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Abstract 
 

Assembly of Deeply Sequenced Metagenomes Yields Insight into Viral and 
Microbial Ecology in Two Natural Systems 

 
by 

 
Joanne Bell Emerson 

 
Doctor of Philosophy in Earth and Planetary Science 

 
University of California, Berkeley 

 
Professor Jillian F. Banfield, Chair 

 
 
 Virus-host dynamics is poorly understood in natural systems, despite known viral 
influences on host mortality and community structure, food web dynamics, and biogeochemical 
cycles. Without a universal marker gene for viruses, assessments of viral diversity and dynamics 
have previously relied upon models and/or low-resolution data, like viral counts or gel 
electrophoretic estimates of genome size. Here, de novo assemblies were created from 6.4 Gb of 
metagenomic sequence from eight community viral concentrate samples, collected from 12 hours 
to three years apart from hypersaline Lake Tyrrell (LT), Victoria, Australia. Seven complete and 
133 partial, novel viral genomes were reconstructed, and new methods for assessing the diversity 
and dynamics of full viral assemblages were developed. This dissertation provides the first 
constraints on the timescales over which viral populations and assemblages tend to be stable 
(days) or dynamic (months-to-years). Comparisons to and reanalyses of previously reported 
haloviral metagenomes confirm that similar dynamics exist in other hypersaline systems and 
suggest that most haloviral populations have a limited or temporally variable global distribution. 
To place the LT viral metagenomes (viromes) in context, metagenomic data were assembled 
from 63 previously reported viromes from diverse environments, and genetic composition was 
compared across viromes. Despite spatial and temporal variation within LT, LT viral 
assemblages were most similar to each other and grouped with other hypersaline viromes. The 
71 viromes (including eight from LT) generally clustered by ecosystem, and salinity is inferred 
to be a major determinant of the genetic composition of viral assemblages. 
 To further investigate LT microbial ecology, virus-host dynamics were assessed across 
17 LT samples, including the eight summer samples from which viral concentrates were 
sequenced, five additional summer samples, and four winter samples. Contrary to previous 
reports of microbial population stability in hypersaline systems, dynamics were observed in host 
populations on similar spatial and temporal scales as in viral populations. An analysis of 
clustered regularly interspaced short palindromic repeat (CRISPR) regions, which confer host 
immunity to viruses, indicates that both rare and highly abundant LT viruses were targeted, 
primarily by lower abundance host organisms. Although very few CRISPR spacers had hits to 
the NCBI nr database and to the 140 complete and near-complete LT viral genomes, 21% had 
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hits to unassembled LT viral concentrate reads, indicating adaptation to the LT system and 
successful CRISPR maintenance of viral populations at low enough abundance to preclude 
metagenomic assembly.  
 In addition to using model systems like Lake Tyrrell to understand fundamental aspects 
of microbial ecology, it is important to characterize understudied ecosystems, including 
subsurface systems, which are likely to harbor much of the carbon on Earth and have the 
potential to play important roles in solutions to human-induced climate change. In order to 
characterize the community structure and metabolic potential of a high-CO2 subsurface 
ecosystem, water was collected from iron-rich, CO2-driven Crystal Geyser (Green River, Utah), 
an established natural analog for geologic carbon sequestration (i.e., the proposed storage of 
anthropogenic CO2 in subsurface aquifers to mitigate climate change). Metagenomic sequences 
(~1.3 Gb) were generated from the 0.2 - 3.0 µm size fraction, and metagenomic assembly and 
binning resulted in the reconstruction of near-complete genomes of neutrophilic, iron-oxidizing 
Mariprofundus sp. and sulfur-oxidizing Thiomicrospira crunogena. Significant assembly was 
also achieved for a number of other organisms, including novel Bacterial phyla and both aerobic 
and anaerobic respirers predicted to oxidize iron, sulfur, and/or complex carbon. At least one-
third of the microorganisms sampled were likely chemoautotrophs, demonstrating that microbial 
carbon fixation is an important component of the carbon cycle in this system. These results 
suggest that the biogeochemistry and carbon storage potential of subsurface carbon sequestration 
reservoirs could be significantly influenced by microorganisms of diverse phylogeny and 
metabolic potential. 
 This dissertation demonstrates that next-generation sequencing, de novo metagenomic 
assembly, and novel analytical techniques can provide answers to important and fundamental 
questions in the field of microbial ecology. Specifically, this dissertation demonstrates the 
application of these techniques to: 1) assess viral diversity and dynamics at the highest resolution 
to date, 2) place those dynamics in the context of a natural ecosystem, and 3) characterize the 
community structure and metabolic potential of an understudied subsurface ecosystem with 
relevance to anthropogenic climate change. 
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Introduction  
 
 
 Despite the ubiquity of viruses and their potential to bring about catastrophic shifts in 
community structure on short timescales, viruses are a particularly understudied component of 
natural ecosystems (Suttle, 2007). In addition to their role as predators, microbial viruses are 
poised to contribute to the evolutionary success of their hosts by providing an auxiliary gene 
pool that is accessible through horizontal gene transfer (Lindell et al., 2005), and they have been 
described as the most significant, untapped reservoir of biodiversity (Suttle, 2007).  With such 
strong influences on host evolution and survival, viruses play both direct and indirect roles in 
processes that are influenced by their microbial hosts, including biogeochemical cycles 
(Danovaro et al., 2011; Falkowski et al., 2008). Despite a growing appreciation for the 
ecological role of viruses and an increase in viral genomic information in public databases, little 
is known about virus-host dynamics in natural systems, and the incredible diversity of viruses 
remains poorly understood (Edwards and Rohwer, 2005). 
 Although recent studies have yielded some insight into viral diversity and biogeography 
(Thurber, 2009), this research has been either at coarse resolution or limited to focusing on 
targeted viral groups. For example, viral counts and pulsed-field gel electrophoresis (PFGE) have 
demonstrated seasonal shifts in viral abundance and genome size diversity in Chesapeake Bay 
sediments and surface waters (Helton et al., 2012; Wommack et al., 2009), but the behavior of 
specific viral groups cannot be determined from those techniques. The amplification of target 
genes known to be conserved within specific viral groups has shown that ssDNA viral diversity 
generally changes on the months timescale in marine systems (Tucker et al., 2011) and that 
cyanophage genetic diversity varied over three years in marine coastal waters (Marston and 
Sallee, 2003). However, there is no universal marker gene for viruses, so target gene 
amplification is necessarily restricted to previously identified viral groups and cannot be applied 
to full viral assemblages.  
 Metagenomics, or the extraction and sequencing of DNA directly from an environmental 
sample, has emerged as a useful, culture-independent approach for characterizing microbial and 
viral communities (e.g., (Breitbart et al., 2002; Tyson et al., 2004; Venter et al., 2004). Since the 
first metagenomic studies in the early 2000’s, sequencing costs have decreased and throughput 
(the amount of sequencing per unit time) has increased, both by orders of magnitude. As such, 
the number of metagenomic studies has increased exponentially. Statistical modeling of 
metagenomic assembly success, developed for analyses of Sanger (first-generation) sequencing 
data (Angly et al., 2005; Breitbart et al., 2002), has been used to estimate the structure, alpha-, 
and beta-diversity of viral assemblages. However, that technique cannot directly assess diversity, 
and it cannot be scaled to work with the large datasets generated from new sequencing 
technologies. For the relatively small portion of viral metagenomic data with similarity to 
sequences in public databases, BLAST searches have been used to infer taxonomy and/or 
generate functional predictions (e.g., (Dinsdale et al., 2008; Rodriguez-Brito et al., 2010)). 
However, many such studies rely on analyses of short reads, which have been shown to yield 
inaccurate BLAST results (Roux et al., 2012; Wommack et al., 2008). Thus, although 
metagenomic studies are becoming evermore feasible, improved assembly and analytical 
techniques are necessary to realize the full potential of next-generation metagenomic sequencing 
for assessments of viral community composition, diversity, and dynamics. 



  iii 

 Hypersaline environments are ideal model systems for studying viral ecology because 
geochemical conditions remain relatively constant and the community is strictly microbial, 
eliminating complex interactions with higher trophic levels. In this dissertation, novel 
metagenomic techniques are applied to determine the diversity, dynamics, and ecological context 
of viral assemblages in a hypersaline system. Chapters 1, 2, and 3 of this thesis provide the first 
direct estimates of the full diversity of a natural viral assemblage, while retaining resolution of 
individual viral population behavior. This research is also the first to provide timescale 
constraints on viral population dynamics. 
 In addition to sequencing, assembling, and analyzing whole community DNA to address 
fundamental ecological questions, metagenomic approaches are useful in more applied settings. 
The capture and subsurface storage of anthropogenic CO2, known as geologic carbon 
sequestration, has been proposed as a means of mitigating human-induced climate change.  
Research efforts are underway to assess the viability of this process, including evaluating the 
engineering feasibility of capture and storage and characterizing and modeling geological and 
geochemical processes in the subsurface to ensure that carbon remains stored for a minimum of 
1,000 years (Schrag, 2007). However, few studies have considered biological effects on geologic 
carbon sequestration or the effects of high CO2 concentrations on subsurface microbiology, 
despite the established existence of robust microbial communities in a variety of terrestrial deep 
subsurface systems (Boone et al., 1995; Brown and Balkwill, 2009; Chandler et al., 1998; Feng 
et al., 2007; Kovacik et al., 2006; Sahl et al., 2008; Szewzyk et al., 1994). In Chapter 4, 
metagenomic techniques are applied to determine the community composition and functional 
potential of a deep subsurface, high-CO2 ecosystem, in order to evaluate the potential influence 
of microbial consortia on geologic carbon sequestration. Results reveal an unexpectedly high 
potential for CO2 fixation, as well as diverse metabolic pathways that could impact carbon 
storage. 
 Recent metagenomic analyses of subsurface microbial communities have led to the 
discovery of novel bacterial phyla, along with insight into previously recognized but poorly 
genomically characterized bacterial divisions (Wrighton et al., in press). Specifically, Candidate 
Bacterial Divisions BD1-5, OP11, and OD1, previously detected through 16S rRNA gene 
surveys in geographically diverse anaerobic environments, are now metabolically and 
phylogenetically well-characterized. Thus far, all representatives are predicted to be obligately 
fermentative. The application of metagenomic assembly and binning techniques to a subsurface, 
high-CO2 community in Chapter 4 of this dissertation has led to additional insight into the 
phylogeny of Candidate Division BD1-5, the phylogeny, metabolic potential, and distribution of 
Candidate Divisions TM7 and OP11 and the recently discovered Zetaproteobacteria, along with 
the discovery of novel branches of the Bacteria and Archaea.  Clearly, the application of 
metagenomic assembly and analytical techniques to natural systems is yielding unprecedented 
insight into the phylogeny, metabolic potential, ecology, distribution, and incredible diversity of 
microorganisms. 
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Chapter 1 
 
 

Dynamic Viral Populations in Hypersaline Systems as Revealed by 
Metagenomic Assembly 

 
 

 
Abstract 
  
 Viruses of Bacteria and Archaea play important roles in microbial evolution and ecology, 
yet viral dynamics in natural systems remain poorly understood.  Here, we created de novo 
assemblies from 6.4 Gbp of metagenomic sequence from eight community viral concentrate 
samples, collected from 12 hours to three years apart from hypersaline Lake Tyrrell (LT), 
Victoria, Australia. Through extensive manual assembly curation, we reconstructed seven 
complete and 28 partial, novel genomes of viruses and virus-like entities (VLEs, which could be 
viruses or plasmids). We tracked these 35 populations across the eight samples and found that 
they are generally stable on the timescale of days and transient on the timescale of years, with 
some exceptions. Cross-detection of the 35 LT populations in three previously described 
haloviral metagenomes was limited to a few genes, and most previously sequenced haloviruses 
were not detected in our samples, though three were detected upon reducing our detection 
threshold from 90% to 75% nucleotide identity.  Similar results were obtained when we applied 
our methods to haloviral metagenomic data previously reported from San Diego, CA: 10 contigs 
that we assembled from that system exhibited a variety of detection patterns on a weeks-to-one-
month scale but were generally not detected in LT. Our results suggest that most haloviral 
populations have a limited, or possibly a temporally variable, global distribution. This study 
provides high-resolution insight into viral biogeography and dynamics, and it places “snapshot” 
viral metagenomes, collected at a single time and location, in context. 
 
 
Introduction 
 
 As the most abundant and least well characterized biological entities on Earth, viruses 
have been described as the most significant, untapped reservoir of biodiversity (Suttle, 2007).  
Viruses contribute directly to biogeochemical cycles through cell lysis, and they have the 
potential to bring about catastrophic shifts in community structure over short timescales.  In 
addition to their role as predators, some viruses can provide an auxiliary gene pool that may 
increase the fitness of their hosts (Lindell et al., 2005; Sullivan et al., 2010; Williamson et al., 
2008). Despite a growing appreciation for the ecological role of viruses and an increase in viral 
genomic information in public databases, little is known about viral population dynamics in 
natural systems. 
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While a number of previous studies have investigated viral stability and persistence 
(Bratbak et al., 1990; Sandaa and Larsen, 2006; Short and Suttle, 2003; Snyder et al., 2007; 
Thurber, 2009; Tucker et al., 2011; Winget et al., 2011; Wommack et al., 1999), few 
metagenomic studies have evaluated viral population stability.  In part, this is because low 
sampling depth has prevented tracking of genes or genomes, and also because many 
metagenomic studies are “snapshots” of the community at a single time and location (Rosario 
and Breitbart, 2011).  In a metagenomic study from a San Diego halovirome, the use of 
tBLASTx similarity to known viruses suggested that the most abundant haloviral taxa were 
conserved across space and time, while modeling suggested that haloviral genotypic variants 
changed on the timescale of days (Rodriguez-Brito et al., 2010). However, because most viral 
sequences do not have representatives in public databases, most viral populations cannot be 
identified in metagenomic data, nor can they be amplified in survey studies.  In addition, well-
documented high rates of horizontal gene transfer in viral populations (Hatfull, 2008) mean that 
tracking individual viral genes (that could be present in multiple, unrelated populations) could be 
misleading. For these reasons, genome-level resolution is important for a comprehensive 
understanding of viral population dynamics in natural systems.   

Consistent with Santos et al. (Santos et al., 2012), we use the term “halovirus” to 
describe viruses found in hypersaline systems, including bacterial, archaeal, and (potentially) 
eukaryotic viruses.  Haloviral isolates and communities have been the subject of a number of 
previous studies, which have been extensively reviewed (Dyall-Smith et al., 2003; Ma et al., 
2010; Pina et al., 2011; Porter et al., 2007; Santos et al., 2012).  Outnumbering cells 10- to 100-
fold (Porter et al., 2007), virus counts in hypersaline waters report at least 107 viruses per ml 
(Dyall-Smith et al., 2003) and up to 2 × 109 per ml in crystallizer ponds (Guixa-Boixareu, 1996).  
Several haloviral morphologies have been observed through TEM analysis, including spindle-
shaped (the most abundant form), spherical, icosahedral, filamentous, and head-tail (Oren, 1997; 
Sime-Ngando et al., 2010). Recently, metagenomic techniques have been applied to the study of 
viral communities (Edwards and Rohwer, 2005; Kristensen et al., 2010), and in hypersaline 
systems, such studies have suggested that viral communities are relatively diverse (Dinsdale et 
al., 2008; Rodriguez-Brito et al., 2010; Santos et al., 2010; Sime-Ngando et al., 2010) and show 
some global conservation (Santos et al., 2010; Sime-Ngando et al., 2010). However, given the 
poor representation of viruses in public databases (Rosario and Breitbart, 2011) and the lack of a 
universal marker gene for viruses, it is difficult to track viral populations across samples.   
 As in many previously studied hypersaline systems (Burns et al., 2004; Maturrano et al., 
2006; Mutlu et al., 2008; Santos et al., 2010), our study site, Lake Tyrrell (LT), Victoria, 
Australia, is dominated by halophilic Archaea, including Haloquadratum walsbyi (Narasingarao 
et al., 2012 and S. Podell et al., unpublished). Ultra-small Archaea (Nanohaloarchaea) represent 
10-25% of the archaeal community, and halophilic Bacteria such as Salinibacter ruber represent 
approximately 20% of the total community (Narasingarao et al., 2012).  A small number of 
microbial eukaryotes are present, with populations dominated by the predatory flagellate, 
Colpodella edax, and the green alga, Dunaliella salina (J. Holm et al., unpublished). Here, we 
sought to characterize viral populations in the Lake Tyrrell system and place them in the context 
of other hypersaline systems.  We tested the postulate that deep metagenomic sequencing would 
allow for extensive genomic reconstruction of the dominant viral populations in this moderately 
complex ecosystem, and we sought to determine whether tracking complete and near-complete 
genomes could provide insight into haloviral biogeography and population dynamics. 
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Materials and Methods 
 
Sample site 
 
 Samples were collected from Lake Tyrrell (LT), a hypersaline, thalassohaline lake in 
northwestern Victoria, Australia (Figure 1.1), located 380 km east of Adelaide (35.309oS 
142.795oE). It has a surface area of ~160 km2 and is the largest saline groundwater discharge 
lake in the Murray Basin. The system is hydrologically, geologically, and biogeochemically 
well-characterized (Macumber, 1992; Williams, 2001). In winter, the lake contains ~50 cm water 
with an average salt content >250 g.L-1. In summer months (when sampling occurred for this 
study), the water evaporates, leaving a ~7 cm thick halite crust and residual brines with salt 
concentrations generally >330 g.L-1.  
 
Sample collection 
 
 Between 2007 and 2010, eight 10 L surface water samples (0.3 m depth) were collected 
during the Austral summer from two pools, A and B, ~300 m apart in Lake Tyrrell (Table 1.1). 
Pool A is ~6 m in diameter and ~2 m deep, but during the collection of sample 2007At1, pool A 
was connected to and surrounded by a shallow (~10 cm) but expansive (~100 m) body of water 
due to recent rainfall, which evaporated and/or was removed by wind prior to the collection of 
sample 2007At2.  In 2009 and 2010, small pools at site B were isolated through artificial 
damming (see Figure 1c).  In 2009 the site B sampling pool was ~1.5 m in length and ~20 cm 
deep; in 2010 the site B pool was ~6 m in diameter and ~0.5 m deep.  Sites A and B are isolated 
in the summer, but the lake fills in the winter, resulting in annual mixing between the sites.  
Sample names include the year and site and, when part of a days-scale time series, the time point 
(e.g., t1, t2, etc.). 
 Water samples were passed through a 20 µm Nytex prefilter and then sequentially filtered 
through polyethersulfone, 142 mm diameter membrane filters (Pall Corporation, NY, USA) of 
decreasing porosities (3 µm, 0.8 µm, 0.1 µm), using a peristaltic pump.  We acknowledge that 
some viruses could be removed through 0.1 µm filtration, though to the best of our knowledge, 
all known haloviruses have capsids smaller than 0.1 µm (Dyall-Smith et al., 2003).  Post-0.1 µm 
filtrates were concentrated to 200 ml with a Pellicon II tangential flow filtration (TFF) device 
(Millipore, MA, USA) fitted with a 30 kDa membrane.  Molecular biology grade glycerol was 
added to a final concentration of 10% by volume.  Samples were stored on dry ice for a 
maximum of six days, followed by -80°C freezer storage for up to three years. 
 
Epifluorescence Microscopy 
 
 Prior to DNA extraction, we confirmed successful removal of cells from viral 
concentrates through epifluorescence microscopy (Suttle and Fuhrman, 2010) on two samples 
(2007At1 and 2007At2), but unfortunately, the Anodisc 0.02 µm, 25 mm Al2O3 filters (Whatman 
Inc., NJ, USA) required for this analysis were not being produced when the remaining six 
samples were processed. 
 
DNA Extraction 
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 A detailed DNA extraction protocol is presented in Appendix 1.  Briefly, each post-0.1 
µm filtered TFF concentrate was refiltered through 0.2 µm and ultracentrifuged for 3 hours at 
12°C and 32,000 rpm.  Pellets were resuspended in 250 µl 1 x TE (Tris-EDTA), followed by 
phenol:chloroform extraction and ethanol precipitation. The MoBio UltraClean 15 DNA 
Purification Kit (Carlsbad, CA, USA) was used to purify the DNA according to the 
manufacturer’s instructions. DNA amplification was not necessary. 16S rRNA genes were PCR 
amplified with universal primers for Bacteria (27F, 1492R) and Archaea (522F, 1354R) for all 
samples as a contamination check. Samples with high quality DNA and no 16S rRNA gene 
amplification were sent to the J. Craig Venter Institute (JCVI, Rockville, MD, USA) for library 
construction and sequencing.  These methods should allow for sequencing of both ssDNA and 
dsDNA viruses, though without multiple-displacement amplification, ssDNA viruses are not 
likely to be enriched, as reported in some previous studies (e.g., Kim et al., 2008). 
 
Library Construction and Sequencing 
 
 For the two 454-Titanium (454-Ti), single-read pyrosequenced samples (2010Bt1 and 
2010Bt3), library construction, emulsion PCR (emPCR), enrichment, and 454 sequencing were 
performed by the JCVI, according to the standard operating procedures of 454 Life Sciences 
(Bradford, CT, USA), with a few modifications.  Specifically, quantitative PCR (qPCR) was 
used to determine the number of molecules needed for emPCR.  In addition, automation 
(BioMek FX, Beckman Coulter, Brea, CA, USA) was used to break the emulsions after emPCR, 
and butanol was added to enable easier sample handling during the breaking process.  The REM 
(Robotic Enrichment Module) from Roche (Basel, Switzerland) was used to automate the bead 
enrichment process. 
 The six Illumina paired-end (PE) samples (2007At1, 2007At2, 2009B, 2010Bt2, 
2010Bt4, and 2010A) underwent library construction and sequencing at the JCVI, according to 
Illumina’s (San Diego, CA, USA) standard operating procedures with a few modifications.  
Specifically, DNA was sheared using the Covaris (Woburn, MA, USA) S2 or E210 systems, and 
all clean-up steps incorporated Agencourt AMPure XP beads (Beckman Coulter).  The libraries 
were quantitated and quality controlled using the Agilent High Sensitivity DNA kit (Santa Clara, 
CA, USA).  Cluster generation and paired-end sequencing were completed according to 
Illumina’s standard protocol.  100 cycles were performed, resulting in 100 bp reads. 
 Sequencing reads from each of the eight samples and assembled nucleotide sequences for 
the seven composite genomes and 28 genome fragments (see below) have been submitted to 
GenBank (BioProject ID: PRJNA81851). 
 
Assembly 
 
 Each LT sample was independently assembled.  First, reads were trimmed for quality, 
either with an in-house script that removes low-quality bases from Illumina reads, or with 
sff_extract (454 Life Sciences) for 454 reads.  Each of the two LT 454-Ti samples was 
assembled via Newbler with default parameters (Margulies et al., 2005), and the same 
parameters were used to coassemble reads from four hypersaline virome samples from previous 
studies of a saltern near San Diego, CA, reported by another group (Dinsdale et al., 2008; 
Rodriguez-Brito et al., 2010). For the six LT Illumina samples, a variety of assembly algorithms 
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and parameters were attempted and optimized, either to generate the best assembly for a given 
sample (i.e., the most large contigs with relatively uniform within-contig coverage; all Illumina 
samples, except for 2009B) or to generate the best assembly for a given genome (i.e., the greatest 
number of large contigs at the expected coverage depth for a given population; applied to sample 
2009B, in order to improve recovery of LTV2; coincidentally, this was also the best assembly for 
sample 2009B). The ABySS algorithm (Simpson et al., 2009) with kmer size 45 and a minimum 
of 10 read pairs required to join contigs was used for samples 2007At1, 2007At2, 2010Bt2, 
2010Bt4, and 2010A.  The Velvet algorithm (Zerbino and Birney, 2008) with kmer size 95 was 
used for sample 2009B.  Autoassembly correctness was evaluated manually, using Consed 
(Gordon et al., 1998) and Tablet (Milne et al., 2010).  
 We applied previously described manual metagenomic assembly curation methods (e.g., 
Allen et al., 2007; Andersson and Banfield, 2008; Baker et al., 2006; Morowitz et al., 2011; 
Tyson et al., 2004) to our Illumina data. Details of manual assembly curation are in Appendix 1, 
but briefly, we took advantage of paired read information and sequencing overlaps not utilized 
by the assembly algorithm, and we ensured that there was relatively uniform coverage 
throughout each genome or genome fragment. 
 Varying degrees of manual curation were attempted for each sample, so the number of 
genomes or genome fragments that assembled from a given sample is not necessarily indicative 
of sample complexity.  We used BLASTn to screen all 33 non-circularized contigs > 10 kb for 
similarity to each other and to the seven complete genomes, resulting in 28 unique genome 
fragments (10,148 - 40,896 bp).  The genome fragments share regions up to 595 bp in length 
(78% nucleic acid identity), and a few are technically scaffolds, connected by N’s generated by 
the assembly algorithm. 
 
Annotation 
 
 Genes were predicted from the seven composite genome sequences, using Prodigal 
(Hyatt et al., 2010).  Annotation of genes was performed using a series of sequence similarity 
searches to known sequence databases.  We used BLASTp to compare predicted protein 
sequences to the KEGG and UniRef90 databases, giving priority to reciprocal best-BLAST hits, 
and then we investigated protein motifs using InterProScan (Quevillon et al., 2005).  The 28 
genome fragments were not annotated, but we did conduct BLAST searches to ensure that their 
sequences are consistent with viruses or virus-like entities (data not shown). 
 
Fragment recruitment 
 
 Accounting for different biases in the two sequencing technologies was beyond the scope 
of this study, but we did make read lengths comparable.  To approximate Illumina-sized reads, 
454 reads were cut in silico with an in-house script, which generates consecutive 100 bp 
fragments from the start of each 454 read. The last sequence increment was retained if it was ≥ 
72 bp.  For simplicity, these read fragments are called reads throughout the text.  Using 
gsMapper (Newbler, Margulies et al., 2005) with a minimum overlap length of 40 and a 
minimum overlap identity of 90%, unique reads from each of the eight samples were used as 
queries against the seven genomes or the 28 genome fragments as references (duplicate reads 
were removed, though nearly identical mapping counts were obtained when duplicate reads were 
included).  Similarly, reads from three previously described haloviral metagenomes (Dinsdale et 
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al., 2008; Rodriguez-Brito et al., 2010; Santos et al., 2010; Sime-Ngando et al., 2010) were used 
as queries against the 35 LT genomes and genome fragments, and 10 previously described 
haloviral genome sequences [His1, His2 (Bath et al., 2006); HF1 (Tang et al., 2004); HF2 (Tang 
et al., 2002); HRPV-1 (Pietilä et al., 2009); HHPV- 1 (Roine et al., 2010); SH1 (Bamford et al., 
2005); BJ1 (Pagaling et al., 2007); ΦCh1 (Klein et al., 2002); EHP-1 (Santos et al., 2007)] were 
used as references for mapping reads from each of our eight samples. The same fragment 
recruitment parameters were applied to data from the previously published San Diego 
halovirome (Dinsdale et al., 2008; Rodriguez-Brito et al., 2010), using two sets of references 
(first, the 10 largest contigs assembled directly from the San Diego samples, and second, the 10 
previously sequenced haloviruses described above). Ace files were analyzed in Consed (Gordon 
et al., 1998) to determine the number of reads that mapped to each genome or genome fragment 
by sample. 
 Time series analysis was applied to the 35 complete and near-complete genomes from LT 
and to the 10 contigs from San Diego (SD). We counted the number of reads that mapped to each 
genome or genome fragment in each sample (the mapping count, Tables A1.1 and A1.2 in 
Appendix 1) and then normalized by genome size or contig length and the total number of reads 
in the sample (normalization details are in Appendix 1). For the seven complete LT genomes and 
10 contigs from SD, at least 1x coverage across at least 30% of the genome was required for 
detection. Manual determination of percent coverage was not practical for the 28 LT genome 
fragments, so we set their detection limit as equal to or greater than the smallest normalized 
mapping count for any genome fragment in the sample from which it assembled (a proxy for the 
smallest number of reads that could generate a genome fragment). This could lead to 
underestimates of detection of low abundance populations. 
 
Bioinformatic assessments of library contents 
 
 After assembly, Prodigal-predicted genes (Hyatt et al., 2010) from all contigs larger than 
500 bp from all viral concentrate libraries (30,525 non-redundant genes, clustered at 95% 
nucleotide identity) were run through InterProScan (Quevillon et al., 2005) to identify domains 
and HMMs, through BLASTp against NCBI’s non-redundant protein database to identify best 
BLAST hits, and through BLASTn against the SILVA 16S rRNA gene database (Pruesse et al., 
2007) to identify potential cellular contamination. We also used fragment recruitment with the 
same detection cutoffs as described above (at least 1x coverage across at least 30% of the 
genome) to search the LT unassembled reads for 19 previously sequenced halophilic plasmids 
available from the ACLAME database (Leplae et al., 2010).  We compared their presence in the 
eight LT viral concentrates to their presence in libraries from three LT 0.8 µm filters sequenced 
from the same samples (unpublished data collected prior to TFF concentration from samples 
2007At1, 2009B, and 2010Bt3). 
 
  
Results 
 
 Through extensive manual curation of the LT Illumina assemblies, we reconstructed 
complete, composite genomes from six LT viruses (LTV1, LTV2, and LTV4-7) and one virus-
like entity (LTVLE3). By virus-like entity (VLE), we mean virus or plasmid (see below).  
Because in silico circularization is an added assurance of assembly correctness, each genome 
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was considered closed when it circularized.  However, from our dataset, only circular or 
circularly permuted viruses or plasmids should circularize. In order to observe trends for a larger 
number of populations and genome types, we considered all unique contigs > 10 kb (the seven 
circular genomes and 28 additional genome fragments) to be population representatives. Because 
these genomes and genome fragments were generated from metagenomic data, they are 
composite sequences that represent heterogeneous, non-clonal populations. 
 It should be noted that our DNA extraction protocol could result in the inclusion of 
extracellular plasmids and other free DNA in our metagenomic libraries because we did not 
include a DNase treatment prior to virion lysis (a DNase treatment was attempted but resulted in 
complete degradation of all DNA, see Appendix 1).  Not surprisingly, only ~15% of the 30,525 
viral concentrate genes from all samples had functional predictions, and of those, nearly all 
would be consistent with, but not necessarily exclusive to, viruses.  We searched the 
InterProScan annotations for genes that could be linked relatively (though not entirely) 
unambiguously to plasmids (i.e., conjugative transfer genes) or viruses (i.e., structural proteins, 
terminases, and cell surface recognition/degradation proteins). We found one conjugative 
transfer gene and 566 virus-specific genes.  Of 49 ParB domain-containing proteins, which are 
known to be present in both viruses and plasmids, 25 had best BLASTp hits to predicted proteins 
from a Spanish halovirome (Santos et al., 2010). One gene of the 30,525 had significant 
BLASTn similarity to a 16S rRNA gene from a halophilic archaeon. Of the 19 plasmids from the 
ACLAME database, 12 were detected in LT.  All 12 were detected on the 0.8 µm filters.  Two 
were also detected in the viral concentrates (one in all eight samples and a second only in sample 
2010Bt4).  The plasmid detected in all eight viral concentrate samples was 10-115 times 
(average 55 times) more abundant on the 0.8 µm filters, and several ~5-10 kb regions of the 
plasmid were not detected in the viral concentrates, though nearly the entire sequence was 
present on the 0.8 µm filters.  The plasmid detected in sample 2010Bt4 was nine times more 
abundant on the 0.8 µm filter from the same time series (sample 2010Bt3; no 0.8 µm filter was 
sequenced from exactly the same sample).  It is certainly possible that some of the detected 
regions within these plasmids could be contained on unknown viruses, but conservatively, we 
assume that they are indicative of a small amount of plasmid contamination. 
 We found viral structural genes in LTV1, 2, and 4-7, so we call them viruses. LTVLE3 
contained annotation that would be consistent with both viruses and plasmids, so we categorize it 
a VLE. The 28 genome fragments often did not represent genome portions large enough to 
contain genes specific to viruses or plasmids, but given that the libraries appear to be mostly 
viral, we suspect that they are mostly or exclusively viral as well.  Still, to ensure correctness, we 
refer to all LT populations together as viruses and VLEs.  Because the general trends that we 
observed across the 35 LT populations were also observed for populations that we can 
confidently identify as viral (Figure 1.2 a-b and d-g), and because similar trends were also 
observed in a viral metagenomic dataset from San Diego, CA (see below), we are confident that 
our findings accurately represent haloviral population dynamics, regardless of any potential 
contamination in our libraries. 
 Features of each of the seven composite genomes are in Table 1.2, annotations are in 
Table 1.3, and genome representations are in Figure 1.3. In the following sections, abundance 
descriptions are based on relative representation in our libraries.  For example, low abundance 
indicates presence above the detection limit but representation by a relatively small number of 
recruited reads. 
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Characteristics and time series analysis of the seven LT genomes 
 
 LTV1 was observed in a single sample, 2007At2 (Figure 1.2a), which was collected after 
the sampling pool at site A had returned to its normal size, following a rainfall event prior to the 
start of the two-sample time series.  Despite the change in pool size, no obvious geochemical 
differences were observed between the two samples (Table 1.1 and Table A1.3 in Appendix 1).  
LTV2 was present in all eight samples and especially abundant in the 2010 site B four-day time 
series, in which it represented 2.2 – 2.7% of the reads (Figure A1.1 in Appendix 1), though it 
was assembled from sample 2009B, in which it accounts for only 0.3% of the reads. Nearly the 
entire LTV2 genome was detected in all samples (Figure 1.2b). The remaining five complete 
genomes were detected in more than one sample but not in all samples in the three-year study 
period (Figure 1.2).   
 LTVLE3 has functional annotation that would be consistent with plasmids or viruses 
(Table 1.3).  Of its predicted proteins, the one perhaps most often associated with plasmids is a 
ParA domain-containing protein, which, notably, has a significant BLASTp hit to a protein in 
halovirus ΦCh1 (E value 8e-43, 83% coverage).  In addition, two of LTVLE3’s best BLAST hits 
are to haloviruses. Interestingly, LTVLE3 contains a rhodopsin with high similarity to the 
Nanohaloarchaeal “xenorhodopsins” (Ugalde et al., 2011). 
 LTV4 was assembled from the smallest fraction of a sample, representing only 0.068% of 
the reads from sample 2010Bt4. BLAST hits from LTV4 were to a variety of bacteriophage and 
bacteria, including two conserved hypothetical proteins with hits to Salinibacter ruber 
(Mongodin et al., 2005).  LTV4 was present at relatively low abundance in all six samples from 
2009-2010 but was not detected in the 2007 samples (Figure 1.2d), a pattern shared with LTV5 
(Figure 1.2e). The vast majority of the LTV5 genome is novel, but three consecutive predicted 
genes had best hits to Natrialba magadii, a haloalkaliphilic archaeon (Kamekura et al., 1997). 
 LTV6 was the only one of the seven genomes to show dynamic presence in the 2010 
four-day time series, in which it was not detected in 2010Bt1-3 but was present at low abundance 
in sample 2010Bt4. Though below the 30% coverage cutoff required for detection, it may be 
significant that we observed 12.7 - 25.5% coverage of LTV6 in 2010Bt1-3. LTV6 was also 
relatively abundant in sample 2010A, from which it was assembled (Figure 1.2f). LTV7 was 
detected in at least some samples from each sampling trip (2007, 2009, and 2010), but not all 
samples in the study (Figure 1.2g), a pattern not observed for any of the other LT populations. 
  
Time series analysis of the 28 LT genome fragments 
 
 The 28 LT genome fragments displayed 16 different presence/absence patterns across the 
eight time points (Table 1.4). While we describe the LT genomes and genome fragments as 35 
populations for simplicity, it is important to consider that multiple genome fragments could 
represent different regions of the same genome.  Nine of the 14 genome fragments assembled 
from sample 2010A (Appendix 1, Table A1.2) were from populations detected only in that 
sample, and detection only in 2010A is the most common pattern reported in Table 1.4. The 
second most common pattern is presence only in sample 2007At2, exhibited by three of the four 
genome fragments generated from that sample. Only two genome fragments were detected in all 
eight samples, while 16 were either present in a single sample or present exclusively in a days-
scale time series. Within each of the days-scale time series, the 28 genome fragments were 
typically consistently detected (4 in the 2007 two-day time series and 9 in the 2010 four-day time 
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series) or not detected (17 in 2007 and 17 in 2010), for a total of 21 and 26 contigs, respectively.  
However, of the 11 genome fragments detected in the 2007 series, seven were detected in only 
one of the two samples. 
 
Detection of previously sequenced haloviruses in LT samples 
 
 Based on fragment recruitment at 90% nucleotide identity, none of 10 previously 
sequenced haloviruses achieved the 30% coverage cutoff required for detection in any LT 
sample.  However, up to 18% of the Archaeal BJ1 virus genome (Pagaling et al., 2007) was 
present at low abundance (up to 0.03% of the reads) in all LT samples, and a small number of 
reads mapped to localized regions within EHP-1 (Santos et al., 2007) and ΦCh1 (Klein et al., 
2002) (Appendix 1, Table A1.4).  The vast majority of EHP-1 hits were to two ribonucleotide 
reductase genes that are highly similar at the nucleotide level to the LTV2 ribonucleotide 
reductases, but interestingly, when reads from sample 2009B were competitively mapped to 
LTV2 and EHP-1, many reads still mapped to the EHP-1 ribonucleotide reductase genes. We 
observed essentially no detection of the remaining seven previously sequenced haloviruses in our 
samples, though mapping of a very small number of reads was observed for some viruses in 
some samples (data not shown). 
 
Detection of the 35 LT populations in other haloviral metagenomes 
 
 None of the 35 LT virus and virus-like populations was detected through fragment 
recruitment at 90% nucleotide identity in any of three previously sequenced haloviromes, even 
when the virome sequences were cut to 72-100 bp fragments in silico. In a haloviral 
metagenomic dataset from a saltern near San Diego, CA (Dinsdale et al., 2008; Rodriguez-Brito 
et al., 2010), consisting of 509,673 ~100 bp 454 reads from purified viral fractions from high 
salinity ponds (28-30% salt), up to 51 reads mapped to isolated regions within a small number of 
LT genomes and genome fragments, but less than 5% of any LT genome or genome fragment 
was covered. For the remaining viromes—a haloviral metagenomic dataset from hypersaline 
Lake Retba, Senegal (993 Sanger reads, (Sime-Ngando et al., 2010)) and 380 kb of haloviral 
metagenomic sequence from Santa Pola, SE Spain (Santos et al., 2010)—the most reads to map 
to any of the 35 LT populations was three. 
 
Corroboration of our results in a previously reported halovirome 
 
 We acknowledge that the sequencing throughput in previously reported haloviromes is 
significantly lower than the 6.4 Gb that we report from Lake Tyrrell viral concentrates, which 
could affect our comparisons with other datasets. However, of the four samples collected from 
the hypersaline virome near San Diego, CA described above (48.5 Mb, Dinsdale et al., 2008; 
Rodriguez-Brito et al., 2010), two report an amount of sequencing within one order of magnitude 
of our samples, so we expect that trends for the most abundant populations should be observable.  
Using the same fragment recruitment detection limits as above (at least 1x coverage at 90% 
nucleotide identity across at least 30% of the genome), we found that none of the 10 previously 
sequenced haloviruses was detected in any of the San Diego (SD) samples.  The percent genome 
coverage was even lower than the very small amount of coverage detected in LT. 
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 We also assembled the SD reads, using the default Newbler parameters described in the 
Materials and Methods.  To the best of our knowledge, assembly was not attempted in the 
published work, apart from the assemblies generated through the PHACCS and MaxiΦ programs 
for modeling alpha- and beta-diversity, respectively (Rodriguez-Brito et al., 2010).  While only 
one of the resulting contigs achieved our 10 kb cutoff required to represent a population, we 
characterized detection patterns for the 10 largest contigs (3-13 kb) across three of the four SD 
samples (a fourth SD sample had a very small number of reads, see below), and we also searched 
for the SD contigs in the LT data through fragment recruitment.  The SD contigs were not 
detected in any of the LT samples, though as many as 1319 LT reads did map to SD contigs in 
isolated regions, covering up to 20% of one contig.  Across three of the SD samples, collected on 
Nov. 16, 2005 (sample L), Dec. 7, 2005 (sample N), and Dec. 20, 2005 (sample O), the 10 SD 
contigs displayed a variety of detection patterns.  Six contigs were detected in a single sample (2, 
1, and 3 contigs in samples L, N, and O, respectively), two were detected in both L and N, and 
two were detected in both N and O.  No contigs were detected in all three SD samples.  In a 
fourth SD sample, collected on Nov. 28, 2005 (between samples L and N), no SD contigs were 
detected, but that is most likely due to sampling bias, as that sample contained only 4,645 reads. 
 
Haloviral population dynamics, based on a less stringent detection threshold 
 
 Because no viral or VLE populations were detected in multiple systems in this study, in 
contrast to results from another study (Garcia-Heredia et al., 2012), we sought to determine 
whether different fragment recruitment thresholds would affect our results.  We repeated our 
fragment recruitment at 75% nt identity, keeping all other parameters the same, using three sets 
of references (the seven complete LT genomes, the 10 previously sequenced haloviruses, and the 
10 largest contigs from SD) and reads from all LT and SD samples separately as queries.  No 
significant differences in detection patterns were observed for any within-system analyses, 
although slight increases in percent genome coverage (from ~20% to just above 30%) technically 
pushed a small number of populations above the detection threshold in a few cases.  Still, none 
of the LT genomes or 10 previously sequenced haloviruses was detected in SD.  However, 
interestingly, two SD contigs were detected in LT, but only in one sample (2009B).  Similarly, 
three of the 10 previously sequenced haloviruses were detected in LT, but only in some samples, 
as follows: BJ1 (both 2007 samples, 2009B, 2010Bt4, and 2010A; nearly 30% coverage of BJ1 
was also observed in the remaining samples), ΦCh1 (2007At2, 2009B, 2010Bt4, and 2010A), 
and SH1 (2007At2, 2009B, 2010Bt4, and 2010A).  
 
 
Discussion 
 
 Most prior viral metagenomic studies from short-read sequencing data have relied upon 
unassembled read or short contig analysis because significant assembly was precluded by high 
viral diversity and relatively low sequencing throughput. In this study, we have leveraged deep 
metagenomic sequencing (6.4 Gb), in combination with careful manual assembly curation, to 
reconstruct 28 near-complete and seven complete, composite genomes from viruses and virus-
like entities (VLEs) in hypersaline Lake Tyrrell, Victoria, Australia. This has allowed us to 
uncover previously unrecognized patterns of viral population dynamics on relatively short 
timescales. We have nearly doubled the number of haloviruses and VLEs with sequenced 
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representatives (Dyall-Smith et al., 2003; Garcia-Heredia et al., 2012; Santos et al., 2007), and 
the assembly of genomes from as little as 0.068% of the reads in a sample suggests that 
comprehensive viral genomic reconstruction may be possible in more complex systems through 
deep metagenomic sequencing. Importantly, we were able to obtain enough DNA for 
metagenomic sequencing without amplification, avoiding potential biases associated with 
multiple-displacement amplification (MDA) and presumably achieving more accurate relative 
abundance estimates. The 35 LT virus and VLE populations showed a range of stabilities across 
eight LT viral metagenomic samples collected from 2007-2010, from detection at one time in 
one location (14 populations) to presence at all times and locations studied (3 populations). The 
results indicate a diverse and dynamic viral consortium within Lake Tyrrell, and the time series 
results have been corroborated in a halovirome from San Diego, CA, suggesting that viral 
populations may be highly dynamic on relatively short timescales in hypersaline systems 
worldwide. 
 Many of our results are based on the assembly of short-read metagenomic sequencing 
data.  While we have taken extensive precautions to ensure assembly correctness through manual 
assembly curation (see Appendix 1), particularly for the seven genomes, we acknowledge that 
some misassemblies are still possible.  It is encouraging that the seven genomes circularized, that 
they have a relatively uniform depth of coverage in the samples from which they assembled, and 
that many genes were predicted from these assemblies with database matches that are consistent 
with viruses, VLEs, and halophiles.  The results of our temporal and biogeographical analyses 
demonstrate a shift in coverage depth from ~20-50x for a given population in the sample from 
which it was assembled (Table 1.2) to essentially zero coverage in samples in which that 
population was not detected (Figure 1.2).  This means that the observed temporal and 
biogeographical trends are significant, even if the assemblies are not 100% correct. 
 
Features of the seven complete, composite genomes 
 
 Within the six complete viral genomes and a seventh VLE genome, database matches to 
phage, archaeal viruses, Bacteria, and Archaea suggest that both phage and archaeal viral 
genomes were reconstructed.  Host range is difficult to determine without isolates, but some 
inferences can be made. For example, a significant hit to lysozyme, which is used to break down 
peptidoglycan in bacterial cell walls, along with BLAST hits to bacteria suggest that LTV1 is a 
bacteriophage (Table 1.3).  As no bacteriophage have been isolated from hypersaline systems, it 
is not surprising that the bacterial BLAST hits are to a variety of organisms. A preponderance of 
hits to bacteriophage and bacteria suggest that LTV4 is also likely to be a bacteriophage, 
possibly infecting Salinibacter ruber, on account of two best BLAST hits to S. ruber.  The 
abundance of archaea in the system (~80% or more) suggests that some of the LT viruses target 
archaea.  In particular, LTV2 is likely to be an archaeal virus and LTVLE3 is likely to be an 
archaeal virus or plasmid, based on a number of top hits to archaea. 
 In addition to host range, gene content from the seven viral and VLE genomes may 
provide information about lifestyle and function. Annotations that could be associated with 
lysogeny include a putative phage integrase in LTVLE3 and a putative excisionase in LTV6.  
LTV2 encodes ribonucleotide reductases, which are more often associated with lytic than 
temperate viruses (Santos et al., 2007). Of the functions that could be identified, the most 
prevalent is methyltransferase or DNA methylase, found in LTV1, 2, and 5 and LTVLE3.  The 
abundance of methyltransferases suggests that evasion of host restriction modification systems is 
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(or has been) important in the Lake Tyrrell system, though methyltransferases have also been 
shown to contribute to DNA mismatch repair, gene expression regulation, and replication 
initiation (Baranyi et al., 2000).   
 Interestingly, LTVLE3 contains a rhodopsin with high similarity to the Nanohaloarchaeal 
“xenorhodopsins,” which cluster with rhodopsins of bacteria from diverse environments and are 
phylogenetically distinct from bacteriorhodpsins of the class Halobacteria (Ugalde et al., 2011).  
The function of the xenorhodopsins is unknown, as they cluster separately from rhodopsins with 
known functions (i.e., proton pumps, chloride pumps, and sensory rhodopsins), though it has 
been suggested that they may be sensory rhodopsins, based on conserved amino acid motifs 
(Jung et al., 2003; Ugalde et al., 2011). As with the other xenorhodopsins, the LTVLE3 
rhodopsin contains all of the conserved amino acid motifs predicted to be required for binding 
the retinal chromophore for light absorption (J. Ugalde, personal communication). Bacterio-
opsins have been reported on plasmids of halophilic archaea (e.g., Baliga et al., 2004), but not on 
any viruses, though auxiliary metabolic genes, including photosynthesis genes (e.g., Mann et al., 
2003), are commonly found in viral genomes (Rosario and Breitbart, 2011). If LTVLE3 is a 
virus, this rhodopsin would extend the presence of host photosensory and/or energy-harvesting 
genes, well-documented in cyanophage (Lindell et al., 2005; Sullivan et al., 2010; Thompson et 
al., 2011), to viruses (putatively) of the Archaea. 
 
Diversity of viruses and VLEs in hypersaline systems 
 
 While LTV2 and LTVLE3 represent up to 2.7 and 2.5% of the reads in any sample, 
respectively, it is noteworthy that most of the seven LT genomes were assembled from 
approximately 0.1% of the reads from a sample (Table 1.2).  We infer that LTV2 and LTVLE3 
were among the dominant populations in Lake Tyrrell at the times and locations sampled by this 
study, whereas populations detected at the 0.1% level were sub-dominant (of course, potential 
contamination in unassembled reads could affect these abundance estimates). These findings 
highlight the high diversity of the LT viral community. Although it is possible that more 
abundant populations were present but missed, for example due to genome fragmentation as a 
result of within-population variation, these results suggest that approximately 1,000 sub-
dominant-to-dominant viral and VLE populations may be present in the LT system at any given 
time.  This is orders of magnitude more than the number of haloviral groups observed in 
previous studies through other methods (e.g., 1-8 groups, based on PFGE bands from a haloviral 
community, Diez et al., 2000, and five groups, based on dinucleotide frequencies from a 
halovirome, Santos et al., 2010). To be clear, the previously cited work did not suggest that these 
groupings represented individual viral populations, but our results would suggest that each of the 
groups could contain hundreds of populations.  The number of populations predicted from LT is 
similar to the number of viral types estimated through modeling in other aqueous systems, 
including hot springs, from which ~1300-1400 viral types were predicted (Schoenfeld et al., 
2008).  Modeling estimates have also predicted that the most abundant viral genotypes in marine 
systems comprise ~2.3 – 13.3% of the viral community (Angly et al., 2006), so abundances of 
~2.5 – 2.7% in LT suggest similar levels of dominance in hypersaline and marine viral 
assemblages.  Of course, methodological differences in the calculation of these estimates should 
be considered when interpreting these data. 
 
Temporal dynamics of viral and VLE populations in hypersaline systems 
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 In general, on the timescale of days, LT viral and VLE populations were relatively stable.  
This result is consistent with a PFGE-based study in a Spanish solar saltern, in which no 
significant differences were observed in viral DNA band patterns from samples collected six 
days apart (Sandaa et al., 2003).  In the 2010 LT four-day time series, six of the seven complete 
genomes and 26 of the 28 genome fragments exhibited the same detection pattern (i.e., uniform 
presence or absence) in all four samples in the series (Figure 1.2 and Table 1.4).  
 However, LTV1 and seven genome fragments were present in only one sample of the 
2007 two-day time series. We suspect that the viral community changed as a result of hosts’ 
responses to significant lake evaporation between samplings, perhaps including generational 
timescale changes in host immunity (Tyson and Banfield, 2008) and/or the induction of 
lysogens.  The results of a laboratory experiment by Santos and colleagues (Santos et al., 2011), 
in which the active viral community from a hypersaline lake changed following dilution with 
distilled water, suggest that differences in the LT lake level before and during our time series 
could have affected the viral community.  However, no change in salinity or significant change 
in geochemistry was observed between the two 2007 LT samples (Table 1.1, Appendix 1 Table 
A1.3), so the significance of the dilution and/or subsequent evaporation is unclear.  The pool area 
for sample 2007At1 was much larger than it was for any other LT sample, including 2007At2 
(see Materials and Methods), so spatial heterogeneity at the sampling site may equally well 
explain the differences observed. 

On timescales of less than three years, LT viral and VLE populations tended to be highly 
dynamic.  Six of the seven complete genomes and 26 of the 28 genome fragments were present 
in some but not all eight samples, indicating transience from 2007-2010. However, the detection 
of two genome fragments and 91-100% of the LTV2 genome in all eight samples (Figure 1.2b) 
suggests that some viral populations may be stable and maintain infectivity in the LT system for 
three years.   

In a previously reported study from a saltern near San Diego (SD), CA (Dinsdale et al., 
2008; Rodriguez-Brito et al., 2010), a weeks-scale time series was sampled.  Of the 10 largest 
contigs from that system, based on assemblies that we generated in this study, four were present 
in samples collected 2-3 weeks apart, six were present in single samples, and none were present 
in all three samples collected over approximately one month.  As such, we propose a slightly 
modified interpretation of the original study, which suggested that haloviral taxa were stable 
while genotypes varied on short timescales (Rodriguez-Brito et al., 2010).  Because the most 
common haloviral taxa in that system (i.e., the 10 SD contigs that we assembled) appear not to 
have been represented in public databases, and because the viral taxa reported to be most 
abundant in the original study, based on tBLASTx comparisons to previously sequenced viral 
genomes, were actually not detected in that system through fragment recruitment in this study, 
we suggest that trends for the dominant haloviral taxa were actually not observed. A similar 
possible interpretation was presented as a caveat in the published work.  We suggest that the 
variation observed at the genotype (“strain”) level through modeling was actually an observation 
of the population-level shifts that we see in this study. 
 Ecological models of virus-host dynamics (e.g., Lotka-Volterra-like “kill-the-winner,” 
Thingstad, 2000, and constant-diversity dynamics, Rodriguez-Valera et al., 2009) have predicted 
shifts in the presence and abundance of viral groups, as demonstrated in this study, but the 
timescales on which these dynamics were predicted to occur have not been well constrained. In 
addition, viral dynamics have been presumed to occur at the genotype (subpopulation or “strain”) 
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level.  While viral genotypes could also exhibit interesting dynamics, this study demonstrates 
dramatic shifts in the presence and relative abundance of viral populations.  We also provide 
potential timescale constraints for ecological models. Assuming that viral population dynamics 
occur on similar timescales within each of the two systems studied (LT and SD), our results 
would suggest that haloviral populations are generally stable on the timescale of days, dynamic 
or stable in relatively equal proportions on timescales of 2-3 weeks, and generally dynamic on 
timescales of one month to three years. Other temporal patterns, such as seasonal shifts (Parsons 
et al., 2011; Winget et al., 2011), could occur in hypersaline systems, but may have been missed 
due to the frequency of sampling.  Indeed, the most likely explanation for the presence of some 
populations in single samples is that they cycle within a given system on timescales not captured 
by these studies.  While we assume that the populations that we characterized are among the 
more dominant populations because they assembled, we recognize that their dynamics may not 
reflect the behavior of less abundant and/or less genomically cohesive populations.  
 

Spatial heterogeneity of haloviral and VLE populations 
 
 Within LT, spatial heterogeneity was observed between sites A and B (isolated pools 
~300 m apart) during the same week in 2010, in which 15 genome fragments and LTV7 
exhibited different detection patterns. For our cross-system comparisons, while we cannot 
discount the possibility that our results could be influenced by differences in methodology (for 
example, different sample collection and virus isolation techniques, potential biases associated 
with whole-genome amplification in other studies, and differences in sequencing technology and 
throughput), given the temporal and spatial heterogeneity of viral populations within individual 
systems, it is not surprising that we did not detect most viral populations across geographically 
diverse hypersaline systems.  However, this result is surprising in the context of some previous 
studies, which have supported conservation across hypersaline systems in both host and viral 
communities. For example, one of the most dominant LT microbial species, Haloquadratum 
walsbyi, is suggested to be abundant and highly conserved in hypersaline systems worldwide, 
based on comparative genomics of isolates (Dyall-Smith et al., 2011).  Also, a recent study 
shows that many haloviral isolates can infect hosts from diverse geographic locations (Atanasova 
et al., 2011), and read- and small contig-based comparisons show some sequence similarity 
among globally distributed haloviral communities (Santos et al., 2010; Sime-Ngando et al., 
2010). Another recent study suggests some conservation of nearly complete haloviral genomes 
across systems (Garcia-Heredia et al., 2012).  While the aforementioned methodological 
differences may have precluded the detection of some LT populations in other systems, and 
while most previously sequenced haloviruses are isolates that may not represent the dominant 
members of their communities, it is interesting that the 35 LT viral and VLE populations were 
not detected in other hypersaline systems sampled by metagenomics, nor were previously 
sequenced haloviruses detected in LT, based on the 90% nucleotide identity detection limit set 
by this study.  Similarly, the largest contigs in the SD system were not detected in LT, nor were 
previously sequenced haloviruses detected in the SD metagenomic data.   
 Some genome-level conservation across systems was observed when we reduced the 
fragment recruitment detection threshold from 90% to 75% nucleotide identity.  Namely, three 
previously sequenced haloviruses and two SD contigs were detected in some LT samples. This 
most likely suggests that similar populations with divergent nucleotide sequences were detected 
across systems, but it could mean that reducing the detection threshold allows for similar genes 
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from different populations to yield false-positive identification. While some viral genomes 
reconstructed from Spain were also detected in San Diego in a study based on similar detection 
thresholds (75% nucleotide identity across at least 50% of each read), most populations were not 
detected in both systems (Garcia-Heredia et al., 2012). Together, these studies show that, while 
there is clearly some conservation of haloviruses at the nucleotide level in geographically diverse 
locations, most haloviral populations are not globally conserved, at least on the temporal and 
spatial scales sampled thus far. While these results would seem to imply a limited distribution of 
most haloviral populations, they would also be consistent with a temporally variable global 
distribution.  The latter would be supported by the detection of haloviruses from other systems in 
only some LT samples, as observed at 75% nucleotide identity, and by the fact that haloviruses 
maintain infectivity against hosts from geographically diverse locations (Atanasova et al., 2011). 
 
Implications for future viral metagenomic analyses 
 
 Many previous viral metagenomic studies have relied upon representative sequences in 
public databases to predict viral function (e.g., Dinsdale et al., 2008) and/or taxonomy (e.g., 
Rodriguez-Brito et al., 2010), and/or have been limited to indirect analyses, like modeling (e.g., 
Angly et al., 2005), to characterize viral communities. One of the most exciting results of this 
study is that, with deep metagenomic sequencing and assembly, it is now possible to study 
natural viral populations directly, based on genomic information generated from a given system. 
While extensive manual assembly curation was required to close the seven genomes in this study 
from 6.4 Gb of metagenomic data, this may not always be necessary.  For example, a recent 
study reported autoassembly of 78 circularized genomes from a 48 Gb virome from the human 
gut (Minot et al., 2012), suggesting that assembly may be more facile in some systems and/or 
with increased sequencing throughput. 
 It is well appreciated that viruses are woefully underrepresented in public databases 
(Rosario and Breitbart, 2011; Wommack et al., 2008), and in this study, we confirmed that the 
identification of viral taxa based on BLAST hits to previously sequenced viruses may not be 
reliable. Specifically, we showed that three viruses (BJ1, ΦCh1, and HF2) reported to be among 
the five most dominant viral taxa in each of the samples from the San Diego system, based on 
tBLASTx searches (E value 0.001) against complete viral genomes (Rodriguez-Brito et al., 
2010), were actually not present in the metagenomic libraries from that system. We suggest that 
BLAST searches are an appropriate means of identifying candidate viral populations that may be 
present in a given system, but that if the detection of a given virus is relevant to the results of a 
study, its presence should be confirmed by mapping to the reference genome, or through BLAST 
searches along the full length of the reference genome, as in Garcia-Heredia et al. (2012).  
 This study represents the first genome-based characterization of natural viral population 
dynamics on a variety of timescales. The observation of highly dynamic viral populations in 
individual systems on timescales ranging from weeks to years exposes a need for cautious 
interpretation of “snapshot” viral metagenomes collected at a single time and location.  This de 
novo assembly and genomic reconstruction-based tracking of viral (and virus-like) populations 
provides a foundation for future, high-resolution metagenomic efforts to characterize viral 
biogeography and to constrain ecological models of virus-host population dynamics in a variety 
of environments. It will be interesting to see what impact viral population dynamics may have on 
ecosystem-scale processes, including viral production, infectivity rates, and host community 
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structure, and we recommend that future efforts consider characterizing these processes across 
time and space. 
 
 



  17 

 
 

Figure 1.1  Field Site 
a. Star indicates location of Lake Tyrrell in Victoria, Australia (image reproduced from Google 
Earth, copyright 2010; copyright 2011 Cnes/Spot Image); b. Satellite image of Lake Tyrrell.  
Star indicates sampling location within the lake.  Scale bar, 0.5 km (image reproduced from 
Google Earth, copyright 2010; copyright 2012 Cnes/Spot Image); c. Photograph of sampling site 
B in 2009.  Scale bar, 0.5 m. 
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Figure 1.2 (next page) Presence and Abundance of Seven LT Viruses and VLEs through Time 
a. LTV1, b. LTV2, c. LTVLE3, d. LTV4, e. LTV5, f. LTV6, g. LTV7. Samples are along the x-
axis. The y-axis on the right is the percentage of the genome to which at least one read maps, and 
it corresponds to the gray bar graphs. The y-axis on the left corresponds to the black data points 
and is the normalized number of mapped reads, calculated as follows (for more detail, see 
Appendix 1): the number of reads or 454 read fragments recruited to a given genome from a 
given sample was multiplied by normalization factors for (i) the number of reads in the sample, 
(ii) the genome size, and (iii) scale, with the largest data point equal to 100. Note that there are 
two left y-axis maxima: 15 for LTV1 and LTV4-7 and 100 for LTV2 and LTVLE3. Black data 
points connected by a line are from sequential days-scale time series samples. Open black circles 
correspond to the sample from which a given genome was assembled. 
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Table 1.3 (this page and previous page) Genes with Predicted Functions from Complete LT 
Genomes 
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Figure 1.3 Genome Figures 
Circular representations of the seven composite genomes, to scale within but not among 
genomes. Numbers inside each circle indicate positions within the linear contig (origins of 
replication were not determined). Arrows indicate the positions of genes. 
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Chapter 2 
 
 

Metagenomic Assembly Yields Insight into Viral Ecology  
 
 

 
Abstract 
  
 Viruses impact microbial activity and nutrient cycling, yet an understanding of the factors 
that influence viral community composition and dynamics is generally lacking. We assembled 
genome fragments from eight viral concentrates from hypersaline Lake Tyrrell (LT), Victoria, 
Australia and compared their genetic composition to 63 previously reported viromes from 
diverse environments.  We demonstrate reconstruction of near-complete genomes from natural 
viral assemblages, using previously reported pyrosequencing data, and we illustrate the utility of 
Illumina sequencing data for viral ecological studies. Our analyses focus on genes from contigs > 
500 bp, including many predicted genes of unknown function or phylogeny. Statistical analyses 
of the relative abundances of genes from LT show that viral assemblages are near-replicates from 
the same site sampled a few days apart but differ significantly on other spatial and temporal 
scales.  LT viral assemblage structures correlate significantly with salinity and water 
composition, suggesting responses of viruses and their hosts to evaporative concentration. 
Despite spatial and temporal variation within LT, in the context of other viromes, LT viral 
assemblages were most similar to each other and grouped with hypersaline viromes from other 
studies. By clustering according to amino acid identity, we identified proteins of unknown 
function that are conserved in hypersaline systems or specific to other environments, pointing to 
potential genetic bases for ecological adaptation. Overall, viromes clustered by ecosystem, and 
salinity is inferred to be a major determinant of the genetic composition of viral communities. 
 
 
Introduction 
 
 Viruses are abundant and ubiquitous, and they influence nutrient cycling, host evolution, 
and community structure (Suttle, 2007). Although recent studies have yielded significant insight 
into viral diversity and biogeography (Thurber, 2009), viruses are still the least well 
characterized biological entities (Rosario and Breitbart, 2011). All-inclusive molecular surveys 
commonly applied to microbial systems are not possible for viruses, owing to the lack of a 
universal marker gene, so other techniques have been employed to understand the diversity and 
dynamics of viral assemblages.  For example, viral counts and pulse-field gel electrophoresis 
(PFGE) have demonstrated seasonal shifts in viral abundance and genome size diversity in 
Chesapeake Bay sediments and surface waters, respectively (Helton et al., 2012; Wommack et 
al., 2009). The amplification of target genes known to be conserved within specific viral groups 
has shown, for example, that ssDNA viral diversity generally changes on the months timescale in 
marine systems (Tucker et al., 2011) and that cyanophage genetic diversity varied over three 
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years in marine coastal waters (Marston and Sallee, 2003).  However, the inherently high 
conservation of some genes chosen for such surveys may limit the extent to which ecologically 
relevant parameters, such as host range or habitat, can be correlated with viral biogeography and 
dynamics (Sullivan et al., 2008). 
 Modeling, sequence signatures, and BLAST searches have been used to characterize and 
compare viral metagenomic samples. Statistical modeling of assembly success, developed for 
analyses of Sanger viral metagenomic data (Angly et al., 2005; Breitbart et al., 2002), has been 
used to estimate the structure, alpha-, and beta-diversity of viral assemblages. However, the 
models are not designed to work with the large datasets generated from new sequencing 
technologies. Sequence signatures have been used to demonstrate that some viral metagenomes 
cluster according to ecosystem (Willner et al., 2009), and dinucleotide frequencies have been 
used to distinguish viral groups within a hypersaline crystallizer pond (Santos et al., 2010). For 
the relatively small portion of viral metagenomic data with similarity to sequences in public 
databases (Rosario and Breitbart, 2011), BLAST searches have been used to infer taxonomy 
and/or generate functional predictions (e.g., Dinsdale et al., 2008; Rodriguez-Brito et al., 2010). 
However, many such studies rely on analyses of short reads that can potentially yield less 
accurate BLAST results (Roux et al., 2012; Wommack et al., 2008), and our previous work 
showed that BLAST searches from single reads resulted in false-positive identification of viral 
types that were not actually present in a hypersaline system (Emerson et al., 2012). 
 Hypersaline environments are ideal model systems for studying viral ecology because 
geochemical conditions remain relatively constant and the community is strictly microbial, 
eliminating complex interactions with higher trophic levels.  Many studies of haloviral isolates 
and communities have been conducted previously (reviewed in Dyall-Smith et al., 2003, Porter 
et al., 2007, Pina et al., 2010, and Santos et al,, 2012), showing, for example, a decrease in the 
diversity and an increase in the abundance of viruses with increasing salinity (Bettarel et al., 
2011; Sandaa et al., 2003).   Previously, we tracked 35 complete and near-complete viral and 
virus-like genomes in hypersaline Lake Tyrrell (LT), Victoria, Australia and showed that most 
populations were stable over days but dynamic over years (Emerson et al., 2012).  Here, we 
comprehensively investigated LT viral assemblages (hundreds of populations), developed 
methods for comparing viral assemblages of unknown phylogeny and genetic composition, and 
investigated the influence of environmental parameters on LT viromes.  In addition, we 
assembled 63 literature-reported viral metagenomic datasets from a variety of habitats, in order 
to more broadly evaluate environmental controls on virome genetic composition. 
 
 
Materials and Methods 
 
LT sample collection, DNA extraction, and sequencing 
 
 Eight viral concentrates were recovered from 10 L surface water samples collected from 
hypersaline, thalassohaline Lake Tyrrell (LT), Victoria, Australia from two sites (A and B) 
between 2007 and 2010 (Table 2.1). Geochemical analyses were conducted on filtered water 
samples, using ion chromatography (IC) and inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), as described previously (Emerson et al., 2012). Metagenomic 
sampling, DNA extraction, and sequencing methods were described previously (Emerson et al., 
2012; Narasingarao et al., 2012). In brief, water samples were sequentially filtered through 3.0, 



  27 

0.8, and 0.1 µm polyethersulfone filters, and post-0.1 µm filtrates were concentrated through 
tangential flow filtration for virome recovery.  
 
Assembly 
 
 Each LT sample was de novo assembled separately with parameters described previously 
(Emerson et al., 2012). Briefly, we evaluated assembly outcomes, using Newbler (Margulies et 
al., 2005), ABySS (Simpson et al., 2009), and Velvet (Zerbino and Birney, 2008). The choice of 
assembly program depended on the sequencing type, and our analyses used the best assembly for 
each sample. 
 63 previously reported environmental virome samples were assembled or co-assembled 
in 29 assembly runs, using Newbler with default parameters (Margulies et al., 2005). Co-
assemblies included samples from the same study and/or environment type (Appendix 2, Table 
A2.1). Each assembly was evaluated manually in Consed (Gordon et al., 1998) for six contigs 
chosen at random (three from among the largest and three from other size ranges). Assemblies 
passed QC if the majority of reads conformed to the consensus sequence across the full length of 
each read and contig, allowing for a small number of SNPs, and if the depth of coverage was 
sufficient (a minimum of ~5-10x). Assemblies not meeting these requirements were excluded 
from further analyses. Uniform coverage depth was not always observed and was not a QC 
requirement, as long as reasonable coverage existed throughout each contig. In addition to those 
assemblies passing QC, the 71-virome analysis described below includes the eight LT assemblies 
described above and an additional IDBA-UD co-assembly (default parameters, Peng et al., 2012) 
of all six LT Illumina-sequenced samples. 
 
Statistical analyses 
 
 Unless otherwise noted, statistical analyses were performed in the R programming 
language, and the software functions mentioned for each analysis (i.e., anosim, hclust, bioenv, 
and mantel) are from the vegan package (Oksanen et al., 2011).  All protein and nucleic acid 
sequence-based clustering was performed using UCLUST (Edgar, 2010). 
 
Generation of reference gene sequences and estimates of viral abundance 
 
 In order to generate three databases, we started with three groups of sequences: 1) All LT 
contigs > 500 bp, 2) All other (non-LT) hypersaline contigs and reads > 500 bp (Dinsdale et al., 
2008; Rodriguez-Brito et al., 2010; Santos et al., 2010; Sime-Ngando et al., 2010), and 3) All 
contigs and reads > 500 bp from 71 environmental viromes, including LT (see Appendix 2, 
Table A2.1 for a list of samples and references).  Using Prodigal (Hyatt et al., 2010), we 
predicted genes in each of three groups.  We removed all predicted genes < 300 bp and then 
made each database non-redundant by clustering at 95% (database 1) or 90% (databases 2 and 3) 
nucleotide identity. For abundance estimates, reads from each sample were recruited to these 
reference gene sequences (databases), and the number of reads recruited to a given gene in a 
given sample was retained as the “mapping count.” For within-LT analyses (LT samples vs. the 
LT-only database), fragment recruitment was carried out using gsMapper (Margulies et al., 
2005) with a minimum of 95% identity and an overlap length of at least 70 bp. For the 71-virome 
database, fragment recruitment was performed at 90% nucleotide identity across 70 or more bp. 
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Functional predictions and selection of OTUs 
 
 We used InterProScan (Quevillon et al., 2005) to predict functional domains in predicted 
protein sequences from LT, the non-LT hypersaline database, and all non-hypersaline contigs > 
20,000 bp (annotating all ~370,000 non-hypersaline virome genes was beyond the scope of this 
study). Additionally, all predicted protein sequences from LT and, separately, from the 71-
virome database were clustered at 40% amino acid identity, under the assumption that each 
cluster would contain proteins of similar function (~20-40% amino acid identity suggests similar 
function in reoviruses Jaafar et al., 2005). 
 In lieu of a universal marker gene, seven groups of viral genes (“OTU groups”) were 
chosen for within-LT analyses. The first OTU group includes all 30,525 genes from the LT 
database, and the second includes all LT genes annotated as “methyltransferase,” the most 
common annotation in the dataset. The third and fourth groups (concanavalin A-like 
glucanases/lectins, henceforth shortened to “glucanases,” and major capsid proteins) were 
similarly defined based on common annotation, relatively high abundance, and because they are 
functions likely to be associated with viruses.  The final three groups were chosen as the largest 
clusters of unknown function (clusters 261, 667, and 1435), grouped by amino acid identity. 
 
Hierarchical clustering 
 
 For within-LT analyses, a variety of normalizations, transformations, and nucleotide 
identity thresholds were tested, in order to determine the most reasonable parameters for 
generating distance matrices (see Appendix 2).  Based on those tests, mapping counts were 
normalized by gene length (dividing the average length of all genes by a given gene length and 
using that as a multiplier for all mapping counts for that gene) and by the sequencing effort 
(dividing the average number of reads in all samples by the number of reads in a given sample 
and using that as a multiplier for all mapping counts for that sample). We generated Bray-Curtis 
dissimilarity matrices from the normalized mapping counts and used ANOSIM (Clarke, 1993) 
with 1000 permutations to test for statistically significant differences between sample groups.  
Within LT, samples were grouped for ANOSIM analysis by days-scale time series, i.e., four 
groups: 2007A (two samples), 2009B (one sample), 2010B (four samples), and 2010A (one 
sample). Hierarchical clusters were generated for each LT OTU group, using the program MeV 
(Saeed et al., 2006) with a Pearson correlation and average linkage clustering.  For the 71-virome 
analysis, hierarchical clusters were generated using hclust with a Bray-Curtis dissimilarity matrix 
generated from mapping counts from all virome samples, using average linkage clustering. 
 
Diversity measurements 
 
 Using the normalized mapping counts described above, we calculated Shannon’s 
Diversity Index (Shannon and Weaver, 1964), Simpson’s Diversity Index (Simpson, 1949), 
richness, and Pielou’s Evenness (Pielou, 1966) for LT samples, and we ranked samples for each 
index and OTU (Figure 2.1). We also developed richness and dominance estimates based on our 
data. For one estimate, we divided the total number of genes (30,525) by the average number of 
predicted genes (74) in the seven viral genomes from our previous work (Emerson et al., 2012). 
To generate the richness values in Table 1, we multiplied the number of methyltransferases in 
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each sample by 7/6, which is the representation of methyltransferases in the seven genomes (two 
copies in two genomes, one copy in two genomes, and no copies in three genomes). That 
calculation was also applied to all methyltransferases in the dataset to predict total richness 
across samples. Based on the relative abundance of each methyltransferase gene within each 
sample, we estimated the percent abundance of the most dominant OTU and the number of 
populations at 0.1% abundance or higher in each sample (Table 2.1). 
  
Correlations with environmental data 
 
 We correlated LT viral community structure with environmental parameters 
(temperature, TDS, pH, and solution chemistry, Tables 2.1 and Appendix 1, Table A1.3).  2009B 
is a pool of DNA from three samples collected on the same day, so we used the average of three 
measurements for each environmental variable for that sample. Using normalized mapping 
counts for each viral OTU, we used the bioenv function to: 1) calculate a Bray-Curtis community 
dissimilarity matrix 2) select all possible combinations of up to 6 subsets of the 13 environmental 
variables, 3) calculate a Euclidean distance matrix for each subset of environmental variables 
across samples, and 4) use Spearman correlations to identify the subset of environmental 
variables with the best rank correlation with the viral community dissimilarity matrix.  To 
generate p-values, we tested 1000 permutations of the distance matrix for environmental data, 
using the mantel function.  
 
 
Results 
 
Common proteins in LT and other viromes 
 

Figure 2.2 shows the most common functional annotations in LT, other hypersaline 
systems, and virome contigs >20,000 bp, respectively. Of the 11 largest protein clusters (40% 
amino acid identity) from LT, 10 are of unknown function (Table 2.2).  However, interestingly, 
only one large cluster has no match in the GenBank nr database. Nine have highly significant 
BLAST hits to proteins of unknown function predicted from other hypersaline systems, and one 
is a putative terminase with significant BLAST hits to terminases from five different haloviruses 
from Spain (Garcia-Heredia et al., 2012). Clustering of all predicted proteins in the 71-virome 
database resulted in 108,798 clusters of 285,557 proteins, or an average of 2.6 proteins/cluster. 
The largest cluster contained 5,213 proteins, all from a single sample (Lake Pavin, Roux et al., 
2012).  Many clusters containing tens to hundreds of proteins were generated from single studies, 
particularly from hot spring DNA (Schoenfeld et al., 2008), French freshwater lakes (Roux et al., 
2012), Gorgonian corals (Hewson et al., 2012), and Lake Tyrrell.  There were also many clusters 
containing proteins from a variety of studies and/or environments, including some from both 
DNA and RNA viromes.  For example, a 13-protein cluster contained proteins detected in DNA 
viromes from rice paddy soil (Kim et al., 2008), marine samples (Angly et al., 2006; Breitbart et 
al., 2002), freshwater lakes (Roux et al., 2012), microbialites (Desnues et al., 2008; Dinsdale et 
al., 2008), and a freshwater RNA virome (Djikeng et al., 2009). One cluster with 99 predicted 
proteins included proteins from rice paddy soil (Kim et al., 2008), freshwater Lake Pavin (Roux 
et al., 2012), freshwater tilapia ponds (Dinsdale et al., 2008; Rodriguez-Brito et al., 2010), and a 
freshwater Antarctic lake (Lopez-Bueno et al., 2009). 
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Comparisons of viral assemblages across LT samples 
 
 Hierarchical clustering analyses for all seven LT viral OTU groups resulted in the same 
sample groupings (Figures 2.3 and Appendix 2 Figure A2.1). The two samples from the 2007 
two-day time series (2007At1-2) grouped together, as did the four samples from the 2010 four-
day series (2010Bt1-4), and samples 2009B and 2010A grouped separately from the other two 
groups. These groups were supported by ANOSIM analyses, which revealed high within-group 
similarity (r = 0.93 - 1) and highly significant p-values (< 0.006) for all OTU groups, except 
Cluster 261 (correlation 0.5, p-value 0.06). Within the 2010 four-day time series, the samples 
grouped in different orders, so any differences within that group could not be resolved. The 
methyltransferase hierarchical cluster is representative of hierarchical clustering analyses across 
OTU groups and is shown in Figure 2.3. In addition to relationships among viral assemblages 
across samples, which are shown in the tree topology, the presence/absence and relative 
abundance of individual viral populations can be inferred from each horizontal row of the heat 
map, under the assumption that each methyltransferase gene represents a population. We found 
significant correlations between LT viral assemblages and environmental factors, particularly 
salinity and potassium concentration (Table 2.3).  
 
Diversity of LT viral assemblages 
 

We calculated four univariate diversity indices for each of the seven LT viral OTU 
groups and ranked samples for each index and OTU group (Figure 2.1). Sample rankings were 
highly variable across both OTUs and indices, and for each index, the range of values for each 
OTU group was different, particularly for Shannon’s Diversity Index (Shannon and Weaver, 
1964). Few patterns were discernible, though sample 2007At1 was consistently the least rich and 
sample 2009B was often the least diverse and least even, despite being among the most rich. 
However, for the glucanase OTU group, 2009B was among the most diverse and most even, so 
the significance of these trends is unclear. Richness and dominance calculations developed for 
this study are in Table 2.1.  For the entire LT viral community (all samples), the all-genes OTU 
group calculation predicted 412 viral populations, and the methyltransferase OTU group 
predicted 735 populations.  For all of these measurements, our methods only consider viral 
populations that were abundant enough in any sample to assemble into contigs > 500 bp. 
  
LT in the context of other environmental viromes 
 
 We analyzed 71 viromes (Appendix 2, Table A2.1) from diverse environments and 
locations (Figure 2.4). Although assemblies of small Sanger datasets were largely unsuccessful, 
significant assembly was achieved for nearly all pyrosequenced viromes, regardless of read 
length. While the best assemblies were achieved from LT Illumina sequencing data, 36 near-
complete genomes, defined as contigs > 20,000 bp, were generated from non-LT pyrosequenced 
datasets with average read lengths as short as ~100 bp. 
 In the 71-virome hierarchical clustering analysis (Figure 2.5), LT samples formed their 
own group within a larger cluster of all medium-to-high salinity samples from Australia, San 
Diego, Spain, and Senegal (Dinsdale et al., 2008; Rodriguez-Brito et al., 2010; Santos et al., 
2010; Sime-Ngando et al., 2010).  Interestingly, the high salinity samples from San Diego (27-
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30% salt, Dinsdale et al., 2008; Rodriguez-Brito et al., 2010) generally clustered more closely 
with medium salinity samples (12-14% salt) from the same site than with high salinity samples 
from other locations.  The one exception is a San Diego high salinity sample, which contained 
only 4,645 ~100 bp reads, that clustered with the Sanger-sequenced Spain and Senegal samples 
(Santos et al., 2010; Sime-Ngando et al., 2010). 

64 of the 71 viromes grouped into three large clusters, the first of which includes all 
medium-to-high salinity viromes. With some exceptions, including freshwater RNA viromes 
(Djikeng et al., 2009) and hot spring DNA (Schoenfeld et al., 2008) and RNA viromes (Bolduc 
et al., 2012), the second large cluster generally consists of marine and marine-related samples, 
including all coral samples (from three separate studies of P. compressa, Gorgonian, and D. 
strigosa corals, Dinsdale et al., 2008; Hewson et al., 2012; Marhaver et al., 2008; Thurber et al., 
2009), both fish slime viromes (Dinsdale et al., 2008), and all low salinity viromes (Dinsdale et 
al., 2008; Rodriguez-Brito et al., 2010).  The third large cluster consists of two subclusters, one 
of which contains the two microbialite samples collected from freshwater systems (a third was 
marine) (Desnues et al., 2008; Dinsdale et al., 2008), and the other contains all freshwater DNA 
viromes (three separate studies, Dinsdale et al., 2008; Lopez-Bueno et al., 2009; Rodriguez-Brito 
et al., 2010; Roux et al., 2012).  Many smaller clusters were exclusive to a single study and/or 
environment type.  Of the remaining seven viromes, which appear to be outliers, five were 
Sanger-sequenced, two were the only marine RNA samples (Culley et al., 2006), two were the 
only soil samples (Fierer et al., 2007; Kim et al., 2008), and one was the only marine 
microbialite sample (Desnues et al., 2008; Dinsdale et al., 2008). 

The number of genes predicted from LT greatly exceeds that for any other system. To 
account for the possibility that this was driving the clustering of the LT samples, we generated a 
separate 71-virome hierarchical cluster, in which no LT reference gene sequences were included, 
increasing the sensitivity of the clustering to genes from other environments (Appendix 2, Figure 
A2.2). LT samples were retained in the analysis, such that LT reads were allowed to map to 
reference genes predicted on contigs from other datasets.  Interestingly, the LT samples still 
formed their own cluster, although of topology the larger hypersaline cluster differed slightly 
from that generated when LT references were included.  Changes in the topology of non-
hypersaline clusters were few and subtle. 

 
 
Discussion 

 
The dynamics of natural viral assemblages were characterized within a single ecosystem, 

while retaining resolution of individual population behavior. We developed methods to 
characterize the diversity and dynamics of LT viral populations, which can be broadly applied to 
viral metagenomes dominated by genes of unknown function and viruses of unknown 
phylogeny. We estimate that LT contains hundreds of viral populations, most of which persisted 
over days but varied over the three year study period and between isolated pools separated by 
~300 m. Results were robust, despite the use of different sequencing technologies.  

While hierarchical clustering yielded the same LT sample groupings for all seven viral 
OTU groups, the values and resulting sample rankings from four univariate diversity indices 
yielded conflicting information across OTU groups and indices.  This suggests that univariate 
diversity indices may not be appropriate for comparing viral communities. However, the 
methods that we developed for estimating richness specifically for this study also did not yield 
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sample rankings consistent with hierarchical clustering analyses, suggesting either that sample 
richness is not an informative means of comparing viral assemblages within a single ecosystem, 
that richness does not necessarily correlate with viral community composition, and/or that our 
methods for estimating richness, though an improvement, are still not accurate enough for 
within-system comparisons.  Regardless, univariate diversity indices estimated from viral 
metagenomes should be interpreted with caution. 

Although only ~15% of the 30,525 genes from LT could be assigned function, and the 
most abundant functional annotation (methyltransferase) represented only ~2% of LT reads, 
some inferences can be made by comparing the relative abundances of different functional 
annotations across viromes.  The prevalence and diversity of glucanases in LT suggests that 
haloviruses, probably targeting the abundant archaea, have evolved a variety of surface receptors 
for host cell recognition (Gorlas et al., 2012). The higher proportion of twin-arginine tra (TAT) 
signal sequences in hypersaline viromes, which likely serve to target proteins for secretion in an 
already folded state (Bolhuis, 2002), suggests that haloviruses have evolved means of ensuring 
that proteins rapidly folded under high intracellular salt concentrations can still be embedded in 
or secreted from host membranes (e.g., in preparation for the generation of viral envelopes).  The 
identification of relatively few capsid proteins virome-wide suggests that viral structural genes 
are poorly represented in public databases and/or are highly conserved across diverse groups, and 
the dynamics of viral capsid proteins across samples in LT would suggest the former.  The 
higher proportion of lysozyme-like genes in non-hypersaline viromes is consistent with the 
higher proportion of bacteria, relative to archaea, in other systems. Consistent with some other 
studies (e.g., Santos et al., 2010), the relatively small number of integrases in hypersaline 
viromes suggests that temperate viruses may not be abundant members of planktonic haloviral 
assemblages, although we cannot discount the possibility that novel lysogeny-related genes were 
not recognized, or that temperate viruses are abundant under conditions not sampled by this 
study. 

We also cannot rule out the possibility of a small amount of contamination from plasmids 
and other free DNA in our LT viral concentrate libraries, due to the lack of a DNase treatment 
prior to virion lysis (a DNase treatment was attempted but resulted in complete degradation of all 
DNA).  We demonstrated previously that our libraries are dominated by viruses and any such 
contamination is likely to be insignificant (Emerson et al., 2012). In the current work (described 
here), we provide more evidence in support of that assertion: only one predicted conjugative 
transfer gene (a likely but not definitively plasmid-associated function) was found in the 30,525 
LT genes, relative to four in 500 genes predicted from other viromes. 
 
Correlations between LT viral assemblages and environmental factors 
 

Significant correlations with LT viral community structure were identified for various 
combinations of environmental factors, with the most highly correlated factors generally 
differing by viral OTU group (Table 2.3). Environmental factors may indirectly drive shifts in 
different viral populations, presumably by influencing the relative abundances of their hosts. 
Significant correlations were associated with subtle shifts in both salinity (TDS) and potassium 
concentrations for three viral OTU groups (all 30,525 genes, methyltransferases, and 
glucanases), consistent with previous observations across more extreme differences in salinity 
(Bettarel et al., 2011). These observations likely reflect different adaptations of host populations 
to solution chemistry, which changes with the extent of evaporative concentration.  
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71 environmental viromes 
 
 Our comprehensive, comparative analysis of 71 viromes provides important insight into 
the genetic composition of viral assemblages across a wide range of habitat types and geographic 
locations. The observed hierarchical clustering of viromes by environment type in this study is 
most consistent with groups formed using functional profiles (Dinsdale et al., 2008) and 
tBLASTx analyses (Roux et al., 2012), and it is less consistent with groups based on 
dinucleotide frequencies (Willner et al., 2009). Functional profile analysis by Dinsdale et al. 
found near-distinct groups of viromes from marine, freshwater, hypersaline (including low, 
medium, and high salinity), and fish slime environments. Our analyses, which included many of 
the viromes from the Dinsdale et al. study, were generally consistent, with two exceptions.  First, 
our marine cluster includes viromes from other environments, suggesting significant differences 
in genetic composition across marine viromes and shared genetic composition with other 
systems.  Second, for hypersaline viromes, only medium-to-high salinity samples (12-35% salt) 
grouped together in our study, while less saline hypersaline samples (6-8% salt) clustered with a 
larger, marine-like cluster. This separate clustering of hypersaline viromes is consistent with 
tBLASTx-based comparisons (Roux et al., 2012).  

Functional profiles of two microbialite viromes were most similar to four freshwater 
viromes (Dinsdale et al., 2008), consistent with clustering of freshwater microbialites and 
viromes in our study.  This is somewhat in contrast to a previous study, which suggested that 
these microbialites could represent ancestral, genetically isolated viral lineages, owing in part to 
their divergent sequences and in part to similarities of one freshwater microbialite virome with 
marine phage, from which it should have been isolated for millions of years (Desnues et al., 
2008). More consistent with that work is the separate clustering of the Highborne Cay 
microbialite sample in our analysis. Desnues et al. (2008) suggested that the Highborne Cay 
sample was the most divergent of the three microbialites, based on both metagenomics and the 
lack of PCR amplification of sequences from that sample in other environments.  
 Willner et al. (2009) reported trends in 41 viral metagenomes, according to dinucleotide 
frequencies, showing that Arctic marine and hot spring viromes were most divergent from other 
viromes.  While hot spring viromes clustered together in our analysis and are somewhat 
divergent from other viromes, a number of other clusters have similarly long branch lengths, 
suggesting that hot spring viromes may not be remarkably divergent in a larger context. We do 
not see significant divergence of the Arctic marine virome, and the clustering behavior of all four 
oceanic viromes is most consistent with the first study reporting those samples (Angly et al., 
2006).  Our results generally support the salinity gradient suggested by Willner et al. (2009), 
though our data would suggest that medium and high salinity samples from the same site are 
more closely related than are high salinity samples from different sites.  Interestingly, this 
suggests significant biogeographical, in addition to environmental, influence on the genetic 
composition of viral assemblages, at least within a range of similar environmental conditions and 
at very close geographical range. 
 Overall, clustering based on the relative abundance of genes, along with the inclusion of 
more viromes in the analysis, has 1) revealed a distinct medium-to-high salinity virome group 
robust to different sampling and sequencing methodologies, 2) extended previous findings of 
within-ecosystem groupings, 3) confirmed clustering roughly defined by salinity gradients, 4) 
expanded the marine virome cluster to include viromes from other predominantly marine-like 
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environments (we expect that resolution within that cluster would improve with additional 
sampling), and 5) demonstrated some degree of genetic conservation among viral groups from 
similar ecosystems in diverse locations. Interestingly, this clustering by ecosystem indicates a 
lack of bias due to methodological differences, particularly at the level of the largest clusters.  
 While a number of viral metagenomic studies have reported de novo assembly (e.g., 
Djikeng et al., 2009; Hewson et al., 2012; Schoenfeld et al., 2008), few viral metagenomic 
assemblies are available in public databases, limiting further analyses on those datasets.  This is 
the first study to comprehensively assemble previously reported viral metagenomic datasets and 
to demonstrate nearly universal success in assembling pyrosequenced viral metagenomes, 
including many for which de novo metagenomic assembly was not previously reported. 
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Figure 2.1 LT Viral Diversity Index Calculations and Sample Rankings 
Viral OTU groups are in columns, and indices are in four horizontal blocks. There is one 
calculation per sample (eight samples) per index (four indices) per viral OTU group (seven OTU 
groups), and these calculations are the numbers in the table. Colors indicate specific samples 
(legend on the left), ranked in ascending vertical order within each index and OTU group. Meth 
= methylases, Gluc = glucanases, C667, 261, and 1435 = clusters 667, 261, and 1435, 
respectively.
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Figure 2.2  Abundance of Predicted Functions by Virome Type 
Predicted functions are on the x-axis, in order of their abundance in Lake Tyrrell (LT), including 
the most common functions in LT, followed by common functions in non-hypersaline systems 
(last three). The percent of total genes is on the y-axis. Bars are colored by virome group (LT, 
other hypersaline, and non-hypersaline viromes). 
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Figure 2.3  (next page) Hierarchical Clustering of Lake Tyrrell Viral Methyltransferase OTUs 
Hierarchical clustering analysis (Pearson correlation, average linkage clustering) of the relative 
abundances (normalized mapping counts, scale bar at the top) of LT viral methyltransferase 
OTUs; samples are clustered across the top, and methyltransferase genes are clustered on the left.
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Figure 2.4  Sample Collection Locations for the 71 Viromes 
Circles indicate DNA viromes, triangles indicate RNA viromes; sampling sites in the same 
region for the same environment type are indicated by a single marker (in some cases, a single 
marker indicates studies by multiple groups); many samples were collected in/near San Diego, 
CA, USA and would overlap on this map, so locations for those samples are approximate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 (next page) Hierarchical Clustering of 71 Environmental Viromes 
Hierarchical clustering analysis (Bray-Curtis, average linkage clustering) of the relative 
abundances of genes across the 71 viromes; three large clusters are indicated by colored bars on 
the left; individual clusters are highlighted as follows: LT (red), other hypersaline (shades of 
pink, orange, and purple), environment- and/or study-specific small clusters within the marine-
like group (shades of green), and study-specific freshwater clusters (shades of blue). 
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Chapter 3 
 
 

Virus-Host and CRISPR Dynamics in Hypersaline  
Lake Tyrrell, Victoria, Australia 

 
 

 
Abstract 
 
 In order to understand the ecological role that viruses play in natural systems, it is 
important to characterize changes in the community structures of both viruses and their potential 
hosts over time. Here, we report the dynamics of 140 viral populations (including 105 newly 
reconstructed, near-complete viral genomes) and 102 bacterial and archaeal 16S rRNA gene 
OTUs across 17 samples collected over three years from hypersaline Lake Tyrrell, Victoria, 
Australia. These analyses are size-resolved, based on metagenomic data collected from 3.0-20 
µm, 0.8-3.0 µm, 0.1-0.8 µm, and < 0.1 µm filter size fractions, allowing us to consider 
planktonic viruses separately from host-associated viruses and Nanohaloarchaea separately from 
larger organisms.  We report dynamics in both virus and host populations, particularly on 
timescales of months-to-years, and we show that different viral groups are present in the 
planktonic fraction, relative to actively infecting viruses and proviruses. An analysis of clustered 
regularly interspaced short palindromic repeat (CRISPR) regions, including 8,095 unique spacers 
and 549 unique repeat sequences, indicates that both rare and highly abundant LT viruses were 
targeted, primarily by lower abundance host organisms. LTVLE3, a virus or plasmid previously 
reported by our group, was targeted by a Nanohaloarchaeon throughout a four-day time series, 
during which LTVLE3 was highly abundant. Spacers targeting LTVLE3 were not detected in 
any samples in which LTVLE3 was at low abundance or not detected, indicating highly localized 
adaptation to viral predation in the LT system. Although very few spacers had hits to the NCBI 
nr database and to the 140 LT viruses, 21% had hits to unassembled LT viral concentrate reads, 
indicating local adaptation to viruses specific to LT and successful CRISPR maintenance of viral 
populations at abundances low enough to preclude genomic assembly. 
 
 
Introduction 
 
 As the most abundant and ubiquitous biological entities, viruses influence host mortality 
and community structure, food web dynamics, and geochemical cycles. The inherently coupled 
relationship between viruses and hosts means that, in order to understand microbial ecology in 
natural systems, it is important to consider the dynamics of both viruses and hosts together. 
Previous studies have demonstrated dynamics in virus-host populations, including correlated 
abundances of Synechococcus and their infecting cyanophage over temporal and salinity 
gradients in the Chesapeake Bay (Wang et al., 2011). However, most such studies are either 
restricted to targeted groups of virus-host pairs or are based on low-resolution measurements of 
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the whole community, including denaturing gradient gel electrophoresis (DGGE), pulse-field gel 
electrophoresis (PFGE), and microscopic counts. One study examined viral and microbial 
dynamics through single read-based metagenomic analyses in four aquatic environments, 
including a hypersaline crystallizer pond (Rodriguez-Brito et al., 2010). In that work, it was 
proposed that microorganisms and viruses persisted over time at the level of individual taxa 
(species) but were highly dynamic at the genotype (strain) level. However, in a previous 
reanalysis of some of those data through metagenomic assembly, we concluded that viral taxa 
were actually also dynamic in that system (Emerson et al., 2012). Very few highly resolved 
metagenomic analyses of virus-host dynamics have been reported, but one such study 
(Andersson and Banfield, 2008) took advantage of the clustered regularly interspaced short 
palindromic repeat (CRISPR) system. 
 The CRISPR system is a genomic region in nearly all archaea and some bacteria known 
to confer adaptive immunity to viruses and other mobile genetic elements through nucleotide 
sequence identity between the host CRISPR system and invading nucleic acids (Barrangou et al., 
2007). The hallmarks of CRISPR regions are spacers, generally derived from foreign nucleic 
acids, including plasmid and viral DNA, and short palindromic repeat sequences between each 
spacer. Because CRISPRs retain spacers from previous viral infections, the CRISPR region can 
provide insight into hosts’ responses to viral predation and can be a means of linking viruses to 
hosts (Andersson and Banfield, 2008; Tyson and Banfield, 2008). A highly genomically resolved 
study of virus-host dynamics in an acid-mine drainage system demonstrated that only the most 
recently acquired CRISPR spacers matched coexisting viruses and showed that viruses rapidly 
recombined to evade CRISPR targeting, indicating that community stability was achieved by the 
rapid coevolution of host resistance to viruses and viral resistance to the host CRISPR system 
(Andersson and Banfield, 2008). CRISPR dynamics and spacer biogeography have also been 
demonstrated in geographically distinct sludge bioreactors, in which spacers matched only 
coexisting viruses (Kunin et al., 2008), and in a recent survey of human microbiome CRISPRs, 
which revealed that the most similarity among spacers was from specific oral sites collected from 
the same individual over time (Rho et al., 2012). 
 Previously, our group tracked the dynamics of 35 viral populations in eight viral 
concentrates collected during three summers from hypersaline Lake Tyrrell, Victoria, Australia 
(Emerson et al., 2012). We demonstrated that those viruses were generally stable on the 
timescale of days and dynamic over years.  We also characterized the diversity and dynamics of 
the full assemblage of planktonic viruses across the same eight samples, which we estimated to 
contain hundreds of populations similar in genetic composition to viruses from other hypersaline 
systems (Emerson et al., in review). In this study, we sought to expand our analyses to include 
LT viruses from metagenomic libraries generated from 0.1, 0.8, and 3.0 µm filters, potentially 
including proviruses, viruses larger than 0.1 µm, actively infecting viruses, and viruses otherwise 
retained on the filters.  This allowed us to increase the temporal and spatial scope of our study to 
17 samples, including four winter samples from which viral concentrates were not sequenced. To 
give context to the current and previous viral analyses from LT, we also characterized host 
dynamics through 16S rRNA gene analyses, and we used CRISPR analyses to assist in the 
interpretation of the results. 
 
 
Materials and Methods 
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Sample collection and preparation 
 
 Sample collection, DNA extraction, and sequencing methods have been described 
previously (Emerson et al., 2012; Narasingarao et al., 2012).  Briefly, 10 L surface water 
samples were collected from hypersaline Lake Tyrrell (LT), Victoria, Australia and sequentially 
filtered through 20, 3.0, 0.8, and 0.1 µm filters.  Post-0.1 µm filtrates were concentrated through 
tangential flow filtration and retained for viral DNA extraction.  Viral concentrates and 0.1, 0.8, 
and 3.0 µm filters were retained for each sample, and sequencing was attempted for different size 
ranges, depending on the sample (Table 3.1). Sample names include the month (J for January, A 
for August), year, site (A or B, ~300 m apart), time point if part of a days-scale time series (e.g., 
t1, t2, etc.). Where necessary, the size fraction is also indicated in the sample name (3.0, 0.8, or 
0.1 for filter size, or VC for viral concentrate). Sites A and B are isolated pools in the summer 
(January samples) but continuous within the lake in the winter (August samples).  
 
Recovery of 140 near-complete viral genomes and detection of viruses in each sample  
 
 In addition to the 35 LT viral populations described previously (Emerson et al., 2012), 
we incorporated all contigs > 10 kb from an IDBA_UD (Peng et al., 2012) assembly of the six 
Illumina-sequenced viral concentrate samples (assembly parameters in Emerson et al., in 
review).  We also sought to include as many viruses as possible from larger filters.  To do that, 
we first attempted to assemble all Illumina-sequenced filter samples and at least one 0.8 µm filter 
(regardless of sequencing type) from each site and time point, using IDBA_UD with default 
parameters (Peng et al., 2012) for Illumina-sequenced samples and gsAssembler (Margulies et 
al., 2005) with default parameters for 454-sequenced samples.  The assemblies were generally 
fragmentary, and as such, no viral contigs larger than 10 kb were identified from most 
assemblies. However, we recovered near-complete viral genomes from metagenomic assemblies 
of all 0.1 µm filters from January 2010, identified on contigs > 10 kb through annotation that 
could be confidently assigned to viruses or proviruses (e.g., contigs that included viral capsid 
proteins, tail proteins, and/or terminases). Annotation parameters were detailed in Emerson et al., 
2012. We used BLASTn to identify duplicate viral sequences across assemblies and samples, 
and we removed any contigs that shared > 2 kb at > 95% nt identity (although 95% nt identity 
was our cutoff, no contigs shared > 2 kb at 95-98% nt identity, so all contigs that were removed 
actually shared ≥ 99% nt identity).  The remaining 140 viruses share up to 2 kb at up to 87% nt 
identity, with some smaller shared regions at higher identity. 
 To determine whether or not a given virus was present in a given sample, we used the 
140 near-complete viral genome sequences as references for fragment recruitment, using bwa 
(default parameters, Li and Durbin, 2009).  We required at least 1x read coverage across at least 
50% of a given reference genome or contig sequence for detection. 
 
Generation of 16S rRNA gene data and calculations of host relative abundance  
 
 To generate a reference database of 16S rRNA gene sequences, we used the EMIRGE 
algorithm (Miller et al., 2011) to reconstruct near full-length 16S rRNA genes from Illumina 
metagenomic data.  All filters that were Illumina-sequenced and also corresponded to a viral 
concentrate sample were used to generate the reference database, as follows: 2007At1 (0.8 µm), 
2010Bt3 (0.8 µm), 2010Bt1 (0.1 µm), 2010Bt2 (0.1 µm), 2010Bt3 (0.1 µm), and 2010A (0.1 
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µm).  We clustered all EMIRGE-generated 16S rRNA gene sequences at 97% nt identity, using 
UCLUST (Edgar, 2010), resulting in a database of 102 16S rRNA gene sequences. Using bwa 
with default parameters (Li and Durbin, 2009), we mapped metagenomic reads from all filter 
samples to the reference database, in order to generate relative abundance estimates for each 
OTU across samples. For a given OTU to be detected in a given library, we required ≥ 1x 
coverage across ≥ 70% of the 16S rRNA gene.  In order to account for differences in sequencing 
throughput, we used relative abundances, estimating the percent abundance of each OTU in each 
sample as the number of reads that mapped to that OTU divided by the total number of reads that 
mapped to any OTU in that sample times 100.  
 
Correlation with CRISPR spacers 
 
 We used CRASS (Skennerton et al., in prep) to identify clustered regularly interspaced 
short palindromic repeat (CRISPR) repeat and spacer sequences in each sample. For this 
analysis, we considered all sequenced filter sizes for a given water sample together. Using 
BLASTn with an E-value cutoff of 1e-10, we assessed the number of CRISPR spacers from each 
sample that matched: 1) any of the 140 viral genome sequences, 2) reads from viral concentrates 
collected from the same sample (applicable only to the eight samples from which viral 
concentrates were sequenced), and 3) reads from viral concentrates collected from other samples. 
 
 
Results and Discussion 
 
Relative abundances of viruses across size fractions 
 
 Near-complete genomes of 105 new viruses were reconstructed, increasing the number of 
genomically characterized viruses from Lake Tyrrell (LT), Victoria, Australia to 140. We 
analyzed the relative abundances of these 140 viral genotypes in viral concentrates and filter size 
fractions (0.1-0.8, 0.8-3.0, and 3.0-20 µm) across time and space in LT. As few as 42 and as 
many as 116 viruses were detected in a given sample (any size fraction), and more viruses were 
detected in samples from which viral concentrates were sequenced (Figure 3.1). Though we 
acknowledge that a comparison of 16S rRNA gene microbial OTUs to near-complete viral 
genome OTUs is an imperfect proxy for comparing the diversity of these groups, we find 
approximately 10 viral populations in the viral concentrate size fraction per host OTU (any filter 
size fraction), suggesting that planktonic virus:host diversity scales approximately with 
abundance. 
 In an attempt to distinguish among free viruses physically trapped on filters and host-
associated viruses (i.e., active viruses and/or proviruses), we assumed that the 0.8 and 3.0 µm 
filter pore sizes would be too large to retain significant numbers of viral particles and should 
predominantly include host-associated viruses. We assumed that the 0.1 µm filters could retain 
both host-associated and planktonic viruses and that the viral concentrates, which should 
generally exclude host cells, would be dominated by planktonic viruses. Therefore, we 
considered viral detection on three filter size groups separately: 1) viral concentrates, 2) 0.1 µm 
filters, and 3) 0.8 and/or 3.0 µm filters. For five samples from which at least one library from 
each of those groups was sequenced, the number of viruses detected only in the viral 
concentrates was always higher than the number detected only on filters (Figure 3.2b).  That 
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trend is robust to the addition of two more samples, for which viral concentrates and at least one 
0.8 and/or 3.0 µm filter sample were sequenced (Figure 3.2c). Although we detected more 
unique viruses in the viral concentrates, the ratio of total viruses detected on 0.8 or 3.0 µm filters, 
relative to total viruses detected in the viral concentrates, tended to be approximately equal 
(Figure 3.2a), so the richness of viruses in viral concentrates tended to be similar to viral richness 
in the host-associated size fractions. 
 We used hierarchical clustering (Figure 3.3) to determine whether patterns in the relative 
abundances of the 140 viruses could be observed, according to season, filter size, and/or sample 
site. No universal patterns were observed, but there was some clustering according to filter type 
and/or for samples collected from the same site during the same week. Specifically, all four viral 
concentrate samples from January 2010, site B clustered together, and they clustered more 
closely with all of the 0.1 µm filters from the same time series than with other viral concentrate 
samples. Two additional viral concentrate samples collected during the same season but at 
different sites and years (J2007At1 and J2009B) complete a larger cluster for that group, 
indicating similarity among planktonic viral fractions, relative to viruses on larger filter sizes.  
Interestingly, the remaining two viral concentrate samples (the only sample collected in January, 
2010 from site A and another sample from site A collected in January 2007) clustered separately 
from each other and from the rest of the dataset.  Overall, this suggests that viral concentrates 
represent a different part of the viral community than is sampled by other size fractions, 
particularly fractions > 0.8 µm. 
 Although no trends in viral community hierarchical clustering were as widespread as the 
general separation of viral concentrates from other filter sizes, some clustering was observed for 
0.1, 0.8, and 3.0 µm filter size fractions.  Specifically, all four filter samples collected from 
January, 2009 site A cluster together, as do all of the 0.8 and 3.0 µm filters from January 2010, 
site B, suggesting stability of the active viral and/or proviral community over four days in both 
cases. Although the 0.1 and 0.8 µm filter samples collected in August, 2007 from site A time 1 
cluster together, they are separate from filters of the same size collected two days later, 
suggesting a shift in the active viral community over days, or possibly the induction of 
proviruses on that timescale. 
 
Potential host OTUs 
 
 As it is likely that viral dynamics correlate with host abundance patterns, we also 
characterized the relative abundances of potential host OTUs across time and space in the LT 
system. Of 102 total 97% nt identity bacterial and archaeal OTUs, 30 were detected at 5% 
abundance or higher on any filter in any sample. For easier visualization, Figure 3.4 shows only 
those 30 OTUs, and it includes only samples from which at least five of those OTUs were 
detected. In the filter size-resolved plots (Figure 3.4a-c), it is clear that even the most abundant 
microbial groups change significantly over time and space, in terms of both presence/absence 
and relative abundance. For example, the relative proportions of Halorubrum-like (shades of 
blue in Figure 3.4) and Haloquadratum-like (shades of red, pink, and orange) OTUs tend to 
differ significantly across samples, from almost exclusively Halorubrum-like organisms (e.g., in 
the August 2007 time series) to almost exclusively Haloquadratum-like organisms (e.g., in the 
January 2009, site A time series and in January 2010, site A).  Some changes in the relative 
abundances of these groups can even be observed over hours on 0.8 µm filters from the January 
2009, site B time series (Figure 3.4b). Perhaps related to this shift in community structure, a 
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significant change in temperature was measured between the first and second samples of that 
time series (Table 3.1). With the exception of the January 2010, site B time series, the diversity 
and relative abundance of Haloquadtraum-like and Halorubrum-like organisms are generally 
anticorrelated, suggesting that these organisms may compete for a similar niche in the LT 
system. The observation of a relatively low diversity and abundance of Haloquadratum-like 
organisms in some samples (i.e., A2007At1-t2, A2008At2, and J2009Bt1) suggests that 
Haloquadratum species are more dynamic in hypersaline systems than previously appreciated 
(Dyall-Smith et al., 2011).  
 In addition to trends within organism types, specific OTUs also exhibited interesting 
dynamics.  For example, an OTU 95% similar to H. walsbyi C23, generally considered to be 
among the most abundant organisms in hypersaline lakes (Dyall-Smith et al., 2011), is at 
relatively low abundance or not detected on 0.8 and 3.0 µm filters from August 2007, site A and 
January 2010, site B, though it is at high abundance in that size fraction at site A in January 2009 
and January 2010. Interestingly, that OTU also appears dynamic on a days scale in August 2008 
at site A, appearing at high abundance on the 3.0 µm filter at time 1 but not detected on the 0.8 
µm filter at time 2. Three OTUs, including two related to Salinibacter ruber (95 and 98% nt 
identity), were more abundant in the August 2007, site A time series (all filter sizes) than in any 
other sample. The Nanohaloarchaeon, Candidatus Nanosalina (Narasingarao et al., 2012), was 
detected at reasonably high abundance on all 0.1 µm filters from January 2010, sites A and B but 
was less abundant at other sites and times (Figure 3.4a).  Consistent with the small cell size for 
that organism, it was found at low abundance or not detected on any filters larger than 0.1 µm.  
Interestingly, no other Nanohaloarchaeal OTU was detected at 5% abundance or higher in any 
sample, indicating that Candidatus Nanosalina is the dominant Nanohaloarchaeon in the LT 
system, at least at the times and locations sampled by this study.  Overall, analyses of the 30 
most abundant bacterial and archaeal OTUs indicate dynamics at the population level across time 
and space, particularly on months-to-years timescales, with some dynamics indicated over hours-
to-days. 
 Based on the relative abundances of all 102 bacterial and archaeal OTUs, we used 
hierarchical clustering (Figure 3.5) to determine whether similarities in overall host community 
structure would group samples according to season, sample type, or filter size.  In general, the 
host communities sampled from the same location over days clustered more closely than did the 
viral communities from the same samples (see above and Figure 3.3), indicating greater stability 
of host populations than viral populations over days. The only samples for which no within-time 
series (i.e., days-scale) clustering was observed for host communities were samples from August 
2008, site A. For that time series, a different filter size was sequenced from each sample, and 
different sequencing technologies were used (454 and Illumina), so it is possible that similarities 
between the samples exist but were masked by different methodologies. However, interestingly, 
all samples and filter sizes from the August 2007, site A time series clustered together, including 
0.1, 0.8, and 3.0 µm size fractions sequenced by all three technologies (Sanger, 454, and 
Illumina). This indicates a distinct community at site A in August 2007, which was stable over 
days. 
 In some cases, the host communities on the 0.1 µm filters clustered together and 
separately from other filters from the same time point, reflecting enrichment for 
Nanohaloarchaea. Specifically, both 0.1 µm filters from January 2007, site A cluster together, 
and they belong to a larger cluster that includes all 0.1 µm filters from January 2010, site B. The 
prevalence of Nanohaloarchaea in these samples but not in others is evident in Figure 3.4a. In all 
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other cases, the 0.1 µm filters clustered with larger filters from the same time series. For the 
January 2009, site B time series, from which only 0.8 µm filters (and a viral concentrate) were 
sequenced, the morning sample clusters separately from the afternoon and evening samples, 
which cluster together, indicating a shift in community structure over a single day. This is 
consistent with the shift in relative abundance of Halorubrum-like and Haloquadratum-like 
organisms from that time series (Figure 3.4) and may be related to a temperature shift, as 
suggested above. 
 Interestingly, a seasonal trend was not indicated in either the analysis of the 30 most 
abundant OTUs or in the 102 OTU hierarchical clustering analysis. Samples from site A in 
August 2007 have quite different host community structures from samples at the same site in 
August 2008, and January samples from site A are also fairly distinct year-to-year. Although 
some samples from site B, collected in January 2009 and January 2010, might appear to be the 
exception (Figure 3.4b), there was as much of a shift in community structure over hours in 
January 2009, site B as there was across samples collected over years. 
 
CRISPR analyses 
 
 Using CRASS (Skennerton et al., in prep), we identified 549 unique repeat and 8,095 
unique spacer sequences from clustered regularly interspaced short palindromic repeat (CRISPR) 
regions in the LT dataset. Apart from a single sample from January 2009, site A, the only 
samples to match any of the 140 complete and near-complete viral genomes were those from 
which viral concentrates were also sequenced (Table 3.2). This may indicate that different 
planktonic viral communities existed in LT at time points for which viral concentrates were not 
sequenced, which would be consistent with shifts in viral population and community structure 
observed across the sequenced viral concentrates (Emerson et al., 2012; Emerson et al., in 
review). Notably, no spacers from LT August samples matched any of the 140 viruses, consistent 
with a possible seasonal shift in viral community structure (no viral concentrates were sequenced 
from August samples), as has been observed in marine systems (e.g., Parsons et al., 2011). 
However, a concomitant seasonal shift in host community structure was not supported, so it is 
also possible that the August samples could harbor different planktonic viral communities each 
year. 
 The only spacer matches to any of the seven complete LT viral and virus-like genomes 
(Emerson et al., 2012) were to LTV2 and LTVLE3 in three samples from the January 2010, site 
B time series (Table 3.2). Of the seven viral concentrate genomes, those two achieved the highest 
abundance by approximately one order of magnitude (Emerson et al., 2012), and they were at 
their most abundant in the time series from which spacers targeting them were detected. This 
indicates that LT CRISPRs can actively target abundant, coexisting viruses, consistent with 
previous observations of CRISPR sampling of coexisting viruses in an acid-mine drainage 
system (Andersson and Banfield, 2008; Tyson and Banfield, 2008). However, it should be noted 
that the vast majority of spacers do not match any of the 140 near-complete viral genomes 
(which we assume to be among the most abundant viruses because they assembled), suggesting 
that most CRISPRs target rare viruses. An alternative explanation might be a preponderance of 
inactive, vestige CRISPR regions, but if that were the case, then we would expect to see the same 
CRISPR spacers duplicated across samples (i.e., CRISPR regions would be clonally inherited 
over multiple generations, as opposed to actively integrating new spacers on sub-generational 
timescales). Given that only 353 spacer sequences were duplicated across samples, relative to 
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8,095 unique spacer sequences in the dataset, we infer either that most CRISPR regions are 
highly dynamic, and/or that we detected different CRISPR regions over time, due to shifts in 
host community structure. Regardless, there is a high diversity of spacers in the LT system, 
consistent with the high diversity of viruses (Emerson et al., in review). 
 Of the CRISPR regions that had matches to the 140 LT viruses, very few had repeats 
with matches to assemblies from 0.1-3.0 µm filter sequences (a match would be indicative of the 
host organism), and none matched any of the 12 complete and near-complete bacterial and 
archaeal genomes assembled from the LT January 2007 site A time series (Podell et al., 
submitted). Most matches to the January 2010 site B assemblies (Andrade et al., in prep) were to 
contigs that could only be identified as Halobacteriales. However, one contig that matched a 
repeat sequence comes from a likely Nanohaloarchaeon, based on the taxonomy of best BLAST 
hits throughout the contig. A spacer associated with that repeat matched LTVLE3 (Emerson et 
al., 2012), strongly suggesting that LTVLE3 is a virus or plasmid of the Nanohaloarchaea. 
Interestingly, while LTVLE3 was only at high abundance in the January 2010 site B four-day 
time series, from which the only spacers targeting it were identified, the most abundant 
Nanohaloarcheon, Candidatus Nanosalina (Narasingarao et al., 2012), was detected in most LT 
samples and is as abundant at site A as it is at site B (isolated pools 300 m apart) in 2010 (Figure 
3.4a). This suggests that the Nanohaloarchaea at site B adapted locally to the presence of 
abundant LTVLE3.   
 BLAST searches of all 8,095 LT CRISPR spacers and 549 repeat sequences revealed 
essentially no hits to the NCBI nr and environmental databases.  No hits were detected for any of 
the repeat sequences. Three spacers had 100% matches Homo sapiens, indicating that they are 
likely either to be erroneous spacers (e.g., not properly detected by the CRASS CRISPR-finding 
algorithm) or representative of mobile genetic elements that are not present in public databases. 
 Despite the relatively small number of spacer matches to the nr database and to the 140 
complete and near-complete LT viral genomes, 1,729 spacers (21%) had matches to 
unassembled LT viral concentrate reads. This indicates selection for CRISPR spacers that target 
locally adapted, potentially coexisting viruses, consistent with previously observed local 
CRISPR adaptation to coexisting viruses in an acid-mine drainage system and in geographically 
distinct sludge bioreactors (Andersson and Banfield, 2008; Kunin et al., 2008). Because these 
matches are to unassembled reads, we infer that most targeted LT viruses are at relatively low 
abundance, at least at the times and locations sampled by this study (with the exception of LTV2 
and LTVLE3, as described above).  
 In terms of the timescales on which CRISPR spacers are retained and match coexisting, 
low-abundance viruses in the LT system, we found several lines of evidence that support the 
stability of many CRISPR spacers and low-abundance viruses over all timescales sampled by 
this study (up to three years). LT spacers tended to match multiple viral concentrates collected 
over the course of days almost as often as (January 2007, site A) or more often than (January 
2010, site B) they matched a single viral concentrate from the same time series (Figure 3.6a). 
This suggests that many spacers and their targeted, low-abundance viruses are stable over days. 
On the timescale of years, spacers and their targeted coexisting viruses were found most often 
across more than one of the four sites and times sampled by viral concentrates (January 2007, 
site A; January 2009, site B; January 2010, site A; January 2010, site B). Similarly, in all eight 
samples from which viral concentrates were sequenced, nearly as many (and often more) spacers 
had hits to viral concentrate reads from other samples as matched viral concentrate reads from 
the same sample (Figure 3.6b). A similar number of matches to the eight viral concentrates was 
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observed for samples from which viral concentrates were not sequenced (Figure 3.6c). Overall, 
these results demonstrate that CRISPR regions generally retain spacer targets against low-
abundance viruses on timescales of 1-3 years. We also infer that low-abundance viruses are 
likely more stable in the LT system than their highly dynamic, higher abundance counterparts. 
 
Conclusions 
 
 Both virus (140 near-complete genomes) and host (102 OTUs) assemblage structures 
were highly dynamic over time and space in the LT system, particularly over months-to-years. 
However, host populations were generally more stable than viral populations, and lower 
abundance viruses were inferred to be more stable than abundant viruses. Filter size-resolved 
analyses of viral populations revealed different viral assemblages in the planktonic and host-
associated (i.e., active and provirus) fractions, suggesting that a higher diversity of viruses may 
have the potential to infect than are actively infecting at any given time. Consistent with that 
hypothesis, CRISPR analyses revealed persistent targeting of lower abundance viral populations, 
along with a high diversity of spacer sequences. However, interestingly, the most abundant 
viruses (~2% of the viral community, relative to ≤ 0.1% for most viruses, Emerson et al., 2012) 
were also targeted by CRISPRs, indicating that hosts strike a balance between protection against 
persistent, low abundance viruses and those viruses potentially abundant enough to effect 
catastrophic changes in host community structure. 
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Table 3.1  Sequencing and Sample Information, All Filter Sizes and Viral Concentrates



  53 

 
Figure 3.1  Number of Viruses Detected in Each Sample 
Samples are along the x-axis. The number of viruses (out of 140 possible) detected (see 
Methods) is on the y-axis. Data points connected by lines are from the same days-scale time 
series. 
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Figure 3.2  Filter Size-Resolved Detection of the 140 Viruses Across Samples 
Samples are along the y-axes. a. For each sample, the percentage of total viruses detected was 
determined for 0.8 and 3.0 µm filters together (shortened to “Filter”) and separately for viral 
concentrates (VC), and the ratio of these percentages is on the y-axis. b. The total number of 
viruses detected in: 1) viral concentrates exclusively, 2) viral concentrates (required) and 
possibly 0.1 µm filters exclusively, 3) 0.8 and/or 3.0 µm filters exclusively, 4) 0.1 µm filters 
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exclusively. c. The total number of viral concentrates detected in the same size fractions as 1, 2, 
and 3 from b. 
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Figure 3.3  Hierarchical Clustering of Samples, Based on the Relative Abundances of the 140 
Viruses 
The relative abundance of each of the 140 viruses was determined across samples and used for 
sample clustering (see Methods).  Sample IDs are as described in the text and end with the filter 
size in µm or VC for viral concentrate. 
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Figure 3.4  Size-Resolved Relative Abundance of the 30 Most Abundant Microbial 16S rRNA 
Gene OTUs 
The relative abundance (percent) of the 30 most abundant microbial 16S rRNA gene OTUs 
(minimum 5% abundance in any sample) in each sample. Samples with 5 or more such OTUs are 
presented in size-resolved panels a-c (a. 0.1, b. 0.8, and c. 3.0 µm filters, respectively).  
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Figure 3.5  Hierarchical Clustering of the 102 Microbial 16S rRNA Gene OTUs 
The relative abundance of each of the 102 microbial 16S rRNA gene OTUs was determined 
across samples and used for sample clustering (see Methods).  Sample IDs are as described in the 
text, including the filter size in µm or VC for viral concentrate, and they end with the sequencing 
technology or technologies (Ill = Illumina; 454 = 454 Titanium; Sang = Sanger). 
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Figure 3.6  Spacer Hits to Viral Concentrates 
BLAST searches of spacers from each sample (x-axis) against viral concentrates. a. the number 
of spacer hits (y-axis) to samples, separated by 1) each time series from which viral concentrates 
were sampled (“J2007A Time Series” and “J2010B Time Series”) and 2) all four general times 
and sites from which viral concentrates were collected (“All VC Time Series,” including 
J2007A, 2 samples; J2009B, 1 sample; J2010B, four samples; J2010A, 1 sample); the colors 
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depict the total number of spacers that were detected in the each series, or in 1, 2, 3, or 4 samples 
(J2007A and J2010B) or series (All VC Time Series). Only two samples were collected from 
J2007A. b. Spacers from samples from which viral concentrates were sequenced; the total 
number of spacer hits to the same sample and the minimum and maximum number of hits to 
other samples are depicted. c. Spacers from samples from which viral concentrates were not 
sequenced; the maximum and minimum number of hits to viral concentrates (inherently from 
other samples) is depicted. 
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Chapter 4 
 
 

Metagenomic Reconstruction of a CO2-driven Geyser Microbial 
Community Dominated by Zetaproteobacteria 

 
 

 
Abstract 
 
  
 Research on geologic carbon sequestration raises questions about native microbiota in 
subsurface environments and their potential impacts on stored carbon. Subsurface, high-CO2 
systems are poorly biologically characterized, due primarily to difficulty accessing suitable high-
volume, uncontaminated samples. Iron-rich, CO2–driven Crystal Geyser (Green River, Utah) is 
an established natural analog for geologic carbon sequestration, and it provides easy access to 
high volumes of deep (~500 m) subsurface fluids as it erupts. We collected Crystal Geyser water 
in November 2009 and generated 13 million 150 bp paired-end Illumina sequencing reads from 
DNA extracted from the 0.2 – 3.0 µm filter size fraction. We assembled near-complete genomes 
of neutrophilic, iron-oxidizing Mariprofundus sp. and sulfur-oxidizing Thiomicrospira 
crunogena. Significant genomic reconstruction was also achieved for iron-oxidizing Gallionella 
capsiferriformans and Sideroxydans sp., for representatives of Candidate Bacterial Phyla OP11, 
BD1-5, and TM7, for novel Bacterial phyla, and for an archaeon distantly related to the 
Korarchaeota. For the first time, we see “freshwater” and “marine” neutrophilic iron-oxidizing 
bacteria at similarly high abundances in the same ecosystem.  We detect a variety of 
metabolisms, including iron, sulfur, and complex carbon oxidation, carbon and nitrogen fixation, 
hydrogen metabolism, and aerobic and anaerobic respiration. The dominance of 
chemoautotrophic Zetaproteobacteria, which have previously only been associated with marine, 
iron-rich environments, particularly hydrothermal systems, extends the environmental 
distribution of this group to the terrestrial subsurface. At least one-third of the microorganisms 
sampled are likely chemoautotrophs, demonstrating that microbial carbon fixation is an 
important component of the carbon cycle in this system. 
 
 
Introduction 
 
 The capture and subsurface storage of anthropogenic CO2, known as geologic carbon 
sequestration, has been proposed as a means of mitigating human-induced climate change.  
Research efforts are underway to assess the viability of this process, including evaluating the 
engineering feasibility of capture and storage and characterizing and modeling geological and 
geochemical processes in the subsurface to ensure that carbon remains stored for a minimum of 
1,000 years (Schrag, 2007). However, few such studies have considered biological effects on 
geologic carbon sequestration, despite the established existence of robust microbial communities 
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in a variety of terrestrial deep subsurface systems (Boone et al., 1995; Brown and Balkwill, 
2009; Chandler et al., 1998; Feng et al., 2007; Kovacik et al., 2006; Sahl et al., 2008; Szewzyk 
et al., 1994). 
 Most prior studies of subsurface microbial communities have been culture-based, in part 
due to difficulties associated with accessing sufficiently large volumes of subsurface fluid for 
culture-independent (e.g., metagenomic) analyses. Geysers, which rapidly catapult subsurface 
water to the surface, can allow for easy access to large volumes of water.  Crystal Geyser (Green 
River, Utah) is a cold (17 ºC), circumneutral, iron-rich geyser that erupts due to pressure from 
soluble and free-phase CO2 accumulation in a subsurface aquifer, and it is an established natural 
analog for geologic carbon sequestration.  The geyser began erupting in 1935 in an abandoned 
drill bore (Shipton et al., 2004), and it erupts intermittently every 7 – 22 hours for periods 
ranging from 7 minutes – 2 hours (Gouveia and Friedmann, 2006). Isotopic analyses indicate that 
the water is primarily derived from the meteoric Navajo Aquifer (defined by Naftz et al., 1997) 
at 200-500 m depth, with approximately 10% sourced from a deeper Paleozoic Aquifer (> 1500 
m deep) that is in contact with the Paradox Salt Formation (Wilkinson et al., 2009). These 
aquifers, particularly the Paleozoic Aquifer, are also the source of the geyer’s salinity (~11,000-
14,000 ppm). The CO2 is primarily derived from crustal sources (i.e., the dissolution of 
limestones from the Paradox and/or Navajo Sandstone Formations), with a ~20% contribution 
from mantle degassing (Wilkinson et al., 2009). 
 In the deep subsurface, light is not an available energy source for primary production.  In 
non-photosynthetic ecosystems, known as chemosynthetic ecosystems, primary producers derive 
energy from the oxidation of inorganic compounds and carbon from CO2 in a process known as 
chemolithoautotrophy.  Chemosynthetic ecosystems have been found in hydrothermal vents, 
marine sediments, sub-seafloor aquifers, and subsurface terrestrial environments, including acid 
mines and the deep subsurface (Kato et al., 2012).  Fe(II) oxidation is a common metabolism in 
these environments, and neutrophilic Fe(II) oxidation is of particular interest, owing to its 
unusual energy requirements of low oxygen (< 50 µM) and high iron. At higher oxygen levels, 
abiotic iron oxidation outcompetes biological iron oxidation. The diversity and physiology of 
neutrophilic iron-oxidizing Bacteria have been recently reviewed (Emerson et al., 2010). This 
group includes organisms such as Gallionella sp. that have been shown to grow both 
chemoautotrophically and mixotrophically (i.e., with complex carbon as a carbon source) 
(Hallbeck and Pedersen, 1991) and organisms that thus far appear to be obligate iron-oxidizing 
chemolithoautotrophs, including Sideroxydans spp., which are Betaproteobacteria closely 
related to Gallionella (Emerson and Moyer, 1997), and Mariprofundus ferrooxydans PV-1, the 
sequenced type strain of the Zetaproteobacteria (Emerson et al., 2007; Singer et al., 2011). Thus 
far, Gallionella and Sideroxydans sp. have been exclusively associated with freshwater systems, 
whereas the Zetaproteobacteria have been suggested to be exclusively marine and are primarily 
associated with deep-sea hydrothermal systems (Emerson et al., 2010). 
 We hypothesized that water from Crystal Geyser would contain a chemosynthetic 
microbial community adapted to subsurface, high-CO2 concentrations, which could yield insight 
into microbial communities associated with (and potentially influencing) geologic carbon 
sequestration.  As such, we sought to characterize the community composition and metabolic 
potential of the geyser ecosystem through metagenomic analyses. 
 
  
Materials and Methods 
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Field site and sample collection 
 
 Crystal Geyser is located near the town of Green River, Utah, USA. Using a large (~2 ft 
diameter), sterile, plastic funnel placed in a sterile container, we collected 65 L of geyser water 
as it erupted in November, 2009.  We collected two samples (Table 4.1), one for solution 
chemistry from an eruption on November 6, 2009 (sample CG1), and a second for solution 
chemistry and metagenomics on November 8, 2009 (sample CG2).  Samples for solution 
chemistry were filtered through 0.2 µm and placed in 30 ml acid-washed Nalgene bottles (three 
bottles were collected for each sample: one untreated, one acidified with HNO3

-, and one 
acidified with HCl).  Bottles were stored at 4 ˚C until processing.  Metagenomic water samples 
were filtered through 3.0 and 0.2 µm polyethersulfone filters (Pall Corporation, NY, USA) via a 
peristaltic pump, and filters were immediately frozen on dry ice in the field and then stored at -80 
˚C in the laboratory until processing. 
 
DNA extraction and sequencing 
 
 Metagenomic DNA was extracted from the CG2 0.2 µm filter.  The filter was thawed on 
ice, and a sterile razor blade was used to cut it into small pieces, which were added to the 
PowerMax Soil kit (MoBio, Carlsbad, CA, USA) and processed according to the manufacturer’s 
instructions.  DNA was sent to Eureka Genomics (Hercules, CA, USA) for Illumina paired-end 
library construction and 150 bp paired-end sequencing on the Illumina GAIIx machine. 
 
Metagenomic assembly, annotation, and binning 
 
 Reads were trimmed for quality (B-quality bases were removed), and the IDBA_UD 
assembly algorithm (Peng et al., 2012) (default parameters) was applied to all read pairs in 
which both reads were > 60 bp. Genes were predicted with the Prodigal program (Hyatt et al., 
2010) on all contigs > 1 kb, using the meta option.  Predicted proteins on contigs > 5 kb were 
phylogenetically and functionally annotated, based on best BLAST hits to the UniRef database 
(Suzek et al., 2007).  All contigs > 5 kb were submitted to an emergent self-organizing map 
(ESOM) analysis (Dick et al., 2009), in which tetranucleotide frequencies were calculated on all 
5 kb contig regions, and an ESOM topographic map was generated to visualize clusters of 
common tetranucleotide frequency patterns.  Genome bins were initially identified based on 
common tetranucleotide frequencies, as defined by presence on the ESOM map in a 
topographically low green valley surrounded by a topographically high brown-to-white border 
(see Figure 4.1).  Coverage depth, phylogeny of best BLAST hits, GC content, and the 
distribution of single-copy genes (see below) were then used to confirm, separate, or combine 
bins.  Combined bins were required to be collocated on the ESOM map. 
 
Estimates of genome completeness and phylogenetic analyses 
 
 A list of 30 conserved, single-copy genes was identified, based on the literature (Wu et 
al., 2009; Wu and Eisen, 2008), including gyrA, gyrB, recA, radA, and ribosomal proteins (rp) 
L1, L2, L3, L4, L5, L6, L10, L11, L13, L14, L15, L16, L18, S2, S3, S4, S7, S8, S9, S10, S11, 
S12, S13, S15, S17, and S19. The percentage of these genes present in each bin was used to 
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assess the completeness of each genome. If duplicates were found, the bin was scrutinized for 
evidence to indicate that it contained genome fragments from multiple organisms and therefore 
should be separated into multiple bins (see above). If two or more bins contained complementary 
sets of ribosomal proteins and had similar coverage, similar phylogeny of best BLAST hits, and 
were collocated on the ESOM map, they were presumed to represent the same genome and were 
combined. 
 Two types of phylogenetic analyses were conducted, based on these conserved, single-
copy proteins.  In the first, all ribosomal protein blocks (operons containing ~10 or more 
ribosomal proteins) in the dataset were identified, and a concatenated protein tree was generated 
from 10 ribosomal proteins (L5, L6, L15, L16, L18, L22, L24, S3, S8, S19). That subset of 
proteins was chosen in order to maximize the number of genome bins on the tree (i.e., based on 
the representation of single-copy genes in each binned ribosomal protein operon).  We added 
these Crystal Geyser protein sequences to an extensively curated dataset of protein sequences 
from 700 organisms of broad phylogenetic representation, based on data from the literature (Wu 
et al., 2009), and we included additional organisms relevant to this dataset, namely iron-
oxidizing Proteobacteria and Candidate Bacterial Division TM7 (sequences downloaded from 
GenBank, (Benson et al., 1997)).  To generate the concatenated protein tree, we first made 
alignments of each of the 10 proteins individually, using MUSCLE (Edgar, 2004) with default 
parameters.  We then concatenated and manually curated the alignments, using Geneious 
(created by Biomatters, available at http://www.geneious.com) and then generated a 
concatenated tree, using FastTree (Price et al., 2009) with default parameters.  We used this 
robust tree of ~700 organisms as a guide to prune the alignment in Geneious, in order to generate 
a simplified, representative tree for Figure 4.2. 
 Not all genome bins contained ribosomal protein operons, so not all organisms were 
included in the concatenated tree, and we therefore used single-gene trees and the phylogeny of 
best BLAST hits to characterize the phylogeny of the remaining organisms.  For the single-gene 
trees, proteins from approximately 20 previously sequenced organisms were used as references, 
including representatives of all branches of the Proteobacteria, all Candidate Bacterial Divisions 
for which protein sequences for a given gene were available, and all Bacterial and Archaeal 
groups predicted to be in the geyser system, based on annotation, the concatenated tree 
phylogeny described above, and 16S rRNA gene analyses described below. 
 We used the EMIRGE algorithm (Miller et al., 2011) to reconstruct near full-length 16S 
rRNA gene sequences from our metagenomic sequencing reads. All paired reads for which both 
pairs were > 60 bp in length after quality trimming were included in the analysis.  We performed 
40 iterations.  The resulting sequences were phylogenetically characterized, based on: 1) BLAST 
hits to NCBI’s nr and 16S rRNA gene databases, and 2) the construction of a phylogenetic tree 
with 16S rRNA gene sequences from reference organisms, as described above for the single-
gene phylogenies.  We used Silva to generate nucleotide alignments (Pruesse et al., 2007) and 
FastTree to generate the tree (Price et al., 2009). 
 
Metabolic analyses 
 
 We identified putative metabolic processes, based on a combination of annotation (as 
described above), BLAST searches against NCBI’s nr database and against the ggKbase 
(Wrighton et al., in press), KAAS and KEGG database analyses (Moriya et al., 2007; Ogata et 
al., 1999), and visualization of KEGG output with iPATH (Letunic et al., 2008). 



  66 

 
Comparative genomics 
  
 BRIG (Alikhan et al., 2011) was used to compare predicted proteins from closely related 
organisms.  Specifically, all predicted proteins from the Mariprofundus ferrooxydans PV-1 
genome were used as references for BLAST searches against all proteins from the Crystal 
Geyser Zetaproteobacterial genomes (Figure 4.3). 
 
 
Results and Discussion 
 
 We achieved significant genomic reconstruction for bacteria, archaea, viruses, and 
plasmids from iron-rich, CO2-driven Crystal Geyser (CG).  The largest contig was 185,604 bp, 
and there were 20 contigs > 100,000 bp.  We identified ~20 microbial organisms, including 
novel Bacteria and Archaea from previously genomically unsampled or little sampled lineages, 
two plasmids, and six viruses (putative bacteriophage). The geyser community is dominated by 
neutrophilic, iron-oxidizing Mariprofundus-like Zetaproteobacteria (18% of the total 
community, Figure 4.4) and a sulfur-oxidizing member of the Gammaproteobacteria, 
Thiomicrospira crunogena (7% of the community). We also achieved significant genomic 
reconstruction for abundant “freshwater” Gallionella- and Sideroxydans-like iron-oxidizing 
Betaproteobacteria. Also at relatively high abundance were a novel Bacterial population (novel 
at the phylum level) and an archaeon distantly related to the single Korarchaeote for which a 
genome sequence is available (Elkins et al., 2008). At lower abundance were a Thiobacillus-like 
population, a Thermodesulfovibrio-like member of the Nitrospiraecae, a novel member of the 
Proteobacteria, members of Candidate Bacterial Phyla OP11, BD1-5, and TM7, and three 
additional novel Bacteria (novel at the phylum level). In the sections that follow, we detail the 
phylogenetic placement of these organisms, their metabolic potential, and a proposed model for 
the flow of energy and core metabolites in this ecosystem. 
  
Community phylogeny 
  
 EMIRGE-reconstructed 16S rRNA gene sequences (Miller et al., 2011) show similarity 
to most of the organisms identified through other phylogenetic analyses and annotation (see 
below), though only 12 16S rRNA gene sequences were reconstructed, relative to at least 20 
genomes in the system. The best database match and percent identity for each CG 16S rRNA 
gene sequence can be found in Table 4.2. We identified two Mariprofundus 16S rRNA gene 
sequences, each 96% similar to the Mariprofundus ferrooxydans PV-1 reference sequence and 
95% similar to each other at the nucleotide level.  In a phylogenetic tree of known 
Zetaproteobacteria, modified from (McAllister et al., 2011), one of the CG sequences clusters 
with “OTU 9,” which is populated with marine subsurface clones, and the other clusters at the 
base of several OTU groups from diverse, iron-rich marine environments (Figure 4.5). 
Phylogenetic placement of the Crystal Geyser Mariprofundus sp. within the Zetaproteobacteria 
class but separate from the previously sequenced Mariprofundus ferrooxydans PV-1 indicates 
that we have generated information on the metabolic potential of previously genomically 
unsampled Zetaproteobacteria. Other CG 16S rRNA gene sequences had high similarity to 
sequences from known organisms, including sulfur-oxidizing Thiomicrospira crunogena XCL-2 
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(Scott et al., 2006), neutrophilic, iron-oxidizing Gallionella capsiferriformans ES-2 (Emerson 
and Moyer, 1997), and three sequences were most similar to iron-oxidizing Sideroxydans 
species. We also identified four novel sequences, including two that are novel at the phylum 
level. Although some CG sequences did not have close matches to database organisms with 
known phylogeny, all 12 sequences had at least 94% nucleotide identity to a publicly available 
sequence, most often from an environmental amplicon survey. 
 The concatenated tree of 10 ribosomal proteins (Figure 4.2) was generally consistent with 
the 16S rRNA gene results, confirming the presence of Mariprofundus-like Zetaproteobacteria, 
Thiomicrospira crunogena, a Betaproteobacterium (most likely a member of the Gallionellales), 
and Thermodesulfovibrio. New groups not identified in the 16S rRNA gene data include 
members of Candidate Bacterial Divisions TM7 and BD1-5 (which does not cluster with known 
phyla in the tree and was identified through best BLAST hits from single-copy genes), a novel 
member of the Proteobacteria, and a novel archaeon. In the case of the archaeal genome, 
phylogenetic placement suggests affiliation with the Korarchaeota, but this was not directly 
supported by the best BLAST hits for each gene in the genome bin (Bin CG14), which matched a 
variety of Crenarchaeota and Euryarchaeota. No predicted CG14 protein had a best BLAST hit 
to the sequenced Korarchaeote genome. Organisms identified primarily through best BLAST hits 
and single-gene trees include novel Bacteria (not affiliated with any known phyla), a putative 
OP11 organism, and a number of Gallionellales (Gallionella- and/or Sideroxydans-like) 
organisms from Bin 5 (see below). 
 Though only two Mariprofundus populations were revealed through 16S rRNA gene 
analyses, a third was identified in the concatenated protein tree, consistent with three predicted 
Mariprofundus genome bins (CG1, 2a, and 2b), based on tetranucleotide frequencies and 
coverage depth. In addition, a possible fourth, more distantly related member of the 
Zetaproteobacteria was identified in the concatenated protein phylogeny, though the majority of 
best BLAST hits for that genome bin (CG4) were to Thiobacillus.  While we have named that 
organism “Thiobacillus-like CG4,” we acknowledge that, given its placement on the 
concatenated protein tree, it could be a Zetaproteobacterium that has undergone extensive 
horizontal gene transfer with a Thiobacillus-like organism.  
   
Genome completeness 
 
 Based on the percentage of the 30 single-copy genes identified in each genome bin (see 
methods), we estimated the completeness of each genome (Figure 4.6).  Mariprofundus CG1 and 
Thiomicrospira crunogena CG3 are presumed to be nearly 100% complete, and Mariprofundus 
CG2a is approximately 80% complete.  A number of other genomes are predicted to be ~50-70% 
complete, specifically Thiobacillus-like CG4, three novel Bacteria, Candidate Division BD1-5, 
and the novel archaeaon CG14.  Significant genomic reconstruction was achieved for eight other 
populations and for six viruses and two plasmids. 
 
Zetaproteobacteria CG1, 2a, and 2b 
 
 The three CG organisms that we can confidently identify as Zetaproteobacteria 
(Mariprofundus CG1, 2a, and 2b) are inferred to be functionally similar to the type strain, 
Mariprofundus ferrooxydans PV-1, as the majority of the proteins in the PV-1 genome are also 
present in the CG Mariprofundus genomes (Figure 4.3). Similarities to the sequenced PV-1 
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strain include the presence of flagellar and chemotaxis genes, glycolysis, a TCA cycle, numerous 
transporters (particularly metal transporters), and a predicted iron-oxidizing metabolism with 
oxygen as the terminal electron acceptor.  Based on the PV-1 genome (Singer et al., 2011), it has 
been suggested that Mariprofundus species may be able to grow mixotrophically (i.e., they may 
be able to assimilate complex carbon as a carbon but not an energy source).  Sugar uptake and 
metabolism would support that possibility in the CG genomes, although those genes could also 
indicate the potential for organotrophy. Consistent with the sequenced isolate, energy storage and 
breakdown of both polyphosphate and glycogen are indicated in the CG genomes. 
 Notable differences between the CG and PV-1 genomes include the presence of only 
Form II ribulose-1,5 bisphosphate carboxylase-oxygenase (RuBisCO) in the geyser genomes and 
a complete nitrogen fixation pathway in Mariprofundus CG2a. The CG genomes also contain 
catalase-peroxidase and glutathione peroxidase, which function in the removal of toxic oxidants 
and are found in nearly all aerobic Bacteria, though they were notably absent from the PV-1 
genome (Singer et al., 2011). RuBisCO is essential for carbon fixation via the Carbon-Benson-
Bassham Cycle, (Bassham et al., 1950), and RuBisCO Form IAq functions best at medium-to-
low CO2 (0.1-1%) with oxygen present, whereas Form II has a low discrimination against 
oxygen as an alternative substrate and is predicted to be most common at high CO2 (> 1.5%) and 
low oxygen concentrations (Badger and Bek, 2008; Singer et al., 2011). The PV-1 genome has 
both Form IAq and Form II RuBisCO, suggested to be an adaptation to fluctuating CO2 
concentrations in the hydrothermal vent system from which it was isolated (Emerson et al., 2007; 
Singer et al., 2011). The presence of only Form II RuBisCO in the CG genomes is consistent 
with CO2 saturation in the geyser system. 
  
Thiomicrospira crunogena CG3 
 
 In general, the Thiomicrospira crunogena CG3 genome is highly similar to the 
previously sequenced strain, Thiomicrospira crunogena XCL-2 (Scott et al., 2006) and is 
inferred to be functionally similar. This is consistent with 99% nucleotide identity in the 16S 
rRNA gene sequence from the EMIRGE analysis (Table 4.2). Similar to the sequenced isolate, 
the geyser genome contains a full suite of Sox proteins for sulfur oxidation, a complete 
glycolytic pathway, and is motile, with flagella, pili, and chemotaxis genes. Also similar, the 
genome has evidence for hydrogen metabolism in the form of a number of hydrogenases, 
including a Ni,Fe-hydrogenase operon, and it has a cbb3-type cytochrome C oxidase, indicative 
of microaerobic respiration (Kulajta et al., 2006). One notable difference, similar to the CG 
Zetaproteobacteria, is the presence of only Form II RuBisCO in the geyser genome, indicating 
adaptation to the CO2–saturated geyser system. 
 
Thiobacillus-like CG4 
 
 Based on phylogeny (see above and Figure 4.2), Thiobacillus-like CG4 could be a 
distantly branching member of the Zetaproteobacteria. However, apart from the operon that was 
used for the concatenated phylogentic tree analysis, which contained ribosomal proteins with 
best BLAST hits to both Zetaproteobacteria and Betaproteobacteria, the majority of best 
BLAST hits for this genome are to Betaproteobacteria, particularly Thiobacillus denitrificans. 
As such, we consider this a Thiobacillus-like organism, though it could be a deeply branching 
member of the Zetaproteobacteria.  
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 More consistent with the sequenced Thiobacillus denitrificans genome (Beller et al., 
2006a) than with Mariprofundus ferrooxydans PV-1 (Singer et al., 2011), CG4 contains proteins 
involved in sulfur oxidation, including a number of Dsr genes in a large sulfur-associated operon. 
Although Dsr genes could potentially indicate dissimilatory sulfate reduction, many of these 
genes have best BLAST hits to Thiobacillus denitrificans, which has been shown to use these 
genes for thiosulfate oxidation (Beller et al., 2006b). The CG genome also contains other genes 
involved in sulfur oxidation (e.g., flavocytochrome C), suggesting that Thiobacillus-like CG4 is 
capable of sulfur oxidation. The presence of cytochrome C oxidase and a periplasmic nitrate 
reductase complex suggests a facultatively aerobic metabolism with the ability to grow 
anaerobically on nitrate, consistent with the sequenced Thiobacillus denitrificans genome (Beller 
et al., 2006a).  Also similar to the sequenced genome, there are a number of hydrogenases and 
hydrogenase accessory proteins, particularly Ni-dependent hydrogenases. Interestingly, the CG4 
genome contains both arsenate oxidase and reductase and has a number of arsenate and arsenite 
accessory genes. The sequenced isolate was shown to have high metal resistance and is the only 
organism known to oxidize uranium anaerobically, so arsenate metabolism is generally 
consistent with metal resistance and redox chemistry in this group of organisms. As with the 
previously described CG chemoautotrophs, Thiobacillus-like CG4 contains only Form II 
RuBisCO and accessory genes, indicating an ability to fix CO2 chemoautotrophically under high 
CO2 conditions.  
 
Gallionellales CG5 genomes 
 
 Based on coverage depth, GC content, and best BLAST hits for each contig, we 
determined that CG Bin 5 contains multiple genomes, predominantly from organisms belonging 
to the Gallionellales class of Betaproteobacteria. Although tetranucleotide frequencies did not 
resolve members of the Gallionellales, the presence of multiple Gallionellales genomes is 
consistent with the EMIRGE-generated 16S rRNA gene sequences and abundances, which 
indicated abundant populations of both Gallionella capsiferriformans and Sideroxydans sp., 
along with two lower abundance Sideroxydans-like organisms (Table 4.2, Figure 4.7). A large 
number of bacteriophage, clustered regularly interspaced short palindromic repeat (CRISPR) 
regions (Barrangou et al., 2007; Jansen et al., 2002), transposases, and recombinases were 
binned with the CG5 genomes, suggesting extensive horizontal gene transfer (HGT) in this 
group. Pervasive HGT may help to explain the relatively poor separation of these organisms by 
tetranucleotide frequency patterns 
 To the extent possible, we manually separated CG Bin 5 into distinct genomes.  
Consistent with the EMIRGE data (Figure 4.7), an abundant Gallionella capriferriformans 
population (33x average coverage depth, among the three most abundant organisms in the 
system, Figure 4.8) separated reasonably well by coverage depth and best BLAST hits, as did an 
abundant Sideroxydans-like organism (27x average coverage depth). At least two lower 
abundance populations were identified, one a probable Sideroxydans-like population (10x 
average coverage depth) and another an unresolved member of the Gallionellales with wide-
ranging coverage and BLAST hits, probably indicative of multiple genomes. A number of 
contigs with high coverage had best BLAST hits to organisms from multiple phyla, likely 
representing either novel regions of the two abundant Gallionellales genomes or a novel 
population that co-binned with this group.  
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 The CG Gallionella capsiferriformans genome contains a number of cytochromes, 
consistent with respiration, though a terminal oxidase was not identified.  One of the lower 
abundance Sideroxydans-like organisms contains a large hydrogenase operon, including Ni,Fe-
hydrogenase subunits and accessory proteins, indicative of hydrogen metabolism and possibly 
the ability to use molecular hydrogen as an energy source.  One of the contigs in CG Bin 5 that 
could not confidently be assigned to a genome contained a respiratory nitrate reductase operon, 
and on the same small contig was a cytochrome C gene with a best BLAST hit to Sideroxydans 
lithotrophicus ES-1 (Emerson and Moyer, 1997), perhaps indicative of a Sideroxydans–like 
organisms capable of anaerobic respiration. Similarly, a small contig with a Sox operon and two 
best BLAST hits to Sideroxydans lithotrophicus ES-1 may suggest that a Sideroxydans-like 
organism can acquire energy through sulfur oxidation in the geyser system. Although we cannot 
say for certain that the nitrate reduction and sulfur oxidation operons are accurately placed within 
the Gallionellales genomes, this is the first indication that these metabolisms may be present in 
this clade. 
 
Thermodesulfovibrio-like CG6 
 
 The CG6 genome contains a dimethyl sulfoxide (DMSO) reductase, consistent with the 
sulfate-reducing metabolism of Thermodesulfovibrio (Henry et al., 1994).  It also contains a 
putative siderophore transport gene, SirA, indicating iron scavenging, and it has an ammonium 
transporter for nitrogen assimilation.  There is genomic evidence for pili, twitching motility, and 
chemotaxis, consistent with nearly all other organisms in the geyser system, suggesting the need 
to respond to rapidly changing environmental conditions and/or geochemical gradients.  The 
Thermodesulfovibrio–like CG6 genome has genes for gluconeogenesis (e.g., PEP 
carboxykinase), glycolysis, and the TCA cycle, and it has glycogen synthase, indicating carbon 
storage as glycogen. 
 
Novel Bacteria CG7, 9, 10, and 12 
 
 Because conserved, single-copy gene phylogenies placed four organisms (CG7, 9, 10, 
and 12) near (but not within) previously genomically sampled Candidate Bacterial Phyla, and 
because the vast majority of sequences from these genomes are novel or have best BLAST hits to 
organisms of diverse phylogeny, we conclude that they represent previously genomically 
unsampled Bacterial phyla.  Using the relative abundances of best BLAST hits to known phyla 
(Figure 4.9), we compared these four genomes to each other to see whether we may have 
sampled the same new phylum multiple times. In this analysis, CG7 and CG12 appear similar to 
each other, as do CG9 and CG10, so we suspect that we have sampled two new genomes from 
each of two novel Bacterial phyla.  
 Apart from a single cytochrome c oxidase gene (with no accessory genes) in CG7, there 
is no direct evidence for respiration in any of the four genomes. A wealth of genes for sugar 
uptake and metabolism in each of the four genomes (e.g., citrate transporters, sugar ABC 
transporters, and genes for glycolysis and pyruvate metabolism) is consistent with fermentation, 
which is the metabolism predicted for a number of recently genomically sampled Candidate 
Bacterial Phyla (Wrighton et al., in press).  Although the CG9 genome has two genes, malate 
dehydrogenase and succinate dehydrogenase, that could indicate a TCA cycle, these genes are 
involved in many other biochemical pathways and are not necessarily indicative of respiration.   
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 The four genomes also contain a number of nucleic acid and protein metabolic genes, and 
CG7 and 10 possess the capacity for carbon storage as glycogen.  Consistent with the previously 
genomically sampled Candidate Bacterial Phyla, CG12 has evidence for a Gram-positive cell 
wall, including a Gram-positive anchor protein.  The LipA gene, indicative of Gram-negative 
cell walls, is absent in all four genomes.  Flagella are notably absent from all four genomes, but 
CG9, 10, and 12 have predicted twitching motility. CG10 has a nickel-dependent hydrogenase, 
consistent with hydrogen metabolism reported for other genomically sampled Candidate 
Bacterial Phyla.  
 
Novel Proteobacterium CG8 
  
 The phylogenetic placement of the CG8 genome within the Proteobacteria varies, 
depending on which gene or genes are considered. It could be a basal member of the 
Zetaproteobacteria, a relative of the deeply branching Alphaproteobacterium, Magnetococcus, or 
a novel class of Proteobacteria. Because it does not consistently group with any particular class, 
we call it a novel Proteobacterium. The CG8 genome contains a cytochrome c oxidase and 
regulatory proteins, indicative of aerobic respiration. It also contains sulfite, heterodisulfide, and 
anaerobic DMSO reductase genes, indicative of dissimilatory sulfate reduction under anaerobic 
conditions.  The presence of nitrogenase and dinitrogen reductase indicates the potential for 
nitrogen fixation.  Hydrogen metabolism is indicated by a Ni-dependent cytochrome b-type 
hydrogenase and accessory proteins, and a SirA siderophore gene suggests the potential for iron 
scavenging. 
 
Candidate Bacterial Phyla (CG11, 13, and 17) 
 
 Based on consistent best BLAST hits for single-copy genes to genomes from specific 
Candidate Bacterial Phyla in ggkBase (Wrighton et al., in press), we predict that CG genomes 
from bins 11, 13, and 17 belong to Candidate Bacterial Phyla BD1-5, OP11, and TM7, 
respectively.  While the majority of genes from these genomes are novel, and none of the 
genomes is complete (the TM7 and OP11 genomes are approximately 30% complete, relative to 
70% for BD1-5), the predicted functions could be consistent with a fermentative metabolism, as 
predicted for other Candidate Bacterial Phyla (Wrighton et al., in press). For instance, we have 
not identified any terminal oxidases, and a large number of genes from each genome are 
involved in sugar metabolism, including a variety of glycosyltransferases in all three genomes 
and a family 3 glycosyl hydrolase with potential specificity to the breakdown of glucose and 
arabinofuranose in CG17 TM7.  The CG13 OP11 genome also contains a Ni,Fe hydrogenase, 
consistent with hydrogen metabolism predicted for previously genomically sampled Candidate 
Bacterial Phyla. The CG11 BD1-5 and CG17 TM7 genomes have genes for pili and twitching 
motility, but flagellar and chemotaxis genes are notably absent from all three genomes. 
 Previous metagenomic reconstruction of members of the Candidate Bacterial Phylum 
BD1-5 demonstrated that all representatives of that division sampled to date use an alternative 
genetic code, in which the UGA stop codon is translated as tryptophan (Wrighton et al., in 
press). Interestingly, the CG11 BD1-5 genome does not use alternate coding, exhibiting the 
standard Bacterial genetic code 11. Phylogenetically, CG BD1-5 falls at the base of the BD1-5 
tree, and this may indicate that alternate coding was acquired in the remainder of the BD1-5 
lineage after lineage divergence. Alternative coding has been reported previously in a few 
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Bacterial groups (Wrighton et al., in press) and in a novel Candidate Division Bacterium 
divergent to the BD1-5 (ACD80, a member of the SR1 phylum, Kantor et al., in prep). 
  
Novel Archaeon CG14 
 
 The novel archaeon CG14 has the majority of its best BLAST hits to methanogens, 
though it groups phylogenetically with the single sequenced Korarchaeote (Figure 4.2).  The 
primary means of energy generation for this organism was not obvious from the genome at its 
current level of completion (~50%, Figure 4.6), though the genome shows evidence for an 
anaerobic metabolism, with methanogenesis as one possibility. Although 
methyltetrahydromethanopterin methyltransferase and methyl coenzyme M reductase, which are 
essential for methanogenesis, were not detected, CG14 does have three genes from the 
methanogenesis pathway, including a molybdenum-containing formylmethanofuran 
dehydrogenase, for which the only known pathway is methanogenesis.  The genome contains 
acetyl-CoA decarbonylase/synthase complex subunit alpha, a CO dehydrogenase that catalyzes 
the oxidation of CO from acetyl-CoA, suggesting the ability to use acetate as the sole carbon 
source, and it contains carbonic anhydrase, which interconverts CO2 and bicarbonate. The 
genome appears to have all three isopropylmalate/citramalate/homocitrate synthase genes found 
in methanogenic archaea, specifically, CimA, which condenses acetyl-CoA with pyruvate for 
isoleucine biosynthesis in methanogens and possibly other organisms lacking threonine 
dehydratase (Howell et al., 1999), LeuA, which carries out the first step in leucine biosynthesis 
in a number of organisms, and an uncharacterized isopropylmalate/citramalate/homocitrate 
synthase (possibly AksA, which is exclusive to methanogens, Howell et al., 1998). The genome 
contains a V-type ATPase, which is found predominantly in vacuoles and other eukaryotic 
structures but also in methanogenic other (e.g., Thermoplasmatales) archaea and some bacteria 
(Yokoyama et al., 2000). As in many organisms, CG14 has glycogen synthase, indicating carbon 
storage as glycogen. 
 Consistent with an anaerobic metabolism, the CG14 genome has indications of anaerobic 
glucose metabolism, including pyruvate-formate lyase-activating enzyme, along with methionine 
adenosyltransferase to make its required cofactor, S-adenosylmethionine. Although the genome 
does not appear to contain cyctochromes or oxidases that might be indicative of highly 
electronegative terminal electron acceptors (e.g., oxygen), there is an uncharacterized Fe-S 
oxidoreductase and a proton-translating NADH-quinone oxidoreductase, suggestive of 
respiration. The genome has alpha-amylase for the breakdown complex carbon, perhaps 
suggesting the potential for heterotrophy, and it contains a ferripyochelin binding protein, which 
binds siderophores and iron, suggesting an ability to uptake iron from the environment.  
  
Community synthesis 
 
 All three Mariprofundus-like organisms, Thiomicrospira crunogena CG3, and 
Thiobacillus–like CG4 are able to fix carbon, and as such, they are likely to be the primary 
producers in the geyser system. Mariprofundus CG2a appears to be the primary source of fixed 
nitrogen, and the less abundant, novel Proteobacterium CG8 can also fix nitrogen.  
Thiomicrospira crunogena CG3, Thiobacillus–like CG4, and an unidentified member of 
Gallionellales Bin CG5 oxidize sulfur, the byproducts of which could be used for dissimilatory 
sulfate reduction by Thermodesulfovibrio-like CG6 and, under anaerobic conditions, by the 
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novel Proteobacterium CG8.  All of the Mariprofundus species are likely to oxidize iron, as are 
most of the Gallionellales organisms in Bin CG5. As a consequence of their metabolism, many 
such previously characterized neutrophilic, iron-oxidizing organisms have been shown to 
produce extracellular iron oxide stalks or sheaths, or amorphous iron oxyhydroxides (Chan et al., 
2011; Comolli et al., 2011; Emerson and Ghiorse, 1993; Emerson and Moyer, 1997; Krepski et 
al., 2012). The close phylogenetic relationship of some of these organisms to CG genomes 
suggests that similar biomineralization products are likely to be abundant in the geyser system. 
All three Mariprofundus groups, Thiomicrospira crunogena CG3, Thiobacillus CG4, and novel 
Proteobacteria CG8 appear to be capable of assimilatory or dissimilatory sulfate reduction, and 
Thiobacillus CG4, Mariprofundus CG2b, and Gallionella CG5 all appear capable of nitrite 
and/or nitrate reduction.  As suggested previously (Wrighton et al., in press), members of 
Candidate and novel Bacterial Divisions may be obligately fermentative, feeding on the 
metabolic products of other organisms in the system. 
 
Conclusions 
 
 We extend the environmental distribution of the Zetaproteobacteria, predominantly 
associated with deep-sea hydrothermal environments, to include the terrestrial subsurface. For 
the first time, we see “freshwater” (Gallionellales) and “marine” (Zetaproteobacteria) 
neutrophilic iron-oxidizing bacteria, previously thought to occupy separate and perhaps non-
overlapping niches (Emerson et al., 2010), at similarly high abundances in the same ecosystem. 
We hypothesize that this is primarily due to the low-to-intermediate salinity of the geyser system 
(approximately 11,000 ppm). We demonstrate that a CO2-saturated solution can be conducive to 
a thriving microbial community of diverse phylogeny and broad metabolic potential, from which 
energy is primarily derived through the oxidation of inorganic compounds, and carbon is 
presumably sourced from the CO2-saturated solution. The most abundant populations in the 
geyser system are capable of (and perhaps restricted to) chemolithoautotrophy, indicating that 
carbon fixation is a major component of the carbon cycle in this system. Importantly, this implies 
that abundant complex carbon sources are not likely to be a requirement for subsurface 
ecosystems associated with geologic carbon sequestration. Rather, our results suggest that the 
growth of carbon-limited microbial communities could be stimulated by the addition of 
exogenous CO2. The potential for biofilm formation and biomineralized iron oxides, along with 
the microbial conversion of CO2 and inorganic compounds into biomass and secreted metabolites 
could have a significant effect on the chemistry of subsurface aquifers at CO2 saturation. In 
addition, the capacity of many of the geyser organisms to store carbon may have implications for 
geologic carbon storage and the carbon cycle in high-CO2 subsurface systems. As such, research 
on microbial ecology and physiology under subsurface, high- CO2 conditions is essential to the 
evaluation of the viability of geologic carbon sequestration. 
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  Table 4.1 Crystal Geyser Sample Data 
  TDS is total dissolved solids; Gb is Gigabase-pairs 
 
 
 
 
  Figure 4.1 (next page) ESOM Map of Tetranucleotide Frequency Bins 
  Genome bins were generated, based on tetranucleotide frequencies and visualized in  
  this emergent, self-organizing map (ESOM). Brown-to-white regions are 
  topographically raised, delineating differences in tetranucleotide frequency patterns 
  between numbered bins in green valleys. Small dots represent 5 kb regions, color- 
  coded by the dominant organism from BLAST hits prior to binning (red, orange,  
  yellow = Mariprofundus; blue = Thiomicrospira; black = Archaea; purple = virus or 
  plasmid; green, pink = novel; white = unassigned). Bin 5 is highlighted to show the 
  periodic nature of the map. 
 

T TDS Sample Total

(°C)  (ppm) Type(s) Sequencing

Metagenomic,

Geochemical

Sample Date Time pH

CG2 Nov. 8, 2009 3:40 a.m. 17.5 7.6 11520 1.3 Gb

CG1 Nov. 6, 2009 7:32 p.m. 17 7.5 10880 Geochemical N/A
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  Figure 4.2 (next page) Concatenated Tree of 10 Ribosomal Proteins 
  We aligned ~700 reference sequences and pruned the alignments for easier tree 
  visualization (see text). Crystal Geyser organisms are highlighted and labeled by their 
  genome bin numbers. Bins that did not contain ribosomal proteins in large blocks 
  (operons) were excluded, and one block from an unbinned contig is labeled “No Bin” 
  but is very likely from Bin 5, due to best BLAST hits to Gallionellales organisms. 
 
 
 
 
 
 



  77 

 



  78 

 
 
 
 
 
  Figure 4.3 BLASTp Comparisons to the Mariprofundus ferrooxydans PV-1 Genome 
  The percent amino acid identity to each predicted protein in the sequenced 
  Mariprofundus ferrooxydans PV-1 genome (reference circle with labels in kilobase- 
  pairs) is depicted for predicted proteins from three Crystal Geyser Zetaproteobacteria 
  (Mariprofundus CG1, 2a, and 2b) and one possible Zetaproteobacterium, Thiobacillus 
  like CG4.  
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  Figure 4.4 Rank-Abundance Curve, Based on GyrA Coverage 
  The relative abundance (%, y-axis) of each Crystal Geyser population (x-axis), 
  predicted from the coverage depth of the DNA gyrase A gene, normalized by estimated 
  genome size; the relative abundance (percent of the total community) is estimated as the 
  percent of total base-pairs in the library; samples are labeled first with the bin number 
  and then with the predicted organism; “No Bin” represents a DNA gyrase gene on an 
  unbinned contig.  
 



  80 

 
 
 
  Table 4.2 16S rRNA Gene BLAST Hits 
  For each of the 12 EMIRGE-generated 16S rRNA gene sequences (first column), the 
  best BLAST hit to an organism with a phylogenetic prediction (in most cases, a better 
  hit to an uncultured organism was identified) is identified, along with the percent 
  nucleotide identity to that organism. 
 
 
 
 
 
 
 
 
 
 
 
  Figure 4.5 (next page) Zetaproteobacteria 16S rRNA Gene Phylogeny 
  Based on the tree in and the 16S rRNA gene sequences from McAllister et al. (2011), 
  we generated this tree (Silva alignment, FastTree tree) of Zetaproteobacteria, including 
  the sequenced Mariprofundus ferrooxydans PV-1 genome (blue), the two EMIRGE- 
  generated Crystal Geyser Mariprofundus 16S rRNA gene sequences (red), and a 
  representative set of environmental Zetaproteobacterial clones. The environmental 
  clones are labeled with the OTU group and identifiers from the original publication. 



  81 



  82 

 
 
  Figure 4.6 Estimates of Genome Completeness  
  The percentage of 30 conserved, single-copy genes detected in each genome is used as a 
  proxy for percent genome completeness. Each genome is labeled with the bin number, 
  followed by the predicted organism. Genomes with the same color are phylogenetically 
  related (genomes in green are novel and/or Candidate Divisions). 
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  Figure 4.7 EMIRGE-estimated 16S rRNA Gene Relative Abundances  
  The EMIRGE algorithm (Miller et al., 2011) was used to reconstruct near full-length 
  16S rRNA gene sequences and to estimate their relative abundances in the Crystal 
  Geyser library through mapping. The EMIRGE-predicted relative abundance of each 
  organism is shown. 
 
 
 
 
 
 
 
 
 
 
 
  Figure 4.8 (next page) Average Coverage Depth for Each Genome 
  The average depth of coverage is presented for each genome, with bars representing the 
  range of average coverage depths for each contig within a given genome. 
   
. 
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  Figure 4.9 (next page) Relative Abundance of Best BLAST Hits by Phylum to Novel 
  Crystal Geyser Bacteria 
  This graph shows the percentage of best BLAST hits to known phyla for the four novel 
  Bacterial genome bins that do not appear to belong to any Candidate Bacterial Phyla 
  with genomic sampling,  
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Appendix 1 
 

 
DNA extraction protocol 
 
 Each post-0.1 µm TFF concentrate was refiltered through a 0.2 µm, 25 mm sterile 
polyethersulfone syringe filter (Nalgene) and then ultracentrifuged for 3 hours at 12°C and 
32,000 rpm in a Beckman L8-80M ultracentrifuge with a 60TI rotor.  The supernatant was 
removed, and pellets were resuspended in 250 µl 1xTE (Tris-EDTA) at 4°C overnight.  NaOAc 
was added to a final concentration of 0.3 M.  Samples were extracted with an equal volume of 
25:24:1 phenol:chloroform:isoamyl alcohol (PCI) and spun at 13,000 rpm at room temperature in 
an Eppendorf 5424 centrifuge for 15 minutes.  The aqueous phase was transferred to a new tube, 
and the original PCI tubes were back-extracted by adding 50 µl 1 x TE and 5 µl 3 M NaOAc, 
followed by spinning at 13,000 rpm at room temperature (RT) for 5 minutes.  The aqueous phase 
of the back-extraction was added to the previously acquired aqueous phase, to which one volume 
of chloroform was added, followed by spinning at 13,000 rpm at RT for 15 minutes.  Two 
volumes of 100% ethanol were added to the aqueous phase, along with 1 µl of GlycoBlue 
(Ambion), and tubes were left at 4°C overnight.  Samples were spun at 14,000 rpm at 4°C for 30 
minutes (Eppendorf centrifuge 5804R), and then the ethanol was removed.  Pellets were cleaned 
twice with 70% ethanol.  Pellets were resuspended in 40-100 µl (depending on pellet size) 1 x 
TE and left at 4°C overnight.  A 1 µl aliquot was used for 1% agarose gel electrophoresis to 
confirm the presence of DNA.  The MoBio UltraClean 15 DNA Purification Kit was used to 
purify the DNA, according to the manufacturer’s instructions.  A 1 µl aliquot was used for 1% 
agarose gel electrophoresis with a mass ladder (Invitrogen High Mass DNA ladder) to determine 
the quality and approximate concentration of DNA, which ranged from 200 ng to 1.2 µg, such 
that DNA amplification was not necessary.  10 ng per sample were used for 16S rRNA gene 
PCRs with universal primers for Bacteria (27F – AGAGTTTGATCMTGGCTCAG, 1492R – 
GGTTACCTTGTTACGACTT) and Archaea (522F – GGYAAGACSGGTGSCAGC and 1354R 
– GCGRTTACTASGGAWTCC), using Invitrogen’s Platinum Taq kit.  Samples with high 
quality DNA and no detectable 16S rRNA gene amplification, relative to positive control 
bacterial and archaeal DNA, were sent to the J. Craig Venter Institute (JCVI) for library 
construction and sequencing. 
 
DNA extraction protocol development (why no DNase treatment was included) 
 
 For reasons unknown, perhaps related to the presence of glycerol (added to viral 
concentrates in the field for sample preservation) and/or the high salinity, DNA extraction was 
not successful via a variety of traditional methods.  After two DNA extraction attempts were 
unsuccessful from Lake Tyrrell viral concentrates, we collected a number of viral concentrate 
samples from Chula Vista Salt Works (near San Diego, CA) for protocol optimization. We 
attempted a variety of techniques for concentrating viral particles post-TFF, including: 30 kDa 
and 100 kDa Centricon filters (Millipore), 30 kDa and 100 kDa VivaSpin filters (GE), collection 
on 0.02 µm filters, PEG precipitation, and direct ultracentrifugation.  We attempted a variety of 
chemical lysis protocols, including lysozyme-proteinase K and phenol:chloroform:isoamyl 
alcohol, and we tried kits, including the QIAamp DNA MiniKit (Qiagen) and PowerSoil DNA 
Isolation kit (MoBio).  We attempted linker amplification and multiple-displacement 
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amplification.  Most of these steps were attempted in a variety of different combinations, with 
guidance from a number of colleagues, including Shannon Williamson, Doug Fadrosh, Mya 
Breitbart, and Cheryl Chow (personal communications).  The first observable DNA recovered by 
any method was contained in a degraded band at the bottom of a gel, following DNase treatment 
after ultracentrifugation.  Good quality DNA was recovered only after the DNase treatment was 
eliminated.  While sufficient sample was not available for further protocol optimization for this 
study, should future researchers encounter similar problems, simple protocol adjustments (e.g., 
resuspension of the ultracentrifugation pellet in a high-salt solution, such as the supernatant from 
the ultracentrifugation, the addition of DNase prior to ultracentrifugation, purification through a 
CsCl gradient, etc.) may allow for successful DNase treatment. 
 
Manual assembly curation 
 
 Starting from the largest contigs, genomes were manually assembled and curated in 
Consed (Gordon et al., 1998), taking advantage of paired read information and sequence overlaps 
at the ends of contigs that were not utilized by the assembly algorithm.  We joined two contigs 
when each of the following conditions were met: 1) sequences at the ends of each contig 
overlapped, 2) the overwhelming majority (usually 100%) of reads at the ends of each contig 
(without pairs in the same contig) had a paired read in the other contig, and 3) both contigs had 
similar coverage depth.  In a small number of cases, several options (paths through the assembly) 
were followed before an unambiguous join could be made. In some cases, particularly in the 
Velvet assembly (sample 2009B), gaps between contigs were too large to identify contigs that 
should be joined, so we used iterative remapping of reads with gsMapper (Newbler) to extend 
the ends of the contigs. For the seven genomes, composite (consensus) sequences were manually 
edited nucleotide-by-nucleotide to ensure that the genome sequence was representative of the 
majority of the reads. 
 
Fragment recruitment normalizations 
 
 For the seven genomes: to normalize for genome size, we calculated the average genome 
size for the seven genomes (45,822.3 bp), divided that by the size of a given genome, and used 
that number as a multiplication factor for each mapping count for which that genome was a 
reference.  Similarly, we calculated the average number of reads (or 454 read fragments) per 
sample (7,018,780), divided that by the number of reads in a given sample, and used that as a 
multiplication factor for each mapping count for which that sample was a query.  Finally, we 
generated a scale for easier visualization by dividing each normalized value by 1/100 of the 
largest value in the dataset (1145), such that each data point (left y-axis of Figure 1.2) is a 
percentage of the largest value. 
 For the 28 genome fragments > 10 kb: similar to above, to normalize for contig length, 
we calculated the average length for the 28 genome fragments (16,839.9 bp), divided that by the 
size of a given genome fragment, and used that number as a multiplication factor for each 
mapping count for which that genome fragment was a reference.  The multiplication factor for 
the number of reads in a sample is the same as for the seven genomes.  Information about contig 
length and raw mapping counts for the 28 genome fragments can be found in Table A1.2.  The 
cutoff for detection (see main text) was set to 754 because that is the lowest mapping count from 
any genome fragment in its assembly sample.  All mapping counts equal to or above 754 were 



  103 

considered detected and given a value of 1 in the presence/absence table (bottom of Table A1.2).  
Values below 754 were considered not detected and given a value of 0.  Data in the 
presence/absence table were used to identify the patterns presented in Table 1.4. 
 

 

 

 

 

Table A1.1  Raw Mapping Counts     
        
Sample LTV1 LTV2 LTVLE3 LTV4 LTV5 LTV6 LTV7 

        
2007At1 10 10,998 602 26 162 5 1,229 
2007At2 9,077 9,609 492 37 165 73 2,405 
2009B 124 51,280 312 1,045 272 113 1,142 
2010Bt1 9 64,772 58,692 397 1,766 95 72 
2010Bt2 11 73,325 33,283 1,573 1,944 85 57 
2010Bt3 13 52,847 8,135 1,229 1,648 182 91 
2010Bt4 32 211,522 111,845 6,543 7,135 394 324 
2010A 53 45,885 980 2,051 722 9,150 17,855 
                

 

Table A1.1 Raw Mapping Counts 
The number of reads that mapped to each of the seven composite genomes by sample 
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Table A1.2  General Characteristics and Mapping Data for Genome Fragments > 10 kb 
(continues for 5 pages) 
 
 
As. Sample 2010Bt1 2010Bt1 2007At2 2007At2 2007At2 
Contig # 54590 2397 822605 823649 823798 
Length (bp) 10148 10419 13198 14175 16662 
      
Raw Mapping Counts by Sample    
      
2007At1 193 139 0 773 0 
2007At2 256 160 2156 2532 3375 
2009B 195 46 0 332 0 
2010Bt1 1353 1855 0 54 0 
2010Bt2 634 720 0 69 0 
2010Bt3 230 1035 0 41 0 
2010Bt4 4231 2956 0 163 0 
2010A 566 562 0 338 0 
      
Presence/Absence by Sample    
      
2007At1 1 0 0 1 0 
2007At2 0 0 1 1 1 
2009B 0 0 0 0 0 
2010Bt1 1 1 0 0 0 
2010Bt2 1 1 0 0 0 
2010Bt3 1 1 0 0 0 
2010Bt4 1 1 0 0 0 
2010A 0 0 0 0 0 
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2007At2 2009B 2009B 2009B 2009B 2009B 
824981 3968333 3969208 999000 999004 998975 
38089 11325 15898 15254 18200 23940 

      
      
      
0 194 24 0 6416 123 

8370 271 143 3 11654 520 
2 2021 1985 2231 71053 17612 
0 73 48 6 2483 5119 
0 109 236 9 6189 10277 
0 51 176 2 2745 3828 
0 314 1561 24 12999 10618 
0 368 803 3 15553 1680 
      
      
      
0 1 0 0 1 0 
1 0 0 0 1 0 
0 1 1 1 1 1 
0 0 0 0 1 1 
0 0 0 0 1 1 
0 0 0 0 1 1 
0 0 1 0 1 1 
0 0 0 0 1 1 
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2009B 2010Bt4 2010Bt4 2010A 2010A 2010A 
999006 1100059 1100028 1013670 1013956 1013803 
27594 13384 40896 10414 10431 10433 

      
      
      

91 1310 53 53 470 0 
57 2636 243 127 1223 43 

29542 91393 219 56 596 25 
51 3358 1868 0 179 5 
43 5923 951 7 390 6 
35 3014 1377 5 153 7 
128 10395 9259 58 1169 22 
3303 3019 922 1758 2251 3442 

      
      
      
0 1 0 0 1 0 
0 1 0 0 1 0 
1 1 0 0 0 0 
0 1 1 0 1 0 
0 1 1 0 1 0 
0 1 1 0 1 0 
0 1 1 0 1 0 
1 1 0 1 1 1 
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2010A 2010A 2010A 2010A 2010A 2010A 

1013342 1013519 224955 1012758 1012403 761242 
10466 11602 11926 12234 12312 12682 

      
      
      
0 0 64 38 5 306 
99 531 163 98 35 513 
10 39 117 63 14 205 
2 4 298 31 5 753 
3 11 283 56 3 690 
0 14 211 44 10 536 
38 32 572 128 32 1632 

2935 3275 2078 2019 3231 2006 
      
      
      
0 0 0 0 0 1 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 1 0 0 1 
0 0 1 0 0 1 
0 0 1 0 0 1 
0 0 0 0 0 1 
1 1 1 1 1 1 
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2010A 2010A 2010A 2010A 2010A 

1014414 1015495 1015890 1013394 1015952 
12773 13448 14449 21317 37848 

     
     
     
0 5 10 117 5 

544 20 1427 290 342 
37 22 83 237 142 
0 0 34 507 12 
6 0 19 527 0 
5 3 12 363 0 
2 4 39 1365 3 

1876 2221 3933 3618 11771 
     
     
     
0 0 0 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 0 1 0 
0 0 0 1 0 
0 0 0 1 0 
0 0 0 1 0 
1 1 1 1 1 
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Table A1.3: Geochemical Data for Each LT Sample, Collected by IC or ICPAES 
      
Sample Ca (mg/L) K (mg/L) Mg (mg/L) Na (mg/L) Sr (mg/L) 
      
2007At1 394.14 1247.30 7242.70 99727.50 4.46 
2007At2 423.63 1691.00 10187.50 95716.00 6.77 
2009B 201.00 2037.00 17773.00 69883.00 14.00 
2010Bt1 319.60 1221.58 9131.22 77404.30 10.23 
2010Bt2 319.30 1281.97 9701.32 77826.14 11.14 
2010Bt3 301.46 1302.77 9922.60 76823.80 11.04 
2010Bt4 254.36 1412.41 11027.74 75862.08 11.70 
2010A 186.18 2061.85 18749.38 67506.13 12.59 
            
      

 
 
     
     
F (mg/L) Cl (mg/L) Br (mg/L) NO3 (mg/L) SO4 (mg/L) 
     

7.60 189511.49 297.10 5.99 11873.30 
7.92 187599.08 441.84 43.24 16374.24 
0.00 140099.00 634.00 0.00 20498.00 
0.00 165605.70 467.41 0.00 11682.50 
0.00 163415.62 472.14 0.00 12473.80 
0.00 160695.14 432.85 0.00 12747.55 
0.00 167209.89 444.07 0.00 14153.03 
0.00 143053.25 775.32 0.00 23566.58 
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Figure A1.1 Representation of the LT Virus and VLE Populations in Libraries by Sample 
Sample IDs are along the x-axis with brackets around samples from a days-scale time series. 
Graphs are based on raw mapping counts (not normalized by genome size). a. Total Abundance 
of LTV1-7 and Contigs on the y-axis provides a measure of the pergentage of total reads or 454 
read fragments in each sample that mapped to the seven complete LT genomes and the 28 
genome fragments (contigs); “Total Abundance” means total representation in our libraries; b. 
Relative Abundance of LTV1-7 on the y-axis shows the percentage of reads or 454 read 
fragments that mapped to each complete LT viral or VLE genome from all reads that mapped to 
any complete genome. 
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Table A1.4  Number of Reads Mapped to 
Previously Sequenced Haloviruses 
     

Sample 
EHP-

1 PhiCh1 BJ1 Reads in Sample 
     

2007At1 60 60 354 3,562,030 
2007At2 124 240 1,207 8,455,390 
2009B 259 191 1,208 21,618,426 
2010Bt1 283 19 76 584,879 
2010Bt2 255 42 184 4,253,585 
2010Bt3 183 34 212 696,810 
2010Bt4 593 130 761 10,393,183 
2010A 205 259 1,751 11,031,368 
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Appendix 2 
 
 

Comparing hierarchical clustering results from different normalizations, transformations, 
and OTU percent identity thresholds 
 

Different normalizations and transformations can potentially influence comparisons of 
distance matrices prior to hierarchical clustering, so we tested a number of these for both the 
30,525 gene and methyltransferase OTU groups, prior to generating hierarchical clusters for the 
other five OTU groups. In addition, because the sequence identity threshold for a viral 
population remains to be empirically defined, at least in the context of naturally occurring 
populations (and may be different for different viral groups), we compared analyses of 
methyltransferases, using 95% and 70% nucleotide identity to define OTUs. In the text that 
follows, when we indicate no difference in sample groups, we mean (as in the main text) that 
samples collected on the days scale grouped together and separately from other samples, yielding 
four groups (2007At1-2, 2009B, 2010Bt1-4, and 2010A). 

For the two OTU groups (all 30,525 genes and methyltransferases), we tested the 
following normalizations: no normalization, normalization for the number of reads in a sample, 
and normalization for both the number of reads and gene length (see Materials and Methods).  
The only “normalization” to yield different clustering was no normalization.  As such, 
normalizations to account for both gene length and the number of reads per sample were used for 
the remaining five OTU groups. A variety of transformations (none, square-root, log, and 
presence-absence, i.e. changing any non-zero normalized mapping count to 1) were applied to 
normalized mapping counts from the 30,525 genes OTU group, in order to test the influence of 
dominant vs. rare OTUs on the similarity of the samples. LT samples clustered into the same 
four groups described above for all transformations, except presence-absence, which is the 
transformation for which rare OTUs are given the most weight (equal to more dominant OTUs).  
As most transformations made no difference, we did not use transformations to generate 
hierarchical clusters for the remaining OTU groups. Finally, no differences were observed in 
hierarchical clusters generated from methyltransferase OTU groups at 95% and 70% nucleotide 
identity, so 95% nucleotide identity was chosen for the remaining OTU groups. 
 
Virome citations 
 
 Viromes used for the 71-virome analysis and not cited in the main text (see Table A2.1) 
are: (Anderson et al., 2011; Bench et al., 2007; Dinsdale et al., 2008; McDaniel et al., 2008; 
Steward and Preston, 2011; Williamson et al., 2008). 
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Table A2.1 (next 6 pages) Sample and Assembly Data for 71 Environmental Viromes 
Values for a given column are presented for each row before a new column is presented; there 
are two pages of rows, so rows are repeated on every other page.  
 
Sample Group Samples Combined for Assembly 
    
Coral D. strigosa 2 coral (healthy, bleached, Tobago) 
    
    
Coral Gorgonian 2 Gorgonian coral DNA (healthy and diseased) 
    
    
Coral P. 
compressa 6 coral experiment samples 
    
    
    
    
    
    
Fish Slime 2 fish slime 
    
    
Freshwater 2 freshwater Antarctic lake samples 
    
    
Freshwater 4 freshwater samples 
    
    
    
    
Freshwater freshwater Lake Bourget (France) 
Freshwater freshwater Lake Pavin (France) 
RNA Freshwater 2 freshwater RNA samples 
    
    
High Salinity 1 hypersaline assembly (Spain) 
High Salinity 1 hypersaline sample (Senegal) 
High Salinity 8 hypersaline samples (Australia) 
High Salinity 4 high salinity (27-30%) samples (San Diego, USA) 
    
    
    
    

Low Salinity 
3 low salinity (6-8%) hypersaline samples (San 
Diego, USA) 
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Medium Salinity 4 medium salinity (12-14%) samples 
    
    
    
    
Marine 1 coastal sediment sample 
Low Salinity Salton Sea sediment samples (two combined) 
Soil soil (desert, prairie, forest combined) 
Soil rice paddy soil 

RNA Hot Spring 
1 hot spring RNA sample (archaea-dominated 
spring) 

Hot Spring 
2 hot spring DNA samples (bacteria-dominated 
springs) 

    
    
Hydrothermal 
Vents hydrothermal vent (Juan de Fuca Ridge) 
Hydrothermal 
Vents hydrothermal vent (East Pacific Rise) 

Marine 
4 marine (oceanic) viromes (3 were multi-sample 
libraries) 

    
    
    
    
Marine 1 Chesapeake Bay multi-sample library 
Marine 2 coastal marine samples 
    
    
Marine 6 marine samples 
    
    
    
    
    
    
Marine 1 deeper (200m) marine sample, Monterey Bay 
RNA Marine 2 coastal RNA samples 
    
    
Microbialites 3 microbialite samples 
    
    
    

 
 

Sample Description Sample ID Seq. Type 
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D. strigosa Overall   Sanger 
D. strigosa healthy Coral_Dstrig_healthy   
D. strigosa bleached Coral_Dstrig_bleached   
Gorgonian Overall   454 
Gorgonian DNA healthy Coral_Gor_healthy   
Gorgonian DNA diseased Coral_Gor_diseased   
P. compressa Overall   454 
Porites compressa time zero Coral_Pcomp_t0   
Porites compressa control Coral_Pcomp_ctl   
Porites compressa DOC Coral_Pcomp_DOC   
Porites compressa pH Coral_Pcomp_pH   
Porites compressa nutrients Coral_Pcomp_nut   
Porites compressa temperature Coral_Pcomp_temp   
Fish Slime Overall   454 
Healthy fish slime FishSlime_healthy   
Morbid fish slime FishSlime_morbid   
Fresh Antarctic Overall   454 
Lake Limnopolar spring Fresh_Antarctic_spring   
Lake Limnopolar summer Fresh_Antarctic_summer   
Fresh Tilapia Overall   454 
Tilapia channel, Nov. 2005 Fresh_TilapiaPond_11_05   
Tilapia channel, Apr. 2006 Fresh_TilapiaPond_4_06   
Tilapia channel, Aug. 2006 Fresh_TilapiaPond_8_06   
Prebead pond, Apr. 2006 Fresh_PrebeadPond_4_06   
Freshwater Lake Bourget Fresh_France_LakeBourget 454 
Freshwater Lake Pavin Fresh_France_LakePavin 454 
Freshwater RNA Overall   454 and Sanger  
RNA, Maryland Freshwater Lake, June RNA_Fresh_Jun   
RNA, Maryland Freshwater Lake, Nov. RNA_Fresh_Nov   
Crystallizer pond, Alicante, Spain Hsal_Spain Sanger 
high-salinity Lake Retba, Senegal Hsal_Senegal Sanger 
Lake Tyrrell, Victoria, Australia see Table 2.1 Illumina and 454 
San Diego High Salinity Overall   454 
Crystallizer pond, Nov. 16, 2005 Hsal_SD_11_16_05   
Crystallizer pond, Nov. 28, 2005 Hsal_SD_11_28_05   
Crystallizer pond, Dec. 7, 2005 Hsal_SD_12_7_05   
Crystallizer pond, Dec. 20, 2005 Hsal_SD_12_20_05   
Low Salinity Hypersaline Overall   454 
low salinity, Jul. 1, 2004 Lsal_SD_7_1_04   
low salinity, Nov. 10, 2005 Lsal_SD_11_10_05   
low salinity, Nov.28, 2005 Lsal_SD_11_28_05   
Medium Salinity Overall   454 
Nov. 10, 2005 Msal_SD_11_10_05   
Nov. 16, 2005 Msal_SD_11_16_05   
Nov. 22, 2005 Msal_SD_11_22_05   
Nov. 28, 2005 Msal_SD_11_28_05   
Marine coastal sediment Mar_Sediment_MissionBay Sanger 
Salton Sea (two samples, aquatic 
sediment?) Lsal_Sediment_SaltonSea 454 
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Soil (desert, prairie, and forest) Soil_Forest_Desert_Prairie Sanger 
Soil (rice paddy) Soil_Rice_Paddy Sanger 
Hot Spring RNA RNA_HotSpring 454 
Hot Spring DNA Overall   Sanger 
Bear Paw hot spring HotSpring_BearPaw   
Octopus hot spring HotSpring_Octopus   
diffuse flow at vent base Htherm_Juan_de_Fuca 454 
RAPD and linker-amplified vent 
libraries Htherm_East_Pacific_Rise Sanger 
Marine Oceanic Overall   454 
Gulf of Mexico (multiple samples) Mar_GOM   
Bay of British Columbia (multiple 
samples) Mar_BBC   
Arctic (multiple samples) Mar_Arctic   
Sargasso Sea (single sample) Mar_SAR   
Chesapeake Bay Estuary Mar_ChesapeakeBay Sanger 
Coastal Marine Overall   Sanger 
Scripps Pier, La Jolla, CA, May 2001 Mar_ScrippsPier   
Mission Bay, San Diego, CA, June 2001 Mar_MissionBay   
Diverse Marine Samples Overall   454 
Line Island Kingman Mar_LI_Kingman   
Line Island Christmas (Kiritmati) Mar_LI_Christmas   
Line Island Palmyra Mar_LI_Palmyra   
Line Island Tabuaeran (Fanning) Mar_LI_Tabuaeran   
Tampa Bay mitomycin C-induced 
lysogens Mar_TampaBay_lysogens   
Skan Bay (sediment) Mar_Sediment_Skan_Bay   
200m Monterey Bay Mar_200m_MontereyBay Sanger 
Marine RNA Overall   Sanger 
Marine JP RNA_Mar_JP   
Marine SOG RNA_Mar_SOG   
Microbialites Overall   454 
Freshwater microbialite, Pozas Azules 
II Mlite_PozasAzules   
Freshwater microbialite, Rios 
Mesquites Mlite_RiosMesquites   
Marine microbialite, Highborne Cay Mlite_HighborneCay   
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Total 
Reads 

Largest 
Contig 

Asm > 
500 bp 

Reads > 
500 bp (or 
study 
assemblies 
> 500 bp) 

Asm 
QC Reference(s) 

            
2510 0 0 1478 N/A Marhaver et al., 2008 

            
            

480924 19,702 5613 49912 P Hewson et al., 2012 
            
            

238123 13,546 293 0 P Dinsdale et al., 2008 
39,270         Thurber et al., 2009 
39,340           
35,680           
50,364           
34,433           
39,036           
121587 5632 1703 0 P Dinsdale et al., 2008 
61,476           
60,111           
82353 8631 368 0 P Lopez-Bueno et al., 2009 

42,348           
40,005           
453081 6420 545 0 P Dinsdale et al., 2008 

267,640         
Rodriguez-Brito et al., 
2010 

63,978           
67,612           
67,988           
593084 33,517 12031 188501 P Roux et al., 2012 
649290 41,657 6062 183248 P Roux et al., 2012 
25509 N/A N/A 1956 N/A Djikeng et al., 2009 
10133           
15376           

314 N/A N/A 305 N/A Santos et al., 2010 
983 913 1 212 F Sime-Ngando et al., 2010 

  93,283 126300 189263 P Emerson et al., in press 
509673 13,084 409 0 P Dinsdale et al., 2008 

154,167         
Rodriguez-Brito et al., 
2010 

4,645           
47,587           

303,274           
441730 5575 246 0 P Dinsdale et al., 2008 

268,534         
Rodriguez-Brito et al., 
2010 
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110,511           
62,685           
194159 3068 188 0 P Dinsdale et al., 2008 

39,578         
Rodriguez-Brito et al., 
2010 

58,735           
55,903           
39,943           

1156 0 0 968 N/A Breitbart et al., 2004 
85757 527 1 0 F Dinsdale et al., 2008 
4577 0 0 2447 N/A Fierer et al., 2007 
878 N/A N/A 769 N/A Kim et al., 2008 

185107 2722 97 963 P Bolduc et al., 2012 
30624 2717 674 30619 F Schoenfeld et al., 2008 
8352           

22272           
231246 3706 1626 15906 F Anderson et al., 2011 

440 930 6 72 P Wiliamson et al., 2008 
1768297 34,515 3249 0 P Angly et al., 2006 
263,908         Dinsdale et al., 2008 
416,456           
688,590           
399,343           

5641 2412 36 5324 F Bench et al., 2007 
1937 440 0 1617 N/A Breitbart et al., 2002 

1,064           
873           

1207466 8617 377 0 P Dinsdale et al., 2008 
94,915         Dinsdale et al., 2008b 

283,390           
320,397           
380,355           
280,019         McDaniel et al., 2008 
31,375           

907 0 0 422 N/A Steward et al., 2011 
159 0 0 96 N/A Culley et al., 2006 
115           
44           

781866 32,035 728 0 P Dinsdale et al., 2008 
302,987         Desneus et al., 2008 
328,656           
150,223           
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Figure A2.1 (following two pages) Hierarchical Clusters for Six OTU Groups 
Hierarchical clustering analyses of the relative abundances (normalized mapping counts) of LT 
viral OTUs by OTU group: a. all 30,525 genes, b. major capsid proteins, c. cluster 667, d. 
glucanases, e. cluster 1435, f. cluster 231. For major capsid proteins, glucanases, and the three 
protein clusters of unknown function, the heat map scale bars at the top of each cluster 
correspond to normalized mapping counts, samples are clustered at the top, and genes are 
clustered on the left (Pearson correlation, average linkage clustering). For the all 30,525 genes 
OTU group, only the dendrogram (Bray-Curtis, average linkage clustering) is shown. 
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Figure A2.2 (next page) Hierarchical Clustering of 71 Viromes without LT Reference Genes 
Hierarchical clustering analysis (Bray-Curtis, average linkage clustering) of the relative 
abundances of genes predicted from all viromes except LT across the 71 viromes. LT samples 
are highlighted in red. Apart from the removal of LT reference gene sequences and their 
corresponding mapping counts across samples, this dendrogram was generated from the same 
data as Figure 2.5.
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