered with a .22 pm Millex-HV filter to
remove cellular material. DNase I was added to the sample to a final concentration of
10 pg ml, followed by incubation at 37°C for one hour to degrade free DNA. The
other half of the viral concentrate was treated with chloroform but not filtered. 20 pl of
chlorofrom was added per ml of viral concentrate, and the sample was then incubated
at 4°C for 2 hours, and centrifuged at 2000 rpm for 15 minutes. The supernatant
containing the viral concentrate was collected and treated with DNase I as described
above. DNA was extracted from the filtered and chloroformed samples using a
CTAB/Formamide protocol (19). Viral DNA was sequenced at the Joint Genome
Institute using the 454 GS-FLX platform. The chloroformed metagenome contained
215,281 sequences with an average length of 206 base pairs and the filtered

metagenome contained 245,025 sequences with an average length of 219 base pairs.

Saliva sampling for metagenomic study

For the metagenomic study, three subjects donated saliva samples at three time
points over a 3-month time period from February 2008 to April 2008. All subjects had
no pre-existing medical conditions and were determined to be periodontally healthy

based on full baseline periodontal examinations performed prior to the study. A
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minimum of 3 ml of saliva was collected at each time point, and saliva was stored at

-20°C until processing for metagenomic sequencing.

Initial processing of metagenomic sequences

Viral metagenomic sequences were deposited in NCBI under Genome Project
numbers 43627 (oropharyngeal) and 43629 (saliva metagenomic sequence subset).
The two oropharyngeal and nine saliva metagenomic libraries were de-replicated and
then compared to the non-redundant database at NCBI (http://www.ncbi.nlm.nih.gov)
using BLASTn and tBLASTx (20). Sequences were assigned taxonomy based on the
most significant BLAST similarity with an e-value less than 10 and a minimum
alignment length of 50 bp. All sequences classified as microbial were compared to the
ACLAME prophage database using BLASTn and tBLASTx to distinguish prophage
sequences from microbial genomic sequences (21). Sequences with best BLAST
similarities to eukaryotic and microbial genomes were removed from the

metagenomes prior to subsequent analyses.

Bioinformatics for oropharyngeal metagenomes

Sequences with best BLASTn similarities to viral genomes were mapped to the
genomes of EBV, E. Coli phage T3, P. acnes phage PA6 and S. mitis phage SM1 using
BLAT and visualized with the Integrated Genome Browser (22; 23). Reference
sequences for viral genomes were obtained from NCBI (http://www.ncbi.nlm.nih.gov).
Contiuous coverage of the SM1 genome at the amino acid level and pblA and pblB

genes was calculated using a Perl script. Contigs were assembled using the 454
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gsAssembler with a minimum overlap length of 35 bp and 98% identity and compared
to the non-redundant database for taxonomic assignment. Phage genome annotations
were obtained from (24) for phage T3, (25) for phage PA6, and (26) for phage SM1.
Counts of significant similarities to T3 in other environmental metagenomes were
obtained by comparing the T3 genome to the environmental samples database (env_nt)
at NCBI using BLASTn.

Viral community composition was determined using GAAS, based on
tBLASTx comparisons of all non-eukaryotic and non-microbial sequences to a
database containing all complete viral genomes currently available at NCBI (27).
GAAS parameters were at least 40% identity with minimum relative alignment length
of 80% and e-value cutoff of 10°. Viral diversity was estimated using the PHACCs
program, with input contig spectra generated by Circonspect

(http://biome.sdsu.edu/circonspect), and average genome size estimated by GAAS (27;

28). Cross-contig spectra were generated using Circonspect and used for a Monte
Carlo simulation as described in (29) to determine the percent of species shared and

permuted between the two oropharyngeal metagenomes.

Bioinformatics and statistics for salivary metagenomes

Sequences with significant similarity (e-value<10~, >30% identity over at least
80% of the query length) to the pblA and pblB gene regions of phage SM1 were
extracted from the salivary metagenomes. Continuous coverage of the pblA and pblB
genes was calculated with a Perl script. Sequences extracted from each metagenome

were compared in a bi-directional pairwise fashion using cd-hit-2d-est with a 90%
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identity cutoff to determine the percentage of sequences shared (30). The similarity
index between metagenomes was calculated as the number of pblA or pblB sequences
in metagenome 1 shared with metagenome 2 plus the number of sequences in
metagenome 2 shared with metagenome 1 divided by the total number of sequences.
The dissimilarity matrix was constructed by subtracting all similarity values from 1,
and then used as an input to multi-dimensional scaling in R (31). Coverage of pblA
and pblB genes in each metagenome was assessed by dividing the gene into bins of
20, 50, or 100 base pairs and counting the number of sequences covering each bin.
Coverage over all bins was compared using the XIPE program, which uses non-
parametric statistical methods to compare two empirical distributions (32). Coverage
dissimilarity was calculated as the proportion of bins identified as having different
coverage by XIPE. Results were the same whether 20, 50, or 100 base pair bins were
used. The correlation between coverage and sequence similarity was calculated using

the cor.test procedure in R with the 'spearman’ option (31).

Bacterial strains

The S. mitis SF100 and PS344 strains were provided courtesy of Dr. Paul
Sullam and Dr. Ho Seong Seo. S. mitis SF100 contains the complete SM1 prophage
including the pblA and pblB genes (26). S. mitis PS344 contains the prophage with
pblA and pblB deleted (26). S. mitis strains were grown on blood agar (TSA with 5%

sheep's blood added) or Todd Hewitt broth (THB) at 5% CO, at 37°C.
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PCR screening of saliva samples

Total DNA was extracted from 20 individual saliva samples as described in
(33). Positive control DNA was prepared from an overnight culture of S. mitis SF100
grown in THB. DNA was extracted using the Nucleospin Tissue Kit (Macherey-Nagel
Inc., Bethlehem, PA) with the addition of a gram positive lysis step as described in the
manufacturer's instructions. Negative control DNA was similarly prepared from S.
mitis PS344.

The PCR reaction mixture (50 pL total) contained target DNA, 1X Taq Buffer,
0.2 mM dNTPs, 1 pM of each primer, and 1 U Taqg DNA polymerase. The forward
primer (pblA1456F) was 5'-ACCGCAGAGGCAGCGAATGC-3', and the reverse
primer (pblA2222F) was 5'-CCAGGCCATAGACGCAGCCG-3'. Primers were
designed using primer BLAST at NCBI (34). The thermocycler conditions were: 5
min at 94°C; 30 cycles of 1 min at 94°C, 1 min at 58°C with a -0.5°C touchdown,
1min at 72°C; and 10 min at 72°C. PCR products were checked for size on a 1%
agarose gel, and prepared for sequencing using the Accu-Prep PCR Purification Kit
(Bioneer Corporation, South Korea). PCR products were sequenced at the SDSU
Microchemical Core Facility using an ABI Prism 3100 Genetic Analyzer. Sequences
were deposited in Genbank under accession numbers GU586484, GU586485,
GU586486, GU586487, GU5864848, GU586489, and GU586490.

Sequences from PCR products were trimmed and aligned to each other and the
reference sequence (Streptococcus phage SM1 pblA, GenelD: 1009419) using
ClustalW (35). Nucleotide sequences were translated in all six frames using TranSeq

and were aligned to the translated reference sequence to determine the correct
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translation (36). Translated PCR product sequences were then aligned to the SM1
reference sequence both with and without the presence of pblA homolog sequences.
Homolog sequences were as follows: S. pyogenes MGAS315 SpyM3_1104 (GenelD:
1009419), S. pneumoniae 70585 SP70585_0072 (GenelD: 7683049), S. agalactiae
Lambda Sal pblA (GenelD: 1013400), S. agalactiae Lambda Sa03 pblA (GenelD:
3686919), S. pyogenes M1GAS Spy_1448 (GenelD: 901501), E. faecalis V583 tape
measure (GenelD: 1200878), S. pyogenes M1GAS SpyM3_1313 (GenelD: 1009628),
E. faecalis V583 tail protein (GenelD: 1199267), and S. pyogenes phage 315.5 tail
protein (GenelD: 1257924) (37-40). Alignments were visualized using JalView (41).
A phylogenetic tree was created based on the aligned amino acid sequences using
MrBayes 3.1 (42). Four independent Monte Carlo Markov chains were run for

500,000 generations using the mixed amino acid model option.

Phage induction assays

Phage inductions were performed using an adaptation of the protocol described
in (26). Overnight cultures of S. mitis SF100 were grown in THB for 16 hours.
Cultures were diluted 1:10 in fresh THB and incubated for 30 minutes. Cultures were
treated with one of six treatments: 0.25 pg/mL mitomycin C, red wine diluted 1:100,
white wine 1:10, cola diluted 1:10, nicotine 1:10 (2.4 mg), or soy sauce diluted 1:10.
The nictoine treatment consisted of Johnson Creek Original Smoke Juice (Vapure,
Inc.), which contains 24 mg/mL of nicotine. An untreated culture was used as a
control. These treatments were selected based on overnight growth curves of S. mitis

SF100 with a variety of treatments added. All cultures were incubated for 3 hours, and
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then filtered using an 0.45 pm Millex-HYV filter to remove remaining bacterial cells.

Phage particles were enumerated using a flow cytometry procedure from (43).
Samples were fixed with 0.5% glutaraldehyde for 30 minutes at 4°C. Samples were
then flash frozen in liquid nitrogen and stored at -80°C until analysis. For analysis,
samples were thawed at room temperature and diluted 1:100 in TE buffer. One unit of
DNase was added to each diluted sample and allowed to incubate at room temperature
for 15 minutes to eliminate free DNA in the sample. Fresh SYBR Green I (0.5X) was
then added to each sample to stain for DNA and incubated at 80°C for 10 minutes in
the dark. After incubation, samples were allowed to cool in the dark at room
temperature for 5 minutes. Internal standard beads (0.75 mm diameter YG fluorescent
latex microspheres; Polysciences, Inc., Warrington, PA) were added to each sample at
a concentration of 1 x 10° beads per sample. Samples were analyzed using a
FACSAria flow cytometer (Becton Dickinson, San Jose, CA) using FACSDiva
software. The cytometer threshold was set on green fluorescence while the machine
flow rate analyzed ~1000 events per second. Contour plots were generated on a side
scatter x-axis and a green fluorescence y-axis on bi-exponential scales. Two separate
electronic gates were generated for enumeration of virus and beads. Samples were
collected until 1 x 10° bead events were detected. Viral positive events between
different induction conditions had a minimum of ~1600 viral counts and maximum of
~420,000 viral counts per 1 x 10° bead events. Three replicate experiments for each
treatment were conducted and statistical significance was assessed using

randomization tests as implemented in the R function permtest (31).
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Results and Discussion

Metagenomic detection of oropharyngeal viruses

Metagenomic sequencing of oropharyngeal swabs detected both phage and
eukaryotic viruses (Figure 1). Taxonomy was assigned to metagenomic sequences
based on BLAST comparisons to the non-redundant database (e-value<10®). BLASTn
analysis identified fifty-three sequences which were nearly identical (>98% identity at
the nucleotide level) to Epstein-Barr virus (EBV). The majority of these sequences
aligned to open reading frames in the EBV genome, including genes involved in viral
replication and latency as well as virion structure (Figure 3.1A). No additional
sequences were recruited to the EBV genome using amino acid level searches
(tBLASTX). EBV primarily infects epithelial cells in the oropharynx (44; 45). EBV
infection is generally controlled by the immune system in healthy individuals, but the
virus remains latent in circulating B lymphocytes (45; 46). Viral reactivation can occur
in seropositive-normal individuals, resulting in viral shedding in the oropharynx (47).
While it is estimated that 90% of the healthy adult population is seropositive for EBV,
reactivation only occurs in 10-20% of individuals with latent EBV infections (44; 45).
The incomplete coverage of EBV in the oropharyngeal metagenome was likely a
reflection of the low prevalence of individuals actively shedding virus in the pooled
sample population, as the metagenome was a composite from all nineteen study
subjects. Detection of EBV in a pooled sample indicates that metagenomic sequencing
of oropharyngeal swabs has adequate sensitivity to serve as a rapid non-invasive
screen for viruses in individuals.

The complete genome of E. coli phage T3 was recovered from oropharyngeal
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Figure 3.1: Coverage of viral genomes by oropharyngeal metagenomic sequences: Epstein-Barr virus
(A), E. coli phage T3 (B), P. acnes phage P6 (C), and S. mitis phage SM1 (D). Similarities obtained
from the chloroformed metagenome are in blue, and those from the filtered metagenome are shown in
red. Nucleotide-level coverage (A,B,C, D top panel) was determined by alignment of metagenomic
sequences to complete viral genome sequences using BLAT. Amino acid level coverage (D, bottom
panel) was plotted using significant tBLASTx (e-value<10~) similarities to each genome. Contigs were
assembled using the 454 gsAssembler and aligned to genomes using BLAT.
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swabs (Figure 3.1B). Over 500 sequences were at least 98% identical to the T3
genome at the nucleotide level. These sequences provided approximately 3X coverage
of T3, and could be combined into contigs as large as 4kb. Laboratory strains of phage
T3 are widely used for experimental purposes, however, the origins of and natural
reservoirs for T3 are largely unknown (48). A BLAST search of publicly available
environmental metagenomes revealed a very low prevalence of sequences similar to
T3, even in fecal samples which are considered to be a source of the phage (Table 2).
Our results indicate that the oropharynx may be a previously undiscovered

environmental reservoir for phage T3.

Table 3.1: Count of BLASTn similarities to E. coli phage T3 in environmental metagenomes.
Similarities were determined by BLASTn (e-value<10-5).

Sample name BLASTn identities Reference

(e-value<10?)
Chloroformed oropharyngeal | 523 This study
viruses
Marine viruses 63 Angly et al. (2006)
Human gut microbiome 1 Kurokawa et al. (2007)
Coral viruses 1 Vega Thurber et al. (2009)
Freshwater viruses 35 Dinsdale et al. (2008)
Mosquito viruses 5 Dinsdale et al. (2008)

Metagenomic sequences provided high coverage of Propionibacterium acnes
phage PAG at the nucleotide level, and Streptococcus mitis phage SM1 at the amino
acid level (Figure 3.1C and D). Contigs of up to 2 kb could be assembled and aligned
to the PA6 genome, however, no contigs larger than 500 bp could be assembled which
were significantly similar to SM1. Phage PAG is a lytic phage whose host, P. acnes, is
highly abundant in the oral cavity (25). Phage SM1 is a temperate phage previously
isolated from S. mitis SF100, an endocarditis strain (26). SM1 carries two genes, pblA

and pblB, which contribute to S. mitis virulence in the endocardium (26; 49; 50).
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While S. mitis is a ubiquitous member of the normal oral flora, the presence of phage
SM1 has never previously been reported in the mouth or oropharynx (1). The lack of
long contigs and discontinuous coverage at the nucleotide level suggests that the SM1
nucleotide sequence was highly variable either between individuals, within
individuals, or both. Temperate phage adopt the oligonucleotide usage patterns of their
hosts, which can lead to sequence divergence at the nucleotide level if multiple,
different hosts are present (51; 52). Since the oropharyngeal metagenomes were
constructed from pooled samples from 19 individuals, it is likely that phage with

varied hosts and host ranges were sampled.

Sample processing methods affect metagenomic composition

The composition of the oropharyngeal metagenomes differed depending on
which sample preparation method was used (Figure 3.2A and B). Prior to DNA
extraction, the pooled oropharyngeal swab sample was split, and each half was treated
to reduce microbial contamination, either by the addition of chloroform or 0.22 micron
filtration. The filtered metagenome contained a higher percentage of bacterial
sequences, while the chloroformed metagenome was enriched in viral (including
phage) sequences (Figure 3.2A). Filtering at 0.22 microns should trap bacterial cells
while allowing viral particles to pass through (18). However, some viral particles will
stick to the filter, especially larger viruses. EBV was the only eukaryotic virus detected
in the oropharyngeal metagenomes, and it was present only in the chloroformed
metagenome. EBV virions range in diameter from 120 to 220 nanometers and thus

may not have passed through the filter (53). Additionally, some bacterial cells are
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likely to have escaped filtration. These cells would have been lysed during viral DNA
extraction, releasing chromosomal DNA, and contaminating the viral metagenome
(18). Chloroform treatment permeabilizes the membranes of bacterial cells, leading to
cell death and the release of chromosomal DNA into the medium, where it can be
digested with DNase I (18). This treatment also releases any intracellular viral
particles, which may be fully assembled but have not yet induced host cell lysis. In
general, viral capsids are resistant to chloroform, and remain intact until lysis during
DNA extraction. The higher rate of viral recovery in the chloroformed metagenome
suggests that chloroform treatment may be a more effective strategy for reducing

microbial contamination and enriching for viruses in viral metagenomes.
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Figure 3.2: Taxonomic composition of the oropharyngeal metagenomes. (A) Composition of complete
metagenomes, as determined by best tBLASTx similarities to the non-redundant database (e-value <10-
5). (B) Composition of viral communities as determined by GAAS.

Phage communities in the two oropharyngeal metagenomes shared many
species, but in different relative abundances (Figure 3.2B). Community composition

was estimated using GAAS, which calculates relative abundances based on all
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significant BLAST similarities (27). E. coli phage T3 was the most abundant phage in
the chloroformed sample, yet only comprised 1.6% of the community in the filtered
sample. Similarly, P. acnes phage PA6 was the most abundant phage in the filtered
sample, yet appeared in extremely low abundance (< 0.01%) in the chloroformed
sample. P. acnes is ubiquitous in the healthy oral cavity, while gram negative bacteria
such as E. coli are generally present in low abundance or not at all, as they are rapidly
cleared in healthy people (4, 33, 34). Abedon demonstrated that phage with more
abundant hosts tend to have shorter latent periods, i.e. a smaller lag time between
adsorption and host lysis (54). Phage with less abundant hosts have longer latent
periods, and will produce more progeny prior to lysis, generating a larger burst size
(54). The addition of chloroform would cause the release of progeny phage from host
cells, while filtration would remove host cells and their intracellular phage. The shift
in phage T3 abundance between the filtered and chloroformed samples is likely the
result of the release of intracellular T3 phage during chloroform treatment. This may
also account for the increased abundance of T7 in the chloroformed sample (1.3%
versus 0.1% in the filtered sample). The enrichment of E. coli phage lambda in the
filtered metagenome (11.1% versus <0.01%) is seemingly in contrast to the long latent
period hypothesis. However, lambda is a temperate phage, and several lambda
sequences with flanking host sequences were detected in the metagenomes. This
indicates that lambda was present as a prophage element integrated into the host
genome, not as a free phage particle. Therefore, the higher abundance of lambda in the
filtered metagenome was due to the higher level of bacterial DNA contamination.

Streptococcal phage were more abundant in the chloroformed sample than the
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filtered sample, comprising 33% and 7% of the viral communities respectively (Figure
3.2B). S. mitis phage SM1 was the most abundant Streptococcal phage in both
metagenomes. Phage of other lactic acid bacteria (LAB) were also more abundant in
the chloroformed metagenome (2.5% versus 1.0% in filtered). All of the LAB and
Streptococcal phage detected were temperate phage. No flanking host sequences were
detected adjacent to these phage sequences in the metagenomes, indicating the
presence of free phage particles. Free phage would be enriched in the chloroformed
sample due to the release of intracellular phage from host cells as described above.
Streptococci are among the first bacteria to colonize the oral cavity, and remain in the
mouth and oropharynx at high population densities throughout an individual's life (3;
5). Lactobacilli and other lactic acid bacteria are also common constituents of the
normal oral flora, but are present at lower abundances, as reflected by the lower

abundances of their phage in the oropharyngeal viral communities (3; 5).

Diversity of viruses in the oropharynx

Viral communities had the same predicted diversity, regardless of sample
preparation method. Viral diversity was estimated using the PHACCs program as
described in (28). The PHACCs method uses all metagenomic sequences, not just
those with significant BLAST similarities (28). Viral communities in both the filtered
and choloroformed samples were predicted to follow a power law distribution. The
estimated richness of viral communities in both samples was 236 species, which was
similar to estimates for the human respiratory tract, and low compared to the viral

richness in marine environments (29; 17; 55). Estimates of microbial richness in the
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healthy oral cavity are similarly low; while over 700 microbial species have been
identified, each individual is thought to only harbor 100-200 at any given time (1; 12).
Despite the constant introduction of environmental microbes from food, water, and air,
microbial and viral richness in the oropharynx is limited by several anatomical and
biological mechanisms. Microbiota can be trapped in the mucosa prior to adherence,
inhibited by chemicals in saliva such as lactoferrin, or cleared by the host immune
system (3; 56). Additionally, normal flora prevent the adherence and growth of
transient microbiota by producing bacteriocins and manipulating the pH of oral
microenvironments (3; 56).

Viral communities in the filtered and chloroformed samples shared many
genotypes, but at different relative abundances. Taxonomic data indicated that the
majority of viruses which could be identified using BLAST appeared in both
metagenomes, but in different proportions. To test whether this was true for all viral
genotypes, not just those with significant BLAST similarities, cross-contigs were
generated between the metagenomes, and a Monte Carlo simulation was conducted as
described in (29). The simulation uses cross-contig spectra to estimate what proportion
of genotypes are shared between communities, and what proportion of these shared
genotypes are permuted, i.e. present in different abundances. The filtered and
chloroformed viral communities were predicted to share more than 95% of genotypes
with 30% permuted (Figure 3.3A). When each sample was compared to itself as a
control, nearly all (>99%) of sequences were shared, however, less than 0.1% were
permuted (Figure 3.3B and C). The simulation results corroborated the BLAST-based

comparisons, demonstrating that while the filtered and chloroformed sample shared
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the same population of viruses, sample preparation methods altered their relative

abundances.
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Figure 3.3: Monte Carlo analysis of cross-contig spectra for oropharyngeal metagenomes. The area of
maximum likelihood is indicated by an arrow. (A) The filtered and chloroformed metagenomes were
predicted to share more than 95% of genotypes with 30% of their relative abundances permuted. (B,C)
Cross-contig spectra for each metagenome versus itself indicated that nearly all species were shared,
while very few were permuted. It is expected that a metagenome versus itself would share 100% of
sequences with 0% permuted, however, the small deviations seen here are the result of the sampling
mechanism implemented in Circonspect.

Phage-encoded platelet binding factors in oropharyngeal and salivary metagenomes
Two genes of S. mitis phage SM1 that encode platelet-adhesion factors, pblA

and pblB, were detected in the oropharyngeal metagenomes (Figure 3.1D; Figure 3.4).
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While few sequences similar to pblA and pblB at the nucleotide level were identified
using BLASTn, coverage of pblA, pblB, and holin and lysin genes was much higher
than for the rest of the SM1 genome at the amino acid level (Figure 3.1D). PblA and
pblB are integral phage tail proteins, and phage with pblA and pblB gene deletions
have intact capsids but no tails (26; 50). PblA and pblB also mediate the attachment of
S. mitis to platelets, which has been shown in a rabbit model to contribute significantly
to the virulence of S. mitis in the endocardium (49; 50; 57). The interaction between S.
mitis cells and platelets requires phage induction for maximal release of intracellular
pblA and pblB, but the soluble proteins can bind to choline residues on the surface of
host or non-host cells (58). Theoretically, pblA and pblB genes inserted into any phage
capable of host cell permeabilization or lysis would be sufficient to mediate S. mitis
adhesion to platelets. Siboo et al. suggested that pblA and pblB may be prime targets
for horizontal gene transfer (HGT), as genes encoding phage tail proteins are
especially labile regions, and can be highly variable even in phage with nearly
identical genomes (26; 59; 60). Phage are major agents of HGT in many Streptococci,
and have been shown to mediate inter-species genetic exchange, indicating that
Streptococcal phage may have wide host ranges and undergo frequent recombination
events (61-63). The high coverage of pblA and pblB genes in the oropharyngeal
metagenomes suggests that in addition to phage SM1, there may be a population of
recombinant phage which have acquired these genes through HGT. S. mitis and other
Streptococci have been shown to enter the blood stream from the oral cavity following
tooth extractions, so the dissemination of pblA and pbIB genes in oral phage and

microbes could potentially translate into an increased risk of endocarditis (2).
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Figure 3.4: (A) Coverage of the pblA and pblB genes in salivary and oropharyngeal metagenomes. (B)
Scatterplot of multi-dimensional scaling (MDS) coordinates for sequence dissimilarities between pblA
and pblB sequences in salivary metagenomes. Points further apart represent less similar sequence sets.
The time point for each saliva sample (1 day, 30 days, or 90 days) is indicated adjacent to each point.
Phage SM1-like pblA and pblB genes were also detected in salivary
metagenomes from three individuals at three time points (Figure 3.4A). Subsequent to
our analysis of the oropharyngeal metagenomes, nine pre-existing salivary
metagenomes became available to us for screening for pblA and pblB genes.
Sequences with significant tBLASTx similarities (e-value< 107, identity >30%, query
coverage >80%) to pblA were found in all individuals at all time points, while pblB

was absent in Subject 2 at the 30 day time point. Aas et al. demonstrated that while

some microbes preferentially colonize particular sites, S. mitis is ubiquitous, and can
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be detected throughout the oral cavity (1). The presence of phage SM1 pblA and pblB
genes in both oropharyngeal and salivary metagenomes suggests that these genes, and
most likely phage SM1 itself, have a similarly widespread distribution.

PblA sequences in the salivary metagenomes varied both between and within
subjects (Figure 3.4B). The sequence comparison tool cd-hit-est-2d was used to assess
the degree of variability of pblA sequences at the nucleotide level (30). PblB
sequences were not analyzed as at some time points fewer than five sequences were
identified. PblA sequences with 90% identity at the nucleotide level were considered
to be congruent. A dissimilarity matrix was constructed from cd-hit-est-2d results and
used as an input to multi-dimensional scaling (MDS) (Table 3.2). A scatterplot of
MDS coordinates showed that pblA sequences differed between individuals and within
individuals at different time points (Figure 3.4B). In all three individuals, sequences
from closer time points appeared to be more similar than those from more distant time
points (i.e. 1 vs 90 days). Sequences from subject 3 were extremely dissimilar to those
from subjects 1 and 2 at all time points. To determine whether this divergence was
driven by coverage differences, coverage of pblA genes was compared between
metagenomes (Table 3.3). Coverage was not significantly correlated with sequence
dissimilarities (Spearman's rho=0.26, p=0.13). Similar to the results in the
oropharyngeal metagenomes, this suggests that pblA genes are variable between
individuals, and in addition, within individuals over time. These nucleotide level
changes may be indicative of adaptation of phage sequences to host oligonucleotide
usage, reflecting the movement of phage SM1 genes into different and potentially

novel hosts, either through host range expansion or lateral gene transfer (51; 52).
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Table 3.2: Dissimilarity matrix for pblA sequences between salivary metagenomes. Dissimilarity was
calculated at the proportion of unshared sequences between metagenomes as determined by cd-hit-2d-
est.

S1D1 | S1D30 | S1D90 | S2D1 | S2D30 | S2DS0 | S3D1 | S3D30 | S3DS0
SID1 |0 0.14 0.82 0.62 0.51 0.44 1 1 1
S1D30 | 0.14 0 0.72 0.46 ] 0.55 0.58 1 1 1
S1D90 | 0.82 0.72 0 0.81 0.61 0.58 0.99 0.95 0.96
S2D1 | 0.62 0.46 0.81 0 0.50 0.29 0.98 0.80 0.77
S52D30 | 0.51 0.55 0.61 0.50 0 0.36 1 1 1
S2D90 | 0.44 0.58 0.58 0.29 0.36 0 1 0.96 0.98
S3D1 |1 1 0.99 0.98 1 1 0 0.99 0.98
S3D30 | 1 1 0.95 0.80 1 0.96 0.99 0 0.34
S3D90 | 1 1 0.96 0.77 1 0.98 0.98 0.34 0

Table 3.3: Dissimilarity matrix for coverage of pblA genes between salivary metagenomes.
Dissimilarity was calculated by dividing the pblA gene into 20 base pair bins and using the XIPE
program to determine which bins were over-represented in each metagenome upon pairwise comparison
with every other metagenome. The dissimilarity index is the proportion of non-identically distributed
bins.

S1D1 S1D30 | S1D90 | S2D1 | S2D30 | S2D90 | S3D1 | S3D30 | S3D90
S1D1 0 0.07 0.13 0.10 0.23 0.10 0.30 0.10 0.13
S1D30 | 0.07 0 0.23 0 0.13 0 0.37 0 0.10
S1DS0 | 0.13 0.23 0 0.27 0.20 0.20 0.10 0.20 0.13
S2D1 0.10 0 0.27 0 0.13 0 0.43 0 0
S2D30 | 0.23 0.13 0.20 0.13 0 0.13 0.50 0.03 0.10
S3D1 0.30 0.10 0.13 0 0.10 0 0.13 0 0

PCR detection of pblA in saliva samples

PblA gene fragments with high homology to phage SM1 pblA were detected in
individual saliva samples from healthy individuals (Figures 3.5 and 3.6). Saliva
samples were collected from 20 individuals and screened for the presence of an
approximately 750 base pair region of pblA. This region, spanning nucleotides 1456 to
2222 of the pblA gene, was noticeably under-represented in both the oropharyngeal
and salivary metagenomes (Figure 3.4). The pblA gene fragment was detected in 6 of
the 20 individuals tested and was sequenced, along with positive control DNA from

cultured S. mitis SF100. At the amino acid level, the positive control sequence was
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7.1% divergent from the reference, similar to the saliva sequences, which ranged from
4.5% and 37.5% divergence (Figure 3.5). Phylogenetic analysis indicated that all
saliva sequences and the positive control sequence were more closely related to the
SM1 reference sequence than to any other pblA homolog (Figure 3.6). These results

confirm the presence of SM1-like pblA genes in the healthy human oral cavity.
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Figure 3.5: Amino acid alignment of saliva pblA sequences with the S. mitis SF100 positive control
sequence and the SM1 reference sequence. The saliva and positive control sequences were translated in
all 6 frames and aligned to determine the correct reading frame prior to alignment.
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Figure 3.6: Phylogenetic relationships between pblA sequences from saliva samples and reference
genomes. The Bayes values show the proportion of sampled trees in which the sequences to the right of
the branch point clustered together. Saliva PCR sequences are shown in red and the positive control
sequence from S. mitis SF100 is in blue.

Induction of phage SM1

Phage SM1 was induced by commonly ingested substances, such as nicotine
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and soy sauce (Figures 3.7 and 3.8). To determine the relative amounts of phage
induced, we utilized a flow cytometry method to enumerate phage in each sample
(43). Cultures of S. mitis SF100 were treated with red wine, white wine, soda,
solubilized nicotine, soy sauce, or mitomycin C for phage induction and compared to
an untreated control culture. Nicotine and soy sauce treatments produced significantly
more phage particles (p<0.05) than the non-induced control, while red wine, white
wine, and soda had no significant effect on phage production. Phage induction
provides a vehicle for virulence genes to travel between bacterial species. Acquisition
of toxin genes by Group A and Group C Streptococcus has been shown to occur by
lysogenization following prophage induction, and it is likely that pblA and pblB genes
could disseminate in the same manner (63). Mitchell et al. demonstrated that phage
SM1 induction even at low levels is sufficient to facilitate S. mitis binding to platelets
(57). Induction of phage by food or beverages in individuals with severe periodontal
disease could lead to an increased endocarditis risk, as they are highly prone to

acquiring bacteremia from routine activities such as toothbrushing (2; 64).

Additional considerations

The oropharyngeal viral community described here consisted almost
exclusively of phage. With the exception of EBV, no eukaryotic viruses were
detected. In healthy individuals, the absence of eukaryotic viruses may be
characteristic of the non-diseased state. However, it is also possible that enveloped
viruses were not efficiently isolated by the CsCl density gradient method due to their

anomalous density (18).
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Figure 3.7: Representative flow cytometry data of viral induction. Samples were not induced (panel
A) or induced under different conditions (panels B-G). Contour plots are displayed on bi-exponential
scales with Side Scatter (SSC) on the x-axis and SYBR Green I (SYBR) on the y-axis. Panel H is beads
alone in TE buffer to determine background signals and generate electronic gate for virus counts.
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Figure 3.8: Phage induction assay. The mean number of phage events counted using flow cytometry
(+SEM) is on the y-axis (n=3). White wine, nicotine, soda, and soy sauce were diluted 1:10, while red
wine was diluted 1:100. Asterisks indicate a statistically significant increase in phage count (p<0.05).

A caveat to this study was the use of Multiple Displacement Amplification

(MDA) with phi29 polymerase prior to 454 sequencing. While MDA generally does
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not bias the representation of individual genomes in metagenomic samples, small
circular and long linear genomes may be disproportionately amplified (65; 66). In any
case, all metagenomes were amplified using the same reaction conditions, allowing for

valid comparisons between samples even if bias were introduced.

Conclusions

Metagenomics is a powerful tool for both characterization of environmental
viral communities and discovery. In this study, we set out to evaluate the use of
oropharyngeal swabs for viral detection, and unexpectedly discovered phage-encoded
virulence genes in oropharyngeal viral communities. Detection of the pblA and pblB
genes in saliva as well as oropharyngeal samples suggests that they are widely
disseminated both in the oral cavity, and in the human population at large. Within the
metagenomes, pblA and pblB sequences varied significantly at the nucleotide level
between individuals and within individuals, suggesting HGT between phage SM1 and
other resident phage genomes. HGT and the host range expansion of phage SM1 may
be facilitated in the oral cavity by commonly ingested substances, as shown by our
phage induction assay. Several studies have established a link between endocarditis
and oral hygiene, demonstrating that Streptococci readily enter the bloodstream during
tooth extractions, and following toothbrushing in individuals with periodontal disease
(2; 67; 64). Future studies will be needed to determine the endocarditis risk associated

with the presence of phage SM1 and/or pblA and pblB genes in the oral cavity.
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CHAPTER 4: COMPARATIVE METAGENOMICS IN HUMAN DISEASE

The human respiratory tract is constantly exposed to a wide variety of viruses,
microbes and inorganic particulates from environmental air, water and food. Physical
characteristics of inhaled particles and airway mucosal immunity determine which
viruses and microbes will persist in the airways. Here we present the first
metagenomic study of DNA viral communities in the airways of diseased and non-
diseased individuals. We obtained sequences from sputum DNA viral communities in
5 individuals with cystic fibrosis (CF) and 5 individuals without the disease. Overall,
diversity of viruses in the airways was low, with an average richness of 175 distinct
viral genotypes. The majority of viral diversity was uncharacterized. CF phage
communities were highly similar to each other, whereas Non-CF individuals had more
distinct phage communities, which may reflect organisms in inhaled air. CF
eukaryotic viral communities were dominated by a few viruses, including human
herpesviruses and retroviruses. Functional metagenomics showed that all Non-CF
viromes were similar, and that CF viromes were enriched in aromatic amino acid
metabolism. The CF metagenomes occupied two different metabolic states, probably
reflecting different disease states. There was one outlying CF virome which was
characterized by an over-representation of Guanosine-5'-triphosphate,3'-diphosphate
pyrophosphatase, an enzyme involved in the bacterial stringent response. Unique
environments like the CF airway can drive functional adaptations, leading to shifts in
metabolic profiles. These results have important clinical implications for CF,

indicating that therapeutic measures may be more effective if used to change the
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respiratory environment, as opposed to shifting the taxonomic composition of resident

microbiota.

Introduction

Each day the human respiratory tract comes into contact with billions of
airborne particles, including viruses, microbes and allergens (1). Particle size and the
local airway host immune response determine which inhaled viruses and particles will
adhere to epithelial surfaces and persist in the airways (1, 2). The lungs and lower
respiratory tract have generally been considered sterile in the absence of respiratory
disease although very little is known about the microbiota of the upper and lower
airways of non-diseased individuals. Microbes and viruses, including phage, have
been implicated in chronic pulmonary diseases, such as chronic obstructive pulmonary
disease (COPD), asthma, and cystic fibrosis (CF) (3-8). However, most of this work
has been performed using standard microbial cultures and PCR-based studies, which
provide an incomplete picture of the airway microbiota and little opportunity for viral
discovery compared to metagenomic techniques.

Metagenomics is a powerful tool for viral and microbial community
characterization since nucleic acids are isolated directly from environmental samples
and sequenced, requiring no culturing, cloning, or a priori knowledge of what viruses
may be present. Viruses are the most numerous and diverse biological entities on
Earth, and metagenomics has been used extensively to describe viral communities in
marine ecosystems (9-12). The first metagenomic studies of the human microbiome

were of viruses in blood, feces, and the lungs, and went far to describe previously
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unexplored viral communities (13-17). Recent metagenomic studies of the human
microbiome have largely focused on microbial populations, predominantly in the gut
and the surface of the skin (18-21).

Cystic fibrosis is an autosomal recessive genetic disease caused by a mutation
in the cystic fibrosis transmembrane conductance regulator protein (CFTR), a gated
ion channel (22, 23). CF affects paranasal sinuses as well as the lower respiratory,
hepatobiliary, pancreatic and lower gastro-intestinal tracts (23). The current median
age of survival for individuals with CF is approximately 38 years. Over 80% of CF
mortalities are attributable to respiratory failure from chronic bacterial infections of
the lungs, most commonly caused by Pseudomonas aeruginosa, Staphylococcus
aureus, and Burkholderia cepacia (4, 24). Individuals with CF have impaired
mucociliary clearance (MCC) which results in airway mucus plugging (2)(25)(2). This
creates hypoxic microenvironments, forcing invasive microbial species to adapt (2).
This unique airway environment is believed to increase viral replication and
susceptibility to viral infections in individuals with CF (8, 22). Expectorated sputum
provides a sample of airway secretions from the proximal airways. Sputum also
contains material from the entire respiratory tract including airway mucus, cellular
debris, DNA, and degraded proteins as well as microbes, their associated phage, and
eukaryotic viruses (26, 27).

Here we report the first metagenomic study of airway DNA viral communities
using sputum samples from both cystic fibrosis and Non-cystic fibrosis (Non-CF)
individuals, including the spouse of an individual with CF and an individual with mild

asthma. Viral communities from Non-CF volunteers were characterized and compared
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to viromes of individuals with cystic fibrosis to determine if there is a core respiratory
tract virome in non-diseased individuals. Metabolic profiles inferred from
metagenomic sequences were distinctly different between Non-CF and CF viromes.
Our results indicate that regardless of the presence or absence of shared taxa, a core
set of metabolic functions defines the non-diseased and diseased respiratory tract DNA

viromes.

Results and Discussion

Phage taxonomy reflects airway pathology

In all metagenomes, the majority of sequences (>90%) were unknown when
compared to the non-redundant database using BLASTn (Table S1), which is
comparable to the percentage of unknown sequences in other environmental viromes
(9, 12, 28). CF viromes had more tBLASTx similarities to phage genomes overall than
Non-CF viromes, and were similar to a wider range of phage (Figure 4.1, Table S2).
The tBLASTx analysis identified a core set of 19 phage genomes which had
similarities to sequences in all metagenomes (Table S3). An additional 12 genomes
had significant similarities to viromes from all CF individuals but none of the Non-CF
individuals. This suggests a core set of phage characteristic of the human respiratory
tract, and an additional core group in CF individuals. A few phage genomes appeared
to dominated the Non-CF2, Non-CF3, and Non-CF5 viromes when tBLASTx
similarities to phage genomes were plotted against the Phage Proteomic Tree (Figure
4.1). Over 90% of tBLASTx hits to phage in Non-CF2 were to Streptococcus phage

Cp-1, and 80% of tBLASTx similaritites in Non-CF3 were attributable to two phage,
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Haemophilus influenza phage HP-1 and Brucella melitensis 16M Brucl prophage.

The large relative abundance of these phage may reflect their prevalence in inhaled air,

since environmental air has been shown to contain diverse bacterial communities (29).
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Figure 4.1: Mapping of best tBLASTX hits to the phage proteomic tree by percentage for Non-CF
(A) and CF (B) viromes. The phage genome with the highest percentage of hits (normalized to
the length of the genome) is labeled for each virome.

The phage profiles of Non-CF1Asthma and Non-CF4Spouse were more

similar to those of CF individuals than to other Non-CF individuals. This likeness was

confirmed by PCA (Figure 4.2). Non-CF1Asthma and Non-CF4Spouse had values for

the first and second principal components which were nearly identical to those of the

CF metagenomes. The other Non-CF metagenomes had more random distribution of

phage genotypes and did not appear to cluster on the PCA graph. More specifically,

Non-CF2, NonCF3, and Non-CF5 all had positive values for the first principal
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component (0.40, 0.42, and 0.27 respectively) while all other metagenomes had
negative values. This was driven by a large positive loading of the first principal
component by the Streptococcus phage Cp-1, which segregated Non-CF2, and
negative loadings on the set of phage genomes shared by Non-CF1Asthma, Non-
CF4Spouse and the CF metagenomes. Additionally, the second principal component
was positively loaded by the Brucella melitensis 16M phi Brucl prophage genome
which was nearly absent in Non-CF2, giving a negative value of the second principal
component for Non-CF2.
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Figure 4.2: Principal components analysis (PCA) of respiratory tract viromes based on phage
taxonomic composition. Non-CF metagenomes are shown in blue and CF metagenomes are shown in
red. Inputs to PCA were normalized percentages of best tBLASTx hits to completely sequenced phage
genomes. Non-CF1Asthma and NonCF4Spouse cluster with the CF metagenomes.

These results indicate that the sputum phage community in Non-CF individuals
appears to represent a random, transient sampling of the exterior environment. In CF
individuals, phage communities are driven by airway pathology, and correspond to a

shared internal respiratory environment. The phage community in the Non-CF4Spouse
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virome reflects a continuous sampling of CF-associated phage via a shared external
environment. Common phage taxonomy in CF individuals and Non-CF1Asthma
occurs because of shared respiratory pathology (i.e., similar internal environments).
Both CF and asthma are conditions marked by impaired mucociliary clearance (MCC)
(2, 25, 30). MCC is slowed in asthma, leading to increased retention of microbes and
hence their phage (30). In CF, mucus is extremely viscous and stagnant, forming
obstructive plugs, and creating hypoxic microenvironments that serve as scaffolds for
bacterial biofilm formation (2, 25). Therefore, in both asthma and CF, phage
communities are derived from microbes which persist in the airways for longer

periods of time than in healthy individuals.

Inferred host ranges for respiratory tract phage

The putative microbial host range of respiratory tract phage reflected a few
dominant but distinct phage in Non-CF2, Non-CF3, and Non-CF5 (Figure 4.3).Host
ranges of Non-CF1Asthma and Non-CF4Spouse were highly similar to those of the
CF phage communities, but were under-represented in Streptococcus and
Staphylococcus phage. The higher abundance of Staphylococcus phage in CF is
consistent with the increased induction of Staphylococcus prophage by antibiotics in
CF individuals, as shown by previous studies (31). P. aeruginosa was cultured from
the sputum of all CF participants, yet Pseudomonas phage were not abundant in the
metagenomes. Pseudomonas phage may be of novel types not closely related to those
in the database, making them undetectable by tBLASTx. Even if known phage are

present, infections of Pseudomonas in CF may be unsuccessful, since phage may not
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be able to penetrate the biofilm to access susceptible microbial hosts (32).
Alternatively, P. aeruginosa may not be as abundant in the CF airway as indicated by
culturing, an idea supported by 16S rDNA and Terminal Restriction Fragment
Polymorphism (T-RFLP) analysis of bacteria in CF sputum and bronchoalveolar
lavage fluid (33-35)). T-RFLP uses fluorescently labeled 5' PCR primers coupled with
restriction digests to allow for rapid profiling of unknown microbial communities,

providing a less biased picture of microbial diversity than culture-based studies (35).
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Figure 4.3: Putative host range for phage communities in respiratory tract viromes. Host range was
inferred from normalized best tBLASTx hits to phage genomes. Host ranges for CF viromes and
for Non-CF1Asthma and NonCF4Spouse were not statistically significantly different as
determined by XIPE and were combined.

Diversity of respiratory tract viruses

There were approximately 175 unique species of DNA viruses in respiratory
tract viral communities (Table 4.1). There were no significant differences in the
estimated number of species between CF and Non-CF viromes. Diversity estimates

were based on sequence assemblies and PHACCs, so all metagenomic sequences were



95

used, not just those with BLAST similarities to viral databases (36). The estimated
number of DNA viral species has been reported to be as low as 1440 in hot springs,
and as high as 129,000 in the open ocean (9, 37). In comparison with other
environmental viromes, the respiratory tract viromes had low species richness.
Similarly, Rogers et al. (34) found low diversity of Bacteria in CF sputum using T-
RFLP analysis. Low species richness probably results from physical and biological
barriers to microbial and viral persistence, including both MCC as well as innate and
adaptive immunity (2, 38). Richness may be further depressed in CF individuals
because of antibiotic therapies and the metabolic adaptations required for microbial

and viral survival in the unique microenvironment of the CF airway (26, 27).

Table 4.1: Diversity estimates for human respiratory tract DNA viromes. Repeated sets of 10,000
random sequences were retrieved from each metagenome and assembled to obtain contig spectra.
Diversitymodeling based on contig spectra was performed with PHACCs, using a logarithmic model
and an average genome size of 50 kb.

Sample Species Evenness | Shannon Index
Richness
Non-CF1Asthma 164 0.89 4.52
Non-CF2 156 0.95 4.81
Non-CF3 113 0.94 4.45
Non-CF4Spouse 187 0.94 4.92
Non-CF5 594 0.86 5.46
Non-CF Mean 243 0.92 4.83
CF1 69 0.85 3.85
CF2 154 0.86 4.34
CF3 104 0.80 4.32
CF4 121 0.92 4.42
CF5 75 0.84 3.91
CF Mean 105 0.85 4.17
Overall Mean 174 0.89 4.5

Cross-BLASTn analysis showed that CF viromes shared more sequences with
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each other than Non-CF viromes. Sequences from each metagenome were compared
pairwise to all other metagenomes using BLASTn to identify shared sequences as
explained in Methods (39). The majority of the common CF sequences were not found
in any Non-CF metagneomes. Sequential BLAST analysis identified 31,413 sequences
common to all CF viromes, and 12,824 of these did not appear in any of the Non-CF
viromes. Non-CF viromes shared 11,995 sequences, and 330 could not be found in any
CF virome. Both the larger group of shared and unique sequences in CF metagenomes

suggests that CF viral communities are more similar than Non-CF communities.

Taxonomy of eukaryotic viruses

Eukaryotic DNA viral communities in CF individuals were dominated by a few
viral genomes which were highly variable in their abundances. Non-CF individuals
shared numerous eukaryotic viruses with more even abundances, suggestive of a core
virome (Figure 4.4A). All CF metagenomes had similarities (>1%) to
Reticuloendotheliosis virus (Figure S1) and other retro-transcribing viruses (Figure
4.4B). We confirmed bioinformatically that similarities to retroviruses were not
actually similarities to the human genome, therefore, we assume that retroviruses must
have been present in the metagenomes as DNA intermediates. indicating that
retroviruses may establish persistent infections in the airways, and could be useful
therapeutic vectors for CF as previously suggested (40). CF viromes also shared
several human herpesviruses (HHV) including Epstein-Barr virus (HHV-4), HHV-6B,
and HHV-8P. Infection with Epstein-Barr virus in adolescent CF patients has been

linked to exacerbations and poor outcomes, and has also been observed in adults (41).
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Metabolic profiles of respiratory tract viruses

Non-CF individuals shared a common viral metabolic profile which was
distinctly different from that of CF individuals (Figure 4.5). Functional annotations
were assigned to metagenomic sequences by tBLASTx comparison to the non-
redundant SEED database at the highest subsystem level, which consists of 25
classifications (Figure 4.6A). The percentage of known sequences (i.e., sequences with
significant similarity to the database) was much higher than reported in the literature

for other viral metagenomes (Figure S3) (28).
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Figure 4.5: Non-metric multidimensional (NM-MDS) scaling of top-level SEED metabolic subsystems.
All Non-CF metagenomes are shown in blue. CF1-5 are shown in red. The inputs to NM-MDS were the
number of hits to subsystems in the highest level of the SEED hierarchy.

Metabolic functions encoded by viruses are determined by the environment,
and functional genes carried by phage largely mirror those of their hosts (28). The CF
airway has distinct regions characterized by hypoxia and low pH, and airway
secretions are enriched in amino acids, DNA, phospholipids and other cellular debris
(4, 26). The specific adaptations required for survival in this environment are reflected

by the metabolic profiles of CF viromes. Non-CF1Asthma and Non-CF4Spouse
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shared phage taxonomy with CF viromes, but did not share metabolic profiles because
they have a Non-CF airway environment. These results are similar to findings in the
human gut, where microbiomes were determined to share a set of core metabolic
genes even when different microbial taxa were present, and aberrant physiological
states (i.e., obesity) lead to definitive changes in the metabolic consortium (21). As
indicated by CF5, there may be more than one disease state which defines metabolism
in CF, reflecting differences in pathology, disease development and/or treatment
regimes.

All of the CF metagenomes (including CF5) were over-represented in
functions related to the metabolism of aromatic compounds (Figure 4.6A). At the
second hierarchical subsystem level, CF1-4 were over-represented in anaerobic
degradation of aromatics, while CF5 had more genes related to peripheral catabolism
pathways, most of which were aerobic (Figure 4.6B). Non-CF metagenomes were
enriched for metabolism of central intermediates via aerobic mechanisms. CF sputum
is derived from hypoxic microenvironments which require persistent microbes to
acquire anaerobic adaptations (26). Aromatic amino acids have been implicated both
as preferred carbon sources and also regulators of quinolone signaling and biofilm
formation for Pseudomonas aeruginosa in CF sputum (26, 27).

The presence of anaerobic aromatic catabolism genes in phage may represent
lateral gene transfer with well-adapted hosts (46). Alternatively, phage may be
degrading aromatics in order to reduce biofilm formation and the exopolysaccharide
layer, allowing access to susceptible Bacterial hosts.

CF5 was dramatically over-represented in phosphorous metabolism and
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virulence pathways (Figure 4.6A). Over 75% of tBLASTx similarities to the
phosphorous metabolism subsystem were to the gene encoding Guanosine-5'-
triphosphate,3'-diphosphate pyrophosphatase. This enzyme catalyzes the removal of a
phosphate group from guanosine pentaphosphate (pppGpp) to generate guanosine
tetraphosphate (ppGpp) (47). Both pppGpp and ppGpp are part of the canonical
bacterial stringent response which is enacted to slow growth rates during nutrient
stress (48). They have also been linked to bacterial virulence, antibiotic resistance,
biofilm formation, quorum sensing, and phage induction in a variety of bacteria
including Pseudomonas aeruginosa (47, 48). For many bacteria ppGpp is a more
potent effector molecule than pppGpp, suggesting a need for increased levels of
Guanosine-5'-triphosphate,3'-diphosphate pyrophosphatase (47, 49).

18

"

12
10

+

H Non-CF
B CF1-4
CF5

Percent of similar sequences
o
»

Peripheral A i C
catabolism degradation of central
intermediates

Figure 4.6: (A) Distribution of metabolic subsystems in respiratory tract viromes. (B) Second-level
subsystems from the SEED hierarchy for aromatic metabolism. Subsystems over-represented in a group
are marked with a (+) while those that are under-represented are marked with an asterisk (*).
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Additional considerations for human microbiome studies

We used sputum samples as a proxy for the human respiratory tract, much as
fecal samples have been used as a proxy for the human gut (18-20). Expectorated
sputum has been routinely exploited as a rapid, inexpensive, non-invasive method to
sample the lung and lower respiratory tract, and sputum samples can achieve
sensitivity and accuracy comparable to bronchoalveolar lavage for detection of
respiratory infections (50). T-RFLP analysis of bacterial communities demonstrated
that sputum is not substantially contaminated by saliva and bacterial flora of the oral
cavity (34). However, the degree to which sputum represents the upper and lower
respiratory tract is unknown, especially in healthy individuals. Microbial communities
in fecal samples have been shown to differ significantly from those in intestinal
mucosal samples, based on 16S rDNA analysis, and similarly, sputum samples may
contain different communities than the lung or lower respiratory tract (19).

In this study, human genomic DNA contamination was detected
bioinformatically and removed. Previously, we sequenced control viromes from CF
sputum which were not DNase I treated. These metagenomes contained over 90% of
sequences from human genomic DNA as determined by BLASTn analysis (data not
shown). This human DNA comes from neutrophils present in the airway, either
through the active dissemination of neutrophil extracellular traps (NETs) or by the
release of cellular contents during cell death (51). Using the protocol described above,
the percent of human DNA detected ranged from 10% to 34% (Table 2). This was
markedly lower than in the control metagenomes, and was comparable to the

percentage of human DNA (24% and 36%) obtained by Allander et al. (16) for viral
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isolation from pooled nasal aspirate samples. As studies of the human microbiome
move away from characterization of microbes using 16S rDNA and towards complete
metagenomic analysis of both microbial and viral communities, human genomic DNA
contamination becomes unavoidable.

After all contaminating sequences were removed, there were still at least
130,000 sequences comprising over 30 Mbp in all metagenomes. To verify the
presence of viruses in the metagenomes, we assembled two metagenomes and
compared contigs to the non-redudant database using BLASTn. There were 23 contigs
assembled from Non-CF2 which had BLASTn matches to Streptococcus phage Cp-1
(E-value < 10®), with an alignment length greater than 50 bp, and greater than 85%
identity (Figure S4). The assembly of the CF3 metagenome yielded high coverage and
significant BLASTn hits to the genome of H. influenza prophage Mu (Figure S5).

Here, we isolated DNA viruses from sputum, including both phage and
eukaryotic viruses. The majority of respiratory infections (>75%) have been attributed
to RNA viruses such as rhinoviruses, coronaviruses, and paramyxoviruses, so many
previous studies have focused on the characterization of RNA viruses in the
respiratory tract (38). CF is predominantly a microbial disease, and phage are known
to exert important top-down controls on microbial communities (52). However, little
work has been done to describe phage communities and DNA viruses associated with
CF or with the airways in general (4, 38). Over 98% of all completely sequenced
phage have DNA genomes, therefore to assess phage diversity, taxonomy, and
function, it was necessary to isolate viral DNA (53). Future studies of the respiratory

tract virome should be expanded to include characterization of RNA viral
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communities.

A caveat to this study was the use of Multiple Displacement Amplification
(MDA) with phi29 polymerase to amplify viral DNA prior to pyrosequencing. MDA
generally provides an even representation of genomes except at the ends, however,
certain genomes (small and circular or large and linear) may be preferentially
amplified (54, 55). To avoid random biases introduced by initial reaction conditions,
we performed five separate amplifications which were then combined. All of the
metagenomes used here were collected, processed and amplified in an identical

manner, so any biases would have been introduced equally in all samples.

Conclusions

Metagenomic analysis of the human respiratory tract DNA virome illustrated
that airway viral communities in the diseased and non-diseased states are defined by
metabolism and not by taxonomy. The non-diseased airway virome contains a set of
shared core metabolic functions, which deviate strongly in the face of chronic disease.
These deviations are driven by dramatic environmental changes in the airways,
induced by the nature of cystic fibrosis, such as the introduction of hypoxic
microenvironments and novel carbon sources (26, 27). In cases where phage
taxonomy was shared between Non-CF and CF individuals, metabolic functions still
remained distinct. The converse was also true, that is, even when Non-CF viromes
differed in phage and eukaryotic viral constituents, they maintained typical Non-CF
metabolic profiles. The presence of two alternative metabolic states in CF reflects the

heterogenous nature of disease. Though CF is generally considered to be well-
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characterized, there is still inherent individual variation. The need for alternative
therapies for CF is increasing, as microbial antibiotic resistance becomes widespread.
The results of this study suggest that CF therapeutics might be better aimed at

changing the environment of the airways rather than targeting dominant taxa.

Methods
Ethics statement

Subject recruitment and sample collection were approved by the San Diego
State University Institutional Review Board (SDSU IRB 2121) and Environmental
Health Services (BUA 06-02-062R). Written consent forms were obtained from all

study subjects.

Study population

The five individuals with CF who volunteered for this study were patients at
the Cystic Fibrosis Foundation accredited Adult cystic fibrosis Clinic at the University
of California San Diego Medical Center. Patients were eligible if they could be
classified as clinically stable (i.e., in a non-exacerbated state and free from systemic
antibiotic therapy for at least thirty days), and had no reportable cold or flu-like
symptoms in the previous thirty days. All volunteers with CF were screened for signs
and symptoms of a upper respiratory infection for the thirty days prior to the study. All
CF subjects were required to have a well documented diagnosis with either two known
mutations in the cystic fibrosis Transmembrane Regulator (CFTR) or an abnormally

high sweat chloride test. In addition, all CF patients had Pseudomonas aeruginosa
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present in their sputum, as determined by culturing in the clinic's microbiology lab.
The five CF individuals randomly selected for the study consisted of two males and
three females. The age range was from 20 to 35 years and all patients had severe
airway obstruction as assessed by standard spirometry (FEV1<50% of predicted).
Four Non-CF volunteers were recruited from the campus of San Diego State
University, and were subject to the same exclusion criteria for upper respiratory
infection. One of these Non-CF individuals had mild asthma controlled by medication.
A final Non-CF volunteer was the spouse of a CF patient and was recruited from the
greater San Diego area. The five Non-CF individuals consisted of four females and

one male, with an age range of 24 to 50 years.

Sample collection

Sputum samples of approximately 10 ml were obtained from CF patients at the
Adult cystic fibrosis Clinic by expectoration into a sterile cup, as directed by clinic
staff. Since sputum expectoration is difficult in general for Non-CF individuals, all
Non-CF subjects were first required to do an oral rinse with water to prevent excessive
salivary contamination and then take five deep breaths to loosen lung secretions.
Subjects were then instructed to cough deeply into a sterile cup. The deep breathing

and coughing procedures were repeated until at least 1 ml of sputum was obtained.

Metagenomic library preparation

All sputum samples were diluted with an equal volume of Suspension Medium
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(SM) buffer (1M NaCl, 10 mM MgSO,, 50 mM Tris-HCI pH 7.4). To aid in mucus
dissolution, samples were incubated with 10 ml of 6.5 mM dithiothreitol (Acros
Organics: Morris Plains, New Jersey) for 30 minutes at 37° C. The treated sputum was
homogenized using a PowerGen 125 mechanical homogenizer (Fisher Scientific:
Hampton, New Hampshire) until it was uniform in color and there was no visible
particulate debris. Homogenized samples were filtered through a 0.8 micron black

polycarbonate filter (GE Water & Process Technologies: Trevose, Pennsylvania)

followed by a 0.45 micron MILLEX"HV filter (Millipore: Carrigtwohill, Colorado) to
remove eukaryotic and microbial cells. Viruses in the 0.45 micron filtrate were
purified and concentrated using a cesium chloride (CsCl) gradient to remove free
DNA and any remaining cellular material (56). After collection of viral concentrates
from the CsCl gradient, the presence of virus-like particles (VLPs) and the absence of
microbial contamination were verified by epifluorescence microscopy using SYBR®
Gold (Invitrogen: Eugene, Oregon) as described in (56). Sputum samples from healthy
subjects contained approximately 10" VLPs per ml, while the samples from CF
patients contained approximately 10° VLPs per ml. A sample epifluoresence
micrograph is shown in Figure S6. Chloroform was added to the viral concentrates to
rupture the membranes of any remaining cells. Following a one hour incubation and
centrifugation, choloroform was removed by pipetting. To degrade any remaining free
DNA prior to viral DNA extraction, samples were treated with 2 units per pl of Dnase
I (Sigma-Aldrich: St. Louis, MO) at 37°C for 1 hour. Viral DNA was isolated using
CTAB/phenol:choloroform extractions and amplified using multiple displacement

amplification with Phi29 polymerase (56). Viral DNA was sequenced at 454 Life
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Sciences (Branford, CT) using the GSFLX pyrosequencing platform to produce ten
total viral metagenomic libraries. The ten viral metagenomes are accessible from

NCBI (www.ncbi.nlm.gov) under the genome project ID 39545.

Initial bioinformatic processing of metagenomes

All metagenomes were compared to the Human Genome build 36.3
(http://www.ncbi.nlm.mih.gov) using BLASTn to determine how effective the
combination of cesium chloride density gradient centrifugation and DNase I treatment
was for removing human genomic contamination from the viral preps (39). Sequences
with 80% identity over 80% of their length to human sequences were considered
contaminating human genomic DNA and were removed prior to further bioinformatic
analyses.

Following removal of human sequences, dinucleotide relative abundance
analysis was used as a secondary screen to detect human DNA contamination, which
manifests as an overall depression of CG dinucleotides (57, 58). In all of the
decontaminated metagenomes, the relative abundance odds ratios for CG
dinucleotides were between 0.83 and 1.09, within the normal range as defined by
Karlin, indicating successful removal of human DNA (Table 2) (57, 58). All viromes
were AT rich (in comparison to microbial metagenomes) as expected, with GC content
between 40-43%, just below the average of approximately 45% previously reported
for viral metagenomes (58). The human genomic DNA decontaminated metagenomic
libraries were named according to the subject group they were derived from (Non-CF

or CF) and were numbered 1 through 5 in each group. Viromes derived from the



108

individual with asthma and the CF spouse were designated as Non-CF1Asthma and

Non-CF4Spouse.

Diversity estimation
To estimate viral diversity and community structure within metagenomes,

contig spectra were generated using the free software Circonspect

(http://sourceforge.net/projects/circonspect/). Average contig spectra were calculated
using assemblies of 10,000 randomly selected sequences with enough repetitions to
achieve 2X coverage of each metagenome. The assembly parameters were 98%
minimal match and 35 base pair overlap. Sequences less than 100 base pairs were
discarded and all other sequences were trimmed to 100 base pairs prior to assembly to
obtain identical sequence size in the repeated assemblies. Average contig spectra were
used as inputs to Phage Communities from Contig Spectra (PHACCS) tool

(http:biome.sdsu.edu/phaccs), which estimates diversity using rank-abun(36).

Diversity estimates were based on the best-fit model, in this case the logarithmic

model.

Sequential BLAST analysis

Metagenomic libraries were compared to each other using BLASTn to find
shared sequences between all Non-CF viromes and all CF viromes. One metagenome
from each set (Non-CF or CF) was chosen randomly and compared to a second
randomly selected metagenome. Common sequences (E-value<10® and a minimum of

98% similarity over at least 35 base pairs) were identified and then used as a database
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for BLASTn versus a third metagenome. This was repeated for the fourth and fifth
metagenomes. The entire process was repeated using a different random ordering of
metagenomes. Sequential BLASTn analysis resulted in two datasets, one containing
sequences common to all Non-CF metagenomes and the other with sequences
common to CF metagenomes. The common Non-CF sequences were then compared
using BLASTn to all CF metagenomes to determine which sequences were not present
in any CF library (i.e., unique to Non-CF individuals). This was also performed in

reverse, to find unique CF sequences.

Comparison to phage and viral genome databases

Metagenomic libraries were compared to two boutique databases, the first
containing 510 complete phage genomes (http://phage.sdsu.edu/phage) and the
second, 3,074 complete eukaryotic viral genomes
(http://www.ncbi.nlm.nih.gov/genomes/VIRUSES/viruses.html) using tBLASTx with
an E-value cutoff of 10” (39). Counts of best tBLASTx similarities to each genome
were normalized for genome size by weighting the number of significant similarities
by the total number of base pairs in the database divided by the size of the genome in
base pairs. Similarity counts were also normalized for the number of sequences per
metagenome, to allow direct comparisons between metagenomes. Normalized best
tBLASTx similarities to the phage database were plotted against the Phage Proteomic

Tree version 4 (http://phage.sdsu.edu/~rob/PhageTree/v4) using Bio-Metamapper (53,

56). Similarities to dsSDNA, ssDNA, and retro-transcribing eukaryotic viruses were

plotted according to NCBI taxonomy (http://www.ncbi.nlm.nih.gov/genome).
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Similarities to RNA viruses were not included because they were artifactual, since
only DNA was sequenced in this study. Significant similarities to RNA viruses

comprised less than 1% of all tBLASTx similarities.

Assessment of metabolic potential

The metabolic potential of each virome was assessed by BLASTx (e-value <
10°) comparison to the SEED database using the MG-RAST service(59,60). MG-
RAST assigns sequences to three hierarchical levels of metabolic subsystems, which
consist of groups of genes that comprise a metabolic function or pathway (61). The
non-parametric statisical program XIPE was used to detect significant differences
between metabolic profiles of viral metagenomes at a 95% confidence level (62).
XIPE identifies the specific subsystems driving the differences between metagenomes,

and in which metagenome the function was are over-represented.

Complete metagenomic assembly

Complete assembly of the Non-CF2 and CF3 metagenomes was performed
using PHRAP as a quality check to confirm sucessful isolation of viral genomes (63).
These two metagenomes were assembled because they had high coverage of phage
genomes as indicated by tBLASTx. There were 9,508 contigs ranging in size from 40
to 14,982 bp for Non-CF2, and 8,163 contigs from 212 to 7,748 base pairs for CF3.
Contigs were compared to the non-redundant nucleotide database maintained at NCBI

(http://www.ncbi.nlm.nih.gov) using BLASTn to assign taxonomy.
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Statistical analyses

All statistical analyses, with the exception of XIPE, were performed using the
software package R (www.r-project.org) (64). Principal components analysis
(PCA) with the R function prcomp was used to examine overall taxonomic
similarities between metagenomes (65). The first two principal components
were used to generate 2D scatter plots. Non-metric multidimensional scaling
(NM-MDS) with the R function isoMDS was used to determine relationships
between metagenomes based on metabolic profiles. The analysis was performed
with NM-MDS instead of PCA for metabolic potential because all metagenomes
had at least one hit to each of the 25 subsystems (i.e., there were no zero values).
Similar to PCA, NM-MDS does not require a priori classification of the data
and plotting the MDS coordinates shows natural grouping patterns. Clusters
observed in PCA and NM-MDS scatterplots were confirmed statistically using
k-means clustering. To determine the optimal number of clusters, within-group
sums of squares were calculated for partitions involving between 1 and 9
clusters (65)63). Cluster membership was determined by using the R function

kmeans with the optimal number of clusters.
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This appendix contains supporting information for Willner D, Furlan M, Haynes M,

Schmieder R, Angly F, Silva J, Tammadoni S, Nosrat B, Conrad D, Rohwer F. (2009)

Metagenomic analysis of respiratory tract viral communities in cystic fibrosis and non-

cystic fibrosis individuals. PLoS ONE. 4(10): e7370.

Table S1. Taxonomic designations of metagenomic sequences based on BLASTn (e-value<10-5)
comparison to the non-redundant database at NCBI. Sequences which had no significant similarities
were assigned as “unknown”, while those with significant similarities were considered to be “known”.

Library Name Known, % Viral, % Bacterial, % Eukaryotic, %
Non-CF1Asthma 4.76 0.30 99.46 0.01
Non-CF2 2.80 25.11 72.88 0.01
Non-CF3 7.89 0.05 99.64 0.01
Non-CF4Spouse 4.12 0.10 99.42 0.01
Non-CF5 4.20 0.06 98.63 0.01
Non-CF Average 4.75 5.12 94.01 0.01
CF1 8.44 0.02 99.73 0.01
CF2 6.40 0.11 99.57 0.01
CF3 7.61 6.24 93.65 <0.01
CF4 3.91 0.09 99.15 0.02
CF5 9.12 1.28 98.67 0.01

Table S2. Results of comparison of metagenomes to the database of 510 fully sequenced phage
genomes using tBLASTX (e-value<10-5). The number of unique genomes refers to how many phage
genomes had a significant BLAST similarity in only one of the five Non-CF or CF metagenomes.

Number of hits
(% of metagenome)

Number of genomes hit
(% of database)

Number of unique genomes

(% of genomes hit)

Non-CF1Asthma

Non-CF2
Non-CF3

Non-CF4Spouse

Non-CF5

5754 (2.38%)
2020 (0.98%)
2906 (1.29%)
4851 (1.97%)
782 (0.25%)

220 (43.14%)
72 (14.12%)
73 (14.31%)
241 (47.25%
109 (21.37%

20 (9.09%)
6 (8.33%)
5 (6.85%)

31 (12.86%)

15 (13.76%)

CF1
CF2
CF3
CF4
CF5

6888 (4.27%)
1192 (0.55%)

22365 (14.42%)

4198 (1.77%)

20264 (10.16%)

)
)
234 (45.88%)
164 (32.16%)
321 (62.94%)
298 (58.43%)
366 (71.76%)

4 (1.71%)
3 (1.83%)
13 (4.05%)
16 (5.37%)
34 (9.29%)
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normalized number of similarities to each phage divided by the total number of similarities to phage for

each metagenome.

Non-CF1
Asthma

Non-
CF3

Non-
CF2

Non-CF4
Spouse

Non-

CF5 CF1

CF2

CF3 | CF4

CF5

Aeromonas
hydrophila phi
Aehl

0.05

0.01 0.05

0.06

0.04 ]0.02

0.05

0.01 | 0.03

0.04

Aeromonas phi
31

0.80

0.01 0.03

0.38

0.12 | 0.19

0.12

0.06 | 0.22

0.02

Bacillus cereus
phi phBC6A51

0.02

0.22 0.09

0.15

0.07 | 0.08

0.12

0.13 ] 0.28

0.05

Bacillus
subtilis phi 105

0.20

0.16 0.03

0.12

13.43 | 0.20

0.09

0.04 | 0.04

0.02

Bacillus
subtilis phi
SPBc2

0.19

0.01 0.01

0.32

0.03 ]0.34

0.75

0.05 | 0.30

0.02

Brucella
melitensis 16M
phi Brucl
prophage

8.96

0.05 | 59.40

7.04

1.00 | 3.65

5.54

0.54 1 5.24

0.48

Escherichia
coli phi CP073-
4 prophage

0.70

0.06 0.10

0.58

0.15 ]0.18

1.43

0.290.41

0.06

Escherichia
coli phi CP4-6
prophage

6.13

0.09 0.50

4.40

4.72 14.13

2.61

0.65 | 2.85

0.68

Escherichia
coli phi QIN
prophage

9.11

0.05 0.20

0.04

2.54 10.25

0.18

0.01 | 0.47

0.06

Table S4. Results of comparison of metagenomes to the database of 3074 fully sequenced eukaryotic

viral genomes using tBLASTx (e-value<10-5). The number of unique genomes refers to how many

viral genomes had a significant BLAST similarity in only one of the five Non-CF or CF metagenomes.

Number of hits

Number of genomes
(% of metagenome) hit (% of database)

Number of unique
genomes (% of

genomes hit)

Non-CF1Asthma

Non-CF2
Non-CF3

Non-CF4Spouse

Non-CF5

CF1
CF2
CF3
CF4

4935 (2.04%)
4881 (2.38%)
3125 (1.38%)
65 (0.03%)
6122 (1.99%)

1984 (1.23%)
1895 (0.87%)
1687 (1.09%)
3253 (1.37%)

113 (4.44%)
107 (4.20%)
101 (3.97%)
29 (1.14%)
125 (4.91%)

99 (3.89%)
79 (3.10%)
87 (3.42%)
110 (4.32%)

7 (6.19%)
9 (8.41%)
4 (3.96%)
1 (3.45%)
12 (9.60%)

24 (24.2%)
7 (7.59%)
5 (5.75%)

26 (23.64%)
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Table S5. Relative abundances of the 20 eukaryotic DNA viral genomes which appear in all human
respiratory tract viromes based on tBLASTx similarities (e-value<10-5). Relative abundances were
calculated as the normalized number of similarities to each virus divided by the total number of
similarities to eukaryotic DNA viruses for each metagenome.

Non-CF1 Non- Non- Non-CF4 Non-

Asthma CF2 CF3 Spouse CF5 | F1 CF2 CF3 CF4 CFS5

Acanthamoeba
polyphaga 0.91 0.14 2.83 0.38 092 | 1.17 2.47 0.33 0.19 0.26
mimivirus
Aedes
taeniorhynchus 0.31 0.03 0.08 0.29 0.04 | 0.16 0.15 0.02 0.03 0.03
iridescent virus
Amsacta moorei
entomopoxvirus 1.01 0.15 261 1.44 0.79 | 1.77 2.06 0.27 0.15 0.18
L

Bovine 0.12 006 084 001 018|029 067 0.32 012 0.30
adenovirus A
E“V“‘e. 0.60 0.04 098 122 051|029 025 0.11 0.04 118
erpesvirus 5
Cercopithecine

. 0.50 0.04 0.49 1.42 0.39 1019 0.11 0.05 0.02 1.04
herpesvirus 1

Cercopithecine | o5 09 133 036 273|108 1.27 029 010 160
herpesvirus 16
Cercopithecine
herpesvirus 2

Cercopithecine | 5, 505 273 045 009|016 018 003 000 0.02
herpesvirus 9

0.65 0.04 1.05 0.37 276|092 0.87 030 004 173

Chlorella virus

ATCV-1 3.40 0.51 7.69 0.58 1.81 1406 431 090 0.61 0.61
Chlorella virus

FRA483 0.71 0.19 233 0.35 0.59 1096 3.97 0.27 0.32 0.31
Ectocarpus

siliculosus virus 0.83 0.12 272 0.33 0.49 | 0.63 1.07 034 024 0.14
1
Frog virus 3 0.04 0.09 0.59 0.53 0.08 |0.51 0.70 0.01 0.02 0.16

Human 029 056 050 1.83 121|039 019 0.08 0.18 0.90
herpesvirus 1
FHuman 042 0.0l 022 000 092|064 066 022 0.05 0.60

herpesvirus 2
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Figure S1. Combined coverage of Retiucloendotheliosis virus across all CF metagenomes as
determined by tBLASTx. The graphic of the 8295 kb Reticuloendotheliosis genome is from NCBI.
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Figure S5. Virus-like Particles (VLPs) from the sputum sample of a CF patient. The VLPs were
visualized by capture on a 0.02 pm Anodisc filter, SYBR Gold staining, and viewing under an
epifluorescence microscope. The viruses appear as tiny bright pinpricks of light.



CHAPTER 5: COMPARATIVE METAGENOMICS IN ANIMAL DISEASE

Comparative metagenomic methods can also be used to compare viral
communities healthy and diseased animals. Metagenomic analysis can provide insight
into viruses which may be the cause of illness in morbid animals, as well as the shifts
in viral communities that are the hallmark of the disease state. This chapter presents a
case study of viral metagenomics in healthy and morbid hybrid striped bass from an

aquaculture system.

Introduction

Aquaculture generates over 40% of the world's fish supply, and over 200
species of finfish and shellfish are currently farmed (1; 2). The industry is rapidly
growing, and farmed fish are being raised at higher population densities, increasing
the potential for the rapid spread of pathogens (1-3). Disease outbreaks caused by
bacteria and viruses are recurrent in the intensive rearing of fish and can cause
extensive production losses, and constrain further industrial development (3; 4).
Conventional approaches to both the prevention and treatment of disease, such as the
use of disinfectants or antibiotics, have had only limited success (3). Vaccines have
been used for prophylaxis of some bacterial diseases, and DNA vaccines for a few
viral diseases, including lympyhocystis disease virus, are currently under development
(5; 6). Phage therapy and probiotics have been proposed as alternative treatments for
some bacterial infections, however these methods have yet to be implemented in

aquaculture systems (7-14).
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Fish are continuously exposed to microbes and viruses present in water,
sediments, equipment, and food, and on the surface of farming equipment (2). The
microbial and viral communities of fish skin, gills, and intestinal tracts of are
influenced by these environmental contacts. Many disease-causing organisms are
ubiquitous in aquaculture and are benign under normal conditions, becoming
pathogenic when the environment is disturbed (e.g. by overcrowding, changes in diet,
or temperature fluctuations) and fish become stressed (15). Other pathogens
constitutively cause disease, and will lead to immediate outbreaks when introduced
into aquaculture systems (15).

Over 80% of farmed hybrid striped bass (HSB) is produced in the United
States, and the largest producer is Kent Sea Tech in California (2). While HSB are
generally considered to be resistant to most diseases, there are reports in the literature
of both viral and bacterial infections in farmed bass including Mycobacteriosis,
Vibriosis, Photobacteriosis, Streptococcus iniae infection and infectious pancreatic
necrosis virus (2; 16-18). Farmed HSB are likely to harbor many other potential
pathogens, as they are often exposed to wild bass species and water inflows (15). The
cultured microbial flora associated with healthy HSB in both wild and aquaculture
systems have been previously described, however, the corresponding viral
communities remain largely uncharacterized (19-21). Determining the composition of
viral communities associated with healthy fish, and understanding how these
communities change under stress and disease conditions is essential to the

development of new preventative and therapeutic regimes.
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Methods and Materials

Sample preparation

In this study, a refined protocol consisting of homogenization followed by
filtration and density-gradient centrifugation was used to isolate viruses from both fish
mucus and intestines. Adult hybrid striped bass (Morone chrysops x Morone saxatilis)
were collected in April 2006 from a 5x2 m open-air aquaculture pond located in the
Kent Sea Tech Corporation aquaculture farm near the Salton Sea in California.
Aquaculture farm veterinarians classified fish as healthy or morbid by visual
inspection and dissection following sacrifice. The five morbid fish used presented with
lesions at the surface of the skin and intestinal tracts free of faecal matter, while the
five healthy fish had no lesions and normal gut contents. Mucus (slime) at the surface
of the skin was aseptically scraped from the caudal fin to the gills of each fish with a
sterile razorblade and resuspended into a buffered storage medium (SM). Gut contents
were collected aseptically by flushing the intestines with SM buffer.

Samples were pooled by fish health status and body site (i.e. healthy gut,
morbid gut, healthy mucus, morbid mucus) and homogenized by sonication. Samples
were centrifuged at low speed for 10 minutes at 4°C. The supernatant was filtered
(0.45 pm and 0.2 pm) to separate microbes (attached onto the filter) from the viruses
(filtrate). The viral particles in the filtrate were purified using cesium chloride density-
gradient centrifugation as described in (22). Viral DNA was extracted using
formamide and cetyltrimethylammonium bromide extraction (23). Viral DNA was
amplified using Phi29 polymerase to generate 10 pg of each sample for sequencing.

The metagenomes used in this case study were sequenced using GS20 technology, and
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characteristics of the libraries are presented in Table 5.1.

Table 5.1: Characteristics of the fish-associated metagenomes.

Raw number of Non-eukaryotic ~Percent non-  Average length Percent known

sequences sequences eukaryotic (bp)
Healthy Gut 47139 1628 3.45 111.8 96.58
Morbid Gut 53750 4065 7.56 114.8 89.2
Healthy Slime 61476 13923 22.65 98.5 89.2
Morbid Slime 60111 22312 37.12 98.3 82.11

Initial processing of metagenomic sequences

Dinucleotide relative abundance analysis was used to detect eukaryotic DNA
contamination in all four fish metagenomes. Dinucleotide relative abundance odds
ratios were used as inputs to principal component analysis, along with pre-computed
odds ratios for a set of 45 viral metagenomes from a variety of environments as
described in (24). In scatterplots of the first three principal components, the gut
metagenomes clustered together away from the majority of the other viromes, while
the mucus metagenomes clustered more centrally (Figure 5.1, left panel). The
dinucleotide signatures of the gut metagenomes were most similar to those of two
viromes derived from human sputum samples which were known to contain upwards
of 90% human DNA (24). Both gut metagenomes had markedly low CG odds ratios
(0.32 for Healthy Gut and 0.46 for Morbid Gut) which were comparable to those in the
sputum samples. All metagenomes were then compared to the non-redundant database
using BLASTn to specifically identify host (fish) and other eukaryotic sequences.
After all contaminating eukaryotic sequences were removed, the mucus metagenomes
clustered more tightly together, and the gut metagenomes showed an increase in CG

odds ratios (1.05 and 0.67 respectively for healthy and morbid), and no longer
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clustered with the contaminated sputum metagenomes (Figure 5.1, right panel).
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Figure 5.1 Three dimensional scatterplots of the first three prinicipal components from dinucleotide
relative abundance analysis of viral metagenomes. Fish metagenomes are indicated in green. The left
panel shows the fish metagenomes prior to removal of contaminating eukaryotic sequences, while the
right panel shows the metagenomes following decontamination.

Bioinformatics

The fish-associated metagenomes were compared to two boutique databases
(e-value < 10) for taxonomic assignment (25). The first consisted of 3,074
completely sequenced eukaryotic viruses available from NCBI
(http://www.ncbi.nih.nlm.gov), and the second contained 510 complete phage
genomes (http://phage.sdsu.edu/phage). Metagenomic sequences from the aquaculture
pond water at Kent Sea Tech, which was sampled on the same day as the healthy and
morbid fish, were also compared to these databases. This pond metagenome is
described in more detail in (26).

The GAAS metagenomic tool was used to determine the taxonomy of
eukaryotic viral communities in fish skin mucus and the aquaculture pond (27). The

two gut libraries had less than 10 tBLASTx similarities to eukaryotic viruses, and
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were thus excluded from further analyses. Phage communities in the fish-associated
metagenomes were characterized by comparison to the Phage Proteomic Tree and
visualization using Bio-Metamapper, and environmental distance between
communities was determined using UniFRAC (28-30). Counts of best tBLASTx
similarities were normalized to target genome size to avoid bias towards larger
genomes as previously discussed. Functional annotations were assigned to sequences
using the MG-RAST service, and metabolic profiles were compared using the non-
parametric statistical tool XIPE (31; 32).

PHACCs was used to estimate viral diversity and community structure for the
four fish-associated metagenomes using a logarithmic model (33). Average contig
spectra were calculated from assemblies of 1000 randomly selected sequences with
enough repetitions to achieve 5X coverage of each metagenome using Circonspect
(http://biome.sdsu.edu/Circonspect). Average genome length for each metagenome
was estimated using GAAS (27). The four fish-associated metagenomes were
compared pairwise to each other using bi-directional BLASTn to identify the

percentage of sequences shared.

Results

Eukaryotic viral communities

GAAS analysis indicated that papillomaviruses were the most abundant viral
family in healthy mucus (Figure 5.2A). Papillomaviruses were present in a much
lower abundance (3%) in morbid mucus and were not detected in the aquaculture pond

water at all. Figure 2.2B shows where individual BLAST similarities matched to
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genomes of three human papillomaviruses. BLAST similarities were detected to 64
papillomaviruses overall. Healthy mucus similarities to papillomaviruses were
concentrated in the E1, E2, and L2 genomic regions as well as in the upstream
regulatory region (URR), which are conserved in all papillomaviruses (34). No
similarities were observed in other genomic regions, which suggest the presence of a
novel papillomavirus.

The eukrayotic viral community in morbid skin mucus was marked by
poxviruses, iridoviruses, and herpesviruses. Poxviruses comprised almost 10% of the
viral community in morbid mucus, but were present only in very low abundance in the
aquaculture pond (<1%) and were undetectable in healthy mucus (Figure 5.2A).
Iridoviruses and herpesviruses were more than twice as abundant in morbid mucus
than in healthy mucus. All iridovirus similarities in the morbid mucus virome were to
Infectious Spleen and Kidney Necrosis Virus (ISKNV), while there were no
similarities to ISKNV in healthy mucus. Both iridoviruses detected in healthy mucus
were also found in the aquaculture pond water, but ISKNV was not. Cyprinid
herpesvirus 3 (Koi herpesvirus), which primarily infects carp, comprised the majority
of herpesvirus similarities in morbid mucus (35). This virus was also present in
healthy mucus, but at a much lower abundance, as were other herpesviruses. Analysis
of eukaryotic viruses in the fish mucus metagenomes illustrates the two uses of viral
metagenomics described above, as the results suggest that the etiologic agent in
morbid fish may have been an iridovirus (viral discovery and diagnostics), and also

that the viral community shifts in general in the disease state (microbial ecology).
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Figure 5.2 (A) Relative abundances of selected viral groups in fish mucus metagenomes as estimated by
GAAS. GAAS estimates are based on tBLASTx similiarities (e-value < 0.00001, minimum percent
similarity = 30%). (B) Coverage of papillomavirus genomes in healthy mucus metagenome. Arrows
indicated metagenomic sequences with >90% similarity at the nucleotide level.

Phage communities

Phage communities were more characteristic of body site (gut versus skin
mucus) than the disease state of fish. The two gut metagenomes had phage
communities which were most similar to each other (Figure 5.3). Phage communities
in the mucus metagenomes were most closely related to each other, and most distant

from gut communities. Phage communities from the gut and the aquaculture pond
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were dominated by ssDNA microphage. Microphage have previously been found in
high abundance in other aquatic systems, including the ocean and microbialites (36;
37). In addition, the healthy gut metagenome had similarities to four Bacillus phage
and two Salmonella phage, while the morbid gut had none. This is indicative of
feeding habits, as Bacillus are the bacteria most often associated with fish feed, and
Salmonella species have been found to contaminate aquaculture feeds worldwide

(Nedoluha and Westhoff, 1995; Nesse et al., 2003)(20; 38).
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Figure 5.3 Phage proteomic tree displaying normalized relative abundances of similarities to phage
genomes. Fish-associated and pond metagenomes were compared to a database of 510 fully sequenced
phage genomes using tBLASTx (e-value < 107).

There were many similarities to ssDNA microphage in the mucus
metagenomes, however they were in lesser abundance than in the gut. Skin mucus
phage communities were marked by high abundances of Ralstonia phage, including
phage of R. picketii and prophage of R. solanacearum (Figure 5.3). R. solanacearum
prophage were also highly abundant in the aquaculture pond, but were absent in gut
metagenomes. The metagenomic approach rapidly delineated taxonomic differences in
fish-associated phage communities. Other methods such as culturing and electron

microscopy may have missed these differences, as they only allow for the study of a
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limited subset of the total community.

Metabolic profiles

There were no significant differences between the metabolic profiles of the fish
mucus metagenomes, however, both differed significantly from the pond metagenome.
The four fish viromes were compared to the SEED database using the MG-RAST
service to determine their metabolic potential (39). MG-RAST assigns sequences to
metabolic subsystems or pathways at three hierarchical level using BLASTX
homologies (32; 39). Using an E-value cutoff of 10~, the two gut metagenomes both
had less than 20 similarities to genes involved in metabolic pathways, and were
excluded from further analysis. Figure 5.4 shows the percentage of sequences in each
skin mucus metagenome assigned to each metabolic subsystem. As compared to the
pond, the two fish mucus viromes were depleted in functions related to DNA
metabolism and nucleotide/nucleoside metabolism. Mucus metagenomes were also
significantly enriched in functions related to membrane transport, and specifically, in
branched-chain amino acid and heavy metal transporters. These functions reflect the
unique environment of fish skin mucus, which is enriched in amino acids and serves as

a barrier to trap heavy metals before they can reach internal body sites (40; 41).

Diversity of fish-associated metagenomes
Skin mucus metagenomes were more diverse than gut metagenomes regardless
of fish health status. The Shannon Index was higher for both mucus metagenomes than

for gut metagenomes, indicating higher overall diversity. Specifically, the richness was
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Figure 5.4 Metabolic profile of fish mucus and aquaculture pond metagenomes. Functional
annotations were obtained by comparison to the SEED database using BLASTx (e-value < 107).
Asterisks indicate significant differences as determined by the non-parametric statistical program XIPE.

approximately an order of magnitude higher in mucus metagenomes, which were
estimated to have 273 and 109 species for healthy and morbid respectively. The
estimated number of viral species in mucus metagenomes was comparable to that in
human sputum, while the richness in gut metagenomes (~30 species) was much lower
than reported values for other environmental genomes (42).

Both gut metagenomes shared over 60% of sequences with each other, yet
neither shared more than 12% of sequences with either mucus metagenome. Mucus
metagenomes had fewer common sequences, with shared sequences comprising 19%
of the morbid mucus library and 30% of the healthy mucus library. Less than 1% of
sequences in the mucus metagenomes could be found in either gut metagenome.
Metagenomes derived from the same environment consistently shared more sequences

than those from environments with the same health status, suggesting that in general
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body site (gut vs. mucus) drives viral diversity.

Discussion

Metagenomic analysis of viruses associated with healthy and morbid hybrid
striped bass revealed that eukaryotic viral communities were dramatically different in
the mucus of healthy and morbid fish. In healthy slime, eukaryotic viral communities
were dominated by papillomaviruses. Papillomaviruses have been identified as nearly
ubiquitous commensals (i.e. at sub-clinical levels) on the healthy skin of humans and
various other mammals (43; 44). Recently, two novel papillomaviruses were
discovered in skin lesions of sea turtles, extending the known host range, as previously
papillomaviruses had only been characterized in mammals and avians (45). The case
study suggests that the host range may extend even further, and that there may be an as
yet uncharacterized papillomavirus infecting fish. Additionally, since similarities to
papillomaviruses were only found in the healthy mucus, this virus is likely to be a
commensalist which is part of the normal skin flora, and may be replaced by more
pathogenic organisms in diseased fish. Morbid skin mucus contained high abundances
of poxviruses, herpesvirus, and the iridovirus ISKNV. ISKNV has previously been
implicated in disease outbreaks in Chinese aquaculture, and has been shown
experimentally to infect a variety of fish species including largemouth bass (46). Here,
it is uncertain whether ISKNV or a related iridovirus was the etiologic agent of
disease, however, these results suggest that further investigation is warranted (e.g.,
PCR). Previously, it was demonstrated the prevalence of herpesviruses in corals

increases dramatically in response to stress, as it does in humans (47). Herpesviruses
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may be part of the normal flora of fish skin mucus, however, their abundance may
increase in response to disease. These results suggested that the etiologic agent in the
morbid HSB may have been viral, or that eukaryotic viral communities shifted as a
whole in response to the disease state, and natural flora were superseded by
opportunistic species.

While eukaryotic viral communities were indicative of the disease state, phage
communities were characteristic of body sites. Phage communities from the gut
consisted largely of ssDNA microphage. The prevalence of microphage in the gut of
HSB most likely results from the continuous ingestion of pond water by fish, as
intestinal microbiota are thought be a selected subset of those in water and food (48).
Skin mucus phage communities were dominated by Ralstonia phage. R.
solanacearum is a plant pathogen which is ubiquitous in aquatic environments
including rivers, canals, and agricultural drainage waters (49-51). Additionally, R.
solanacearum has been to shown to be viable in aquaculture conditions and filtered
water, where is can persist for long periods of time in a viable but non-cultureable
state (49; 52). R. solanacearum prophage in fish skin mucus were probably acquired
from the aquaculture pond, where hosts are likely to be abundant. R. picketii is a
human pathogen which often contaminates medical and laboratory solutions, and
causes nosocomial infections (53). R. picketii has also been identified in the
respiratory mucus of patients with cystic fibrosis, which suggests that it could also
colonize fish mucus (53). Phage of R. picketii were found only in healthy fish skin
mucus, indicating that these phage and their hosts may be part of the normal mucosal

flora in aquacultured HSB.
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Few differences were detected in phage communities derived from the same
body site (gut vs. skin mucus) regardless of disease status. Similar results have been
previously reported for the microbial flora of HSB. Bacterial communities on the skin
of healthy HSB were found to be more like communities in the water column than
intestinal flora (20). Skin mucus is the first line of defense against potential pathogens,
and serves as a barrier between surrounding water and fish tissue including skin.
Phages in mucus may represent a transient sampling of the exterior environment,
rather than a selective community as in the gut. Our estimates of viral richness
corroborate this idea, as skin mucus communities were estimated to have nearly ten
times as many unique viral species as the gut. Additionally, the lack of sequence
similarities between gut and mucus metagenomes from fish with the same health
status suggests that the composition of fish-associated viral communities is driven by
environmental differences (i.e. internal versus external) rather than disease. Nedoluha
and Westhoff (1995) previously reported similar results for bacteria in farmed HSB.
Bacterial richness was much lower in the gut than on the skin and gills, suggesting that
the intestinal environment is more selective than external body surfaces (19). This is
supported by the work of Sugita et al. (1996), which showed that the natural intestinal
flora of cultured fish produce antimicrobial compounds to prevent colonization by
ingested microbes (54).

Viral metabolic functions in skin mucus reflected the unique nature of the
mucosal surface, but were indistinguishable between healthy and morbid fish.
Metabolic profiles of phage communities in healthy and morbid skin mucus were

distinctly different from that of the aquaculture pond. These results correspond to the
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previous work of Dinsdale et al. (2008a), which demonstrated that phage communities
in different environments have distinct and characteristic metabolic profiles. Metabolic
profiles in fish skin mucus were specifically enriched in branched-chain amino acid
and heavy metal transporters, reflecting the unique microenvironment of the mucus
layer. Fish skin mucus has biochemical and physical properties similar to mucus in
other animals, including humans, and plays a critical role in innate immunity (40; 41).
Fish mucus contains many antimicrobial agents including lysozyme, proteases,
complement proteins,and antibacterial peptides which can destroy microbes (55).
Upon lysis, microbial cell contents are released into mucus, which can be used by
advantageous microbes as carbon sources. Pathogenic strains of Vibrio isolated from
diseased fish were shown to have the ability to use mucus as a sole carbon source (56).
Pseudomonas aeruginosa in the respiratory mucus of human cystic fibrosis patients
utilize carbon sources in mucus for growth, especially branched chain and aromatic
amino acids (57). Microbes in fish mucus may be specifically using branched chain
amino acids and small peptides as carbon sources, increasing the need for transport
proteins. Since metabolic functions encoded by phage mirror those of their microbial
hosts, DNA sequence corresponding to these transporters appears in viral
metagenomes (26). In both mucus metagenomes, there were also many similarities to
transporters of heavy metals, including zinc, nickel, manganese, and molybdenum
(Figure 5.4). Mucus secretion increases when fish are exposed to metals, which is
thought to be a defense mechanism, since metal ions will be trapped in mucus and
sloughed off before they can reach interior tissues (41; 58). This may lead to a high

concentration of heavy metal ions in mucus, and microbes would need efficient efflux
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systems, including membrane transporters, in order to survive.

Gut viromes were excluded from metabolic profile analysis due to a dearth of
similarities to target database. Isolated viral fractions from CsCl density gradient
centrifugation were not DNAse treated prior to viral DNA extraction, resulting in a
significant number of contaminating eukaryotic DNA sequences in the metagenomes.
Gut viromes were especially sensitive to contamination by host DNA and there were a
relatively small number of reads remaining in these viromes once contaminating
sequences were removed. The addition of a DNAse step would have allowed for more
viral sequences in all metagenomes, and thus a larger total information gain during

data analysis steps.
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CHAPTER 6: CONCLUSIONS

Viral metagenomics provides a methodology to characterize viral ecology in
host-associated systems, and also to explore how the disease state changes viral
communities in both humans and animals. This dissertation has provided a review of
methods to generate and analyze viral metagenomes, as well as three experimental
studies employing these methods. Chapter 6 summarizes the results presented in the
dissertation and offers suggestions for future work in host-associated viral

metagenomics.

Contamination in host-associated metagenomes

Separation of viruses and viral DNA from host genomic DNA is a special
consideration in host-associated metagenomics. While molecular methods such as
DNAse treatment and density gradient centrifugation can reduce the levels of
contaminating DNA prior to sequencing, bioinformatic methods are generally required
to filter out remaining host sequences (1, 2). The metagenomic signatures method
described in Chapter 2 provides a rapid screen to determine if metagenomes are
contaminated with eukaryotic DNA . BLAST-based searches for contaminating
sequences can be time consuming and computationally intensive, so this pre-screening
is useful to prevent unnecessary computation. The dinucleotide signature method has
been incorporated in a freely available R package
(http://sourceforge.net/projects/dinucleotidesig) which allows users to evaluate their

own metagenomes. The R package has also been included as part of a metagenome
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pre-processing pipeline for quality control (Persephone) currently used at San Diego

State University.

Tapping into the undiscovered

Viral metagenomics provides a method to assess previously unknown viral
diversity, and can reveal both novel and unexpected viruses. Traditional methods to
characterize viral communities are often biased, relying on culturing and/or a priori
knowledge of what viruses may be present to generate PCR-based and other probes.
Other methods such as Pulsed-Field Gel Electrophoresis (PFGE) are time-consuming
and relatively uninformative, providing no information about taxonomy or metabolic
functions. Studies of oropharyngeal viruses using these methods have led to the
conclusion that the oropharynx is not heavily populated or impacted by phage (3, 4).
However, the results presented in Chapter 3 of this dissertation imply that the advent
of a more thorough and exhaustive technique (i.e. metagenomics) was necessary to
examine phage in the oral cavity. Using viral metagenomics, phage-encoded platelet-
binding factors were discovered in the healthy human oropharynx, a completely
unexpected result. PblA and pblB genes were previously found in virulent strains of
S. mitis isolated from the blood of endocarditis patients, but never in the oral cavity,
and never in healthy individuals (5-7). There are many other reports in the literature
which describe the success of metagenomics where other methods have failed. For
example, Palacios et al. determined that a novel arenavirus was the cause of mortality
in three transplant recipients using metagenomics after culturing, PCR, and microarray

analyses were inconclusive (8).
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Comparative viral metagenomics in health and disease

Comparative studies of viral communities in healthy and diseased individuals
can shed light on the unique nature of the disease state. In the CF study presented in
Chapter 4, phage in CF and Non-CF airways had unique metabolic profiles regardless
of which taxa were present. The CF phage metabolic profile reflected host adaptations
to the unique environment of the CF airway. The vast repertoire of functional genes
shared by CF phage in all five individuals suggested that in addition to reflecting host
functional profiles, phage may be the driving force behind microbial diversification
and the expansion of host metabolisms. In contrast, viral metabolic profiles in healthy
and morbid fish mucus (Chapter 5) were not significantly different, but taxonomic
profiles of eukaryotic viruses changed dramatically in the disease state. Additionally,
the composition of phage communities reflected the body site of the fish from which
the sample was taken, and seemed to be uncorrelated with health status. Without non-
diseased groups for comparison, the unique characteristics of the CF virome and the
fish-associated viral communities would not have been apparent. A comparative
metagenomic study of oropharyngeal viruses in individuals with and without
endocarditis (as a follow-up to Chapter 3) could provide similar insight into how

phage-encoded virulence factors in the oral cavity influence the disease.

Future directions

The viral metagenomic studies presented in this dissertation provide a starting
point for a wealth of future studies, both metagenomic and otherwise. Metagenomic

studies such as those presented in Chapters 3, 4, and 5 have traditionally been limited
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by the cost and time required for sequencing, as well as computational power for data
analysis. Rapid innovations in sequencing techonologies and the development of
bioinformatic tools and and platforms have made larger-scale metagenomic studies
feasible. With current 454 technology, one sequencing plate generates on average
800,000 sequences with an average length of 450 base pairs. Current 454 technology
includes multiplexing of samples via the attachment of unique oligonucleotide tags to
sequences in each sample group (9, 10). This means that many samples can be
sequenced in parallel in one sequencing run on one plate, which dramatically reduces
sequencing costs. Parallel implementations of BLAST searches (e.g. MPI-BLAST)
allow for bioinformatic analysis of large samples in reasonbale time frames (11).
New, more rapid methods and algorithms for homology searches including Hiden
Markov Models and k-mer word searches have also recently been developed (e.g. (12,
13) and http://edwards.sdsu.edu/rtmg). With these innovations, new studies to explore
human and associated viruses are now possible, such as time series and case-control
and cohort studies. Pooled studies are also no longer be required to analyze larger
sample groups such the 19 individuals in the oropharyngeal virus study. As an
extension of the study comparing the airway virome of CF and Non-CF individuals, a
time series examining viral communities in CF individuals prior to exacerbation,
during exacerbation and following antibiotic treatment has been initiatied. In additon,
metagenomic analysis of viruses in CF lung tissue by lobe in two individuals is
currently being conducted, aided by the use of multiplexed sequencing reads.

As discussed in Chapter 1, findings of metagenomic studies results must be

confirmed, clarified and/or extended by other methods. In this way, metagenomics is
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a starting point for a whole host of other experiments and analyses. For example, the
study of oropharyngeal viruses indicated the presence of pblA and pblB genes in the
oral cavity. Whether the pblA and pblB proteins can effectively bind oral microbes is
yet to be determined. The results of the CF virome study indicate the importance of
phage-encoded functional genes in microbial adaptations to the CF airway. However,
the nature of phage-host interactions remains largely unknown. Culture-based and
microscopy studies are currently underway to assess the dynamics of phage infections
in the CF lung. In the fish mucus viromes (Chapter 5), metagenomic data showed
significant similarities to conserved regions of the papillomavirus genome, suggesting
the presence of a novel papillomavirus in the skin mucus of healthy fish. To truly
validate the presence of this virus, a PCR-based assay would be necessary. Future
studies such as these will show the true power of viral metagenomics as an agent for

discovery and scientific exploration.
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