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ABSTRACT OF THE DISSERTATION  

Microbial and viral genomics of surface ocean communities within the Southern 

California Bight and adjacent California Current Ecosystem  

by 

 

Lisa Ann Zeigler 

 

Doctor of Philosophy in Oceanography 

 

University of California, San Diego, 2011 

 

Professor Shannon J. Williamson, Chair 

 

Professor Eric E. Allen, Co-Chair 

 

Metagenomic studies of marine ecosystems have provided a wealth of molecular data 

with which to aid in the understanding of taxonomic diversity, potential abundances and 

putative functional roles in biogeochemical cycles.  A metagenomics investigation of surface 
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ocean microbial communities within the Southern California Bight and adjacent California 

Current Ecosystem was initiated in order to improve understanding of the impact of upwelling.  

These data show that the community composition of bacteria within the 0.1-0.8µm size class is 

tightly coupled to position within the upwelling mosaic; and therefore correlated with 

oceanographic metadata such as nutrient availability, chlorophyll, temperature, and salinity.  

However, evaluation of bacteria among the larger size classes (0.8-200µm) reveals a relatively 

consistent community regardless of position. These organisms are predicted to have larger 

genome sizes and a greater metabolic repertoire. One site within aged-upwelled waters 

exhibited a peak in Planctomycete abundance, indicative of a bloom that corresponded with 

diatom sequence abundance. Among the marine virioplankton community, novel accessory 

genes involved in nitrogen metabolism were identified, and potentially reflect adaptation of 

CCE virioplankton to host community shifts that result from pulses of high nutrients.  

Additionally, high abundances of sequences related to known virioplankton from CC waters, 

Roseophage SIO1, were identified; however, gaps in genome coverage were identified and 

possibly refelct a novel Roseophage strain.  Also, analysis of viral sequences from the cellular 

fraction (>0.1 µm) suggests that viruses infecting cyanobacteria and phytoplankton are 

relatively more abundant compared to the viral fraction (<0.1µm), indicating a need to evaluate 

>0.1µm fraction material in order to obtain a complete picture of the marine virioplankton 

community. A new method was developed to bridge the gap between metagenomic and 

genomic studies of marine virioplankton. This method relied on the isolation and 

characterization of single viral particles.   



 

1 

 

 

 

 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 

 

The Southern California Bight (SCB) and adjacent California Current (CC) regions are 

well-studied oceanic ecosystems.  The SCB is an open embayment consisting of islands, basins 

and ridges extending along the Southern California coast from Point (Pt.) Conception, 

California in the north to Baja California, Mexico in the south and in the intervening inshore 

areas of the CC.  Wind-driven nearshore seasonal upwelling is typical in the regions around and 

north of Pt. Conception in the California Current Ecosystem (CCE) (Hickey 1979; Huyer 1983), 

however, in the SCB where the Southern California Countercurrent (SCC; surface) and 

California Countercurrent (subsurface) travel poleward along the coast during summer, waters 

are typically warm and have lower nutrient and chlorophyll a levels; and therefore require 

nutrient inputs from sources other than coastal upwelling (Hickey 1979; Huyer 1983; Hickey, et 

al. 2003).   

I.  Marine Microbes of the California Current and Southern California Bight 

 Numerous investigations concerning the diversity, dynamics, and phenotypic 

adaptations of planktonic communities within CCE and SCB waters have been performed. 

Studies have shown that physical forcing and associated nutrient pulses that occur during 

seasons of upwelling provoke a significant biological response resulting in phytoplankton 

blooms (Wilkerson, et al. 2006) and subsequent microbial community alterations; for example 

within the Cytophaga, Bacteriodetes, Flavobacteria (CFB) group (Fandino, et al. 2001; 

Fandino, et al. 2005).   

 The advent of molecular studies from cloned genes without the necessity of cultivation 

(Olsen, et al. 1986; Pace 1986) initiated a renaissance in microbial ecology.  Studies based on 

the use of conserved molecular taxonomic markers (e.g, rDNA) and functional genes have 

facilitated many important discoveries from varied environments, including the CCE (Toledo, et 

al. 1997; Brown, et al. 2005; Mayali, et al. 2010).   
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 Temporal studies such as the San Pedro Ocean Time Series (SPOT), based largely on 

the internal transcribed spacer (ITS) region of the rRNA operon, have shown that microbial 

composition changes on time-scales of several months and can be predicted based on 

environmental metadata including, nutrients, chlorophyll concentrations, temperature, salinity 

(Fuhrman, et al. 2006; Fuhrman, et al. 2008).  Additionally, previous reports from open-ocean 

oligotrophic regions suggest that little compositional differences exist in distances <2km.  

However, more evidence (including specific studies of coastal regions) suggests that microscale 

patchiness is much more common and functionally meaningful distances can occur on the order 

of micro- and centimeters (Long, et al. 2001; Waters, et al. 2003; Seymour, et al. 2004).  Such 

microscale heterogeneity of bacterioplankton communities is postulated to have important 

impacts on biogeochemical cycles (Azam 1998).  

 Taxonomic characterization of microbial communities of bacterial and archaeal 

populations has mostly relied on 16S rDNA and the ITS region   between the 16S and 23S 

ribosomal RNA genes (Brown, et al. 2005).  These studies have found the dominant organisms 

present in this environment to be within the SAR11 clade, Prochlorococcus sp., and 

Roseobacter sp. (Bacteria).  Archaeal sequences are prevalent in mesopelagic waters (100-500m 

depths) (Fuhrman, et al. 1992); although less dominant in surface ocean communities, members 

of Crenarchaeota, Marine Group I and Eurarchaeota, Marine Group II (Archaea) are still 

detected using molecular approaches. 

 While a high level of diversity has been demonstrated for this region, linkages between 

these organisms to their ecological niche have not been wholly determined.  Some potential 

functional associations have been documented, e.g., proteorhodopins used in converting light 

into energy have been found in SAR11 (Giovannoni, et al. 2005), SAR86 (Beja, et al. 2000; 

Sabehi, et al. 2004), and Euryarchaeota (Frigaard, et al. 2006).   
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II.  Relevance of Marine Viruses 

Viruses are ubiquitous in the world’s oceans (1010 per liter; (Fuhrman 1999)), are a vast 

source of genetic diversity, and play an important role in biogeochemical processes. Viruses 

‘live’ essentially as parasites on their host, which can be of bacterial, eukaryotic, or even viral 

(e.g. Mimivirus) origin.  They have two different modes of reproduction, either through a lytic 

or lysogenic (i.e., temperate phage) cycle (Figure 1).  Lytic viruses infect their host, use it’s 

cellular machinery to express their genetic material, and then once re-assembled into viral 

particles, burst the cell releasing its progeny.  In contrast, temperate phages incorporate their 

genetic material into the host genome upon infection, which is a useful strategy when conditions 

are not adequate for life outside the protection of a host cell.  Once incorporated, phage genes 

can be expressed, thereby altering the host’s physiology through a process called lysogenic 

conversion (Brussow, et al. 2004).  Additionally, such viruses have the ability to alter host 

fitness in certain environments through the introduction of protein encoding genetic material.  

Therefore, they are important players in the generation of a potentially infinite reservoir of 

genetic material available to microorganisms.  Large numbers of viral genomes are available 

(3,861 complete genomes), however only a small percentage are from the marine environment 

(1.9%, 72 totas), and while certain marine viral genomes resemble non-marine viruses, e.g., 

Roseophage SIO1, (Rohwer, et al. 2000), their lifestyles are likely to be vastly different.  This 

section attempts to introduce aspects of marine viral ecology relevant to Chapters II and III and 

review relevant literature on marine viruses; paying particular attention to culture-independent 

studies.   

Viral Diversity 

As in most biomes, viral particles are the most numerous components within the marine 

environment and represent the largest reservoir of genetic diversity (Suttle 2005). Most 

estimates of marine viral diversity are derived from metagenomic studies of dsDNA viral 
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communities.  The PHACCS system in particular has suggested the existence of possibly 

hundreds of thousands of viral genotypes in the world’s oceans (Angly, et al. 2005; Angly, et al. 

2006).  Using a mathematical modeling approach these researchers also suggested that, while 

spatial and environmental conditions controlled which viral populations were dominant the 

same genotypes were found in essentially all biomes studied.   

Genomes of marine viruses range from 4.4kb to 630kb and genetic analyses to assess 

viral diversity have been hindered by the lack of a single conserved gene present within all 

groups (akin to the 16s rRNA gene found in bacteria, archaea, chlorolasts, and mitochondria).  

There are, however, conserved genes among members of certain viral groups, such as, algal 

virus DNA polymerase and myovirus gp23; and studies based on such genes indicate immense 

diversity (Chen, et al. 1996; Chen, et al. 1996; Tetart, et al. 2001; Filee, et al. 2005; Labonte, et 

al. 2009).  Therefore, both single-gene and community genomic analyses indicate that viral 

populations in the marine environments are highly diverse and dynamic. 

Many marine viral genomic (and metagenomic) studies have been concerned with a 

single group of phage (viruses that infect bacteria and archaea) that infects cyanobacteria; 

collectively known as the cyanophages.  Cyanophage include three taxonomic groups, arising 

from morphological studies, the myoviridae, podoviridae, and siphoviridae.  One interesting 

aspect of cyanophage that has been uncovered through genomic (Sullivan, et al. 2006) as well 

as metagenomic studies (Sharon, et al. 2007; Williamson, et al. 2008; Sharon, et al. 2009) is 

their ability to carry and express genes required for photosynthesis; including both photosystem 

II (PSII; psbA) and I (PSI; psaA, B, C, D, E, K, JF, (Sharon, et al. 2009)) genes, as well as 

accessory pigment proteins (hol, pebA and pcyA) and plastocyanin and ferridoxin (petF).  Based 

on culture and expression studies, it has been suggested that these genes enhance phage fitness; 

allowing sufficient time for the phage to replicate and package its genetic material prior to cell 

death of the host cyanobacteria (Lindell, et al. 2004; Millard, et al. 2004; Lindell, et al. 2005).   
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In addition to cyanophage, a growing body of literature has focused on marine viruses 

infecting other bacteria, e.g., Roseobacter sp. (Rohwer, et al. 2000) and the eukaryotes 

including, Ostreococcous sp. (O'Kelly, et al. 2003; Derelle, et al. 2008; Turmel, et al. 2009; 

Weynberg, et al. 2009; Bellec, et al. 2010; Moreau, et al. 2010; Thomas, et al. 2010; Weynberg, 

et al. 2011),  Emiliania huxleyi (Wilson, et al. 2002; Wilson, et al. 2005), Micromona pusilla 

(Cottrell, et al. 1991),  and Phaeocystis sp. (Brussaard, et al. 1999; Brussaard, et al. 2004). 

These latter viruses that infect eukaryotic organisms typically comprise the nucleo-cytoplasmic 

large DNA viruses (NCLDV).  Also, viruses that appear Mimivirus-like (belonging to the 

NCLDV) have been suggested to infect marine algae species (Monier, et al. 2008).  Mimivirus 

relatives are likely going to be an important aspect of future evolutionary biology studies 

because their genetic material and physiology challenge the boundaries of life between viruses 

and cellular organisms due in part to their large size (~1.2Mb genome, encoding 911 proteins 

(Raoult, et al. 2004)), occurrence of its own translational machinery, and its possession of both 

DNA and RNA molecules within the viral particle. 

Viral:Host Interactions 

 Marine phage titers are typically inversely correlated to their host abundances most 

notably through the ‘kill-the-winner’ process, which has been simulated through a Lotka-

Volterra-type model (Thingstad, et al. 1997; Thingstad 2000); in which host and viral 

abundances oscillate between one another with the most dominant host cyclically reduced 

through viral infection (Wommack, et al. 1999; Fuhrman, et al. 2003; Rodriguez-Brito, et al. 

2010).   

To counteract viruses causing these growth perturbations, bacteria seek rapid evolution 

of defense mechanisms to give them a selective advantage against other populations and against 

viral predation.  These exchanges are better known as the arms race (Red Queen hypothesis), 

where the bacteria are in a state of constant evolution aimed at to escape viral attack. While this 
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may seem futile since viruses also have the ability to rapidly transform, the genetic selection 

against viral infection (Tyson, et al. 2004; Andersson, et al. 2008) has been documented to be a 

successful defense mechanism in bacterial populations (e.g., through changes in outer-

membrane proteins, and a novel genetic interference process).  Similar to the extensively 

studied sequence-directed genetic interference process of RNAi (RNA intereference) that occurs 

in eukaryotes, clustered regularly interspaced short palindromic repeats (CRISPRs) are used by 

bacteria and archaea to fight viral invasion (Tyson, et al. 2008).  The motif of these genetic 

components consists of CRISPR associated (cas) genes on one end of an array of spacer 

sequences.  Such spacer sequences are homologous to mobile genetic elements and were 

predicted to confer resistance in bacteria and archaea (Makarova, et al. 2006; Lillestol, et al. 

2009), which was later substantiated in laboratory experiments with Streptococcus thermophilus 

(Barrangou, et al. 2007), where they showed that CRISPRs were linked to phage resistance. 

Furthermore, a recent analysis of a marine metagenomic dataset has used CRISPRs as a tool for 

identification of viral host cell sequences within a hydrothermal vent region (Anderson, et al. 

2011).  Identifying viral:host associations has become a topic of increasing interest, especially 

within metagenomic data (Williamson, et al. 2008). 

Viral Role in Biogeochemical Cycles 

Many of the uncultured environmental viral studies have arisen from marine 

environments and have increased our understanding of the role of viruses in biogeochemical 

processes (reviewed in(Fuhrman 1999)) primarily through viral infection followed by release of 

biologically available DOM (Figure 2).  Recent studies have also indicated a direct role for 

viruses in climate change through release of dimethyl sulfide (DMS), a cellular product of 

dimethylsulfoniopropionate (DMSP) breakdown, upon viral lysis of the marine prasinophyte M. 

pusilla (Hill, et al. 1998). P. globosa, also a prodigious producer of DMS (van Leeuwe 2007), is 

commonly infected and lysed by viruses (see (Brussaard, et al. 2007), for review). DMS is a gas 
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produced by phytoplankton and bacteria that acts as cloud condensation nuclei (particles in 

which clouds are formed from), thus decreasing the amount of solar radiation that hits the 

Earth’s surface and potentially mitigating climate change via global warming.  The direct role 

of viruses in the microbial food web illustrates their impact on a global scale through predation, 

particularly within the ocean; and their synergistic role in host metabolism is an emerging area 

that is still coming to light. 

Accessory Genome 

Viruses carry cellular genes of metabolic importance and have been shown to function 

within the host cell, as discussed above for cyanophage, and may be essential to phage fitness 

by overcoming rate-limiting metabolic functions of the host during infection.  These accessory 

genes, which were likely acquired through horizontal transfer during previous phage infection 

events, have been termed the viral ‘auxillary metabolic genes’ (AMGs) (Breitbart, et al. 2007).  

To date, the list includes psb genes (photosynthesis), cobs (cobalamin synthesis), hsp20 (heat-

shock), pebA (photosynthesis), phoH and RNA reductase genes, (phosphate metabolism).  

Phosphate is a limiting nutrient within the world’s oceans, therefore the acquisition and 

retention of these genes, as reported when describing Roseophage SIO1 (Rohwer, et al. 2000) 

and numerous viral metagenomic studies (Angly, et al. 2006; Dinsdale, et al. 2008; Williamson, 

et al. 2008), again documents a case when viruses have incorporated cellular genes that have 

potential to enable their success.  

III. Marine Metagenomics 

 The field of metagenomics is relatively young; with the term first coined in 1998 in a 

study of soil microbes sought at understanding the natural products synthesized by the 

community.  The term was used describe the analysis of similar but not identical items 

(Handelsman, et al. 1998; Handelsman 2004).  As opposed to genomics, which is the study of 

an individual genome from an organism (or population), metagenomics refers to the study of a 
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whole community of genomes.  It can also be used to describe the analysis of single genes from 

an environmental pool of organisms (e.g., 16s rDNA).  There are numerous reviews that pertain 

specifically to marine metagenomics (List) as it has been extensively studied.  Proceeding this 

term was a study of ‘environmental genomics’ (used synonymously with metagenomics) by 

(Stein, et al. 1996) from the marine environment, where they isolated and described sequences 

of an uncultured archaeon.  In this study, and all others from the marine environment, shotgun 

sequencing was used, which requires genomic DNA to be sheared and then subsequently 

sequenced.  

Sequencing strategies 

 Sequencing technologies used in metagenomic analyses have advanced rapidly since its 

inception.  While shotgun sequencing is still the method of choice for prepping genomic DNA, 

there are many perturbations of the general method that consists of shearing high molecular 

weight DNA.  There are many ways to shear genomic DNA to generate environmental libraries, 

examples include, nebulization, ultrasonic pulses, physical shearing, and enzymatic cleavage 

using restriction enzymes.  Also, multiple displacement amplification (MDA) and Linker 

Amplified Shotgun Libraries (LASLs) (Edwards, et al. 2005; Andrews-Pfannkoch, et al. 2010) 

have been used where amplification of microbial (Palenik, et al. 2009) and viral (Thurber, et al. 

2009) genomic DNA is necessary to generate appropriate quantities for sequencing.  At the 

beginning of metagenomic studies, Sanger sequencing technology was used, which requires 

cloning small or large sequences into appropriate vectors.  Current technologies, called next-

generation sequencing, have eliminated the cloning step (and associated biases).  These 

massively parallel sequencing technologies typically generate shorter reads (100-500bp on 

average depending on the technology), are inexpensive, and produce enormous quantities of 

sequences. For a review of currently available sequencing strategies, their methods and 

shortcomings see (Shendure, et al. 2008; Metzker 2010).  The first next-generation sequencing 
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platform available was the 454 FLX pyrosequencing platform and has been the only next-

generation sequencing strategy published to date in marine metagenomics (although 

community-level studies have been published using Ilumina technologies in human microbiome 

studies ((Lazarevic, et al. 2009; Qin, et al. 2010), see (Rodrigue, et al. 2010) for suitable 

methods). The studies in this dissertation used traditional Sanger and 454 GS FLX Titanium 

technologies. 

Environmental data 

 Marine microbial metagenomics comprise wide reaching total community level 

analyses (Venter, et al. 2004; DeLong, et al. 2006; Rusch, et al. 2007) to enrichment studies 

focused on subpopulations within the community (Zehr, et al. 2008; Palenik, et al. 2009; 

Woyke, et al. 2009) or mesocosms with experimental perturbations to examine community level 

changes (Mou, et al. 2008).  For a recent review on marine metagenomics see (Gilbert, et al. 

2011).  Sampling strategies have focused on most areas of the marine environment including 

surface waters (Rusch, et al. 2007), discrete depths (DeLong, et al. 2006), deep (Konstantinidis, 

et al. 2009), hydrothermal vent regions (Xie, et al. 2010), and sediments (Breitbart, et al. 2004; 

Hallam, et al. 2004), as well as, coastal and open-ocean (Rusch, et al. 2007). These studies have 

highlighted certain genes, most notably amoA, archaeal ammonia oxidation (reviewed in 

(Prosser, et al. 2008)), and ubiquitous proteorhodosins (reviewed by (Fuhrman, et al. 2008)). 

Marine viral metagenomics began in 2002 reported by Breitbart et al., and the majority 

of data arises from dsDNA viruses although recent methodologies have been adopted to 

examine viral genomes comprised of ssDNA, ssRNA, and/or dsRNA (Culley, et al. 2006; Ng, 

et al. 2009; Andrews-Pfannkoch, et al. 2010).  Data suggests that phage metagenomic samples 

are phylogenetically similar (Breitbart, et al. 2004), however also have a high level of genotypic 

diversity (Angly, et al. 2006) and frequency of unknown sequences (those that have no 

homology to known sequences).  These latter two findings may be provoking the illusion that 
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phage sequences are similar regardless of environment characteristics since the vast majority of 

sequences generated in these studies are not sufficiently described and enumerated.  

Organization of dissertation 

The subjects discussed in this introductory chapter were meant to review relevant topics 

without being redundant with the introductions in subsequent chapters.  Chapter II examines 

marine microbial communities in the CC and SCB.  Chapter III describes a novel method for 

Single Virus Genomics, which enables the isolation and characterization of single viral 

particles.  This method was used in Chapter IV, concurrently with metagenomics, to describe 

marine virioplankton communities within the CC and SCB.  The final section provides a general 

conclusion to the work presented in the thesis. 
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Figure 1.1:  Viral life cycle. Lysogenic viruses incorporate their DNA into the host genome 
(shown in red), and can remain there replicated with the host chromosome. Viral DNA can be 
‘induced’ into the second lytic life cycle, which does not include viral genomic information 
incorporated into the host, through triggers of cell death, e.g., Mitomycin C and ultraviolet 
radiation (UV).  In the lytic cycle, the viral genome is replicated, viral genes expressed using 
host machinery, and the DNA packaged into viral particles.  Viral particles are then released, 
causing cell death.  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Figure 1.2: Microbial loop including the viral shunt. 
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Abstract 
 
Metagenomic samples were collected along a coastal to open ocean transect between Southern 

California Bight and California Current waters during a seasonal upwelling event, providing an 

opportunity to examine the impact of episodic pulses of cold nutrient rich water into surface 

ocean microbial communities. The dataset consists of approximately 5.8 million predicted 

proteins across seven sites, from 3 different size classes: 0.1-0.8µm, 0.8-3.0µm, and 3.0-200.0µm.  

Taxonomic and metabolic analyses suggest that sequences from the 0.1-0.8µm size class 

correlated with their position along the upwelling mosaic. However, taxonomic profiles of 

bacteria from the larger size classes (0.8-200µm) were less constrained by habitat and 

characterized by an increase in Cyanobacteria, Bacteroidetes, Flavobacteria, and dsDNA viral 

sequences. Functional annotation of transmembrane proteins indicate that sites comprised of 

organisms with small genomes have an enrichment of transporters with substrate specificities for 

amino acids, iron and cadmium; whereas, organisms with larger genomes have a higher 

percentage of transporters for ammonium and potassium. Eukaryotic-type glutamine synthetase 

(GS) II proteins were identified and taxonomically classified as viral, most closely related to the 

GSII in Mimivirus, suggesting that marine Mimivirus-like particles may have played a role in the 

transfer of GSII gene functions. Additionally, a Planctomycete bloom was sampled from one 

upwelling site providing a rare opportunity to assess the genomic composition of a marine 

Planctomycete population. The significant correlations observed between genomic properties, 

community structure, and nutrient availability provide insights into habitat-driven dynamics 

among oligotrophic versus upwelled marine waters adjoining each other spatially.  

 
Introduction 
 

Metagenomic studies have been successful in establishing links between environmental 

conditions, key populations, and biological mechanisms mediating biogeochemical and 
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ecological processes (Handelsman 2004; Venter, et al. 2004; Thompson, et al. 2005; DeLong, et 

al. 2006). Such approaches also facilitate the discovery and assignment of new metabolic 

capabilities to taxonomic groups, e.g. proteorhodopsin (Beja, et al. 2000) and ammonia oxidation 

(Venter, et al. 2004).   

In collaboration with the California Cooperative Oceanic Fisheries Investigations 

(CalCOFI), a partnership between the California Department of Fish and Game, the NOAA 

Fisheries Service and the Scripps Institution of Oceanography (SIO) focusing on the study of the 

California Current Ecosystem (CCE), samples were collected from the California Current (CC) 

and Southern California Bight (SCB) in July 2007. The southward CC travels offshore near Point 

Conception and is the eastern boundary current of the North Pacific Gyre. Wind-driven nearshore 

seasonal upwelling is typical in the regions around and north of Point Conception in the CCE, 

however in the SCB the Southern California Countercurrent (SCC; surface) and California 

Countercurrent (subsurface) travel poleward along the coast during summer and inject warm, low 

nutrient, low chla oligotrophic waters into the coastal environment (Hickey 1979; Hickey, et al. 

2003) (Huyer 1983).  Coastal upwelling, in this region, occurs when north winds blow 

equatorward parallel to the coastline.  Consequently, surface water is pushed away from the 

coastline causing advection of deep, cold, nutrient-rich waters.  These waters contain nutrients 

such as nitrogen (primarily nitrate), dissolved iron (likely originating from benthic sediment 

remineralization (Johnson, et al. 1999)), inorganic carbon, silica, and phosphorus that accumulate 

in deep waters as a result of remineralization of sinking detrital matter.  These conditions are 

associated with increased primary production (Kudela, et al. 2006), resulting in the generation of 

large phytoplankton blooms (Wilkerson, et al. 2006), thus changing microbial community 

structure in surface waters.  Adding to the dynamic complexity of this region during seasons of 

upwelling, eddies stir the SCB waters, particularly the Santa Barbara Channel and the Santa 



25 

 

Monica-San Pedro Basin, and can influence phytoplankton distributions, thus altering microbial 

and pelagic food webs (DiGiacomo, et al. 2001).  

To date, molecular information on bacterioplankton within this region have primarily 

been derived from taxonomic surveys involving 16s rDNA and the16S-23S intergenic spacer 

region (Brown, et al. 2005), as well as functional gene surveys specific to particular taxonomic 

groups, e.g., rpoC diversity in Synechococcus sp. populations (Palenik 1994; Toledo, et al. 1997).  

Previous reports have also estimated taxonomic groups, such as Roseobacter sp., the 

cyanobacteria Synechococcus and Prochlorococcus, and the SAR11 clade to be abundant lineages 

within this community (Brown, et al. 2005).  .   

To investigate further the effect of abiotic (i.e., wind forcing and nutrients) and biotic 

influences within this dynamic coastal upwelling system, metagenomic sampling and analyses 

were conducted for three planktonic size fractions, 0.1-0.8µm, 0.8-3.0µm, and 3.0-200µm from 

seven sites taken along hydrographic and nutrient gradients from near to offshore within the CCE.  

The environmental sequences generated and analyzed here are a subset of the Global Ocean 

Sampling (GOS) expedition (Venter, et al. 2004; Rusch, et al. 2007; Yooseph, et al. 2007).The 

CalCOFI group collected oceanographic metadata including temperature, salinity, pH, 

chlorophyll fluorescence, nutrients, oxygen, primary production, and phyto- and zooplankton 

biomass and biodiversity estimates (www.calcofi.org).  These data provided an opportunity for 

integrated metagenomic examination of biological diversity and microbial ecological processes 

across an upwelling mosaic in a high productivity marine ecosystem.  

 

Materials and Methods 

Metagenomic sample collection 

Samples were collected on the R/V New Horizon, a SIO vessel, as part of the CalCOFI July 2007 

annual cruise.  Seven stations were sampled along the CalCOFI transect that covered near to off 
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shore hydrographic and nutrient gradients associated with upwelling regions of the CC and SCB.  

These included the following sites listed by CalCOFI stations with GOS identification in 

parentheses 87.40 (GS257), 87.80 (GS258), 83.110 (GS259), 83.80 (GS260), 80.90 (GS262), 

77.60 (GS263), 77.49 (GS264).  At each of the 7 stations, pre-filtration with a 200µm nytex net, 

followed by serial filtration through 3.0-, 0.8-, and 0.1-µm Supor 293mm disc filters (Pall Life 

Sciences) was performed on ~200L of surface seawater (~2m) generating discrete microbial size 

fractions, (see Rusch et al., 2007).  

 

See Supplemental for details concerning DNA purification, library construction, sequencing and 

454-Titanium post-processing. 

 

Nutrient and oceanographic data 

Metadata was collected on CalCOFI cruise 0707 using a variety of oceanographic sampling 

devices, for details see SIO Ref. 07-08.  Briefly, a Seabird Electronics, Inc., Conductivity-

Temperature-Depth (CTD) instrument (911) equipped with a 24, 10-liter rosette was used to 

collect seawater.  Seawater temperature measurements were taken from the CTD prior to the 

bottle trip and salinity was analyzed using a Guildline model 8410 Portasal salinometer.  Nutrient 

samples for dissolved silicate, phosphate, nitrate and nitrite were obtained using methods similar 

to Gordon et al., 1993.  Water samples for assessing chlorophylla and phaeopigments were 

filtered onto Whatman GF/F filters and the pigments extracted using methods similar to (Venrick, 

et al. 1984).  Pigment concentrations were determined from fluorescence readings before and 

after acidification with a Turner Designs Fluorometer Model 10-AU-005-CE.  

 

16s rDNA prediction and protein prediction 
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Non-coding RNA (ncRNA) and protein sequences were found using the JCVI metagenomics 

annotation pipeline, similar to the JCVI prokaryotic annotation pipeline (Tanenbaum, et al. 2010).  

Identification of ncRNA is accomplished through a two processes: (i) tRNAScan-SE (Lowe, et al. 

1997) and (ii) set of two increasingly stringent BLASTN (e-value 0.1 to 1e-4) searches performed 

against the JCVI internal reduced-complexity rRNA database. The latter contains a representative 

sampling of known 5S, 16S, 18S, and 23S rRNA sequences downloaded from GenBank.  In both 

cases, the identified rRNA sequences were output in multi-fasta files for subsequent rRNA 

analysis.   

 

 

Phylogenetic profiling 

For taxonomic classification of predicted metagenomic peptides the Automated Phylogenetic 

Inference System (APIS) (Badger, et al. 2006; Bowler, et al. 2008), a pipeline that automates the 

process of sequence similarity, alignment, and phylogenetic inference for each protein in a given 

dataset, was employed.  Each predicted protein was compared to an in-house curated database 

(phyloDB), which consists of proteins from a comprehensive set of available reference genomes 

(consisting of archaea, bacteria, eukarya, and viruses), particular expressed sequence tag (EST) 

datasets from important missing phyla (e.g. dinoflagellates) and selected viral metagenomes using 

BLASTP.  Briefly, for each predicted metagenomic peptide, full-length sequences with 

significant BLASTP hits (e-value 10-9) are retrieved and then a multiple sequence alignment is 

generated using MUSCLE.  From this alignment a neighbor-joining tree was produced using 

QuickTree (Howe, et al. 2002) to determine the phylogenetic placement of the query sequence.  If 

the taxonomic information differs among sequences clading equally well with the query, the 

classification is limited to the lowest taxonomic rank where there is agreement. 
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Metabolic profiling via homology to COGs/KOGs  

The assignment of environmental sequences to COGs was performed by querying the NJ 

phylogenetic trees of all bacterial ORFs in APIS for the nearest neighbor reference sequence from 

phyloDB. Each reference protein from all genomes, ESTs and viral metagenomics datasets was 

BLAST against a database of annotated proteins from NCBI 

(ftp://ftp.ncbi.nih.gov/pub/COG/COG/ and ftp://ftp.ncbi.nih.gov/pub/COG/KOG/). If the nearest 

neighbor in phyloDB had a COG assignment it was transferred to the environmental sequence.  

 

Assembly 

Metagenomic sequence reads were assembled using the Celera (Sanger) (Rusch, et al. 2007) or 

Newbler (454-Titanium) assemblers using an 86% identity cutoff.  Four assemblies were used in 

the analyses: (i) Sanger sequence reads from the 0.1-0.8µm size class for all sites, (ii) 454-

Ttianium sequence reads from all three size fractions (0.1-0.1µm, 0.8-3.0µm, 3.0-200µm), (iii) 

Sanger sequence reads from GS260 0.1-0.8µm size class, and (iv) 454-Titanuium sequence reads 

from GS260 0.8-3.0µm size class. Predicted proteins, from unassembled metagenomic reads, 

were mapped to scaffolds or contigs and their phylogenetic classification from APIS used to 

assign scaffold/contig taxonomy.   Scaffolds/contigs were considered Planctomycete or SAR11 if 

≥33% of the predicted ORFs in the scaffold/contig were classified as one of  these taxa.  To 

identify the contribution of site-specific reads to the aggregate scaffolds/contigs, the abundance of 

sequence reads from each site and size class was calculated for all scaffolds/contigs. 

 

Accession numbers 

 

Results and Discussion 

Bacterioplankton diversity across nutrient regimes 
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A combination of Sanger and 454 sequencing technologies were used to generate 

metagenomic data derived from three filter sizes (0.1, 0.8 and 3.0µm) collected at 7 stations 

situated across a grid of CalCOFI transect lines in the summer (July, 2007) (Figure 1A and 

Table S2).  Figure 1 also shows chlorophylla (Chla; Figure 1B) and sea surface temperature 

(SST; Figure 1C), which are indicators of coastal upwelling.  Based on oceanographic metadata 

(e.g. nutrients, SST, and pigments), the sites can be classified into two productivity groups, 

oligotrophic (<0.5µM nitrate (NO3
-), >17˚C) and upwelled (>1.0µM NO3

-, <16˚C), Table 1.   

Although satellite (Figure 1B) and in-situ (Table 1) Chla data are not in agreement, it is clear 

that site 77.60 (GS263) represents an upwelled sample.  It is likely that this site would not be 

exposed to the strong direct effects of coastal upwelling as it resides on the shelf with a water 

column depth of 922m; however, 77.60 (GS263) is in a region of relatively low temperature, 

elevated Chla, NO3
-, and silicate (SiO3) in surface waters. Also, sites 87.80 (GS258) and 83.80 

(GS260) appear to be what we operationally term as ‘aged-upwelled’ waters meaning they are 

upwelled waters that have travelled offshore and exhibit lower temperatures, relative to 

oligotrophic sites, and medial Chla and NO3
- levels.  These sites appear distinct in comparison to 

the other upwelled sites in certain taxonomic and metabolic capacities.    

In order to investigate the degree of biological similarity between nutrient and 

temperature regimes within this region, a priori  of taxonomic and metabolic information, 

oceanographic metadata and DNA sequence features were evaluated for associations.  Open 

reading frames (ORFs) identified on the metagenomic reads from each site and size class were 

evaluated for GC composition, nucleotide frequency, amino acid usage and an estimate of the 

number of bacterial genome equivalents represented. The GC profile of samples 87.40 (GS257), 

83.110 (GS259), 80.90 (GS262) characterized by oligotrophic waters, exhibited one peak at 

~35%, which is analogous to that of Candidatus Pelagibacter (~30% (Giovannoni, et al. 2005)), 

the dominant organism present based on phylogenomic analysis (Figure 2).  The remaining 
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samples originating from upwelled sites 87.80 (GS258), 83.80 (GS260), 77.60 (GS263) and 

77.49 (GS264), displayed a bimodal GC distribution with a relatively smaller peak at ~35% and a 

greater peak at ~45% GC. Principal component analysis (PCA) of nucleotide frequency and 

amino acid usage (Figure S1) also showed that sequences from oligotrophic and upwelled sites 

were well correlated within and between these groups compared to the two aged-upwelled 

samples, GS258 (87.80) and GS260 (83.80), which were intermediate.  The difference in these 

sites is likely driven primarily by the relatively low diversity of sample GS260 (83.80), which 

was dominated by a Planctomycete population.  Sites from oligotrophic waters also had a greater 

number of genomes sampled and lower estimated genome size, whereas sites from upwelling 

regions had lower genome equivalents and greater genome size (Figure S2).  Small genome size 

(genome streamlining) and low GC content is a common characteristic for organisms cultured 

from oligotrophic marine environments (Giovannoni, et al. 2005). These data suggests a 

relationship between nutrient availability taxonomic distribution, DNA compostion, and 

estimated genome size. Additionally, genome size increased in the larger size classes, which 

suggest discrete bacterial populations are present and most likely comprising a unique niche 

compared to the 0,1um community rather than being an artifact arising from the filtering process 

(although low levels of artifactual data is possible). 

Phylogenetic evaluation of all predicted proteins revealed significant differences in 

bacterioplankton community composition across the upwelling gradient (Figure 3 and Figure 

S3). Sequences from the three oligotrophic sites 87.40 (GS257), 83.110 (GS259), and 80.90 

(GS262), showed taxonomic representation similar to the GOSI dataset (Rusch, et al. 2007), 

which were typified by a dominance of Alphaproteobacteria and Cyanobacteria, primarily 

Pelagibacter sp. (average genome size ~1.6Mbp) and Prochlorococcus sp. (average genome size 

~1.5Mbp), respectively.  The remaining four sites 87.80 (GS258), 83.80 (GS260) (aged-

upwelled); 77.60 (GS263) and 77.49 (GS264) (upwelled), displayed clear differences in 
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bacterioplankton community structure.  Interestingly, site 87.80 (GS258) showed an increase in 

Actinobacteria relative to other samples.  Actinobacterial sequences were previously detected in 

the GOSI samples (Rusch, et al. 2007; Jensen, et al. 2008).  Although these sequences appear to 

be phylogeneticaly related to known Actinobacteria they are difficult to classify at lower 

taxonomic levels indicating the potential for a novel surface ocean Actinobacterial group.  

Alternatively, upwelling could be a source for sediments from the benthic boundary layer and 

associated taxa in these waters (Johnson, et al. 1999). Another distinct taxonomic feature of the 

sample set was an increase of ORFs classified within the Cytophage/Flavobacteria/Bacteroidetes 

(CFB) group predominantly in the active upwelling sites, 77.60 (GS263) and 77.49 (GS264).  .  

Generally, Proteobacteria sequences were consistently more abundant within the oligotrophic 

sites, with a relative increase in α-proteobacteria (Figure S4).  In the upwelled sites, however, 

total percentages of sequences classified as Proteobacteria were lower and class γ-proteobacteria 

were relatively more abundant.  Lastly, a rare Planctomycete bloom was evident in the 0.1µm 

(and 0.8µm) sequence data as is described below. 

 

Community Structure of ‘Large’ microbial size classes 

 This study is unique to previous marine metagenomics reports in that microorganisms 

from 0.1-200µm were investigated using filter cutoffs to reduce complexity.  Based on 

phylogenetic placement of bacterial core genes (Figure 4, Table S3), bacterial community 

structure dynamics shifted among the larger size classes (0.8-200µm) revealing that nutrient 

availability, which constrained the community structure of the 0.1-0.8µm-size class, had less 

influence among organisms in the larger size classes.  In addition to the ‘free-living’ CFB 

populations within the lower size class, a relative increase in sequences from the CFB group was 

found in the greater size class communities, consistent with their suggested lifestyle preference in 

association with particulate organic detritus in marine systems (Crump, et al. 1999).  CFB 
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enrichment on particulate detritus is likely due to their enhanced ability to degrade and assimilate 

high molecular weight dissolved organic matter (DOM) compared to other bacterial groups 

(Cottrell, et al. 2000).  Gammaproteobacterial sequences were also more abundant on the larger 

filters; especially those from sites of higher nitrate concentrations, consistent with the capability 

of some lineages to assimilate nitrate (Allen, et al. 2001).  These γ-proteobacterial sequences 

were concentrated on an internal node of the reference tree, allowing classification to the phylum 

level only (Figure 4A), hence distantly related to any sequenced genomes used to construct the 

reference tree (Table S4, see Appendix 1).  Environmental sequences within the Roseobacter 

lineage were more abundant among the α-proteobacterial sequences at the near shore upwelled 

sites off Point Conception, sites 77.60 (GS263) and 77.49 (GS264).  Phylogenetic data also 

revealed an increase of Synechococcus and Prochlorococcus populations in the 0.8-200µm-size 

class (Figure 4).   

Additionally, the 0.8 and 3.0µm filters contained a relatively large fraction of sequences 

phylogenetically classified as viruses (5.4 and 4.8% respectively, compared to 1.9% on the 0.1µm 

filter; Table S5).  These viral sequences could have originated from infection of phytoplankton 

(or larger-celled heterotrophic bacteria), latent infection, or from virioplankton surface-associated 

with larger celled organisms (DeLong, et al. 2006; Williamson, et al. 2008).  Analysis of the 

sequence diversity of viruses based on clustering at global identity cutoffs of 70-100% on each of 

the filters revealed a higher degree of diversity in the 0.1-0.8µm community compared to the 

larger (0.8-200µm) size classes (Figure S5); suggestive of a higher level of clonality and 

consistent with infection or association with dominant bacterio- or phytoplankton populations.  

Generally, sites of active upwelling were enriched in sequences classified as diatoms in 

the largest size class (3.0-200µm); while the picoeukaryotes Micromonas sp. and Ostreococcus 

sp. were relatively more abundant, when compared to other sites in the 0.8-3.0µm size class 

(Figure S6). Offshore oligotrophic sites, particularly in the case of the largest size class (3.0-
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200µm), were enriched in sequences classified as dinoflagellates or other Alveolata. The 0.8-

3.0µm size class at the oligotrophic sites, 87.40 (GS257) and 83.110 (GS259), contained 

enrichments for pelagophytes and sequences cladding with the non-photosynthetic alveolates 

Tetrahymena sp. or Paramecium sp. respectively. Therefore, patterns of eukaryotic community 

composition and nutrient regime also showed a high degree of overlap with relative enrichments 

of different taxa associated with different size classes.   

 

Genomic sampling of a Planctomycete bloom 

At station 83.80 (GS260) a rare planctomycete bloom event was detected by a dramatic 

spike in the abundance of Planctomyces genes (60.4% of total ORFs on the 0.1µm, 26.5% on the 

0.8µm, and 7% on the 3.0µm filters), as well as, a general increase in genes from the closely 

related Chlamydiae/Verrucomicrobia and Lentisphaerae phyla.  This is significant as 

Planctomycetes are typically in low abundance relative to other bacterioplankton populations in 

marine samples.  Based on metadata (e.g. temperature, and NO3
-; Table 1) and the position of site 

83.80 (GS260) within the upwelling region (Figure 1A and B), this Plancotmycete bloom likely 

originated offshore in the aged-upwelled CC waters. Planctomycetes appear to be in low 

abundance in all other samples analyzed in this study, ranging from 0-3% of the bacterial peptides 

classified.  Why Planctomycetes bloom is unknown; however, they have been identified in 

similar environments, i.e., Namibian and Oregon upwelling systems (Woebken, et al. 2007) and 

high densities of Planctomycete bacteria have been reported in association with diatom blooms 

(Morris, et al. 2006). This spatial association has been suggested as indicative of direct 

interactions, and was further exemplified by the possible gene transfer of assimilatory nitrite 

reductase (nasB) from Planctomycetes to diatoms (Bowler, et al. 2008). The occurrence of all of 

the genes required for transport and assimilation of NO3
- in Planctomycete genomes might 

partially explain their apparent success in upwelled waters.  Additionally, it has been proposed 
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that Planctomycetes can derive energy through cleavage of sulfated macromolecules produced by 

algae (Glockner, et al. 2003).  Silaffins are abundant cell wall proteins in diatoms and known to 

be associated with heavily sulfated sugars (Kroger, et al. 2008). COG3119 (arylsulfatases) and 

KOG3867 (sulfatase) are examples of highly abundant gene families in GS260 datasets; which is 

consistent with Planctomycete reference genomes harboring an unusually high number of 

sulfatases (~41-100 genes/genome) (Glockner, et al. 2003; Woebken, et al. 2007). The abundance 

of diatom  sequences in the 0.8-200µm size class is relatively elevated at 83.80 (GS260) (Figure 

S6); providing further evidence of diatom-California Current Planctomycete (CCP) interactions 

potentially supporting the high concentration of Planctomycetes at this site compared to other 

samples,  

At the time of this study five planctomycete genomes were available (Rhodopirellula 

baltica, Blastpirellula marina, Gemmata obscuriglobus, Planctomyces limnophilus, and 

Planctomyces maris).  To identify which features the sampled CCP population had in relation to 

these reference genomes, MDS analysis was performed based on presence/absence of CCP 

sequences in these references (Figure S7).  These data indicated that the CCP is most closely 

related to the other marine planctomyces, B. marina and P. maris.  Sequence assembly of the 

Sanger and 454 libraries for GS260 was performed and taxonomic binning used to identify CCP 

scaffolds and contigs.  Genes on Planctomycete scaffold and contigs, yet not classified as 

Planctomycete at the phylum level and not present in the reference genomes  consisted of 360 

total ORFs.  Over 62% of these ORFs were unable to be assigned using phylogenetic profiling, 

Table S6. 

 

SAR11 Diversity 

 Microbes within the SAR11-cluster are ubiquitous in the world’s oceans (Rappe, et al. 

2002) and found in large numbers in surface waters (Morris, et al. 2002).  Pelagibacter-like 16S 
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rDNA sequences were mined from the metagenomic data (162 total found) to determine their 

diversity across the upwelling gradient. The majority of sequences derived from the 0.1µm filter 

(Sanger or 454-Titanium; 95.6%), and primarily from the oligotrophic sites (79.6%) (Table S7).  

Pplacer (Matsen, et al. 2010) was used to phylogenetically place metagenomic sequences onto a 

fixed 16S rDNA reference tree. Four known subgroups of SAR11 were identified within the 

upwelling gradient (Figure 5).   Nine query rRNA sequences fell outside reference clades in the 

SAR11 subgroup 2 and 3+4 suggesting these may be new strains belonging to these subgroups or 

novel subgroups.  

 Interestingly, a few of the SAR11 16S rDNA sequences were found on the larger filters 

(Table S6), as well as reads that were taxonomically binned either using the phylogenomic 

approach or single copy core HMMs (Table S3).  All 16s rDNA sequences from the larger size 

classes were in the subgroup 1 and 2 clades.  We speculate that distinct SAR11 ecotypes, 

compared to the 0.1µm ecotypes, within or similar to subgroup 1 and 2 occupy a niche in 

association (i.e., on the cell surface) with larger bacterio- and phyto-plankton, e.g., cyanobacteria, 

rather than their being larger in cell size.  Further, C. Pelagibacter sp. (2082 scaffolds from 

Sanger and 403 contigs from 454-Titanium assemblies) assemblies were analyzed based on site 

characteristics.  Interestingly, reads from the 0.8 and 3.0µm filters are more likely to assemble 

compared to those from the 0.1µm filters (Figure S8). Evaluation of ORFs from Pelagibacter 

contigs that included larger size classes revealed that 105 ORFs (715 total from 454 assembly) 

were not homologous to any predicted proteins in the three available reference genomes (C. 

Pelagibacter ubique HTCC1002, C. Pelagibacter ubique HTCC1062, and C. pelagibacter sp. 

HTCC7211) and of the 15 that showed homology to a sequence within the GenBank database, 

five appeared to be of viral origin.   

 

Metabolic profiling of the CC microbial community 
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While certain genes or gene families are found at relatively consistent levels across 

genomes, (e.g. translation and cell division functions), others, such as transporters and most 

metabolic genes, often scale proportionally with genome size.  We evaluated whether 

metagenomic data followed this trend and if the extent of the metabolic repertoire of a 

community could be predicted based on environmental factors present at the time of sampling; 

considering that genome size is positively correlated with nutrient availability and size class 

(Figure S2). To examine the functional repertoire of microorganisms sampled within the 

Southern California upwelling region, sequences were binned based on nearest neighbor 

homology to clusters of orthologous groups (COGs - Bacteria; KOGs - Eukaryote). In general the 

number of individual COG hits per genome equivalent increased with greater size class of the 

sample and from oligotrophic to upwelled samples; which correlates with overall increases in 

estimated genome size. Figure 6 illustrates the relationship of the COG/KOG20 (Cuvelier et al., 

2010) (identified as the number of unique COG/KOGs per genome in the top 20% of total 

COG/KOGs scored) for each sample or reference genome versus genome size.  Increases in 

COG/KOG20 are equivalent to expansions in the largest gene families; whereas decreases are 

suggestive of a reduced occurrence of paralogs and streamlined genomes.  These results are 

consistent with the hypothesis that microbes in nutrient rich waters have larger genomes and an 

enriched repertoire of metabolic capabilities.  This is reflected by a larger bin of orthologous 

genes. 

 

Analysis of nitrogen metabolism 

Glutamine synthetases (GSI, GSII, and GSIII) are key enzymes in nitrogen metabolism, 

specifically ammonium assimilation and glutamine biosynthesis, within all domains of life. GSI 

is found in diverse bacterial and archaeal lineages (Brown, et al. 1994), as well as, in some 

eukaryotic taxa.  GSIII has been found in bacteria, cyanobacteria and eukaryotes (particularly 
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diatoms and pransinophytes (green algae)).  GSII has interweaving phylogenies with evidence of 

gene transfer events between and among bacteria and eukaryotes (Brown, et al. 1997; Robertson, 

et al. 2006; Ghoshroy, et al. 2010).  The GSII gene family is found in all eukaryotic lineages and 

some bacterial lineages, however primarily comprised of the former. Large numbers of bacterial 

GSII proteins were found in previous GOS data (Yooseph, et al. 2007). We identified two groups 

of glutamine synthetases in the southern California upwelling region using COG/KOG 

assignments; corresponding to 2,763 GSI (COG0174) and 166 GSII (KOG0683) sequences.  Of 

the 166 GSII peptides, 44 were of bacterial origin and classified as γ-proteobacteria and 

Actinobacteria (13.3% of the GSII peptides for each Phyla).  However, 4.2% (7 total) of the GSII 

hits are phylogenetically classified as Mimiviridae, most likely related to Mimivirus (Raoult, et 

al. 2004) (Figure S9).  Mimivirus-like sequences have been attributed to viruses that infect 

marine protists and eukaryotic phytoplankton (Monier, et al. 2008).  Within the GSII class there 

have been eukaryotic and bacterial genes identified, with phylogenetic placement of γ-

proteobacteria sequences in a clade among green algae, thus invoking implications for non-

endosymbiotic acquisition of these genes from bacteria to eukaryote (Ghoshroy, et al. 2010).  Our 

finding of the Mimiviridae-like GSII sequences suggests that viruses similar to Mimivirus may 

have aided in the transfer of these genes among marine microorganisms. 

Evidence for nitrogen-fixing organisms has been scarce in large-scale metagenomic 

datasets from the surface ocean (Johnston, et al. 2005).  We found similar results with only one 

hit to nitrogenase (nifH), based on BLAST using a nifH reference against the complete set of 454-

Titanium predicted proteins; with homology to the N-fixing marine cyanobacterium UCYN-A 

(Tripp, et al. 2010).  Subsequently, we evaluated all proteins with homology to UCYN-A (e-value 

>1.0e-9) and found a preponderance of sequences from the near shore oligotrophic sample GS257 

(87.40) and within the largest size class (77.2% in 3.0-200µm size class and 19.4% in 0.8-3.0µm).  

These data support the predicted lifestyle of UCYN-A as being associated with larger organisms 
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(Tripp, et al. 2010) and indicate that there is enhanced capacity for nitrogen fixation in 

oligotrophic waters from organisms linked to larger size class microbes. 

 

Transport Processes 

Transports have been shown to increase as a function of bacterial genome size and 

represent a high percentage of total proteins per genome.  For comparison, approximately 9% of 

marine bacterial genomes from the Moore 150 (Yooseph, et al. 2010), were characterized as 

transport proteins and range from 2-16%. All metagenomic bacterial peptides, phylogenetically 

classified at the kingdom level, were searched against transportDB (Ren, et al. 2007).  A positive 

correlation was detected between nutrient availability and size-class, genome size, and transporter 

abundance (Figure 7 and S9). A similar overall trend was noted when narrowing the analysis to 

transport families with known substrates.  To assess whether substrates were enriched or depleted 

across sites and size classes, the proportion of transporters per genome for each of the substrates 

analyzed relative to the mean was estimated (Figure 7A).  Transporters of nitrate/nitrite are 

overrepresented in upwelled sites (Figure 7E), and within the 0.8-200µm size classes.  MFS 

nitrate and nitrate/nitrite transporters taxonomy is largely dominated by Synechoccoccus sp., 

which is known to be important for nitrogen assimilation (Paerl, et al.) and shows overlap with 

taxa that are enriched in upwelled sites including, γ-proteobacteria and bacteriodetes (Figure 7F).  

With the exception of the most near shore upwelled site 77.49 (GS264), iron and manganese 

follow similar distributions to one another showing a relative enrichment in sites of low nutrient 

concentrations (oligotrophic) and in larger size classes, again most likely due to the abundance of 

Prochlorococcus-like cyanobacteria in these waters.  MFS multidrug efflux transporters showed 

the greatest disparity in enrichment from 1.6 per genome equivalent (GS259 0.1µm) to 9.36 per 

genome equivalent (GS258 3.0µm).  This may be in part result from the propensity of bacterial 

with larger genomes to synthesize more secondary metabolites, metabolic pathways that 



39 

 

commonly harbor MFS multidrug efflux transport proteins (Martin, et al. 2005).  Metal transport 

functions, including copper and zinc, appear more prevalent in low nutrient/large genome size 

classes.  Interestingly, cadmium was the only substrate over represented in the 0.1µm fraction 

(Figure S10). 

 

Assembly analysis 

To further investigate the relationship between sequences from sites of similar 

oceanographic context, assemblies generated from 0.1µm Sanger sequence reads and from 0.1, 

0.8, and 3.0µm 454-Titanium sequences were used to link which sites were more likely to co-

assemble into scaffolds or contigs, respectively (Figure S8).   It was clear that sites with similar 

oceanographic context are more likely to assemble together rather than sites of differing ocean 

chemistry, irrespective of spatial distance among sites. The aforementioned results from 

examining scaffolds/contigs taxonomically classified as C. Pelagibacter sp. showed similar 

trends.  These data indicate that perhaps ecotypes of organisms (even within the same genera) are 

forming distinct populations across the upwelling mosaic, as well as, within the same sites but 

among different communities (niches; size classes). 

 

Conclusions 

Delineation of spatial and temporal boundaries that define bacterioplankton communities 

in surface ocean environments is challenging due to the lack of clear habitat boundaries and high 

levels of dispersal within populations.  Using community level genomics analyses we have shown 

that the upwelling mosaic, typical of summer months in the Southern California Current 

Ecosystem, segregates smaller bacterioplankton over small spatial scales and that community 

diversity is correlated with nutrient availability.  Discrete bacterial communities were also 

observed within larger size classes. Interestingly, a clear distinction between size classes was also 



40 

 

evident through assembly of taxonomically similar sequences between small (0.1-0.8µm) and 

larger size classes (0.8-200µm).  These communities also appeared to have larger genomes, and 

therefore harbor enhanced metabolic capabilities; largely associated with gene family expansions 

that likely lead to novel functional capacity.     

 

Supplementary information is available at http://www.nature.com/ismej/index.html. 
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Table 2.1:  Oceanographic metadata collected at sea and reported by CalCOFI (how to reference).  GOS ID corresponds to the Global Ocean 
Sampling ID from JCVI and Station ID corresponds to the CalCOFI station id where sample was taken.  Collection and analysis methods are 
described in Methods. 
 
 

GOS 
ID  

Station 
ID  Latitude Longitude Date 

Bottom 
Depth  

Sample 
Depth Temp  Salinity SIO3 PO4 NO3 NO2 Chla Phae 

       (D/M/Y)  (m) (m) (°C)   (µM/L) (µM/L) (µM/L) (µM/L) (µg/l) (µg/l) 

GS257 87 .40 
33 39.5 
N 

118 58.4 
W 5/7/07 777 2 18.64 33.744 1.2 0.22 0 0.01 0.23 0.05 

GS258 87 .80 
32 
19.8N 

121 42.6 
W 6/7/07 3954 2 14.71 33.511 0.4 0.42 2.7 0.16 0.89 0.01 

GS259 83 .110 
31 54.4 
N 

124 10.1 
W 7/7/07 4212 2 17.25 33.362 2.1 0.33 0.3 0.01 0.13 0.03 

GS260 83 .80 
32 54.5 
N 122 8.5 W 8/7/07 4186 2 14.68 33.155 2.3 0.49 2.9 0.11 1.2 0.08 

GS262 80 .90 33 9.1 N 
123 13.4 
W 11/7/07 4234 2 17.4 33.095 2.2 0.31 0 0.01 0.09 0.01 

GS263 77 .60 
34 43.4 
N 

121 33.2 
W 13/07/07 922 2 15.59 33.73 3.6 0.49 1.6 0.09 0.82 0.21 

GS264 77 .49 35 5.2 N 
120 46.5 
W 13/0707 71 2 13.71 33.806 8.9 0.65 5.9 0.18 2.49 0.75 
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Figure 2.1:  CalCOFI transect map.  A) Highlighted in blue are the sites sampled for GOS 
metagenomics sequencing.  Two indicators for upwelling during the sampling period are shown, 
B) chlorophyll-a and C) sea surface temperature, both taken using satellite imagery.  The GOS 
site identifications were superimposed onto maps. 
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Figure 2.2:  GC composition of bacterial protein coding DNA sequences from the 0.1µm filter 
of each site sampled.  Percent GC is plotted on the y-axis and the % of bacterial sequences on 
the x-axis. 

!"

#"

$"

%"

&"

'!"

'#"

'$"

'%"

'&"

()#*+"

()#*&"

()#*,"

()#%!"

()#%#"

()#%-"

()#%$"

'!" #!" -!" $!" *!" %!" +!" &!"

.(/"

.
01
2
3
1
4
5
1
0"

678391"#"



48 

 

 
Figure 2.3:  PCA using oceanographic metadata, including nutrients.  The CalCOFI sample 
sites are given and a taxonomic representation of sequences from each site shown in a pie chart.  
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Figure 2.4:  Taxonomic classification using core bacterial HMMs with phylogeny inferred 
based on placement on reference tree of core bacterial HMMs from all sequenced bacterial 
genomes.  Taxonomic groups of interest are highlighted as follows:  Blue = Proteobacteria, red 
= Firmicutes, light blue = Actinobacteria, green = Cyanobacteria, white = planctomycetes, 
yellow = Bacteroidetes.  Heatmaps were generated based on the abundance of taxonomy at each 
node within the reference tree for every group of samples (need a legend for colors – blue is low 
red is high and scaled between one-another so you can compare them). 
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Figure 2.5: Phyml phylogenetic tree of 16s rDNA sequences of metagenomics sequences and 
SAR11 reference sequence.  Each SAR11 is color-coded by subgroup:  subgroup 1 (purple), 
subgroup 2 (blue), subgroup 3 (black), and subgroup 4 (grey).  Metagenomic sequence 
placement is shown in red.  Two reference genome sequences were analyzed and their clade 
shaded in purple.  Red stars indicate metagenomics sequences outside clades containing 
reference sequence(s). 
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Figure 2.6:  Metabolic profiling of samples based on COG/KOG 20.  Metagenomic samples as 
follows:  0.1µm (black), 0.8µm (orange), 3.0µm (purple) and oligotrophic (closed circle), aged-
upwelled (closed triangle), upwelled (closed square).  Reference genomes were binned into 
groups of varying diversity levels to show that the slope of the linear regression varies with 
taxonomic diversity: phyla (red) and phyla with fewer than 6 representatives and genera (blue). 
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Figure 2.7:  Transport proteins binned based on substrate plotted with increasing genome size.  
A-C) The mean transporter per genome for each substrate was computed and the difference 
from the mean plotted for each sample, y-axis.  Substrates were binned into three groups based 
on their proportion to total proteins per genome, therefore (A) enriched in large genomes 
(proportion increases with genome size), (B) enriched in small genomes and (C) unchanged 
(proportion does not change with change in genome size). D) Genome size for each site and size 
class. E) Average transporter per genome of nitrate/nitrite substrate transporters only belonging 
to the Major Facilitator Superfamily (MFS).  F) Taxonomic classification of nitrate/nitrite MFS 
transport proteins in E. 
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Supplemental Methods: 

Library Construction and Sequencing 

Environmental DNA (eDNA) was isolated from the impact filters and library construction was 

performed according to Rusch, et al. 2007.  Briefly, shipboard frozen filters contained in the 

following storage buffer:  1X Tris-EDTA (TE) buffer (Invitrogen), 50mM EGTA and 50mM 

EDTA, were thawed to room temperature and aseptically cut for DNA extraction.  Filter 

fragments were placed in 50ml conical tubes and lysis was performed as previously described.  

DNA was ultimately purified using a phenol/chlorofom extraction method followed by ethanol 

precipitation.   For library construction using Sanger sequencing, eDNA was randomly sheared 

using nebulization and polished through BAL31 nuclease and T4 DNA polymerase reactions.  

Fragmented DNA was size selected via agarose gel electrophoresis.  BstX1 adapters were 

ligated onto the inserts prior to ligation into the BstX1 linearized pBR322c2T plasmid vector 

used for shotgun library preparation.  Libraries were then transformed and plated for isolation of 

colonies as sequencing templates.   

Di-deoxy sequencing was used to generate paired-end sequence reads from plasmid 

templates.  For 454 GS FLX Titanium sequencing eDNA was sheared and adaptors ligated.  

Subsequently, AMPure bead purification was followed by emulsion PCR (emPCR) and 

sequenced on the Roche 454 Sequencing platform.  All sites, except GS260 had enough eDNA 

to perform Sanger and 454 sequencing from the 0.1µm eDNA.   

Removal of 454-sequencing artifacts and protein prediction 

To remove artificial replicates in 454-Titanium generated sequences the approach reported by 

Gomez-Alvarez, et al., 2009 was used with the following parameters:  sequences sharing >90% 

nucleotide identity beginning with the same 3 nucleotides were removed. In addition, a pipeline 

was developed to correct frameshift errors that occur frequently (approximately once per read) 

with the Roche 454 sequencers and less frequently with other sequencing approaches. Unless 
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corrected, frameshifts can result in mis-annotations, specifically the under- or over- prediction 

of open reading frames (ORFs). Our correction pipeline relies on the built-in frameshift 

detection function of the NCBI BLASTX algorithm. A mini database is rapidly built using cd-

hit to identify high identity (50%+) sequences in a particular 454 dataset. The sequencing reads 

are then compared to the database using BLAST and frameshifts are detected.  The “corrected” 

gene (both in nucleotide and protein space) is called and extended to the upstream and 

downstream stop codon (or end of read) to produce a candidate coding open reading frame 

(ORF) with a minimum length cutoff of 60bp. The ORF’s identified and corrected by this 

homology based method are then masked from the source sequences. FragGeneScan (Rho, et al. 

2010) , an ab initio gene finder for predicting genes in short error prone reads, is then run on the 

remaining sequences to pick any potential novel genes. FragGeneScan predictions are kept only 

if frameshifts are detected in the remaining sequences (Table S1).  For a typical microbial 

metagenomic dataset we have documented a significant increase in the number of genes 

predicted and in the ORF length (data not shown).  Protein prediction is then carried out as 

described below starting at step (ii).   

Protein prediction of Sanger generated sequences involved three steps to identify the 

most likely protein sequence:  (i) Six-frame translation with a 90bp minimum size cutoff; (ii) 

MetaGeneAnnotator (Noguchi, et al. 2008) to identify ORFs >90bp; (iii) ORFs found in step 

‘ii’, are used to identify ORFs in step ‘i’ and if the ORF in step ‘i’ extends beyond that found in 

step ‘ii’ then that sequence is used as the longest possible sequence. 

Bacterial genome estimation and phylogenetic placement of marker peptides 

A set of core, mostly single-copy bacterial marker proteins, found in 880 fully 

sequenced reference genomes, were used to estimate bacterial genome equivalents and for 

normalization of metagenomic samples.  AMPHORA (Wu, et al. 2008), a set of hidden Markov 

models (HMMs), was used to detect the following 31 marker genes: dnaG, frr, infC, nusA, pgk, 
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pyrG, rplA, rplB, rplC, rplD, rplE, rplF, rplK, rplL, rplM, rplN, rplP, rplS, rplT, rpmA, rpoB, 

rpsB, rpsC, rpsE, rpsI, rpsJ, rpsK, rpsM. rpsS, smpB, tsf.  These data were then used to 

extrapolate a predicted genomic size. an approach similar to (Raes, et al. 2007) was taken to 

assess the genome equivalents sequenced in each sample. These data were then used to 

extrapolate a predicted genome size. A linear model was built to estimate average genome 

number from hits to each of the marker HMMs using simulated metagenomic training data 

generated by METASIM (Richter, et al. 2008).  A model was chosen that best fit simulated data 

from bacterial genomes ranging in size from 1-4Mbp, as well as random mixed samples of 

genomes of the same average range.  Metagenomic peptides were phylogenetically placed onto 

a static reference species tree that was produced with PHYML (Guindon, et al. 2003) using a 

concatenated sequence of the 31 marker genes from each reference genome.  A maximum 

likelihood (ML) method of phylogenetic placement was used similar to Raes et al., 2007, in 

which a set of candidate nodes was chosen for each sequence and the ML position selected.  

Rather than use all possible internal nodes as candidates, a preliminary screening was used to 

find a subset of internal nodes that fit prebuilt sequence similarity models from each potential 

subtree.  This process uses position weight matrices describing the peptide sequence 

distributions at every position of each marker at each node in the reference species tree.  The 

distribution of metagenomic peptides in a sample across the reference tree was then visualized 

as a density map on a circular tree using 2-D kernel density estimation with the kde2d function 

in the MASS library in R (Venables, et al. 2002).  Trees were drawn using an in-house Perl 

script to generate SVG output from the reference tree and taxonomic node abundances for each 

sample. 
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SAR11 identification 

16S rRNA gene sequences in all metagenomics datasets were identified using the JCVI 

metagenomic annotation pipeline and further analyzed using an in-house version of the small 

subunit RNA Taxonomy Alignment Pipeline (STAP) (Wu, et al. 2008) that was modified to 

search against the Silva Database (Pruesse, et al. 2007).  STAP automatically generates and 

curates multiple alignments and builds a phylogenetic tree that is used to for taxonomic 

assignment of each 16S rRNA query sequence.   Sequences that were binned into the SAR11 

cluster at the family level were further verified by BLASTN against the GenBank nt database to 

identify the top 3 hits. If a SAR11-like hit was in the top 3, the query sequence was used in 

subsequent phylogenetic analyses. This resulted in 162 total SAR11-like sequences across all 

sites and size classes.  Multiple sequence alignments containing reference and query sequences 

were generated using MUSCLE (Edgar 2004) followed by the construction of a ML tree using 

Phyml containing only the reference sequences.  These were used as input into pplacer (Matsen, 

et al. 2010), which enabled phylogenetic placement onto the reference tree. 

Statistical analyses 

All statistical analyses were performed using the R statistical program (Team 2008) 

(http://www.gnu.org/software/r/R.html).  Principal Component Analysis (PCA) was conducted 

on the oceanographic metadata and amino acid frequency such that each was a variable 

considered and the first two principles were plotted.  Multiple dimensional scaling (MDS) was 

performed using distance matrices of specific data. 
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Supplementary Tables: 

Table S2.1:  Protein prediction statistics using Frameshift correction pipeline. Obsolete proteins 
refers to proteins removed due to identification of frameshifts, safe proteins is the number of 
predicted proteins that remained the same from the original orf-calling pipeline.   
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Library 
Size 

Fraction Reads 
Original Predicted 

Proteins  
Obsolete 
Proteins 

Safe 
Proteins 

Fraggenescan 
Predictions 

Homology based 
Predictions 

Final Proteins 
Predicted 

GS257 0p1 271025 188910 116441 72469 75580 130973 279022 
GS257 0p8 378864 187948 125422 62526 213027 67183 342736 

GS257 3p0 272795 181001 114673 66328 119562 91345 277235 

GS258 0p1 272039 214490 107541 106949 66412 116840 290201 
GS258 0p8 346162 192413 117482 74931 185489 57302 317722 

GS258 3p0 270789 152102 92180 59922 147145 42865 249932 

GS259 0p1 320468 124202 67176 57026 91672 112469 261167 

GS259 0p8 240049 156121 99106 57015 124740 58131 239886 
GS259 3p0 307215 133926 87130 46796 190399 31447 268642 

GS260 0p8 488373 158719 101807 56912 277256 52470 386638 

GS260 3p0 516656 107552 71883 35669 323430 13975 373074 
GS262 0p1 184469 74716 40750 33966 52746 66640 153352 

GS262 0p8 310918 193672 112059 81613 138544 80492 300649 

GS262 3p0 301517 144367 88372 55995 159241 45148 260384 

GS263 0p1 253153 146189 83493 62696 69556 105630 237882 
GS263 0p8 267507 171412 95140 76272 112863 68624 257759 

GS263 3p0 269943 122883 68758 54125 140596 28570 223291 

GS264 0p1 313160 176135 104155 71980 74754 149254 295988 
GS264 0p8 206259 158733 98571 60162 67524 90621 218307 

GS264 3p0 247192 133890 80314 53576 115392 49243 218211 
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Table S2.2:  Sequencing statistics for each sample. 
 
 Sanger 454-Titanium 

JCVI ID 

Filter 
Size 
(µm) 

CalCOFI 
ID Reads Peptides  

APIS 
Trees % Trees Reads  Peptides * APIS Trees  % Trees  

GS257 0.1 87.40 46621 74568 40290 54.00 271025 279022 145948 52.31% 
GS258  0.1 87.80 46760 73225 40628 55.50 272039 290201 156852 54.05% 
GS259  0.1 83.110 47173 77206 42374 55.40 320468 261167 97215 37.22% 
GS260  0.1 83.80 46325 52870 22758 43.00 ― ― ― ― 
GS262 0.1 80.90 45964 64383 43035 57.90 184469 153352 60211 39.26% 
GS263  0.1 77.60 46922 64383 36236 56.30 253153 237882 103908 43.68% 
GS264 0.1 77.49 41199 73829 43563 59.00 313160 295988 144964 48.98% 
GS257 0.8 87.40 ― ― ― ― 378864 342736 80938 23.62% 
GS258  0.8 87.80 ― ― ― ― 346162 317722 73639 23.18% 
GS259  0.8 83.110 ― ― ― ― 240049 239886 113758 47.42% 
GS260  0.8 83.80 ― ― ― ― 488378 386638 57131 14.78% 
GS262 0.8 80.90 ― ― ― ― 310918 219036 78236 35.72% 
GS263  0.8 77.60 ― ― ― ― 267507 257759 43677 16.94% 
GS264 0.8 77.49 ― ― ― ― 206259 218307 61896 28.35% 
GS257 3 87.40 ― ― ― ― 272795 277235 11953 4.31% 
GS258  3 87.80 ― ― ― ― 270789 249932 68448 27.39% 
GS259  3 83.110 ― ― ― ― 307215 268642 39128 14.57% 
GS260  3 83.80 ― ― ― ― 516684 373074 85751 22.98% 
GS262 3 80.90 ― ― ― ― 301517 204389 41953 20.53% 
GS263  3 77.60 ― ― ― ― 269943 223291 111546 49.96% 
GS264 3 77.49 ― ― ― ― 247192 218211 64945 29.76% 

Total or Average Percentage: 320,964 480,464 268,884 54.40% 4,424,272 5,314,470 1,642,097 31.75% 
*Frameshift corrected          
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Table S2.3:  Sequence abundance of ecologically relevant organisms taxonomically classified using bacterial core HMMs followed by 
mapping to a reference tree. 
  0.1um 0.8 and 3.0um 

Taxonomy Lineage oligotrophic 
aged 

upwelled upwelled oligotrophic 
aged 

upwelled 
upwelle

d 
Bacteria;Actinobacteria 0.032 0.045 0.033 0.008 0.008 0.009 
Bacteria;Bacteroidetes/Chlorobigroup 0.188 0.316 0.366 0.282 0.255 0.344 
Bacteria;Chlamydiae/Verrucomicrobia group 0.025 0.014 0.013 0.074 0.014 0.038 
Bacteria;Cyanobacteria 0.003 0 0.002 0.016 0.026 0.026 
Bacteria;Cyanobacteria;Chroococcales; Synechococcus 0.001 0.002 0.002 0.055 0.016 0.028 
Bacteria;Cyanobacteria;Prochlorales; 
Prochlorococcaceae;Prochlorococcus 0.011 0.001 0.001 0.139 0.003 0.004 
Bacteria;Firmicutes 0.021 0.011 0.014 0.015 0.022 0.018 
Bacteria;Planctomycetes 0.004 0.023 0.005 0.006 0.264 0.004 
Bacteria;Proteobacteria 0.003 0 0.001 0.001 0.001 0.001 
Bacteria;Proteobacteria;Alphaproteobacteria 0.098 0.075 0.092 0.04 0.06 0.083 
Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhodobacterales 0.088 0.143 0.116 0.072 0.09 0.147 
Bacteria;Proteobacteria;Alphaproteobacteria; 
Rickettsiales;SAR11cluster 0.232 0.035 0.062 0.043 0.034 0.02 
Bacteria;Proteobacteria;Betaproteobacteria 0.025 0.025 0.027 0.011 0.012 0.012 
Bacteria;Proteobacteria;Deltaproteobacteria 0.012 0.004 0.009 0.01 0.009 0.013 
Bacteria;Proteobacteria;Epsilonproteobacteria 0.009 0.005 0.006 0.004 0.005 0.005 
Bacteria;Proteobacteria;Gammaproteobacteria 0.199 0.273 0.223 0.184 0.145 0.213 
Bacteria;Spirochaetes 0.007 0.003 0.004 0.007 0.005 0.007 
Bacteria;Thermotogae 0.003 0.001 0.001 0.003 0.002 0.001 
Other 0.025 0.009 0.013 0.019 0.02 0.018 
Unknown Bacteria 0.013 0.012 0.01 0.013 0.008 0.011 
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Table S2.5:  Phylogenetic profiling of ORFs using APIS.  Kingdom level taxonomic 
abundances are shown, indicating a rise in viral sequences in the larger size classes (0.8 and 
3.0µm derived sequences). 
 

Taxonomy 0.1µm 0.8µm 3.0µm 
Archaea 0.00707 0.007292 0.007055 
Bacteria 0.902038 0.750075 0.766224 
Eukaryota 0.030145 0.145655 0.134822 
Mixed 0.041351 0.043445 0.043695 
Unassigned 0.877049 1.779519 1.950267 
Viruses 0.019396 0.053533 0.048205 

 
 



64 

 

 
Table S2.6:  Planctomycete pangenome taxonomic assignment of predicted ORFs.  Percent is 
given as the amount of taxonomic group per total proteins designated as belonging to 
pangenome. 
 

Taxonomy % Taxa 
Unassigned 62.50% 
Other Bacteria* 1.39% 
Proteobacteria 9.72% 
Mixed 6.67% 
Bacteroidetes 6.39% 
Verrucomicrobia 4.72% 
Lentisphaerae 2.22% 
Cyanobacteria 1.67% 
Firmicutes 1.67% 
Acidobacteria 0.83% 
Gemmatimonadetes 0.56% 
Chlorobi 0.28% 
Actinobacteria 0.28% 
Ascomycota 0.28% 
Bacillariophyta 0.28% 
Euryarchaeota 0.28% 
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Table S2.7:  SAR11 subgroup identification from fragment 16S rRNA gene sequences found in 
454-titanium generated reads.  SAR11 sequences were identified via a JCVI verision of STAP, 
further confirmed by BLASTP against nr. Subgroups are designated as SAR11_1 for subgroup 
1, SAR11_2 for subgroup 2, SAR11_3 for subgroup 3, SAR11_4 for subgroup 4.  
 

Site  

Size 
Class 
(µm) 

# of 
SAR11 

% of total 
SAR11 SAR11_1 SAR11_2 SAR11_3 SAR11_4 

GS257 0.1 45 0.277778 14 26 6 0 
GS258 0.1 8 0.049383 18 30 5 1 
GS259 0.1 54 0.333333 3 14 5 3 
GS262 0.1 25 0.154321 4 1 2 1 
GS263 0.1 8 0.049383 3 4 0 1 
GS264 0.1 15 0.092593 4 7 2 2 
GS257 0.8 1 0.006173 0 1 0 0 
GS259 0.8 1 0.006173 1 0 0 0 
GS257 0.8 2 0.012346 0 2 0 0 
GS259 0.8 1 0.006173 1 0 0 0 
GS263 0.8 1 0.006173 1 0 0 0 
GS264 0.8 1 0.006173 1 0 0 0 
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Figure S2.1: Principal component analysis of DNA sequence characteristics from the 0.1µm 
filters:  A) nucleotide composition and B) amino acid frequency.
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Figure S2.2:  Genome equivalent and genome size estimation for 454 sequences.  A) genome 
equivalents and B) genome size each plotted with sites on the x-axis binned by size fraction:  
0.1µm (black), 0.8µm (orange), 3.0µm (purple).  C) Table of data used and obtained in genome 
equivalent calculations. 
.  
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Figure S2.3:  Taxonomic classification via APIS of the 454-Titanium generated sequences.  
The abundance of each taxonomic category was calculated and the difference from the mean for 
each site was plotted.    
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Figure S2.4:  Sequences phylogenetically classified as Proteobacteria in the 0.1µm size fraction (generated via Sanger and 454).  Sites 
grouped as oligotrophic (blue), aged-upwelled (green) and upwelled (red).  
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Figure S2.5:  Viral sequence diversity comparison of three filters.  Sequence similarity cutoff, 
y-axis and the number of clusters per viral peptides, x-axis.  Sites binned by size fraction:  
0.1µm (black), 0.8µm (orange) and 3.0µm (purple).  
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Figure S2.6:  Heatmap of eukaryotic taxonomic composition of sequences from the 0.8-200µm size classes.   
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Figure S2.7:  MDS plot of CCP sequences compared to reference genomes. E-values from BLASTP against reference Planctomycete 
genomes were used to generate distance matrix.  Abbreviations are as follows:  PM = P. maris, RB = R. baltica, PL = P. liminophilus, GO = 
G. obscuriglobus, BM = B. marina, CCP = California Current Planctomycete. 
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Figure S2.8:  MDS analysis of sample contribution to assembled sequences.  All scaffolds A) 
0.1µm Sanger sequences and contigs B) 0.1, 0.8 and 3.0µm 454 sequences.  Pelagibacter sp. 
binned scaffolds/contigs from C) 0.1µm Sanger sequences and D) 0.1, 0.8 and 3.0µm 454 
sequences; black circle indicates large size class libraries (0.8-200µm) with the exception of 
GS258 0.1µm.  Sites were color-coded based on oceanographic metadata:  oligotrophic (blue 
circle), aged-upwelled (green triangle), upwelled (red square).  
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Figure S2.9:  Glutamine synthetase II sequences identified as Mimivirus-like, Continued.  A-G 
are NJ phylogenetic trees containing the query environmental sequence (red) and the reference 
sequences from phyloDB.  H) Phylogenetic tree derived from pplacer showing all seven 
environmental sequences (purple) with reference sequences (*Mimivirus reference sequence). 



 

 

78 



 

 

79 



 
80 

 

 

Figure S2.10:  Transporter proteins binned by substrate versus genome size for each site and size class using the 454 generated sequence data.  
The y-axis is the transporters per genome for each size class was scaled across columns and the x-axis is the genome size estimate per site/size 
class.  Colors denote size fraction: 0.1µm (black), 0.8µm (orange), 3.0µm (purple).  Shapes indicate operationally defined groups based on 
oceanographic context: oligotrophic (circle), aged-upwelled (triangle), upwelled (square).  A linear model was fit to the data for each substrate 
where substrate/genome for each site was the response vector and genome size the linear predictor for the response.  
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Abstract

Whole genome amplification and sequencing of single microbial cells has significantly influenced genomics and microbial
ecology by facilitating direct recovery of reference genome data. However, viral genomics continues to suffer due to
difficulties related to the isolation and characterization of uncultivated viruses. We report here on a new approach called
‘Single Virus Genomics’, which enabled the isolation and complete genome sequencing of the first single virus particle. A
mixed assemblage comprised of two known viruses; E. coli bacteriophages lambda and T4, were sorted using flow
cytometric methods and subsequently immobilized in an agarose matrix. Genome amplification was then achieved in situ
via multiple displacement amplification (MDA). The complete lambda phage genome was recovered with an average depth
of coverage of approximately 437X. The isolation and genome sequencing of uncultivated viruses using Single Virus
Genomics approaches will enable researchers to address questions about viral diversity, evolution, adaptation and ecology
that were previously unattainable.
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Introduction

Whole genome amplification and sequencing of single microbial
cells is a powerful new tool in the field of microbial genomics,
enabling direct examination of the genomic contents of individual
cells without the need of cultivation [1–3]. Microbes are found in
nearly all environments (e.g., human microbiome, rhizosphere,
aquatic ecosystems, soils, air) performing essential roles in
processes such as biogeochemical cycling [4], degradation [5],
metabolism [6], and forming the foundation of environmental
food webs [7]. Sequencing of single cells permits the study of
previously uncharacterized microbes from virtually any environ-
ment, thus enabling the direct and comprehensive analysis of a
microbe’s genetic and metabolic repertoire. Flow cytometry [1,8]
and micromanipulation [9,10] have aided in the advent of single
cell isolation and sequencing by providing access to individuals
from naturally occurring consortia or pure cultures. A reaction
called multiple displacement amplification (MDA) [11–13], which
uses the high-fidelity processive capabilities of the phi29 DNA
polymerase, can amplify the genome of a bacterial cell more than
a billion-fold generating the micrograms of genomic DNA
typically required for DNA sequencing either via Sanger
sequencing [14], 454 pyrosequencing [15], and/or Illumina
platforms [16]. While some sequence is lost due to non-specific
amplification or damage to the single genome copy, as much as
.90% of the genome has been recovered from single cell
sequencing [16,17]. Small MDA reaction volumes were shown
to improve amplification from single viral DNA molecules [18]
and single cells [15]. Recently, Rodrigue et al., showed a consistent
increase in the total genome coverage of Prochlorococcus single-celled

amplified genomes by using a duplex-specific nuclease to degrade
highly abundant sequences apparent after amplification; thereby
increasing the coverage of low abundant sequences.
While most single cell studies have focused on bacteria and

cyanobacteria, single virions have yet to be isolated and
genomically described using similar mechanisms. Viruses are
ubiquitous and the most numerous and diverse biological entities
on our planet [19]. Nearly all aspects of our lives are influenced by
viruses through shaping the environments that surround us [20],
our immune responses [21] and even our genomes [22]. The field
of environmental viral metagenomics has gained momentum over
the past several years [23–28]; however, sequencing of individual
environmental viral genomes is currently dependent on the
establishment of cultivable virus-host systems. With this in mind,
if less than one percent of microbial populations can be cultured
using standard microbiological techniques due to incongruencies
in direct counts versus cultivatable microbes [29–32], then only a
very small number of viruses have the likelihood of being
genomically described. Currently, viral genomic sequences are
lacking in public databases, with the exception of human viruses
and those of agricultural and industrial significance (e.g.
Lactococcal phages). Clearly, a better understanding of virus
diversity and evolution will not be achieved until the genomes of a
broad range of viruses are available. Here we introduce an
approach for isolating and characterizing the genomes of viruses
called ‘‘Single Virus Genomics’’ (SVG) (Figure 1). The benefits of
SVG will be far-reaching, enabling novel virus discovery in a
variety of clinical and environmental settings, altering our
understanding of virus evolution, adaptation and ecology and
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facilitating the interpretation of viral genomic and metagenomic
data by providing suitable reference genomes.

Results

Single virus isolation
Flow cytometric methods have been optimized for [33] and

used on natural viral populations for enumeration purposes [34–
36]. Therefore, for this study, flow cytometry was used to sort a
mixed viral assemblage consisting of two known viruses; E. coli
bacteriophages lambda and T4. To increase the accuracy of
detecting a single viral particle, a fluorescence-activated cell sorter

(FACS) AriaII with a forward scatter photo multiplier tube (PMT)
was used, which enabled more sensitive detection and lower size
thresholds (Figure 2). While 96- and 384-well microtiter plates
would have been optimal for high-throughput processing of viral
assemblages, we were unable to reliably recover single virions from
plate wells. The majority of wells (98%) contained no viruses
evidenced via polymerase chain reaction (PCR) amplification of
specific loci for each bacteriophage. Therefore, as an alternative
strategy, viruses stained with SYBR Green (Invitrogen) were sorted
directly onto cooled agarose beads applied to ‘multi-well’
polytetrafluoroethylene (PTFE) microscope slides to increase virus
capture efficiency, as well as, to maximize the recovery of high-
quality template DNA required for the MDA reaction. PTFE
slides were chosen due to the ability of defining each sorting event
since they possess distinct regions (wells) where agarose beads were
positioned. Overlaying the nanoliter droplet containing the virions
with additional agarose simultaneously embedded and stabilized
the sorted viral particles in preparation of downstream processing.

Single virus validation: Confocal microscopy and loci-
specific PCR
To confirm isolation of single viruses, Confocal Laser Scanning

Microscopy (CLSM) was performed to detect the fluorescently
stained virions embedded in agarose [37,38]. CLSM was chosen to
obtain greater confidence that only a single viral particle was
contained within an agarose bead through 3D rendering of stacked
images surrounding the viral particle (Figure 3A). Additionally,
Figure 3B demonstrates the utility of CLSM to detect the relative
fluorescence of a single stained virus particle above background.
Once successful candidates were identified, whole genome
amplification via MDA was performed in situ in order to minimize
the potential for virus loss, reduce genomic shearing, and
contamination. Multiplex PCR using T4 (gp23, major capsid
gene) and lambda (integrase gene) specific primers was performed
on the amplified genomic material to confirm the genotype of the
virus and indicated that the isolated viral particle used in this study
was phage lambda (Figure 4A). To further confirm this result, two
additional loci specific to lambda were targeted including the
superinfection exclusion protein B and repressor genes (Figure 4B).
The results confirmed our initial finding that we had isolated and
amplified the genome of phage lambda.

Figure 1. Flow diagram depicting SVG methodology. Viral
suspensions are sorted via flow cytometry onto PTFE slides with 24
distinct wells containing agarose beads. Viral particles are then
embedded within the agarose bead by overlaying with an additional
layer of agarose. Lastly, MDA is performed in situ.
doi:10.1371/journal.pone.0017722.g001

Figure 2. Flow cytometric bi-plot showing SYBR-stained T4 and
lambda phage mixture. Gates were chosen to highlight T4/lambda
assemblages (green), and background (blue). Particles not gated (black)
were not sorted.
doi:10.1371/journal.pone.0017722.g002
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A subsequent experiment to quantify virus particles within
agarose droplets using CLSM indicated that 75% contained 1 or
.1 (1–5), viruses (Table S2); and amplification of genomic
material via MDA was successful in 92% of virus-containing
droplets. Multiplex PCR using T4 and lambda-specific primers on
amplified genomic material was successful for 25% of the droplets

and positive results were only found for those droplets containing
one or more virus.

Sequencing, reference mapping and De novo assembly
The 48,502 bp double stranded DNA phage lambda was

sequenced using 454 GS FLX titanium pyrosequencing to an

Figure 3. Confocal laser scanning micrograph of sorted viral particle embedded in agarose bead. A) Three dimensional reconstruction of
syber green I stained viral particle within depth of agarose bead verifying a single sorted event. Inset: higher magnification of viral particle. B) Profile
plot of relative fluorescence for a stained viral particle in an agarose bead. The blue line through the viral particle (green) is the reference for the inset
graph showing the relative fluorescence.
doi:10.1371/journal.pone.0017722.g003

Figure 4. Phage identification using PCR. A) Multiplex PCR using T4 and lambda-specific primers to genotype, Lanes: 1. TrackIt 1 kb plus ladder
(Invitrogen), 2. Lambda integrase (750 bp), 3. T4 major capsid protein (1050 bp), 4. Mix of lambda integrase and T4 major capsid protein. B)
Subsequent lambda specific PCR with additional loci to further confirm phage genome isolation, Lanes: 1. Lambda integrase (750 bp), 2. Lambda
repressor (356 bp) 3. Lambda sie (superinfection exclusion) (456 bp) 4. TrackIt 1 kb plus ladder (Invitrogen).
doi:10.1371/journal.pone.0017722.g004
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average coverage of 437X across the genome (Figure 5C), (ranging
from 0–2000X). With the exception of the first 5 bp, the complete
genome of lambda was recovered (Table S3). Lacking the first
5 bp is likely due to a reported artifact of MDA reactions where
the ends of linear DNA segments are underrepresented [12,39]. It
has been reported that MDA is biased against genomic areas of
high GC content [40], however, our data suggests otherwise as
there was higher coverage in the regions of greater %GC, shown
in Figure 5A where the bars indicate the GC above or below the
average (average GC of phage lambda is 49%). We expected to
achieve .600X coverage from the 99,911 sequencing reads (mean
read length of 361.6 bp) that were generated if all sequences
produced were from the lambda template DNA. Reference
mapping to the lambda genome (NCBI Accession J02459)
indicated that 38,505 (38.5%) reads did not recruit to the genome
and were further termed ‘unmapped’. BLASTX analysis was
performed on these sequences, which resulted in 22,411 reads
(58.2% of the unmapped set) annotated based on homology to
public sequences (Table S4). The stringent settings used during
reference mapping prevented the recruitment of 116 sequences
classified as E. coli lambda phage through BLAST. The majority of
the annotated unmapped sequences were classified within the
Pseudomonas genera (12.9% of total reads). To assess errors within
the amplified lambda genome SNP analysis was completed, which
resulted in the detection of 17 SNPs across the genome (Table S6),
however, it is difficult to determine if these errors arose during
amplification, 454 pyrosequencing, or maintenance of ATCC
cultures. Deletion-Insertion Polymorphisms (DIPs) are also given
in Table S5; Two DIPs corresponding to reference positions
31619 and 39143 are deletions causing a frameshift within
essential phage proteins. The deletions (-) are found in 37.5 and
38.6 percent of the reads covering the corresponding positions in
the lambda repressor (cl) and DNA replication proteins respec-
tively. It is likely, therefore, that the polymorphism would not be
present in the phage population but perhaps are a result of MDA
and/or 454 pyrosequencing artifacts.
De novo assembly was performed with the GS De Novo

Assembler Software (i.e., Newbler, 454 Life Sciences) to assess

the utility of these methods for use on unknown SVGs (Table S6).
Optimal coverage depth for assembly is between 15–25X
(personal communication 454 Life Sciences; Newbler manual);
therefore the number of reads was randomly reduced to yield 30X
(4,700 reads) and 22X (3,400 reads) coverage, with the latter
generating the highest quality assembly (Figure 6A). Although
reducing coverage resulted in the highest quality assembly based
on assembly metrics (i.e., fewer contigs, longer length, greater N50
[41]-see methods for details), using all reads (Figure 6B) resulted in
near complete coverage of the genome, however with shorter
contigs. In an effort to increase contig size while retaining genome
coverage, the redundancy of reads among overrepresented contigs
from this assembly was reduced and the data re-assembled, as seen
in Figure 6C [16]. This method of bioinformatic normalization of
the data resulted in larger contigs coupled with almost complete
coverage of the genome (.99%). The utility of SVG approaches
for the study of uncultivated viruses will ultimately depend on the
success of de novo assembly due to the lack of suitable reference
genomes. Recently, SVG approaches were applied to virioplank-
ton samples collected from the Southern California Current
(Zeigler Allen, et al., in prep) followed by bioinformatic
normalization during de novo assembly procedures, which similarly
improved assembly statistics.

Discussion

The Single Virus Genomics approach described here enabled,
for the first time, isolation and whole genome sequencing of an
individual virus; a significant technical achievement that has the
potential to alter the course of virological research. Further
optimization of SVG will pave the road to high throughput
processing of uncultivated viral assemblages, advancing studies of
viral diversity, evolution, adaptation and ecology. These include
efforts to improve the occurrence of single virus particles in
agarose droplets. Although genotyping of the single lambda phage
particle that yielded the sequence data for this study was successful
(Figure 2) and can clearly be accomplished, the overall low success
rate (25%) of specific PCR post-MDA evidenced was possibly due

Figure 5. Lambda genome attributes and coverage. A) GC plot with bars indicating %GC above or below the average of 49%, B) Genome map
of lambda (adapted from http://img.jgi.doe.gov), and C) Reference mapping of SVG reads to phage lambda, x-axis is genome position, y-axis is
%coverage.
doi:10.1371/journal.pone.0017722.g005
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to a lack of purification of the MDA products prior to genotyping
with T4 and lambda-specific primers, which is recommended (see
materials and methods). In addition, the high success rate of MDA
(92%), as evidenced by gel electrophoresis, could represent non-
specific amplification in addition to amplified viral DNA.
Optimization of flow-sorting parameters should increase the
likelihood of capturing individual viruses.
While complete coverage of the lambda phage genome was our

goal, the first 5 bp of the genome were missing, perhaps due to
DNA breakage or the linear nature of the molecule. To date,
complete coverage of bacterial genomes has not been reported,
suggesting that single cell genomics projects suffer from similar
obstacles. We make an effort to reduce DNA breakage through the
immobilization of viral particles in an agarose matrix which
minimizes DNA damage during viral particle isolation and
genome amplification. When applying SVG techniques to
unknown viruses, it may be difficult to determine if the ends of
linear genomes have been captured. However, approaches for
genome closure such as primer walking could be attempted on the
amplified viral genomic material if complete coverage is critical. A
recent study of MDA on phage lambda genomic DNA also
showed underrepresentation of DNA termini and reported using a
ligation reaction prior to MDA to generate circular molecules,
thereby overcoming this bias[42]. A similar approach can be
adopted if future data suggests it is necessary.
Background DNA synthesis or nonspecific amplification is

commonly reported during amplification using the MDA reaction
[18]. Nonspecific amplification has been attributed to contami-
nating DNA emerging from reaction reagents and/or through a
mechanism that enables amplification from the random hexamers
within the reaction mixture. The average coverage retrieved here
was lower than expected, most likely due to non-specific
amplification. As mentioned previously, steps were taken to
reduce the likelihood of contaminating DNAs being introduced
into our sample following flow cytometric sorting. However,
during the sorting process we acknowledge that free DNA as well
as multiple viral particles may be co-transported. Treatment of
viral assemblages with DNase I and examination of virus
containing agarose beads using confocal microscopy was used to
address these issues. Additionally, there is a higher likelihood of
nonspecific DNAs preferentially amplified due to the lower
quantity of template viral DNA as opposed to single bacterial
cells as a result of the significant difference in particle (cell) size and
genomic DNA content (25–100 nm; ,1.5femtograms for viruses,
as opposed to 0.2–1.5 um; ,14femtograms for bacteria). To
address this potential shortcoming the incubation time of genome
amplification was reduced and we took advantage of the massively
parallel, high-throughput capabilities of pyrosequencing to ensure
both adequate coverage of the lambda genome and to examine the
nature of any nonspecific amplification. A potential source of
contaminants is high molecular weight DNA fragments present in
commercially available phi29 polymerases. A recent report found
no manufactured enzyme to be contaminant-free and that levels of
contamination varied among enzyme and buffer reaction lots [43].
Specific 16S bacterial DNA sequences were detected as contam-
inants in our process. The identity of the microbial contaminants
present in no template control (NTC) MDA reactions using 16s
rDNA PCR and sequencing were determined and the most
abundant taxa are similar to those found in our taxonomic

classification of unmapped reads, in particular Burkholdaria and
Pseudomonas (Table S7). We have not attempted to distinguish
between the particle handling, MDA, 16S PCR and PCR product
sequencing steps as the potential source of the contaminants.
While bioinformatic curation of data can be performed to identify
potential contaminants that are not related to the target viral
molecule, conservative approaches are necessary in their removal
so that pertinent data is not lost. Therefore, steps to reduce the
amount of exogenous DNA-based contamination prior to
sequencing are imperative and are especially relevant when
working with unknown viral isolates. For example, testing new
enzyme and reagent lots prior to use and the reduction of free
DNA through nuclease treatment should help to reduce
nonspecific amplification.
A number of important factors must be taken into consideration

when applying SVG approaches to natural, unknown assemblages
of viruses. Although it is possible to capture and immobilize RNA-
containing viruses using flow cytometry, the MDA reaction will
not work on RNA templates. However, a reverse-transcription
step prior to amplification would address this issue and we are
currently evaluating the utility of whole transcriptome amplifica-
tion (WTA) to amplify individual RNA viral genomes. Genotyping
of previously unknown viruses is another topic that deserves
careful consideration since PCR using virus-specific primers
conserved across all viral groups is not option. While certain
techniques such as randomly amplified polymorphic (RAPD) PCR
may successfully produce unique viral genomic fingerprints [44],
we are also evaluating alternative strategies such as optical
mapping [45] and automated artificial neural networks using
known morphological characteristics and fluorescence data
gathered from reference phage for training [46].
Single virus genomics has the potential to dramatically influence

a wide variety of fields that will benefit from whole genome
sequence data produced from previously uncultivated viruses;
including (but not limited to) viral and microbial ecology,
evolutionary biology, epidemiology, immunology and other
clinical and agricultural-based sciences. In addition to enabling
novel virus discovery and facilitating comparative genomic
analyses, SVG will also provide an ‘anchor’ for metagenomic
studies by supplying relevant reference genomes. Reference viral
genomes will not only assist assembly of metagenomic data, but
will help to address questions surrounding genetic and functional
biodiversity, as well as the representation of individual viruses
within a community. Lastly we anticipate that the production of
new reference viral genomes will improve our ability to classify
previously unidentified sequences within viral metagenomes,
effectively bridging the gap between genomic and metagenomic
studies.

Materials and Methods

Viral suspensions
Bacteriophage standards for T4 and lambda were obtained

from ATCC (ATCC 11303-B4 and 23724-B2, respectively).
Stocks were diluted in 0.1 mm-filtered TE (Tris-EDTA, pH 7.2,
Invitrogen) followed by filtration through a 0.22 mm Pall syringe
filter. The viral particles were not fixed prior to flow cytometry, as
is typical, due to insufficient evidence that the fixative would not
inhibit downstream reactions.

Figure 6. De novo assembly of reads followed by reference mapping to evaluate assembly. A) Filtered sequences randomly to 3400 reads,
approximately 22X coverage of the lambda genome, B) All reads (99,911), C) Normalization of assembly by reducing redundancy of overrepresented
sequences from (B).
doi:10.1371/journal.pone.0017722.g006
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Flow cytometry parameters
Viral particle suspensions were sorted on a BD FACSAria II

Flow Cytometer equipped with a custom Forward Scatter PMT
(FSC PMT). The particles were diluted in 0.1 mm filtered TE
(Tris-EDTA, pH 7.2, Invitrogen) to an appropriate titer for an
event rate of 200 events s21. TE was used because it improves the
emission signal of stained viruses [33]. Thresholds were set to FSC
PMT at 1000 and SSC at 200 for T4/lambda particles to
maximize signal-to-noise ratios. Prior to beginning the sorting,
blanks containing 0.1 mm-filtered TE were measured for back-
ground event recognition. In addition to blanks, unstained and
stained viral particles of the sample were measured to a total of
5,000 events each. Readings were measured on bi-exponential
plots, consisting of a lower linear scale and a higher exponential
scale. Viral particle suspensions were stained with SYBR Green I
(Invitrogen) and sorted onto polytetrafluoroethylene (PTFE)
printed microscope slides (Electron Microscopy Sciences). These
slides were chosen due to their hydrophobic feature, which
controls for cross-contamination and low microliter capacity. Data
was analyzed using the BD FACSDiva Software v.6.1 software
package.

Agarose immobilization
Twenty-four well PTFE slides were used for agarose immobi-

lization. To each well, 5 ml of low melting point (LMP) agarose,
cooled to 37uC, was added. The viral particle suspensions were
subsequently sorted directly onto the LMP agarose droplets at a
concentration of 1 event per well. Each well was then overlaid with
5 ml of LMP agarose, cooled to 37uC, thus embedding the virions.

Visualization and whole genome amplification
The embedded virion(s) were stained with SYBR Green I and

visualized on the slide using Confocal Laser Scanning Microscopy
(CLSM) to determine that a single viral particle was present in
each agarose droplet. CLSM was performed with a Leica TCSP5
(Leica Microsystems) with 488 nm laser excitation. Image stacks
were obtained using a 636 long working distance objective, which
enabled visualization of the viral particle in the depth of the
agarose plug. Simulated 3-D images and sections were generated
using the software Volocity and the plan views with side profile
slices using IMARIS (Bitplane AG, Zűrich, CH). Once a well was
identified as positive, the single viral particle was lysed using heat
(94uC) for 3 minutes and its genomic material amplified in situ
using the phi29 DNA polymerase and multiple displacement
amplification (MDA) reaction, as per manufacturers recommen-
dations (GenomiPhi kit, GE Healthcare). After amplification, the
genomic material was purified away from the agarose matrix using
a b-agarase (New England Biolabs) reaction followed by
purification using buffer-saturated phenol (Invitrogen) and ethanol
precipitation. Unincorporated dNTPs and random hexamer
primers were removed through column purification according to
manufacturer specifications, (PureLink Genomic DNA Purifica-
tion, Invitrogen) as they would be a source of contamination on
downstream reactions, such as sequencing. We highly recommend
the previous step as it was needed to reliably obtain successful
specific PCR results (see below). An additional round of MDA,
restricted to one hour, was performed in triplicate, pooled and the
amplified genomic DNA purified as described above.

Multiplex PCR
Multiplex PCR was used for validation of model bacteriophage

isolation and genotyping. Primer sets specific to the lambda
integrase and T4 bacteriophage gp23 major capsid genes were

mixed and used in gradient PCR to identify the annealing
temperature for subsequent reactions (Table S1). PCR was
performed using PlatinumH Taq DNA polymerase, HiFi (Invitro-
gen). Additional genes were PCR amplified to verify the lambda
genotype, which included the lambda repressor (rep) and
superinfection exclusion (sie).

Library construction and sequencing
Purified amplified genomic DNA was randomly sheared using

nebulization and ends polished using BAL31 nuclease (New
England Biolabs) and T4 DNA polymerase (New England Biolabs)
reactions. Fragmented DNA was size selected using gel electro-
phoresis and 1% low melting point agarose. The DNA was
purified from the gel using b-agarase (New England Biolabs)
followed by buffer-saturated phenol extraction and ethanol
precipitation. Libraries for 454 pyrosequencing were constructed
using the sheared DNA. AMPure size fractionation was used to
purify the above reactions, followed by ligation of 454 adaptors
and emulsion PCR (ePCR). Sequencing was performed using the
454-Titanium protocol.
The Nucleotide sequences were deposited as raw reads in

GenBank under the accession number SRA029358.

Reference mapping and De novo assembly
Reference mapping was conducted using CLC Genomics

Workbench, using the Enterobacteria phage lambda (ACC
J02459.1). Assembly parameters were as follows: local alignment
with mismatch cost 2, insertion cost 3, deletion cost 3, length
fraction 0.5, and similarity 0.9. Therefore, 50% of the read
needed to be aligned at 90% similarity. Parameters for SNP
analysis using CLC Genomics Workbench: max # of gaps and
mismatches 2, minimum average of quality of surrounding bases
15, minimum quality of central base 20, minimum coverage 1,
minimum variant frequence 35%. DIP analysis parameters using
CLC Genomics Workbench: minimum coverage 4, minimum
variant frequency 35%. De novo assembly was completed using
Newbler (454 Life Sciences Corporation, release 2.3). Default
settings were used for De novo assembly and reducing the amount
of sequences to gain 22X coverage of a ,50 Kb genome was
performed randomly. Following De novo assembly, reference
assembly (as described above) was performed using all contigs
generated to assess genome coverage. Bioinformatic normaliza-
tion was performed by reducing the redundancy of reads in
genomic regions of high coverage via clustering using cd-hit-est
[47].The contig N50 (bp) was recorded as an assembly metric and
represents the length of the smallest contig in the set that contains
the fewest (largest) contigs whose combined length represents at
least 50% of the assembly.

Supporting Information

Table S1 Primers specific for phages T4 and lambda
loci used in multiplex PCR to identify phage isolated.
(PDF)

Table S2 Statistics following SVG methodology on 16
test samples. CLSM numbers corresponds to viruses detected
during microscopy, MDA refers to a positive (+) or negative (2)
when amplification was detected by gel electrophoresis of wells
containing viral particles. A positive specific PCR is denoted by the
genotype obtained after multiplex PCR of the amplified genomic
material.
(PDF)
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Table S3 Reference mapping statistics (all sequence
lengths are given in bp).
(PDF)

Table S4 BLAST analysis of unmapped read sequences
following reference mapping.
(PDF)

Table S5 Allele variation analysis using CLC Genomics
Workbench.
(PDF)

Table S6 De novo assembly statistics.
(PDF)

Table S7 Contaminants found in 16S PCR analysis of
MDA reactions.
(PDF)
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Table S3.1:  Primers specific for phages T4 and lambda loci used in multiplex PCR to identify 
phage isolated. 
 

Phage Primer 
Name 

Sequence (5'-3') 

lambda LsieF TCT GGG TTG GAC TTC TGC TT 
lambda LsieR  TTG GCC TTG GCT TTA TCT CA 
lambda LrepF GGC TTA TCC CAG GAA TCT GT 
lambda LrepR TAC CTT CAA CCT CAA GCC AG 
lambda lbdintF TGA TAC TGT GCC GGA TGA AA 
lambda lbdintR TTA GGC AGA GAC AGG CGA AT 
T4 gp23F TGG CGC AGT AAC TCA GAT TG 
T4 gp23R CCA TTT CGT TCG GAC CTT TA 
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Table S3.2:  Statistics following SVG methodology on 16 test samples. CLSM numbers 
corresponds to viruses detected during microscopy, MDA refers to a positive (+) or negative (−) 
when amplification was detected by gel electrophoresis of wells containing viral particles. A 
positive specific PCR is denoted by the genotype obtained after multiplex PCR of the amplified 
genomic material. 
 

Test Slide: T4/lambda       
Well CLSM MDA PCR CLSM MDA PCR 

1 1 -    0 +    
2 >1 +  >1 + T4 
3 >1 +  1 +   
4 1 +  1 +  
5 >1 +  >1 + T4 
6 0 +   0 +  
7 >1 +  1 + lambda 
8 >1 + lambda 0 +   

Summary      
% with ≥1 virus   75    
% with positive MDA 92    
% with positive 
specific PCR 

  
25 
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Table S3.3:  Reference mapping statistics (all sequence lengths are given 1in bp). 
 

Total reference length 48,502 
GC contents in % 49.9 
Total read count 61,406 
Mean read length 361.6 
Total read length 22,202,436 
Total consensus length 48,497 
Zero coverage length 5 
Minimum coverage 0 
Maximum coverage 2,000 
Average coverage 436.9 

 
 
 
 
 
 
 



 

 

95 

Table S3.4:  BLAST analysis of unmapped read sequences following reference mapping. 
 

 Taxa #Hits/Taxa % Total reads 
Phage 552 0.55 
Unclassified 16,095 16.11 
Pseudomonas 12,971 12.98 
Escherichia 2,762 2.76 
Shigella 811 0.82 
Xanthomonas 419 0.42 
Ralstonia 364 0.36 
Homo sapiens 308 0.31 
Rhodobacter 272 0.27 
Stenotrophomonas 266 0.26 
Aeromonas 238 0.24 
Burkholderia 231 0.23 
Roseobacter 196 0.20 
Populus 117 0.12 
Xylella 110 0.11 
Flavobacterium 102 0.10 
Other Genera 1,755 1.76 
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Table S3.5:  Allele variation analysis using CLC Genomics Workbench. 
 

 
 
 
 

Reference 

position

Consensus 

position

Variation 

type Reference

Allele 

variation

Allele 

variation 

frequency

# of Allele 

variations

Depth 

Coverage Locus

Gene Product 

name

Amino Acid 

Change

Amino Acid polarity 

and charge change

138 133 SNP G A 100 1 1 -- -- -- --

542 536 SNP C T 98.4 127 129 nu1

DNA packaging 

protein -- --

20661 20656 SNP A G 97.9 142 145 orf206b

hypothetical 

protein lambdap90

Phe36Ser; 

Lys338Glu

nonpolar, 

hydrophobic:polar, 

uncharged; polar 

basic:polar acidic

22375 22370 SNP A G 83.3 20 24 orf-194 Ser135Gly --

22444 22439 SNP A G 100 167 167 orf-194

putative fiber 

assembly protein Lys158Glu polar basic:polar acidic

23773 23768 SNP T G 66.7 2 3 ea47 ea47 Gln49Pro

polar, 

uncharged:nonpolar 

hydrophobic

25662 25657 SNP T C 100 347 347 ea59 ea59 Met438Val --

30862 30857 SNP T T/C 64.3/35.7 18/10 28 xis Excisionase Ser55Gly --

31016 31011 SNP T C 99.5 390 392 xis Excisionase Asn61Asp

polar, uncharged:polar 

acidic

31966 31961 SNP A T 99.5 192 193 xis Excisionase Asp21Glu --

34934 34929 SNP A G 99.5 188 189 xis Excisionase -- --

37870 37865 SNP T C/T 50.0/50.0 1/1 2 cl repressor Glu24Gly

polar acidic:polar 

uncharged

45618 45613 SNP T C 100 346 346 R endolysin -- --

46430 46425 SNP T C 99.7 337 338 -- -- -- --

46433 46428 SNP C A 100 320 320 -- -- -- --

46464 46459 SNP G T 100 180 180 bor

bor protein 

precursor Gln97Lys

polar, uncharged:polar 

basic

46588 46583 SNP G A 99.1 210 212 bor

bor protein 

precursor -- --

138 133 DIP G - 97.3 36 37 -- -- --

14267 14261 DIP - G 98.7 232 235 -- -- --

37619 37614 DIP A A/- 53.4/37.5 47/33 88 cl repressor frameshift --

39143 39138 DIP A A/- 60.5/38.6 69/44 114 O

DNA replication 

protein frameshift --
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Table S3.6:  De novo assembly statistics.  
 

 
 

Assembly 

 
Aligned Reads 

 
Reads Assembled 

 
 

Singletons 

 
Total Contigs 

 
Largest Contigs (bp) 

 
N50 Contig Size (bp) 

22X coverage 2,513 1,910 711 47 15,799 5,324 
All reads 91,344 70,034 3,093 1,129 18,286 1,324 
cd-hit filtered 41,327 32,139 1,093 109 5,668 1,433 
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Table S3.7:  Contaminants found in 16S PCR analysis of MDA reactions. 
 

 
Taxa 

 
#Hits/Taxa 

% 
Contaminants 

Burkholderia 19 38.0 
Stenotrophomonas 8 16.0 
Pseudomonas 6 12.0 
Achromobacter 4 8.0 
Enteric Bacteria cluster 3 6.0 
Sediminibacterium 2 4.0 
Prevotella 1 2.0 
Brochothrix 1 2.0 
Shewanella 1 2.0 
Ralstonia 1 2.0 
Uncultured 1 2.0 
Cyanobacteria 1 2.0 
SAR11 cluster 1 2.0 
Environmental sample 1 2.0 
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Chapter 3 is a full reprint of the publication: Zeigler Allen, L., Ishoey, T., Novotny, 

M.A., McLean, J.S., Lasken, R.S., Williamson, S.J. 2011.  Single Virus Genomics:  A New 

Tool for Virus Discovery.  PLoS ONE. 6(3): e17722, with permission from all. 
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Abstract 

 Metagenomic and genomic samples were collected within the California Current (CC) 

and Southern California Bight (SCB) sequencing initiative, a part of the Global Ocean Sample 

(GOS) Expedition.  Three sites were chosen for large volume water sampling and two of these 

were also assessed using Single Virus Genomics techniques.  Viral sequences on the large 

filters (0.1, 0.8 and 3.0µm) collected in the CC/SCB dataset were identified and found to be 

different than the viral libraries in homology to reference sequences; cyanophage and eukaryotic 

viruses were among the dominant taxa.  Unprecented findings include nitrogen assmililation 

genes and denitrification genes.  In addition, evidence for viral-encoded resistance markers of β-

lactamase type. 

Introduction 

Viruses are highly ubiquitous and comprise the most abundant components of microbial 

communities, including the world’s oceans, where they average 107 viruses per milliliter of 

seawater (Wommack, et al. 2000).  Viruses are small particles that ‘live’ as parasites on their 

host due to their lack of intrinsic metabolism.  Within the oceans, the marine microbial food 

web plays a major role in the recycling of carbon and nutrients and regulates energy transfer to 

higher trophic levels (Azam, et al. 1983; Kirchman 1994). Viruses play an important role in 

fueling this loop by breaking apart bacteria and phytoplankton through a process called viral 

lysis; which results in release of energy-rich dissolved organic matter (DOM) (Fuhrman 1999).  

This viral shunt (Azam 1998; Wilhelm, et al. 1999) of the ‘microbial loop’ generates DOM for 

bacterial consumption and increases CO2 respiration of the entire ecosystem.  The viral shunt 

can also adversely effect zooplankton productivity through enhanced diversion of materials and 

energy into the microbial loop, at the expense of higher trophic levels, as well as decrease 

export flux through the biological pump; therefore lowering the magnitude of the oceanic CO2 

sequestration (Middelboe, et al. 2002; Middelboe, et al. 2003). 
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To gain an understanding of the diversity and metabolic capabilities of viruses with the 

California Current Ecosystem (CCE), culture-independent approaches were taken.  The first 

was a metagenomic analysis that consisted of (1) the virioplankton community, removed from 

the microbial fraction using filter-separation techniques and (2) sequences taxonomically 

classified as viral within the microbial size fraction (0.1-200µm) using a phylogenomic 

approach.  Additionally, Single Virus Genomics (SVG) techniques were employed.  The SVG 

approach is aimed at isolation and genomic characterization of viral particles in environmental 

virioplankton assemblages. The ability to generate an environmental viral reference genome 

library provides a first step towards the long-term goal of creating a new paradigm for capturing 

and binning the immense level of viral genotypic diversity within environmental samples.  

Therefore, understanding the diversity and metabolic potential through genomic analysis of 

virioplankton will increase our knowledge surrounding their dynamic role in marine 

ecosystems. This study provides molecular-level insight about the virioplankton community, not 

yet achieved, within the CCE.    

 

Materials and Methods 

Sample collection 

Samples were collected on the R/V New Horizon, a SIO vessel, as part of the CalCOFI July 

2007 annual cruise.  Three of the seven stations were sampled for viral library construction 

along the CalCOFI transect.  These included the following sites listed by CalCOFI stations with 

GOS identification in parentheses 87.80 (GS258), 83.80 (GS260), 77.60 (GS263).   At each of 

the 3 stations, pre-filtration with a 200µm nytex net was used to remove large particulates, 

followed by serial filtration through 3.0-, 0.8-, and 0.1-µm Supor 293mm disc filters (Pall Life 

Sciences) (see Rusch et al., 2007).  The 0.1µm-filtered seawater was then processed using 

tangential flow filtration (TFF) at sea using a Pellicon 50kD maxi cassette (Millipore) to 
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concentrate the ~200L of seawater to ~2L and generate communities of viral size.  Glycerol was 

added to a 10% final concentration and frozen at -20°C until transferred to -80°C in laboratory. 

Viral particle purification, library construction, and sequencing for metagenomic analysis 

Viral samples were further processed in the lab via TFF using a 30KD cassette (Millipore) to 

reduce volume to ~250ml.  Subsequently, centrifugal concentration was performed to reduce 

volume of viral concentrates (VC) to ~2ml.  These VCs then underwent purification using 

ultracentrifugation in a sucrose gradient to pellet viral particles.  Purified viral particles were 

resuspended in 500ml 1X TE (Invitrogen).  DNase reactions (New England Biolabs) were 

conducted to remove any contaminating free DNA, which is likely present due to cellular debris 

in seawater and captured during the filtration processes.  Environmental (eDNA) was then 

isolated using Phenol:Chloroform:Isoamyl alcohol (24:1:1) extraction followed by ethanol 

purification.   

Viral libraries were constructed using the Linker Amplified Shotgun Library (LASL) (Thurber, 

et al. 2009; Andrews-Pfannkoch, et al. 2010) method, however cloning steps were eliminated 

due to usage of the 454 GS-FLX Titanium sequencing platform.  Briefly, eDNA was 

fragmented using nebulization and size selected (~1-2kb) on 1% low melting point agarose.  

ICEU1 adapters were then ligated on the fragmented eDNA and amplified via PCR using the 

bottom ICEU1 adapter as primer (5’-Phos-TCG CTA CCT TAG GAC CGT TAT ACG TA-3’).  

These amplicons were then gel purified using β-agarase (New England Biolabs).   Amplicons 

were adaptor ligated and subsequently purified using AMPure bead purification methods 

followed by emulsion PCR (emPCR) and sequenced using the Roche sequencing platform. 

ORF calling and annotation 

Replicate sequences, an artifact in 454 GS-FLX Titanium generated data, were identified and 

removed prior to ORF calling using the approach described by Gomez-Alvarez, et al., 2009, 

with the following parameters:  sequences sharing >90% nucleotide identity and beginning with 
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the same 3 nucleotides; these sequences were then removed.  ORFs were identified and called 

using similar methods as reported in Tannenbaum, et al., 2010.  Briefly, a three step putative 

protein identification process is completed: (i) a naïve 6-frame translation to identify all 

possible ORFs with a 90bp minimum size cutoff, the longest ORF for each read is chosen, (ii) 

uses the tool MetaGeneAnnotater (Noguchi, et al. 2008) an ab initio gene prediction software 

that uses statistical gene models of bacteria, archaea and prophage to identify putative proteins, 

(iii) uses predictions from step (ii) to identify ORFs from step (i).  These ORFs from step (i) 

corresponding to (ii) are considered the longest putative proteins (i.e., if the ORF in step (i) is 

longer than that in (ii), the sequence adjacent in step (i) is retained and used in further 

annotation analyses. 

 

The Automated Phylogenetic Inference System (APIS) (see Chapter II for details) was used for 

phylogenomic profiling of metagenomic and SVG derived proteins.    

 

DNA polymerase diversity 

Putative DNA polymerase genes were identified using HMM searches against PF00136.  

Reference sequences were mined from GenBank and curated to include information relevant for 

the marine environment.  A reference alignment was constructed with MUSCLE (Edgar 2004) 

and subsequently a reference phylogenetic tree created using PhyML (Guindon, et al. 2003) 

with the WAG model.  This reference tree was then used in the program pplacer (Matsen, et al. 

2010) to place environmental sequences among the references. 

 

Clusters of Orthologous Groups (COGs/KOGs) identification 

Similar methods were described in Chapter II.  Briefly, using the APIS generated phylogenetic 

trees for proteins nearest neighbors were identified.  All proteins in the APIS database phyloDB 
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were assigned COG/KOGs using BLAST, therefore the COG/KOG for environmental 

sequences were inferred from the nearest neighbor.  

 

De novo assembly and reference mapping 

De novo assembly of metagenomic and SVG reads were assembled using the Roche Newbler 

assembler, set to 86% identity for metagenomic reads and 90% for SVG reads.  In both cases, 

the assemblies were bioinformatically normalized by reducing redundant contigs. Briefly, 

contigs that clustered at a 97% identity threshold were identified, and reads reduced to generate 

even coverage across the contig, see (Allen, et al. 2011).  Reference mapping was performed 

using the CLC Workbench. 

 

Single Virus Genomics (SVG) methods 

Methods used were similar to those previously reported (Allen, et al. 2011).  Briefly, VCs from 

sites 87.80 (GS258) and 83.80 (GS260) were used in flow cytometry to sort 1-5 viruses per 

agarose well.  Whole genome amplification of embedded viruses was performed in situ using 

the Genomiphi HY kit (GE Healthcare).  Genomic DNA was then processed for 454-GS FLX 

Titanium sequencing as described above. 

 

Results  

Sample sites and sequencing 

Three of the seven stations sampled for metagenomic studies within the CalCOFI 

transect were chosen for viral library construction and sequencing using 454-Titanium 

technology, including 87.80 (GS258), 83.80 (GS260), and 77.60 (GS263) (Figure 1).  

Sequencing statistics are shown in Table 1. Sample GS258 (87.80) was selected due to location 

within the upwelling mosaic corresponding to what is operationally termed aged-upwelled, as 
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the water mass sampled was likely upwelled nearshore and subsequently moved offshore via 

Ekman transport.  Site 83.80 (GS260) was selected based on the planctomycete bloom 

described among the sequences from larger size classes (0.1-200µm).  Site 77.60 (GS263) was a 

near-shore sample that had a different microbial community composition relative to 

oligotrophic or aged-upwelled sites with an increase in bacteria belonging to the CFB group.  

Sequences from a previous study (Chapter II) corresponding to samples within the upwelling 

mosaic sampled (Figure 1) were binned into ‘Virus’ at the kingdom taxonomic level and 

showed a relative enrichment in sequences in the larger size classes (0.8-3.0µm) (Table 1 and 

Figure 2), likely due to infection of cyanobacteria and eukaryotic phytoplankton (Figure 3 and 

Chapter II). 

Samples for SVG analysis were derived from stations 87.80 (GS258) and 83.80 

(GS260).  Six agarose wells containing viral particles were successfully sequenced for GS258 

(87.80) and eight for GS260 (83.80).  For environmental isolates, we sorted using flow-

cytometry 1-5 viral particles per well, as opposed to true single viruses (Allen, et al. 2011). 

Viral Diversity 

 Phylogenomic profiling of all reads from each of the 3 viral libraries, as well, as reads 

classified as viral from larger size classes was used to assess the diversity of predicted proteins 

that resulted from individual reads (Table S1).  There was an enrichment of reads with 

homology to environmental sequences (Figure 3), including two libraries generated near the 

region sampled – Scripps Pier and Mission Bay (Breitbart, et al. 2002).  Based on hits to known 

viruses, the vast majority of sequences were related to tailed bacteriophage Myoviridae within 

the Caudovirales group, similar to a previous report (Williamson, et al. 2008).  There was 

significant increase in Roseophage SIO1 (within Myoviridae), representation in the viral 

fraction compared to larger fractions (Figure 3).  Examination of viral sequences based on their 

hosts show a segregation between viral sequences identified on the larger size fraction (0.1-, 
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0.8- and 3.0-µm) opposed to those found in the viral libraries.  A predominance of sequences 

within the larger size classes was classified as viruses that are known to infect cyanobacteria 

and marine eukaryotes, e.g., Procholorococcus phage P-SSM2 and Ostreococcus virus OsV5, 

respectively.   

In addition to phylogenomic profiling of viral reads, viral diversity was assessed using 

the DNA polymerase gene as previous reports have shown its utility in describing dsDNA 

viruses within the Nucleo-Cytoplasmic Large DNA viruses (NCDLV) and T4-like viruses.  The 

largest number of viral sequences claded with the Acipenserid herpesvirus 1 reference sequence 

(1102 total), a fish pathogen infecting the white sturgeon (Acipenser transmontanus), which is 

known to inhabit waters along the west coast of North America (Figure 4).  Surprisingly, a 

number of sequences were classified with Archaeal sequences, 35 related to a crenarchaeote 

representative and 19 similar to a euryarchaeote. Archaeal sequences were not identified in 

great abundance in a previous analysis of the microbial fraction (Chapter III); however, the 

same trend is seen of ‘weedy’ bacteria (Williamson, et al. 2001; Hewson, et al. 2007; Rusch, et 

al. 2007), e.g. Pseudoalteromonas sp. and Vibrio sp. both of which are present typically in low 

abundance (Venter, et al. 2004; Rusch, et al. 2007) yet viruses known to infect them are 

routinely identified (Williamson, et al. 2001; Jiang, et al. 2003; Williamson, et al. 2008). While 

it was expected that the CCE waters would have representation of cyanophage related to 

Prochlorococcus phage (54) and Synechococcus phage (3) types (Tai, et al. 2009; Rusch, et al. 

2010), an unanticipated finding was the abundance of sequences related to the freshwater 

cyanobacteria, Anabaena variabilis (618 total).  There are marine Anabaena sp. that are likely 

the cause for this cladding pattern and these viral sequences perhaps represent a novel marine 

cyanophage, not related to Prochlorococcus and Synechococcus phage, possibly infecting 

marine diazotrohpic cyanobacteria.  
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Metabolic profiling 

 Functional diversity of proteins from each viral metagenomic library and viral proteins 

from the large fraction (LF; 0.1µm, 0.8µm, 3.0µm) was investigated using the relative 

abundance of proteins within clusters of orthologous groups (COGs, bacteria; KOGs, 

eukaryotes).  The majority of hits were binned into known viral structural proteins (tail, capsid, 

terminase) and replicative functions (DNA polymerase) (Figure 5).  There was also evidence of 

accessory genes involved in phosphate metabolism, phoH, related to Roseophage 

SIO1(Rohwer, et al. 2000), photosynthesis, Ferredoxin, found in cyanophage (Sullivan, et al. 

2005), and nitrogen metabolism, Glutamine synthetase, represented in Mimivirus (Raoult, et al. 

2004).    

Novel viral genes involved in nitrogen metabolism 

 An unprecedented discovery from the CCE viral metagenomic datasets was found 

involved in nitrogen metabolism.   Proteins encoding functions for assimilatory nitrate and 

nitrite reduction were identified in two libraries, GS258 (87.80) and GS260 (83.80) using APIS 

and the COG approach, as well as, in assembly-based ORF annotation, the latter shown in 

Table 2.   Another putative gene identified using all approaches, nitric oxide reductase that is 

used in dentrification pathways, was discovered only in GS260 (83.80).   Phylogeneitc analysis 

was performed on the nitrite reductase proteins identified using APIS and the read-based 

approach; the greatest number of  sequences were placed outside  the  the  largest  clade of 

reference sequences. Figure 6.   

Bacterial resistance marker transport by viruses  

 Also using COG/KOG based binning, one of the top functional categories for each 

group of sequences (viral libraries and large fraction bin) belonged to β-lactamase class A.  

These proteins are present in bacterial genomes and have been observed on plasmids (Medeiros 

1997), which are though to provide the host a broader spectrum of resistance (Philippon, et al. 
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2002). There was evidence of β-lactamases among viral sequences in this dataset, not only from 

read-based analyses, but also on viral contigs.  Additionally, viral contigs were found that 

encoded the negative regulator of β-lactamase, which reduces the expression of β-lactamases.   

Mobilome of virioplankton  

 Genes involved in the horizontal transfer of genetic material (horizontal gene transfer – 

HGT), potentially from one entity to another, are collectively called the mobilome and were 

examined in the virioplankton samples.  Four ‘classes’ exist including, 1) plasmids, 2) 

transposable elements, 3) self-splicing genetic parasites, and 4) bacteriophage (Siefert 2009). 

Both integrases and transposases are mechanisms of phage integration into the host genome and 

were identified within the virioplankton libraries (Table 3) (Baker 1995; Groth, et al. 2004). 

Higher frequencies of these genes were found in the two offshore samples, GS258 and GS260 

compared to the near shore sample GS263, possibly an indication of greater levels of lysogenic 

viruses.  Interestingly, in addition to transposases, evidence of the Mu-phage transposition 

repressor C was identified, which maintains Mu-phage in a lysogenic state (Betermier, et al. 

1993; van Drunen, et al. 1993).   Intein homing endonucleases similar to self-splicing introns, 

are classified genetic parasites.  Homing endonucleases take refuge inteins and are encoded by 

them.  Inteins have been found in all domains of life and viruses (see Gogarten and Hilario for a 

review), using the COG based approach a surprisingly high abundance of ORFs functionally 

classified as inteins were identified in the viral libraries.  Interestingly, phylogenomic profiling 

revealed that the majority of these proteins were primarily affiliated with sequences that 

originated from other environmental viral libraries (73.7%) and Eukaryota (19.9%); suggesting 

a potential enrichment of previously uncharacterized phage that may be infecting eukaryotic 

organisms.   
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Reference Mapping 

 Based on phylogenomic profiling, several known viruses infecting marine bacteria, 

cyanobacteria, and eukaryotes were represented.  To measure overall coverage of these 

reference genomes within the CCE, genomic mapping was performed.  Even though relative 

abundances were high for Roseophage SIO1 within the viral sequences, full coverage across the 

genome was not complete ranging from 0-40X, shown in Figure 7.  Results on the cyanophage 

PSMM2 and PSMM7 showed increasing coverage near the 3’-end of the genome. 

Ostreococcocus virus 2 (OtV2) and 5 (OsV5) had very different coverage profiles with higher 

and more complete coverage obtained for OtV2.  OtV2 was not incorporated in the database 

used for read-based phylogenomic profiling, however was chosen for reference mapping based 

on BLAST-based homology searches (data not shown). 

Environmental SVG 

 To first gain insight into the abundance of SVG contig-based proteins accounted for 

within the viral metagenomic sequences, homology searches using BLASTp were conducted 

(Table 4).  Based on read homology searches, SVG samples from GS258 had high homology to 

bacteriophage lambda (Figure 8).  SVG samples from GS260 had a higher percentage of 

sequences that were not similar to viruses within the equivalent metagenomic sample (1.15%, 

compared to 2.84% for SVG258).  Also, there was little coverage of the contigs by the 

corresponding metagenomic sample, an example is shown in Figure 9. 

Discussion 

 Viral metagenomics datasets have increasingly become available for a variety of 

environments, particularly marine systems.  In this dataset describing virioplankton within the 

CCE, there was enrichment in sequences with the nearest homology to other viral 

environmental (metagenomic) data, which is likely due to the lack of suitable reference 

genomes within current databases.  Moreover, the taxonomic representation of bacterial 
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sequences within these datasets can be contributed from bacterial genomes harboring phages 

that are not adequately described.  Or, they could be putative cellular genes, as these are well 

documented in viral communities (Angly, et al. 2006; Breitbart, et al. 2007; Dinsdale, et al. 

2008; Williamson, et al. 2008) and important in assessing the role of viral contribution to 

cellular function, i.e., host survival or destruction.   

We described here the unprecedented finding of cellular genes involved in nitrogen 

metabolism, within the assimilatory nitrogen pathway, as well as, genes present in the 

denitrification pathway.  Nitrogen is an important element in the world’s oceans and necessary 

in biologically available forms for microbial processes, such as, growth and respiration.  Within 

the CCE, nitrate is brought to the surface through active upwelling and plays a role in shaping 

microbial community structure.  Discovery of putative viral encoded genes for assimilatory 

(nitrate and nitrate reductases) and respiratory (nitric oxide reductase) nitrate and nitrite 

reduction suggests a possible role for viruses in regulation of key nitrogen transformations 

within this environment; potentially supporting the adaptation of their host to episodic hypoxia 

and pulses of nutrients.  Particular microorganisms can assimilate NO3
- and NO2

- to produce 

biomass, while denitrifying bacteria can respire NO2
- to N2 gas, producing NO in the process.  

NO is a signaling molecule that up regulates defense mechanisms to a certain threshold, before 

becoming toxic and subsequently leading to programmed cell death (PCD) in certain marine 

organisms (Vardi, et al. 2008).  Nitric oxide reductase, found in GS260, converts nitric oxide to 

nitrous oxide, which can taken further to generate the end product in denitrification, N2 gas.  NO 

levels in the ocean have been suggested to arise from abiotic nitrite photolysis and/or bacterial 

denitrification and respiration (Ward 2003; Olasehinde, et al. 2010). Viruses carrying these 

genes may perhaps reduce the NO signal levels produced by the host thereby enhancing viral 

population infection of their hosts; or assist in respiration, as in the case of denitrification. 
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Adding to the potential success or destruction of its host, viruses within the CCE 

encoded putative resistance genes, β-lactamases, as well as, negative regulator of β-lactamase, 

which represses resistance.  Therefore, viruses encoding the β-lactamase enzyme during 

infection of their host can enhance their survival, if expressed, when antimicrobials within the 

β-lactam class are present.  Alternatively, viruses can also increase a host’s susceptibility to 

these molecules through expression of the negative regulator gene thereby triggering viral 

particle production and cell death.   β-lactamases have been found encoded on plasmids, 

however, their indication here in virioplankton communities suggests another mechanisms for 

the prevalence, and rampant acquisition of resistance among bacteria (Davies 1994).  

Several difficulties in analyses using assembly-based approaches arose from the nature 

of the data generated in the present study, most notably the lack of mate-pair data.  At the time 

of this study, costs associated with producing mate-pair data were inhibitory.  Mate-pair data 

allows for more rigorous assembly analysis, which is desirable when looking at diverse 

communities, specifically of viral origin where there is little homology in known sequences.  

However, based on the thorough methods used to purify natural viral assemblages prior to 

library construction, we still feel a read-based analysis has utility when assessing the taxonomic 

and metabolic profiles present in these datasets.  

 Due to the high diversity of viruses within the ocean, a large level of sequencing is 

likely needed to achieve full coverage of genomes that may be present.  We were unable to 

completely cover any of the known reference organisms that appeared present based on read 

and assembly based analyses, which is possibly due to the low levels of sequence data achieved 

in this study.  As a suggestion for future use of viral metagenomics, an increase in sequence 

coverage and mate-pair data are necessary, similar to what can be obtained with the next-

generation sequencing technology using Ilumina.  Due to the small read length (100bp) typical 
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of this technology a tandem approach using 454 and Ilumina sequencing would likely lead to 

the best outcomes.  

SVG methods were employed here for the first time to environmental samples.  The 

same pitfalls as described for metagenomics remained based on these experiments, where 

coverage and quality (mate-pairs) are needed. Also, due to the high level of diversity of marine 

virioplankton many more samples are necessary from a specific environment to adequately 

describe the viruses present. Several ORFs from contigs greater than 1kb did not have 

significant homology to any known genes in reference databases. We understood this to be a 

potential problem with using SVG methods on environmental samples, since previous 

bacteriophage/host genomic studies have revealed a large proportion of unknown genes.  

However, SVG could be particularly valuable in a more targeted approach directed towards 

population level studies.  In this way, viruses can be binned based on conserved genes (e.g., 

DNA polymerase, major capsid protein, gp23) and genomically described to assess 

environmental pressures on the plasticity of phage genomes. Additionally, sorting and 

verification of single viruses, as was first demonstrated (Allen, et al. 2011) might be necessary.    
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Table 4.1: Sequencing statistics of viral libraries and counts of viral sequences within the larger 
size classes. 
 

Site  0.1µm 0.8µm 3.0µm Viral 
GS257  3243 5023 3556 - 
GS258  2896 4077 3363 380015 
GS259  1545 3365 2989 - 
GS260  1414 360 56 614570 
GS262  1183 4243 3444 - 
GS263  1835 5984 2550 283372 
GS264  1617 2897 1844 - 
Totals  13733 25949 17802 1277957 
% LF  23.89 45.14 30.97 - 
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Table 4.2:  Putative viral proteins involved in nitrogen transformations 

nitrite reductase 
Gene Annotation Taxa 
nitrite reductase (NO-forming) || Hydroxylamine reductase Betaproteobacteria 
nitrite reductase (cytochrome; ammonia-forming) Bacteroidetes 
nitrite reductase [NAD(P)H], large subunit  Betaproteobacteria 
nitrite reductase [NAD(P)H], large subunit Gammaproteobacteria 
nitrite reductase [NAD(P)H], large subunit Gammaproteobacteria 
nitrite reductase [NAD(P)H], small subunit Gammaproteobacteria 
nitrite reductase (cytochrome; ammonia-forming) Bacteroidetes 
nitrite reductase [NAD(P)H], large subunit || Ferredoxin--NAD(+) reductase Gammaproteobacteria 
nitrite reductase, copper-containing || Nitrite reductase (NO-forming) Bacteroidetes 
nitrite reductase [NAD(P)H], large subunit || Ferredoxin--NAD(+) reductase Gammaproteobacteria 

nitrate reductase  
Gene Annotation Taxa 
nitrate reductase, alpha subunit || Nitrate reductase Gammaproteobacteria 
nitrate reductase, alpha subunit || Nitrate reductase Gammaproteobacteria 
assimilatory nitrate reductase (NADH) alpha subunit apoprotein || Nitrate 
reductase Verrucomicrobia 
nitrate reductase, alpha subunit || Nitrate reductase Betaproteobacteria 
nitrate reductase, beta subunit || Nitrate reductase Mixed 
nitrate reductase, alpha subunit || Nitrate reductase Betaproteobacteria 
nitrate reductase, alpha subunit || Nitrate reductase Betaproteobacteria 
nitrate reductase, alpha subunit || Nitrate reductase Betaproteobacteria 
respiratory nitrate reductase, gamma subunit || Nitrate reductase Gammaproteobacteria 
nitrate reductase molybdenum cofactor assembly chaperone || Nitrate reductase Gammaproteobacteria 
nitrate reductase, beta subunit || Nitrate reductase Betaproteobacteria 
assimilatory nitrate reductase (NADH) alpha subunit apoprotein || Nitrate 
reductase Verrucomicrobia 

nitric oxide reductase  
Gene Annotation Taxa 
nitric oxide reductase large subunit || Nitric-oxide reductase Betaproteobacteria 
nitric oxide reductase large subunit || Nitric-oxide reductase Betaproteobacteria 
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Table 4.3: Mobilome of viroplankton community. 

COG Description GS258 GS260 GS263 
large 

fraction 
Transposase and inactivated derivatives - 0.01123 0.00543 - 
FOG: Transposase - 0.00006 - - 
FOG: Transposase and inactivated 
derivatives 0.00006 0.00116 - - 
Transposase - 0.00002 - - 
Transposase and inactivated derivatives 0.00172 0.01413 0.00318 0.00023 
Integrase 0.00189 0.00315 0.00078 0.00012 
Predicted site-specific integrase-resolvase - 0.00013 - 0.00003 
Intein/homing endonuclease 0.03812 0.00028 0.00643 0.00720 
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Table 4.4: Metegenomic reads showing homology to SVG derived assembly predicted proteins.  
Metagenomic reads were identified as homologous using BLASTp with a 1.0e-9 threshold. 

 

SVG258 
Library % metagenomic 
A5 3.41 
A6 2.06 
A8 3.38 
C6 3.91 
C7 1.17 
C8 3.13 

SVG260 
A1 0.96 
A2 1.68 
A3 1.57 
A4 1.00 
A5 0.79 
A6 1.29 
A7 0.76 
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Figure 4.1:  Sample map.  Three sites were chosen for metagenomic sequencing designated 
with circles. Two of these sites were also chosen for analysis using modified SVG 
approach, shown in red.
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Figure 4.2:  Percentage of viral sequences in the larger size classes per site. Seven sites across 

the upwelling region were used in the analysis and constituted the viral ‘large fraction’.  
Sequences were identified as virus via APIS at the kingdom level. 
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Figure 4.3: Taxonomic distribution of classified viral peptides.  Host organisms groups are 
shown, unknown refers to a taxonomic classification of previous viral metagenomes – therefore 
a host could not be assigned.  
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Figure 4.4:  Phylogenetic tree of DNA polymerase gene.  Sequences were identified using an 
HMM search with PF00136. 
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Figure 4.5:  Functional representation of viral peptides based on COG/KOG classification.  The 
heatmap was generated from a distance matrix of relative abundances of each COG category per 
site.  Pie charts represent the viral sample distribution for selected functions that have not been 
reported in viral genomic or metagenomic datasets.  
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Pyruvate/2-oxoglutarate dehydrogenase complex
Transposase and inactivated derivatives
Type II secretory pathway
ABC-type multidrug transport system
Permeases of the major facilitator superfamily
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DNA modification methylase
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NAD(P)H-nitrite reductase
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ABC-type dipeptide transport system
Response regulator with putative antiterminator output domain
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5-3 exonuclease (including N-terminal domain of PolI)
Predicted pyrophosphatase
Thymidylate synthase
DNA polymerase elongation subunit (family B)
Phage tail sheath protein FI
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Cation/multidrug efflux pump
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Superfamily II DNA/RNA helicases
Phage terminase-like protein
DNA modification methylase
Phage terminase large subunit
Phage-related protein
Site-specific DNA methylase
Phage head maturation protease
DNA primase (bacterial type)
Bacteriophage tail assembly protein
Predicted chitinase

Outer membrane receptor proteins
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Signal transduction histidine kinase
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RecA/RadA recombinase
DNA polymerase delta
ATPase involved in DNA repair
DNA topoisomerase type II
Acyl-CoA dehydrogenases
FOG: PAS/PAC domain
ATPases involved in chromosome partitioning
Na+/proline symporter
Intracellular septation protein A
Glycine/D-amino acid oxidases (deaminating)
Aconitase A
Transcriptional regulators
Predicted membrane protein
ABC-type Fe3+ transport system
DNA-directed RNA polymerase
PAPS reductase/FAD synthetase and related enzymes
Methyl-accepting chemotaxis protein
Putative silver efflux pump
DNA polymerase III
Membrane-fusion protein
Non-ribosomal peptide synthetase modules and related proteins
Tfp pilus assembly protein
F0F1-type ATP synthase
Predicted transcriptional regulators
Integrase
NAD-dependent aldehyde dehydrogenases
Predicted signal transduction protein containing a membrane domain
Acyl-coenzyme A synthetases/AMP-(fatty) acid ligases
FAD/FMN-containing dehydrogenases
CTP synthase (UTP-ammonia lyase)
Predicted dehydrogenases and related proteins
Predicted GTPases
Bacteriophage terminase large (ATPase) subunit
Predicted phage phi-C31 gp36 major capsid-like protein
Phage-related minor tail protein
Phage-related tail protein
Negative regulator of beta-lactamase expression
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Putative secretion activating protein
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Nucleoside-diphosphate-sugar epimerases
Predicted ATPase related to PhoH
MoxR-like ATPases
Uncharacterized protein involved in formation of curli polymers
Adenylate cyclase
Autotransporter adhesin
ABC-type sugar transport system
TRAP-type C4-dicarboxylate transport system
Carbamoylphosphate synthase large subunit (split gene in MJ)
Response regulator containing CheY-like receiver
RTX toxins and related Ca2+-binding proteins
Aminopeptidase N
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Figure 4.6: Phylogenetic tree of reference nitrite reductase sequences including environmental 
sequences.  The reference phylogentic tree was constructed using PhyML and environmental 
sequences were placed on nodes using pplacer.  Branch width depticts the relative abundance of 
sequences placed.  
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Figure 4.7: Genome mapping of all metagenomic viral reads, including large fraction, against 
reference organisms.  OsV5 = Ostreococcus virus OsV5, OsV2 = Ostreococcus virus 2, PSSM2 
= Prochlorooccus phage PSSM2, PSSM7 = Prochlorococcus phage PSSM7.  
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Figure 4.8:  Mapping SVG and metagenomic samples against the reference bacteriophage 
lambda.  A) Bacteriophage lambda genome, arrows denote genes, B) Coverage of lambda by 
SVG sample 258-C6, C) Coverage of lambda by metagenomic data.
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Figure 4.9:  SVG contig from sample GS260.  A) Putative ORFs and annotation across 
contig00056, B) Coverage of contig00056 by sequences from the SVG library, C) Coverage of 
contig00056 by GS260 metagenomic sequences. 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Table S1:   APIS classification at  the kingdom taxonomic  level.   Percentages are given as 
the number of sequences classified per total number of predicted proteins.   
 

Taxa  GS258  GS260  GS263 

Viruses  9.519176  3.525464  8.363109 
Bacteria  4.169961  35.85316  7.427592 
Mixed  1.206622  1.944139  4.183886 
Eukaryota  0.322638  0.960515  2.006843 
Archaea  0.021894  0.033838  0.00408 
Unclassified  84.75971  57.68288  78.01449 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Describing community shifts as a function of habitat and within spatial and temporal 

margins is a focus among marine ecologists.  The data presented in this thesis sought to use 

community level genomics to analyze microbilal communities within the upwelling mosaic, 

typical during the summer months.  Analyess illustrated that bacterioplankton over small spatial 

scales segregated based on nutrient availability. However, population shifts of taxa appeared 

less coupled to habitat in the larger size classes (0.8-200um), with increases in Cyanobacteria, 

Bacterioidetes, and Flavobacteria regardless of position within the upwelling mosaic. Bacterial 

genome size was evaluated in the larger size classes, as well as, evidence of a greater reportorie 

of transporters for specific substrates.  A distinction among bacterial groups binned by size class 

was also clear in assembly-based analyses, showing that C. pelagibacter scaffolds/contigs were 

more likely to assemble (and therefore exhibiting high similarity) between small (0.1µm) and 

large size classes (0.8-200µm) with little inter-assembly of the two groups.     

Viral communities within the CC and SCB were highly dissimilar to reference 

genomes, as well as previously sequenced metagenomes.  A number of putative novel accessory 

genes were identified, most notably those for nitrogen transformations; suggesting that 

virioplankton have adapted to life in regions capable of high nitrate levels.  It indicates a 

potential new role for marine virioplankton enabling host survival for their own benefit, similar 

to photosystem genes in cyanophage model systems.  

Additionally, this thesis presents on the first successful isolation, genomic sequencing 

and characterization of a single virus.  This method was extended to environmental viral 

assemblages and a number of putative viral contigs were identified with little homology to any 

reference sequence.  This method will likely become a widely used tool upon further 

optimazation of sequencing and bioinformatic techniques. 
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APPENDIX 1 
 

A.1:  Reference genomes used in phylogenetic tree of 31 marker genes, Continued. 
 

 
Tax ID Species Name Taxonomy Path 

329726 
Acaryochloris marina 
MBIC11017 Bacteria;Cyanobacteria;Acaryochloris 

441768 
Acholeplasma laidlawii PG-
8A Bacteria;Firmicutes;Mollicutes;Acholeplasmatales;Acholeplasmataceae;Acholeplasma 

525909 
Acidimicrobium ferrooxidans 
DSM 10331 Bacteria;Actinobacteria;Acidimicrobidae;Acidimicrobiales;Acidimicrobineae;Acidimicrobiaceae;Acidimicrobium;Acidimicrobiumferrooxidans; 

349163 Acidiphilium cryptum JF-5 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Acidiphilium 

380394 
Acidithiobacillus 
ferrooxidans ATCC 53993 Bacteria;Proteobacteria;Gammaproteobacteria;Acidithiobacillales;Acidithiobacillaceae;Acidithiobacillus 

204669 
Acidobacteria bacterium 
Ellin345 Bacteria;Acidobacteria;Acidobacteriales;Acidobacteriaceae 

351607 
Acidothermus cellulolyticus 
11B Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Acidothermaceae;Acidothermus 

397945 
Acidovorax avenae subsp. 
citrulli AAC00-1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Acidovorax 

232721 Acidovorax sp. JS42 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Acidovorax 

405416 
Acinetobacter baumannii 
ACICU Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Acinetobacter 

400667 
Acinetobacter baumannii 
ATCC 17978 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Acinetobacter 

509173 
Acinetobacter baumannii 
AYE Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Acinetobacter 

509170 
Acinetobacter baumannii 
SDF Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Acinetobacter 

62977 Acinetobacter sp. ADP1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Acinetobacter 

416269 
Actinobacillus 
pleuropneumoniae L20 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Actinobacillus 

434271 

Actinobacillus 
pleuropneumoniae serovar 3 
str. JL03 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Actinobacillus 

537457 

Actinobacillus 
pleuropneumoniae serovar 7 
str. AP76 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Actinobacillus 

339671 
Actinobacillus succinogenes 
130Z Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Actinobacillus 

446462 
Actinosynnema mirum DSM 
43827 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Pseudonocardineae;Actinosynnemataceae;Actinosynnema;Actinosynnemamirum; 

380703 
Aeromonas hydrophila subsp. 
hydrophila ATCC 7966 Bacteria;Proteobacteria;Gammaproteobacteria;Aeromonadales;Aeromonadaceae;Aeromonas 

176299 
Agrobacterium tumefaciens 
str. C58 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Agrobacterium 

349741 
Akkermansia muciniphila 
ATCC BAA-835 Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Verrucomicrobiales;Verrucomicrobiaceae;Akkermansia 

393595 
Alcanivorax borkumensis 
SK2 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Alcanivoracaceae;Alcanivorax 

388413 Algoriphagus sp. PR1 Bacteria;Bacteroidetes/Chlorobigroup;Sphingobacteria;Sphingobacteriales;Flexibacteraceae;Algoriphagus 

521098 

Alicyclobacillus 
acidocaldarius subsp. 
acidocaldarius DSM 446 

Bacteria;Firmicutes;Bacilli;Bacillales;Alicyclobacillaceae;Alicyclobacillus;Alicyclobacillusacidocaldarius;Alicyclobacillusacidocaldariussubsp.a
cidocaldarius; 

187272 
Alkalilimnicola ehrlichei 
MLHE-1 Bacteria;Proteobacteria;Gammaproteobacteria;Chromatiales;Ectothiorhodospiraceae;Alkalilimnicola 

293826 
Alkaliphilus metalliredigens 
QYMF Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Alkaliphilus 

350688 
Alkaliphilus oremlandii 
OhILAs Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Alkaliphilus 

156578 
Alteromonadales bacterium 
TW-7 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales 

314275 
Alteromonas macleodii Deep 
ecotype Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Alteromonas 

240292 
Anabaena variabilis ATCC 
29413 Bacteria;Cyanobacteria;Nostocales;Nostocaceae;Anabaena 

525919 
Anaerococcus prevotii DSM 
20548 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridialesincertaesedis;ClostridialesFamilyXI.IncertaeSedis;Anaerococcus;Anaerococcusprevotii; 

290397 
Anaeromyxobacter 
dehalogenans 2CP-C Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Cystobacterineae;Myxococcaceae;Anaeromyxobacter 

404589 
Anaeromyxobacter sp. 
Fw109-5 Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Cystobacterineae;Myxococcaceae;Anaeromyxobacter 
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447217 Anaeromyxobacter sp. K Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Cystobacterineae;Myxococcaceae;Anaeromyxobacter 

234826 
Anaplasma marginale str. St. 
Maries Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Anaplasma 

212042 
Anaplasma phagocytophilum 
HZ Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Anaplasma;phagocytophilumgroup 

224324 Aquifex aeolicus VF5 Bacteria;Aquificae;Aquificales;Aquificaceae;Aquifex 

367737 Arcobacter butzleri RM4018 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Arcobacter 

290340 Arthrobacter aurescens TC1 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Arthrobacter 

452863 
Arthrobacter 
chlorophenolicus A6 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Arthrobacter 

290399 Arthrobacter sp. FB24 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Arthrobacter 

322098 
Aster yellows witches-broom 
phytoplasma AYWB Bacteria;Firmicutes;Mollicutes;Acholeplasmatales;Acholeplasmataceae;CandidatusPhytoplasma;CandidatusPhytoplasmaasteris 

521095 
Atopobium parvulum DSM 
20469 Bacteria;Actinobacteria;Coriobacteridae;Coriobacteriales;Coriobacterineae;Coriobacteriaceae;Atopobium;Atopobiumparvulum; 

314269 Aurantimonas sp. SI85-9A1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Aurantimonadaceae;Aurantimonas 

62928 Azoarcus sp. BH72 Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Azoarcus 

76114 Azoarcus sp. EbN1 Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Azoarcus 

438753 
Azorhizobium caulinodans 
ORS 571 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Xanthobacteraceae;Azorhizobium 

326423 
Bacillus amyloliquefaciens 
FZB42 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

198094 Bacillus anthracis str. Ames Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

261594 
Bacillus anthracis str. Ames 
Ancestor Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

260799 Bacillus anthracis str. Sterne Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

222523 Bacillus cereus ATCC 10987 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

226900 Bacillus cereus ATCC 14579 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

288681 Bacillus cereus E33L Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

315749 
Bacillus cereus subsp. 
cytotoxis NVH 391-98 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

66692 Bacillus clausii KSM-K16 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

345219 Bacillus coagulans 36D1 Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Bacillus;Bacilluscoagulans; 

272558 Bacillus halodurans C-125 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

279010 
Bacillus licheniformis ATCC 
14580 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

315750 Bacillus pumilus SAFR-032 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

388400 Bacillus sp. B14905 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

313627 Bacillus sp. NRRL B-14911 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

161544 Bacillus sp. SG-1 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

224308 
Bacillus subtilis subsp. 
subtilis str. 168 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus 

281309 
Bacillus thuringiensis serovar 
konkukian str. 97-27 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

412694 
Bacillus thuringiensis str. Al 
Hakam Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

315730 
Bacillus weihenstephanensis 
KBAB4 Bacteria;Firmicutes;Bacillales;Bacillaceae;Bacillus;Bacilluscereusgroup 

272559 
Bacteroides fragilis NCTC 
9343 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Bacteroidaceae;Bacteroides 

295405 Bacteroides fragilis YCH46 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Bacteroidaceae;Bacteroides 

226186 
Bacteroides thetaiotaomicron 
VPI-5482 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Bacteroidaceae;Bacteroides 

435590 
Bacteroides vulgatus ATCC 
8482 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Bacteroidaceae;Bacteroides 

360095 
Bartonella bacilliformis 
KC583 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bartonellaceae;Bartonella 

283166 
Bartonella henselae str. 
Houston-1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bartonellaceae;Bartonella 
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283165 
Bartonella quintana str. 
Toulouse Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bartonellaceae;Bartonella 

382640 
Bartonella tribocorum CIP 
105476 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bartonellaceae;Bartonella 

374463 

Baumannia cicadellinicola 
str. Hc (Homalodisca 
coagulata) Bacteria;Proteobacteria;Gammaproteobacteria;CandidatusBaumannia 

264462 
Bdellovibrio bacteriovorus 
HD100 Bacteria;Proteobacteria;Deltaproteobacteria;Bdellovibrionales;Bdellovibrionaceae;Bdellovibrio 

395963 
Beijerinckia indica subsp. 
indica ATCC 9039 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Beijerinckiaceae;Beijerinckia 

471853 
Beutenbergia cavernae DSM 
12333 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Beutenbergiaceae;Beutenbergia;Beutenbergiacavernae; 

367928 
Bifidobacterium adolescentis 
ATCC 15703 Bacteria;Actinobacteria;Actinobacteridae;Bifidobacteriales;Bifidobacteriaceae;Bifidobacterium 

205913 
Bifidobacterium longum 
DJO10A Bacteria;Actinobacteria;Actinobacteridae;Bifidobacteriales;Bifidobacteriaceae;Bifidobacterium 

206672 
Bifidobacterium longum 
NCC2705 Bacteria;Actinobacteria;Actinobacteridae;Bifidobacteriales;Bifidobacteriaceae;Bifidobacterium 

314230 
Blastopirellula marina DSM 
3645 Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Blastopirellula 

360910 Bordetella avium 197N Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Bordetella 

257310 
Bordetella bronchiseptica 
RB50 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Bordetella 

257311 
Bordetella parapertussis 
12822 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Bordetella 

257313 
Bordetella pertussis Tohama 
I Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Bordetella 

94624 Bordetella petrii Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Bordetella 

390236 Borrelia afzelii PKo Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Borrelia;Borreliaburgdorferigroup 

224326 Borrelia burgdorferi B31 Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Borrelia;Borreliaburgdorferigroup 

290434 Borrelia garinii PBi Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Borrelia;Borreliaburgdorferigroup 

314723 Borrelia hermsii DAH Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Borrelia 

314724 Borrelia turicatae 91E135 Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Borrelia 

446465 
Brachybacterium faecium 
DSM 4810 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Dermabacteraceae;Brachybacterium;Brachybacteriumfaecium; 

526224 
Brachyspira murdochii DSM 
12563 Bacteria;Spirochaetes;Spirochaetales;Brachyspiraceae;Brachyspira;Brachyspiramurdochii; 

224911 
Bradyrhizobium japonicum 
USDA 110 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Bradyrhizobium 

288000 Bradyrhizobium sp. BTAi1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Bradyrhizobium 

114615 Bradyrhizobium sp. ORS278 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Bradyrhizobium 

430066 Brucella abortus S19 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

262698 
Brucella abortus biovar 1 str. 
9-941 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

483179 Brucella canis ATCC 23365 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

224914 Brucella melitensis 16M Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

359391 
Brucella melitensis biovar 
Abortus 2308 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

444178 Brucella ovis ATCC 25840 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

204722 Brucella suis 1330 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

470137 Brucella suis ATCC 23445 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Brucella 

107806 
Buchnera aphidicola str. APS 
(Acyrthosiphon pisum) Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Buchnera 

224915 
Buchnera aphidicola str. Bp 
(Baizongia pistaciae) Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Buchnera 

372461 
Buchnera aphidicola str. Cc 
(Cinara cedri) Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Buchnera 

198804 
Buchnera aphidicola str. Sg 
(Schizaphis graminum) Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Buchnera 

339670 
Burkholderia ambifaria 
AMMD Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

398577 
Burkholderia ambifaria 
MC40-6 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

331271 
Burkholderia cenocepacia 
AU 1054 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 
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331272 
Burkholderia cenocepacia 
HI2424 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

406425 
Burkholderia cenocepacia 
MC0-3 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

396598 
Burkholderia graminis 
C4D1M Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiagraminis; 

243160 
Burkholderia mallei ATCC 
23344 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

412022 
Burkholderia mallei NCTC 
10229 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

320389 
Burkholderia mallei NCTC 
10247 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

320388 Burkholderia mallei SAVP1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

395019 
Burkholderia multivorans 
ATCC 17616 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

391038 
Burkholderia phymatum 
STM815 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

398527 
Burkholderia phytofirmans 
PsJN Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

357348 
Burkholderia pseudomallei 
1106a Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;pseudomalleigroup 

320372 
Burkholderia pseudomallei 
1710b Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;pseudomalleigroup 

320373 
Burkholderia pseudomallei 
668 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;pseudomalleigroup 

272560 
Burkholderia pseudomallei 
K96243 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;pseudomalleigroup 

269483 Burkholderia sp. 383 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

271848 
Burkholderia thailandensis 
E264 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;pseudomalleigroup 

269482 
Burkholderia vietnamiensis 
G4 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia;Burkholderiacepaciacomplex 

266265 
Burkholderia xenovorans 
LB400 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Burkholderia 

351627 
Caldicellulosiruptor 
saccharolyticus DSM 8903 Bacteria;Firmicutes;Clostridia;Clostridiales;Syntrophomonadaceae;Caldicellulosiruptor 

391592 
Caminibacter mediatlanticus 
TB-2 Bacteria;Proteobacteria;Epsilonproteobacteria;Nautiliales;Nautiliaceae;Caminibacter 

360104 
Campylobacter concisus 
13826 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

360105 
Campylobacter curvus 
525.92 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

360106 
Campylobacter fetus subsp. 
fetus 82-40 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

360107 
Campylobacter hominis 
ATCC BAA-381 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

195099 
Campylobacter jejuni 
RM1221 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

360109 
Campylobacter jejuni subsp. 
doylei 269.97 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

354242 
Campylobacter jejuni subsp. 
jejuni 81-176 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

407148 
Campylobacter jejuni subsp. 
jejuni 81116 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

192222 
Campylobacter jejuni subsp. 
jejuni NCTC 11168 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Campylobacter 

452471 
Candidatus Amoebophilus 
asiaticus 5a2 Bacteria;Bacteroidetes/Chlorobigroup;CandidatusAmoebophilus 

203907 
Candidatus Blochmannia 
floridanus Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;antendosymbionts;CandidatusBlochmannia 

291272 
Candidatus Blochmannia 
pennsylvanicus str. BPEN Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;antendosymbionts;CandidatusBlochmannia 

477974 
Candidatus Desulforudis 
audaxviator MP104C Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;CandidatusDesulforudis 

314261 
Candidatus Pelagibacter 
ubique HTCC1002 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;SAR11cluster;CandidatusPelagibacter 

335992 
Candidatus Pelagibacter 
ubique HTCC1062 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;SAR11cluster;CandidatusPelagibacter 

59748 
Candidatus Phytoplasma 
australiense Bacteria;Tenericutes;Mollicutes;Acholeplasmatales;Acholeplasmataceae;CandidatusPhytoplasma;16SrXII(Stolburgroup) 

37692 Candidatus Phytoplasma mali Bacteria;Tenericutes;Mollicutes;Acholeplasmatales;Acholeplasmataceae;CandidatusPhytoplasma;16SrX(Appleproliferationgroup) 

264201 
Candidatus Protochlamydia 
amoebophila UWE25 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Parachlamydiaceae;CandidatusProtochlamydia 

413404 

Candidatus Ruthia magnifica 
str. Cm (Calyptogena 
magnifica) Bacteria;Proteobacteria;Gammaproteobacteria;sulfur-oxidizingsymbionts 

412965 
Candidatus Vesicomyosocius 
okutanii HA Bacteria;Proteobacteria;Gammaproteobacteria;sulfur-oxidizingsymbionts 
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521097 
Capnocytophaga ochracea 
DSM 7271 

Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Capnocytophaga;Capnocytophagaochrace
a; 

246194 
Carboxydothermus 
hydrogenoformans Z-2901 Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Carboxydothermus 

479433 
Catenulispora acidiphila 
DSM 44928 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Catenulisporineae;Catenulisporaceae;Catenulispora;Catenulisporaacidiphila; 

190650 Caulobacter crescentus CB15 Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Caulobacter 

366602 Caulobacter sp. K31 Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Caulobacter 

446466 
Cellulomonas flavigena DSM 
20109 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Cellulomonadaceae;Cellulomonas;Cellulomonasflavigena; 

498211 Cellvibrio japonicus Ueda107 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Cellvibrio 

485918 
Chitinophaga pinensis DSM 
2588 

Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Sphingobacterialesgeneraincertaesedis;Chitinophaga;C
hitinophagapinensis; 

243161 Chlamydia muridarum Nigg Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydia 

471472 
Chlamydia trachomatis 
434/Bu Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydia 

315277 
Chlamydia trachomatis 
A/HAR-13 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydia 

272561 
Chlamydia trachomatis 
D/UW-3/CX Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydia 

471473 
Chlamydia trachomatis 
L2b/UCH-1/proctitis Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydia 

218497 Chlamydophila abortus S26/3 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

227941 Chlamydophila caviae GPIC Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

264202 Chlamydophila felis Fe/C-56 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

115711 
Chlamydophila pneumoniae 
AR39 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

115713 
Chlamydophila pneumoniae 
CWL029 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

138677 
Chlamydophila pneumoniae 
J138 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

182082 
Chlamydophila pneumoniae 
TW-183 Bacteria;Chlamydiae/Verrucomicrobiagroup;Chlamydiales;Chlamydiaceae;Chlamydophila 

517417 
Chlorobaculum parvum 
NCIB 8327 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobaculum 

340177 
Chlorobium chlorochromatii 
CaD3 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium 

377431 
Chlorobium ferrooxidans 
DSM 13031 

Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium;Chlorobiumferrooxida
ns; 

290315 
Chlorobium limicola DSM 
245 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium 

331678 
Chlorobium 
phaeobacteroides BS1 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium 

290317 
Chlorobium 
phaeobacteroides DSM 266 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium 

194439 Chlorobium tepidum TLS Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobaculum 

326427 
Chloroflexus aggregans DSM 
9485 Bacteria;Chloroflexi;Chloroflexales;Chloroflexaceae;Chloroflexus 

324602 
Chloroflexus aurantiacus J-
10-fl Bacteria;Chloroflexi;Chloroflexales;Chloroflexaceae;Chloroflexus 

517418 
Chloroherpeton thalassium 
ATCC 35110 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chloroherpeton 

243365 
Chromobacterium violaceum 
ATCC 12472 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Chromobacterium 

290398 
Chromohalobacter salexigens 
DSM 3043 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Halomonadaceae;Chromohalobacter 

118005 
Chrysiogenes arsenatis DSM 
11915 Bacteria;Chrysiogenetes;Chrysiogenetes(class);Chrysiogenales;Chrysiogenaceae;Chrysiogenes;Chrysiogenesarsenatis 

497964 
Chthoniobacter flavus 
Ellin428 Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Spartobacteria;Chthoniobacter;Chthoniobacterflavus; 

290338 
Citrobacter koseri ATCC 
BAA-895 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Citrobacter 

443906 

Clavibacter michiganensis 
subsp. michiganensis NCPPB 
382 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Microbacteriaceae;Clavibacter 

272562 
Clostridium acetobutylicum 
ATCC 824 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

290402 
Clostridium beijerinckii 
NCIMB 8052 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

441770 
Clostridium botulinum A str. 
ATCC 19397 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

413999 
Clostridium botulinum A str. 
ATCC 3502 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 
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441771 
Clostridium botulinum A str. 
Hall Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

498214 
Clostridium botulinum A3 
str. Loch Maree Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

508765 
Clostridium botulinum B str. 
Eklund 17B Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

498213 
Clostridium botulinum B1 
str. Okra Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

508767 
Clostridium botulinum E3 
str. Alaska E43 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

441772 
Clostridium botulinum F str. 
Langeland Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

394503 
Clostridium cellulolyticum 
H10 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

272563 Clostridium difficile 630 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

431943 
Clostridium kluyveri DSM 
555 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

386415 Clostridium novyi NT Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

195103 
Clostridium perfringens 
ATCC 13124 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

289380 
Clostridium perfringens 
SM101 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

195102 
Clostridium perfringens str. 
13 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

357809 
Clostridium phytofermentans 
ISDg Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

212717 Clostridium tetani E88 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

203119 
Clostridium thermocellum 
ATCC 27405 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium 

492476 
Clostridium thermocellum 
DSM 4150 Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Clostridium;Clostridiumthermocellum; 

167879 
Colwellia psychrerythraea 
34H Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Colwelliaceae;Colwellia 

469383 
Conexibacter woesei DSM 
14684 Bacteria;Actinobacteria;Rubrobacteridae;Rubrobacterales;Rubrobacterineae;Conexibacteraceae;Conexibacter;Conexibacterwoesei; 

314285 
Congregibacter litoralis 
KT71 Bacteria;Proteobacteria;Gammaproteobacteria;Congregibacter 

309798 
Coprothermobacter 
proteolyticus DSM 5265 Bacteria;Firmicutes;Clostridia;Thermoanaerobacterales;Thermodesulfobiaceae;Coprothermobacter 

257309 
Corynebacterium diphtheriae 
NCTC 13129 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

196164 
Corynebacterium efficiens 
YS-314 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

196627 
Corynebacterium glutamicum 
ATCC 13032 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

340322 
Corynebacterium glutamicum 
R Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

306537 
Corynebacterium jeikeium 
K411 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

504474 
Corynebacterium urealyticum 
DSM 7109 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Corynebacteriaceae;Corynebacterium 

434922 
Coxiella burnetii Dugway 
5J108-111 Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Coxiellaceae;Coxiella 

360115 Coxiella burnetii RSA 331 Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Coxiellaceae;Coxiella 

227377 Coxiella burnetii RSA 493 Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Coxiellaceae;Coxiella 

216432 
Croceibacter atlanticus 
HTCC2559 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Croceibacter 

165597 
Crocosphaera watsonii WH 
8501 Bacteria;Cyanobacteria;Chroococcales;Crocosphaera;Crocosphaerawatsonii; 

469378 
Cryptobacterium curtum 
DSM 15641 Bacteria;Actinobacteria;Coriobacteridae;Coriobacteriales;Coriobacterineae;Coriobacteriaceae;Cryptobacterium;Cryptobacteriumcurtum; 

43989 Cyanothece sp. ATCC 51142 Bacteria;Cyanobacteria;Chroococcales;Cyanothece 

391612 Cyanothece sp. CCY0110 Bacteria;Cyanobacteria;Chroococcales;Cyanothece 

65393 Cyanothece sp. PCC 7424 Bacteria;Cyanobacteria;Chroococcales;Cyanothece 

395961 Cyanothece sp. PCC 7425 Bacteria;Cyanobacteria;Chroococcales;Cyanothece 

497965 Cyanothece sp. PCC 7822 Bacteria;Cyanobacteria;Chroococcales;Cyanothece; 

41431 Cyanothece sp. PCC 8801 Bacteria;Cyanobacteria;Chroococcales;Cyanothece 

395962 Cyanothece sp. PCC 8802 Bacteria;Cyanobacteria;Chroococcales;Cyanothece; 
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269798 
Cytophaga hutchinsonii 
ATCC 33406 Bacteria;Bacteroidetes/Chlorobigroup;Sphingobacteria;Sphingobacteriales;Flexibacteraceae;Cytophaga 

159087 
Dechloromonas aromatica 
RCB Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Dechloromonas 

243164 
Dehalococcoides 
ethenogenes 195 Bacteria;Chloroflexi;Dehalococcoidetes;Dehalococcoides 

216389 Dehalococcoides sp. BAV1 Bacteria;Chloroflexi;Dehalococcoidetes;Dehalococcoides 

255470 Dehalococcoides sp. CBDB1 Bacteria;Chloroflexi;Dehalococcoidetes;Dehalococcoides 

311424 Dehalococcoides sp. VS Bacteria;Chloroflexi;Dehalococcoidetes;Dehalococcoides; 

319795 
Deinococcus geothermalis 
DSM 11300 Bacteria;Deinococcus-Thermus;Deinococci;Deinococcales;Deinococcaceae;Deinococcus 

243230 Deinococcus radiodurans R1 Bacteria;Deinococcus-Thermus;Deinococci;Deinococcales;Deinococcaceae;Deinococcus 

398578 Delftia acidovorans SPH-1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Delftia 

522772 
Denitrovibrio acetiphilus 
DSM 12809 Bacteria;Deferribacteres;Deferribacteres(class);Deferribacterales;Deferribacteraceae;Denitrovibrio;Denitrovibrioacetiphilus; 

138119 
Desulfitobacterium hafniense 
Y51 Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Desulfitobacterium 

96561 
Desulfococcus oleovorans 
Hxd3 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfobacterales;Desulfobacteraceae;Desulfococcus 

485915 
Desulfohalobium retbaense 
DSM 5692 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfohalobiaceae;Desulfohalobium;Desulfohalobiumretbaense; 

525897 
Desulfomicrobium baculatum 
DSM 4028 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfomicrobiaceae;Desulfomicrobium;Desulfomicrobiumbaculatum; 

177439 
Desulfotalea psychrophila 
LSv54 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfobacterales;Desulfobulbaceae;Desulfotalea 

485916 
Desulfotomaculum 
acetoxidans DSM 771 Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Desulfotomaculum;Desulfotomaculumacetoxidans; 

349161 
Desulfotomaculum reducens 
MI-1 Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Desulfotomaculum 

207559 
Desulfovibrio desulfuricans 
G20 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfovibrionaceae;Desulfovibrio 

391774 
Desulfovibrio vulgaris subsp. 
vulgaris DP4 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfovibrionaceae;Desulfovibrio 

882 
Desulfovibrio vulgaris subsp. 
vulgaris str. Hildenborough Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfovibrionaceae;Desulfovibrio 

246195 
Dichelobacter nodosus 
VCS1703A Bacteria;Proteobacteria;Gammaproteobacteria;Cardiobacteriales;Cardiobacteriaceae;Dichelobacter 

309799 
Dictyoglomus thermophilum 
H-6-12 Bacteria;Dictyoglomi;Dictyoglomales;Dictyoglomaceae;Dictyoglomus 

398580 
Dinoroseobacter shibae DFL 
12 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Dinoroseobacter 

313590 
Dokdonia donghaensis 
MED134 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Dokdonia 

471854 
Dyadobacter fermentans 
DSM 18053 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Flexibacteraceae;Dyadobacter;Dyadobacterfermentans; 

479437 Eggerthella lenta DSM 2243 Bacteria;Actinobacteria;Coriobacteridae;Coriobacteriales;Coriobacterineae;Coriobacteriaceae;Eggerthella;Eggerthellalenta; 

269484 Ehrlichia canis str. Jake Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Ehrlichia 

205920 
Ehrlichia chaffeensis str. 
Arkansas Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Ehrlichia 

302409 
Ehrlichia ruminantium str. 
Gardel Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Ehrlichia 

254945 
Ehrlichia ruminantium str. 
Welgevonden Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Ehrlichia 

445932 
Elusimicrobium minutum 
Pei191 Bacteria;candidatedivisionTG1;Elusimicrobium 

290339 
Enterobacter sakazakii ATCC 
BAA-894 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Cronobacter 

399742 Enterobacter sp. 638 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Enterobacter 

226185 Enterococcus faecalis V583 Bacteria;Firmicutes;Lactobacillales;Enterococcaceae;Enterococcus 

218491 
Erwinia carotovora subsp. 
atroseptica SCRI1043 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Pectobacterium 

338565 Erwinia tasmaniensis Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Erwinia 

314225 
Erythrobacter litoralis 
HTCC2594 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Erythrobacteraceae;Erythrobacter 

237727 Erythrobacter sp. NAP1 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Erythrobacteraceae;Erythrobacter 

161528 Erythrobacter sp. SD-21 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Erythrobacteraceae;Erythrobacter 

362663 Escherichia coli 536 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 
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405955 Escherichia coli APEC O1 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

481805 Escherichia coli ATCC 8739 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

199310 Escherichia coli CFT073 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

316385 Escherichia coli DH10B Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

331111 Escherichia coli E24377A Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

331112 Escherichia coli HS Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

83333 Escherichia coli K12 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

155864 
Escherichia coli O157:H7 
EDL933 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

386585 
Escherichia coli O157:H7 str. 
Sakai Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

439855 
Escherichia coli SECEC 
SMS-3-5 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

364106 Escherichia coli UTI89 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

316407 Escherichia coli W3110 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Escherichia 

262543 
Exiguobacterium sibiricum 
255-15 Bacteria;Firmicutes;Bacillales;Bacillaceae;Exiguobacterium 

360911 Exiguobacterium sp. AT1b Bacteria;Firmicutes;Bacilli;Bacillales;Bacillalesincertaesedis;BacillalesFamilyXII.IncertaeSedis;Exiguobacterium; 

381764 
Fervidobacterium nodosum 
Rt17-B1 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Fervidobacterium 

334413 
Finegoldia magna ATCC 
29328 Bacteria;Firmicutes;Clostridia;Clostridiales;Peptostreptococcaceae;Finegoldia 

391598 
Flavobacteria bacterium 
BAL38 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales 

156586 
Flavobacteria bacterium 
BBFL7 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria 

391603 
Flavobacteriales bacterium 
ALC-1 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales 

313603 
Flavobacteriales bacterium 
HTCC2170 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales 

376686 
Flavobacterium johnsoniae 
UW101 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Flavobacterium 

402612 
Flavobacterium 
psychrophilum JIP02/86 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Flavobacterium 

484022 

Francisella philomiragia 
subsp. philomiragia ATCC 
25017 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

119857 
Francisella tularensis subsp. 
holarctica Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

458234 
Francisella tularensis subsp. 
holarctica FTA Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

393011 
Francisella tularensis subsp. 
holarctica OSU18 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

441952 
Francisella tularensis subsp. 
mediasiatica FSC147 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

401614 
Francisella tularensis subsp. 
novicida U112 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

393115 
Francisella tularensis subsp. 
tularensis FSC198 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

177416 
Francisella tularensis subsp. 
tularensis SCHU S4 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

418136 
Francisella tularensis subsp. 
tularensis WY96-3418 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Francisellaceae;Francisella 

326424 Frankia alni ACN14a Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Frankiaceae;Frankia 

106370 Frankia sp. CcI3 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Frankiaceae;Frankia 

298653 Frankia sp. EAN1pec Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Frankiaceae;Frankia 

314231 
Fulvimarina pelagi 
HTCC2506 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Aurantimonadaceae;Fulvimarina 

190304 

Fusobacterium nucleatum 
subsp. nucleatum ATCC 
25586 Bacteria;Fusobacteria;Fusobacteria(class);Fusobacteriales;Fusobacteriaceae;Fusobacterium 

214688 
Gemmata obscuriglobus 
UQM 2246 Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Gemmata;Gemmataobscuriglobus 

235909 
Geobacillus kaustophilus 
HTA426 Bacteria;Firmicutes;Bacillales;Bacillaceae;Geobacillus 

495036 Geobacillus sp. G11MC16 Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Geobacillus; 
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471223 Geobacillus sp. WCH70 Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Geobacillus; 

481743 Geobacillus sp. Y412MC10 Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Geobacillus; 

420246 
Geobacillus 
thermodenitrificans NG80-2 Bacteria;Firmicutes;Bacillales;Bacillaceae;Geobacillus 

404380 Geobacter bemidjiensis Bem Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

398767 Geobacter lovleyi SZ Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

269799 
Geobacter metallireducens 
GS-15 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

316067 Geobacter sp. FRC-32 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

443144 Geobacter sp. M21 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter; 

243231 
Geobacter sulfurreducens 
PCA Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

351605 
Geobacter uraniumreducens 
Rf4 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter 

526225 
Geodermatophilus obscurus 
DSM 43160 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Geodermatophilaceae;Geodermatophilus;Geodermatophilusobscurus; 

251221 
Gloeobacter violaceus PCC 
7421 Bacteria;Cyanobacteria;Gloeobacteria;Gloeobacterales;Gloeobacter 

272568 
Gluconacetobacter 
diazotrophicus PAl 5 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Gluconacetobacter 

290633 Gluconobacter oxydans 621H Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Gluconobacter 

526226 
Gordonia bronchialis DSM 
43247 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Gordoniaceae;Gordonia;Gordoniabronchialis; 

411154 Gramella forsetii KT0803 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Gramella 

391165 
Granulibacter bethesdensis 
CGDNIH1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Granulibacter 

233412 
Haemophilus ducreyi 
35000HP Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Haemophilus 

281310 
Haemophilus influenzae 86-
028NP Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Haemophilus 

374930 
Haemophilus influenzae 
PittEE Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Haemophilus 

374931 
Haemophilus influenzae 
PittGG Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Haemophilus 

71421 
Haemophilus influenzae Rd 
KW20 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Haemophilus 

205914 Haemophilus somnus 129PT Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Histophilus 

228400 Haemophilus somnus 2336 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Histophilus 

349521 
Hahella chejuensis KCTC 
2396 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Hahellaceae;Hahella 

502025 
Haliangium ochraceum DSM 
14365 Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Nannocystineae;Haliangiaceae;Haliangium;Haliangiumochraceum; 

349124 
Halorhodospira halophila 
SL1 Bacteria;Proteobacteria;Gammaproteobacteria;Chromatiales;Ectothiorhodospiraceae;Halorhodospira 

373903 Halothermothrix orenii H 168 Bacteria;Firmicutes;Clostridia;Halanaerobiales;Halanaerobiaceae;Halothermothrix 

382638 
Helicobacter acinonychis str. 
Sheeba Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

235279 
Helicobacter hepaticus 
ATCC 51449 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

85962 Helicobacter pylori 26695 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

357544 Helicobacter pylori HPAG1 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

85963 Helicobacter pylori J99 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

512562 Helicobacter pylori Shi470 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Helicobacter 

498761 
Heliobacterium 
modesticaldum Ice1 Bacteria;Firmicutes;Clostridia;Clostridiales;Heliobacteriaceae;Heliobacterium 

204773 
Herminiimonas 
arsenicoxydans Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Herminiimonas 

316274 
Herpetosiphon aurantiacus 
ATCC 23779 Bacteria;Chloroflexi;Herpetosiphonales;Herpetosiphonaceae;Herpetosiphon 

380749 
Hydrogenobaculum sp. 
Y04AAS1 Bacteria;Aquificae;Aquificales;Aquificaceae;Hydrogenobaculum 

228405 
Hyphomonas neptunium 
ATCC 15444 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Hyphomonadaceae;Hyphomonas 

314276 Idiomarina baltica OS145 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Idiomarinaceae;Idiomarina 
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283942 Idiomarina loihiensis L2TR Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Idiomarinaceae;Idiomarina 

313589 Janibacter sp. HTCC2649 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Intrasporangiaceae;Janibacter 

290400 Jannaschia sp. CCS1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Jannaschia 

375286 
Janthinobacterium sp. 
Marseille Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Janthinobacterium 

471856 
Jonesia denitrificans DSM 
20603 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Jonesiaceae;Jonesia;Jonesiadenitrificans; 

523791 
Kangiella koreensis DSM 
16069 Bacteria;Proteobacteria;Gammaproteobacteria;unclassifiedGammaproteobacteria;Kangiella;Kangiellakoreensis; 

266940 
Kineococcus radiotolerans 
SRS30216 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Kineosporiaceae;Kineococcus 

272620 
Klebsiella pneumoniae subsp. 
pneumoniae MGH 78578 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Klebsiella 

378753 Kocuria rhizophila DC2201 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Kocuria 

479435 Kribbella flavida DSM 17836 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Propionibacterineae;Nocardioidaceae;Kribbella;Kribbellaflavida; 

478801 
Kytococcus sedentarius DSM 
20547 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Dermacoccaceae;Kytococcus;Kytococcussedentarius; 

272621 
Lactobacillus acidophilus 
NCFM Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

387344 
Lactobacillus brevis ATCC 
367 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

321967 
Lactobacillus casei ATCC 
334 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

543734 Lactobacillus casei BL23 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

390333 

Lactobacillus delbrueckii 
subsp. bulgaricus ATCC 
11842 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

321956 

Lactobacillus delbrueckii 
subsp. bulgaricus ATCC 
BAA-365 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

334390 
Lactobacillus fermentum IFO 
3956 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

324831 
Lactobacillus gasseri ATCC 
33323 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

405566 
Lactobacillus helveticus DPC 
4571 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

257314 
Lactobacillus johnsonii NCC 
533 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

220668 
Lactobacillus plantarum 
WCFS1 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

557436 
Lactobacillus reuteri DSM 
20016 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

299033 Lactobacillus reuteri F275 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

314315 
Lactobacillus sakei subsp. 
sakei 23K Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

364254 
Lactobacillus salivarius 
subsp. salivarius UCC118 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Lactobacillus 

416870 
Lactococcus lactis subsp. 
cremoris MG1363 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Lactococcus 

272622 
Lactococcus lactis subsp. 
cremoris SK11 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Lactococcus 

272623 
Lactococcus lactis subsp. 
lactis Il1403 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Lactococcus 

363253 
Lawsonia intracellularis 
PHE/MN1-00 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfovibrionales;Desulfovibrionaceae;Lawsonia 

398720 
Leeuwenhoekiella blandensis 
MED217 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Leeuwenhoekiella 

400673 
Legionella pneumophila str. 
Corby Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Legionellaceae;Legionella 

297245 
Legionella pneumophila str. 
Lens Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Legionellaceae;Legionella 

297246 
Legionella pneumophila str. 
Paris Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Legionellaceae;Legionella 

272624 

Legionella pneumophila 
subsp. pneumophila str. 
Philadelphia 1 Bacteria;Proteobacteria;Gammaproteobacteria;Legionellales;Legionellaceae;Legionella 

281090 
Leifsonia xyli subsp. xyli str. 
CTCB07 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Microbacteriaceae;Leifsonia 

313628 
Lentisphaera araneosa 
HTCC2155 Bacteria;Lentisphaerae;Lentisphaerales;Lentisphaera 

355278 
Leptospira biflexa serovar 
Patoc strain Patoc 1 (Ames) Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 

456481 
Leptospira biflexa serovar 
Patoc strain Patoc 1 (Paris) Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 
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355277 
Leptospira borgpetersenii 
serovar Hardjo-bovis JB197 Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 

355276 
Leptospira borgpetersenii 
serovar Hardjo-bovis L550 Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 

267671 

Leptospira interrogans 
serovar Copenhageni str. 
Fiocruz L1-130 Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 

189518 
Leptospira interrogans 
serovar Lai str. 56601 Bacteria;Spirochaetes;Spirochaetales;Leptospiraceae;Leptospira 

395495 Leptothrix cholodnii SP-6 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Leptothrix 

523794 
Leptotrichia buccalis DSM 
1135 Bacteria;Fusobacteria;Fusobacteria(class);Fusobacteriales;Fusobacteriaceae;Leptotrichia;Leptotrichiabuccalis; 

349519 Leuconostoc citreum KM20 Bacteria;Firmicutes;Lactobacillales;Leuconostoc 

391597 Limnobacter sp. MED105 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Limnobacter 

272626 Listeria innocua Clip11262 Bacteria;Firmicutes;Bacillales;Listeriaceae;Listeria 

169963 
Listeria monocytogenes 
EGD-e Bacteria;Firmicutes;Bacillales;Listeriaceae;Listeria 

265669 
Listeria monocytogenes str. 
4b F2365 Bacteria;Firmicutes;Bacillales;Listeriaceae;Listeria 

386043 
Listeria welshimeri serovar 
6b str. SLCC5334 Bacteria;Firmicutes;Bacillales;Listeriaceae;Listeria 

314232 
Loktanella vestfoldensis 
SKA53 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Loktanella 

313612 Lyngbya sp. PCC 8106 Bacteria;Cyanobacteria;Oscillatoriales;Lyngbya 

444177 
Lysinibacillus sphaericus C3-
41 Bacteria;Firmicutes;Bacillales;Bacillaceae;Lysinibacillus 

156889 Magnetococcus sp. MC-1 Bacteria;Proteobacteria;Magnetococcus 

342108 
Magnetospirillum 
magneticum AMB-1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Rhodospirillaceae;Magnetospirillum 

221988 

Mannheimia 
succiniciproducens 
MBEL55E Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Mannheimia 

394221 Maricaulis maris MCS10 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Hyphomonadaceae;Maricaulis 

443152 Marinobacter algicola DG893 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Marinobacter 

351348 Marinobacter aquaeolei VT8 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Marinobacter 

270374 Marinobacter sp. ELB17 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Marinobacter 

314277 Marinomonas sp. MED121 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Marinomonas 

400668 Marinomonas sp. MWYL1 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Marinomonas 

314345 
Mariprofundus ferrooxydans 
PV-1 Bacteria;Proteobacteria;Mariprofundus 

504728 
Meiothermus ruber DSM 
1279 Bacteria;Deinococcus-Thermus;Deinococci;Thermales;Thermaceae;Meiothermus;Meiothermusruber; 

526227 
Meiothermus silvanus DSM 
9946 Bacteria;Deinococcus-Thermus;Deinococci;Thermales;Thermaceae;Meiothermus;Meiothermussilvanus; 

265311 Mesoplasma florum L1 Bacteria;Firmicutes;Mollicutes;Entomoplasmatales;Entomoplasmataceae;Mesoplasma 

266835 
Mesorhizobium loti 
MAFF303099 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Phyllobacteriaceae;Mesorhizobium 

266779 Mesorhizobium sp. BNC1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Phyllobacteriaceae;Mesorhizobium 

481448 
Methylacidiphilum 
infernorum V4 Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Methylacidiphilum 

420662 
Methylibium petroleiphilum 
PM1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Methylibium 

265072 
Methylobacillus flagellatus 
KT Bacteria;Proteobacteria;Betaproteobacteria;Methylophilales;Methylophilaceae;Methylobacillus 

440085 
Methylobacterium 
chloromethanicum CM4 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 

419610 
Methylobacterium 
extorquens PA1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 

460265 
Methylobacterium nodulans 
ORS 2060 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 

441620 
Methylobacterium populi 
BJ001 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 

426355 
Methylobacterium 
radiotolerans JCM 2831 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 

426117 Methylobacterium sp. 4-46 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 
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395965 Methylocella silvestris BL2 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Beijerinckiaceae;Methylocella 

243233 
Methylococcus capsulatus 
str. Bath Bacteria;Proteobacteria;Gammaproteobacteria;Methylococcales;Methylococcaceae;Methylococcus 

383631 
Methylophilales bacterium 
HTCC2181 Bacteria;Proteobacteria;Betaproteobacteria;Methylophilales;unclassifiedMethylophilales 

465515 
Micrococcus luteus NCTC 
2665 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Micrococcus;Micrococcusluteus; 

449447 
Microcystis aeruginosa 
NIES-843 Bacteria;Cyanobacteria;Chroococcales;Microcystis 

313606 
Microscilla marina ATCC 
23134 Bacteria;Bacteroidetes/Chlorobigroup;Sphingobacteria;Sphingobacteriales;Flexibacteraceae;Microscilla 

264732 
Moorella thermoacetica 
ATCC 39073 Bacteria;Firmicutes;Clostridia;Thermoanaerobacteriales;Thermoanaerobacteriaceae;Moorellagroup;Moorella 

58051 Moritella sp. PE36 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Moritellaceae;Moritella 

36809 Mycobacterium abscessus Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

243243 Mycobacterium avium 104 
Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumaviumcomplex
(MAC) 

262316 
Mycobacterium avium subsp. 
paratuberculosis K-10 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumaviumcomplex
(MAC) 

233413 
Mycobacterium bovis 
AF2122/97 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

410289 
Mycobacterium bovis BCG 
str. Pasteur 1173P2 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

350054 
Mycobacterium gilvum PYR-
GCK Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

272631 Mycobacterium leprae TN Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

216594 Mycobacterium marinum M Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

246196 
Mycobacterium smegmatis 
str. MC2 155 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

164757 Mycobacterium sp. JLS Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

189918 Mycobacterium sp. KMS Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

164756 Mycobacterium sp. MCS Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

83331 
Mycobacterium tuberculosis 
CDC1551 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

336982 
Mycobacterium tuberculosis 
F11 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

419947 
Mycobacterium tuberculosis 
H37Ra 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

83332 
Mycobacterium tuberculosis 
H37Rv 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium;Mycobacteriumtuberculosisco
mplex 

362242 
Mycobacterium ulcerans 
Agy99 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

350058 
Mycobacterium vanbaalenii 
PYR-1 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Mycobacteriaceae;Mycobacterium 

340047 

Mycoplasma capricolum 
subsp. capricolum ATCC 
27343 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

243273 Mycoplasma genitalium G37 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

295358 
Mycoplasma hyopneumoniae 
232 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

262722 
Mycoplasma hyopneumoniae 
7448 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

262719 
Mycoplasma hyopneumoniae 
J Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

267748 Mycoplasma mobile 163K Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

272632 
Mycoplasma mycoides 
subsp. mycoides SC str. PG1 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

272633 Mycoplasma penetrans HF-2 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

272635 
Mycoplasma pulmonis UAB 
CTIP Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

262723 Mycoplasma synoviae 53 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

246197 
Myxococcus xanthus DK 
1622 Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Cystobacterineae;Myxococcaceae;Myxococcus 

479431 
Nakamurella multipartita 
DSM 44233 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Frankineae;Nakamurellaceae;Nakamurella;Nakamurellamultipartita; 

457570 
Natranaerobius thermophilus 
JW/NM-WN-LF Bacteria;Firmicutes;Clostridia;Natranaerobiales;Natranaerobiaceae;Natranaerobius 

242231 
Neisseria gonorrhoeae FA 
1090 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 
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521006 
Neisseria gonorrhoeae 
NCCP11945 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 

374833 
Neisseria meningitidis 
053442 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 

272831 
Neisseria meningitidis 
FAM18 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 

122586 Neisseria meningitidis MC58 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 

122587 Neisseria meningitidis Z2491 Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 

222891 
Neorickettsia sennetsu str. 
Miyayama Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Anaplasmataceae;Neorickettsia 

387092 Nitratiruptor sp. SB155-2 Bacteria;Proteobacteria;Epsilonproteobacteria;Nitratiruptor 

323097 
Nitrobacter hamburgensis 
X14 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Nitrobacter 

314253 Nitrobacter sp. Nb-311A Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Nitrobacter 

323098 
Nitrobacter winogradskyi 
Nb-255 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Nitrobacter 

314278 Nitrococcus mobilis Nb-231 Bacteria;Proteobacteria;Gammaproteobacteria;Chromatiales;Ectothiorhodospiraceae;Nitrococcus 

323261 
Nitrosococcus oceani ATCC 
19707 Bacteria;Proteobacteria;Gammaproteobacteria;Chromatiales;Chromatiaceae;Nitrosococcus 

228410 
Nitrosomonas europaea 
ATCC 19718 Bacteria;Proteobacteria;Betaproteobacteria;Nitrosomonadales;Nitrosomonadaceae;Nitrosomonas 

335283 Nitrosomonas eutropha C91 Bacteria;Proteobacteria;Betaproteobacteria;Nitrosomonadales;Nitrosomonadaceae;Nitrosomonas 

323848 
Nitrosospira multiformis 
ATCC 25196 Bacteria;Proteobacteria;Betaproteobacteria;Nitrosomonadales;Nitrosomonadaceae;Nitrosospira 

247156 
Nocardia farcinica IFM 
10152 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Nocardiaceae;Nocardia 

196162 Nocardioides sp. JS614 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Propionibacterineae;Nocardioidaceae;Nocardioides 

446468 

Nocardiopsis dassonvillei 
subsp. dassonvillei DSM 
43111 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptosporangineae;Nocardiopsaceae;Nocardiopsis;Nocardiopsisdassonvillei; 

313624 
Nodularia spumigena 
CCY9414 Bacteria;Cyanobacteria;Nostocales;Nostocaceae;Nodularia 

63737 
Nostoc punctiforme PCC 
73102 Bacteria;Cyanobacteria;Nostocales;Nostocaceae;Nostoc 

103690 Nostoc sp. PCC 7120 Bacteria;Cyanobacteria;Nostocales;Nostocaceae;Nostoc 

279238 
Novosphingobium 
aromaticivorans DSM 12444 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Novosphingobium 

314254 
Oceanicaulis alexandrii 
HTCC2633 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Hyphomonadaceae;Oceanicaulis 

252305 
Oceanicola batsensis 
HTCC2597 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Oceanicola 

314256 
Oceanicola granulosus 
HTCC2516 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Oceanicola 

221109 
Oceanobacillus iheyensis 
HTE831 Bacteria;Firmicutes;Bacillales;Bacillaceae;Oceanobacillus 

207949 Oceanobacter sp. RED65 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Oceanobacter 

207954 Oceanospirillum sp. MED92 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Oceanospirillum 

439375 
Ochrobactrum anthropi 
ATCC 49188 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Ochrobactrum 

203123 Oenococcus oeni PSU-1 Bacteria;Firmicutes;Lactobacillales;Oenococcus 

262768 
Onion yellows phytoplasma 
OY-M Bacteria;Firmicutes;Mollicutes;Acholeplasmatales;Acholeplasmataceae;CandidatusPhytoplasma;CandidatusPhytoplasmaasteris 

278957 Opitutaceae bacterium TAV2 Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Opitutae;Opitutales;Opitutaceae;unclassifiedOpitutaceae; 

452637 Opitutus terrae PB90-1 Bacteria;Chlamydiae/Verrucomicrobiagroup;Opitutae;Opitutales;Opitutaceae;Opitutus 

357244 
Orientia tsutsugamushi 
Boryong Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Orientia 

334380 
Orientia tsutsugamushi str. 
Ikeda Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Orientia 

435591 
Parabacteroides distasonis 
ATCC 8503 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Porphyromonadaceae;Parabacteroides 

318586 
Paracoccus denitrificans 
PD1222 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Paracoccus 

402881 
Parvibaculum 
lavamentivorans DS-1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Phyllobacteriaceae;Parvibaculum 

314260 
Parvularcula bermudensis 
HTCC2503 Bacteria;Proteobacteria;Alphaproteobacteria;Parvularculales;Parvularculaceae;Parvularcula 

272843 
Pasteurella multocida subsp. 
multocida str. Pm70 Bacteria;Proteobacteria;Gammaproteobacteria;Pasteurellales;Pasteurellaceae;Pasteurella 
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278197 
Pediococcus pentosaceus 
ATCC 25745 Bacteria;Firmicutes;Lactobacillales;Lactobacillaceae;Pediococcus 

485917 
Pedobacter heparinus DSM 
2366 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Sphingobacteriaceae;Pedobacter;Pedobacterheparinus; 

391596 Pedobacter sp. BAL39 Bacteria;Bacteroidetes/Chlorobigroup;Sphingobacteria;Sphingobacteriales;Sphingobacteriaceae;Pedobacter 

338963 
Pelobacter carbinolicus DSM 
2380 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Pelobacteraceae;Pelobacter 

338966 
Pelobacter propionicus DSM 
2379 Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Pelobacteraceae;Pelobacter 

319225 
Pelodictyon luteolum DSM 
273 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Pelodictyon 

324925 
Pelodictyon 
phaeoclathratiforme BU-1 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Pelodictyon 

370438 
Pelotomaculum 
thermopropionicum SI Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Pelotomaculum 

403833 Petrotoga mobilis SJ95 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Petrotoga 

450851 
Phenylobacterium zucineum 
HLK1 Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Phenylobacterium 

314280 
Photobacterium profundum 
3TCK Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Photobacterium 

298386 
Photobacterium profundum 
SS9 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Photobacterium 

121723 Photobacterium sp. SKA34 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Photobacterium 

243265 
Photorhabdus luminescens 
subsp. laumondii TTO1 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Photorhabdus 

521674 
Planctomyces limnophilus 
DSM 3776 Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Planctomyces;Planctomyceslimnophilus; 

344747 
Planctomyces maris DSM 
8797 Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Planctomyces 

391625 Plesiocystis pacifica SIR-1 Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Nannocystineae;Nannocystaceae;Plesiocystis 

313598 
Polaribacter dokdonensis 
MED152 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Polaribacter 

313594 Polaribacter irgensii 23-P Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Polaribacter 

365044 
Polaromonas 
naphthalenivorans CJ2 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Polaromonas 

296591 Polaromonas sp. JS666 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Polaromonas 

452638 
Polynucleobacter necessarius 
STIR1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Polynucleobacter 

312153 
Polynucleobacter sp. QLW-
P1DMWA-1 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Polynucleobacter 

431947 
Porphyromonas gingivalis 
ATCC 33277 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Porphyromonadaceae;Porphyromonas 

242619 
Porphyromonas gingivalis 
W83 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Bacteroidales;Porphyromonadaceae;Porphyromonas 

146891 
Prochlorococcus marinus str. 
AS9601 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

93059 
Prochlorococcus marinus str. 
MIT 9211 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

93060 
Prochlorococcus marinus str. 
MIT 9215 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

167546 
Prochlorococcus marinus str. 
MIT 9301 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

59922 
Prochlorococcus marinus str. 
MIT 9303 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

74546 
Prochlorococcus marinus str. 
MIT 9312 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

74547 
Prochlorococcus marinus str. 
MIT 9313 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

167542 
Prochlorococcus marinus str. 
MIT 9515 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

167555 
Prochlorococcus marinus str. 
NATL1A Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

59920 
Prochlorococcus marinus str. 
NATL2A Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

167539 

Prochlorococcus marinus 
subsp. marinus str. 
CCMP1375 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

59919 

Prochlorococcus marinus 
subsp. pastoris str. 
CCMP1986 Bacteria;Cyanobacteria;Prochlorales;Prochlorococcaceae;Prochlorococcus 

267747 
Propionibacterium acnes 
KPA171202 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Propionibacterineae;Propionibacteriaceae;Propionibacterium 

290512 
Prosthecochloris aestuarii 
DSM 271 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Prosthecochloris 
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290318 
Prosthecochloris vibrioformis 
DSM 265 Bacteria;Bacteroidetes/Chlorobigroup;Chlorobia;Chlorobiales;Chlorobiaceae;Chlorobium/Pelodictyongroup;Chlorobium 

529507 Proteus mirabilis HI4320 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Proteus 

342610 
Pseudoalteromonas atlantica 
T6c Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Pseudoalteromonadaceae;Pseudoalteromonas 

326442 
Pseudoalteromonas 
haloplanktis TAC125 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Pseudoalteromonadaceae;Pseudoalteromonas 

87626 
Pseudoalteromonas tunicata 
D2 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Pseudoalteromonadaceae;Pseudoalteromonas 

381754 
Pseudomonas aeruginosa 
PA7 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

208964 
Pseudomonas aeruginosa 
PAO1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

208963 
Pseudomonas aeruginosa 
UCBPP-PA14 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

384676 
Pseudomonas entomophila 
L48 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

220664 
Pseudomonas fluorescens Pf-
5 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

205922 
Pseudomonas fluorescens 
PfO-1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

399739 
Pseudomonas mendocina 
ymp Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

351746 Pseudomonas putida F1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

76869 Pseudomonas putida GB-1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

160488 Pseudomonas putida KT2440 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

390235 Pseudomonas putida W619 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

379731 Pseudomonas stutzeri A1501 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

264730 
Pseudomonas syringae pv. 
phaseolicola 1448A Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

205918 
Pseudomonas syringae pv. 
syringae B728a Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

223283 
Pseudomonas syringae pv. 
tomato str. DC3000 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 

259536 Psychrobacter arcticus 273-4 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Psychrobacter 

335284 
Psychrobacter cryohalolentis 
K5 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Psychrobacter 

349106 Psychrobacter sp. PRwf-1 Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Moraxellaceae;Psychrobacter 

313595 
Psychroflexus torquis ATCC 
700755 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Psychroflexus 

357804 Psychromonas ingrahamii 37 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Psychromonadaceae;Psychromonas 

314282 Psychromonas sp. CNPT3 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Psychromonadaceae;Psychromonas 

381666 Ralstonia eutropha H16 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Cupriavidus 

264198 Ralstonia eutropha JMP134 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Cupriavidus 

266264 
Ralstonia metallidurans 
CH34 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Cupriavidus 

428406 Ralstonia pickettii 12D Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Ralstonia;Ralstoniapickettii; 

402626 Ralstonia pickettii 12J Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Ralstonia 

267608 
Ralstonia solanacearum 
GMI1000 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Ralstonia 

314283 Reinekea sp. MED297 Bacteria;Proteobacteria;Gammaproteobacteria;Reinekea 

288705 
Renibacterium salmoninarum 
ATCC 33209 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Micrococcaceae;Renibacterium 

347834 Rhizobium etli CFN 42 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Rhizobium 

491916 Rhizobium etli CIAT 652 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Rhizobium 

395491 
Rhizobium leguminosarum 
bv. trifolii WSM1325 

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Rhizobium;Rhizobiumleguminosarum;
Rhizobiumleguminosarumbv.trifolii; 

395492 
Rhizobium leguminosarum 
bv. trifolii WSM2304 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Rhizobium 

216596 
Rhizobium leguminosarum 
bv. viciae 3841 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium/Agrobacteriumgroup;Rhizobium 

272943 
Rhodobacter sphaeroides 
2.4.1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Rhodobacter 
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349102 
Rhodobacter sphaeroides 
ATCC 17025 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Rhodobacter 

349101 
Rhodobacter sphaeroides 
ATCC 17029 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Rhodobacter 

388401 
Rhodobacterales bacterium 
HTCC2150 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales 

314271 
Rhodobacterales bacterium 
HTCC2654 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales 

101510 Rhodococcus sp. RHA1 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Nocardiaceae;Rhodococcus 

338969 
Rhodoferax ferrireducens 
T118 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Rhodoferax 

243090 Rhodopirellula baltica SH 1 Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Rhodopirellula 

316055 
Rhodopseudomonas palustris 
BisA53 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

316056 
Rhodopseudomonas palustris 
BisB18 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

316057 
Rhodopseudomonas palustris 
BisB5 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

258594 
Rhodopseudomonas palustris 
CGA009 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

316058 
Rhodopseudomonas palustris 
HaA2 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

395960 
Rhodopseudomonas palustris 
TIE-1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Rhodopseudomonas 

269796 
Rhodospirillum rubrum 
ATCC 11170 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Rhodospirillaceae;Rhodospirillum 

518766 
Rhodothermus marinus DSM 
4252 

Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Sphingobacterialesgeneraincertaesedis;Rhodothermus;
Rhodothermusmarinus; 

293614 Rickettsia akari str. Hartford Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

391896 Rickettsia bellii OSU 85-389 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia 

336407 Rickettsia bellii RML369-C Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia 

293613 
Rickettsia canadensis str. 
McKiel Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;typhusgroup 

272944 
Rickettsia conorii str. Malish 
7 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

315456 Rickettsia felis URRWXCal2 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

416276 Rickettsia massiliae MTU5 Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

272947 
Rickettsia prowazekii str. 
Madrid E Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;typhusgroup 

452659 Rickettsia rickettsii str. Iowa Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

392021 
Rickettsia rickettsii str. Sheila 
Smith Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;spottedfevergroup 

257363 
Rickettsia typhi str. 
Wilmington Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsieae;Rickettsia;typhusgroup 

313596 
Robiginitalea biformata 
HTCC2501 Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Robiginitalea 

383372 
Roseiflexus castenholzii 
DSM 13941 Bacteria;Chloroflexi;Chloroflexales;Chloroflexaceae;Roseiflexus 

357808 Roseiflexus sp. RS-1 Bacteria;Chloroflexi;Chloroflexales;Chloroflexaceae;Roseiflexus 

375451 
Roseobacter denitrificans 
OCh 114 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseobacter 

351016 Roseobacter sp. AzwK-3b Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseobacter 

391593 Roseobacter sp. CCS2 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseobacter 

314262 Roseobacter sp. MED193 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseobacter 

388739 Roseobacter sp. SK209-2-6 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseobacter 

89187 
Roseovarius nubinhibens 
ISM Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseovarius 

314264 Roseovarius sp. 217 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseovarius 

314265 Roseovarius sp. HTCC2601 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseovarius 

391613 Roseovarius sp. TM1035 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Roseovarius 

266117 
Rubrobacter xylanophilus 
DSM 9941 Bacteria;Actinobacteria;Rubrobacteridae;Rubrobacterales;Rubrobacterineae;Rubrobacteraceae;Rubrobacter 

471857 
Saccharomonospora viridis 
DSM 43017 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Pseudonocardineae;Pseudonocardiaceae;Saccharomonospora;Saccharomonosporaviri
dis; 
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203122 
Saccharophagus degradans 2-
40 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Saccharophagus 

417290 
Saccharopolyspora erythraea 
NRRL 2338 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Pseudonocardineae;Pseudonocardiaceae;Saccharopolyspora 

388399 Sagittula stellata E-37 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Sagittula 

309807 
Salinibacter ruber DSM 
13855 Bacteria;Bacteroidetes/Chlorobigroup;Sphingobacteria;Sphingobacteriales;Sphingobacterialesgeneraincertaesedis;Salinibacter 

391037 
Salinispora arenicola CNS-
205 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micromonosporineae;Micromonosporaceae;Salinispora 

369723 Salinispora tropica CNB-440 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micromonosporineae;Micromonosporaceae;Salinispora 

41514 
Salmonella enterica subsp. 
arizonae serovar 62:z4,z23:-- Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

454166 

Salmonella enterica subsp. 
enterica serovar Agona str. 
SL483 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella;Salmonellaentericasubsp.entericaserovarAgona 

321314 

Salmonella enterica subsp. 
enterica serovar Choleraesuis 
str. SC-B67 

Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella;Salmonellaentericasubsp.entericaserovarCholera
esuis 

439851 

Salmonella enterica subsp. 
enterica serovar Dublin str. 
CT_02021853 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

454169 

Salmonella enterica subsp. 
enterica serovar Heidelberg 
str. SL476 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

423368 

Salmonella enterica subsp. 
enterica serovar Newport str. 
SL254 

Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella;Salmonellaentericasubsp.entericaserovarNewpor
t 

554290 

Salmonella enterica subsp. 
enterica serovar Paratyphi A 
str. AKU_12601 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

295319 

Salmonella enterica subsp. 
enterica serovar Paratyphi A 
str. ATCC 9150 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

272994 

Salmonella enterica subsp. 
enterica serovar Paratyphi B 
str. SPB7 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

439843 

Salmonella enterica subsp. 
enterica serovar 
Schwarzengrund str. 
CVM19633 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

209261 
Salmonella enterica subsp. 
enterica serovar Typhi Ty2 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella;Salmonellaentericasubsp.entericaserovarTyphi 

220341 

Salmonella enterica subsp. 
enterica serovar Typhi str. 
CT18 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella;Salmonellaentericasubsp.entericaserovarTyphi 

194701 Salmonella typhimurium LT2 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Salmonella 

446469 
Sanguibacter keddieii DSM 
10542 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Sanguibacteraceae;Sanguibacter;Sanguibacterkeddieii; 

526218 
Sebaldella termitidis ATCC 
33386 Bacteria;Fusobacteria;Fusobacteria(class);Fusobacteriales;Fusobacteriaceae;Sebaldella;Sebaldellatermitidis; 

399741 Serratia proteamaculans 568 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Serratia 

326297 
Shewanella amazonensis 
SB2B Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

325240 Shewanella baltica OS155 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

402882 Shewanella baltica OS185 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

399599 Shewanella baltica OS195 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

407976 Shewanella baltica OS223 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

318161 
Shewanella denitrificans 
OS217 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

318167 
Shewanella frigidimarina 
NCIMB 400 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

458817 
Shewanella halifaxensis 
HAW-EB4 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

323850 Shewanella loihica PV-4 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

211586 Shewanella oneidensis MR-1 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

398579 
Shewanella pealeana ATCC 
700345 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

399804 Shewanella putrefaciens 200 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella;Shewanellaputrefaciens; 

319224 
Shewanella putrefaciens CN-
32 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

425104 
Shewanella sediminis HAW-
EB3 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

94122 Shewanella sp. ANA-3 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 
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60480 Shewanella sp. MR-4 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

60481 Shewanella sp. MR-7 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

351745 Shewanella sp. W3-18-1 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

392500 
Shewanella woodyi ATCC 
51908 Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Shewanellaceae;Shewanella 

344609 Shigella boydii CDC 3083-94 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

300268 Shigella boydii Sb227 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

300267 Shigella dysenteriae Sd197 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

198215 
Shigella flexneri 2a str. 
2457T Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

198214 Shigella flexneri 2a str. 301 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

373384 Shigella flexneri 5 str. 8401 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

300269 Shigella sonnei Ss046 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Shigella 

246200 Silicibacter pomeroyi DSS-3 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Silicibacter 

292414 Silicibacter sp. TM1040 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Silicibacter 

366394 
Sinorhizobium medicae 
WSM419 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Sinorhizobium/Ensifergroup;Sinorhizobium 

266834 Sinorhizobium meliloti 1021 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Sinorhizobium/Ensifergroup;Sinorhizobium 

471855 
Slackia heliotrinireducens 
DSM 20476 Bacteria;Actinobacteria;Coriobacteridae;Coriobacteriales;Coriobacterineae;Coriobacteriaceae;Slackia;Slackiaheliotrinireducens; 

343509 
Sodalis glossinidius str. 
morsitans Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Sodalis 

234267 Solibacter usitatus Ellin6076 Bacteria;Acidobacteria;Solibacteres;Solibacterales;Solibacteraceae;Solibacter 

448385 
Sorangium cellulosum So ce 
56 Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales;Sorangineae;Polyangiaceae;Sorangium 

479434 
Sphaerobacter thermophilus 
DSM 20745 

Bacteria;Chloroflexi;Thermomicrobia(class);Sphaerobacteridae;Sphaerobacterales;Sphaerobacterineae;Sphaerobacteraceae;Sphaerobacter;Sphae
robacterthermophilus; 

314266 Sphingomonas sp. SKA58 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingomonas 

392499 Sphingomonas wittichii RW1 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingomonas 

317655 
Sphingopyxis alaskensis 
RB2256 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingopyxis 

504472 Spirosoma linguale DSM 74 Bacteria;Bacteroidetes/Chlorobigroup;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Flexibacteraceae;Spirosoma;Spirosomalinguale; 

446470 
Stackebrandtia nassauensis 
DSM 44728 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Glycomycineae;Glycomycetaceae;Stackebrandtia;Stackebrandtianassauensis; 

273036 
Staphylococcus aureus 
RF122 Bacteria;Firmicutes;Bacillales;Staphylococcus 

93062 
Staphylococcus aureus subsp. 
aureus COL Bacteria;Firmicutes;Bacillales;Staphylococcus 

359787 
Staphylococcus aureus subsp. 
aureus JH1 Bacteria;Firmicutes;Bacillales;Staphylococcus 

359786 
Staphylococcus aureus subsp. 
aureus JH9 Bacteria;Firmicutes;Bacillales;Staphylococcus 

282458 
Staphylococcus aureus subsp. 
aureus MRSA252 Bacteria;Firmicutes;Bacillales;Staphylococcus 

282459 
Staphylococcus aureus subsp. 
aureus MSSA476 Bacteria;Firmicutes;Bacillales;Staphylococcus 

196620 
Staphylococcus aureus subsp. 
aureus MW2 Bacteria;Firmicutes;Bacillales;Staphylococcus 

418127 
Staphylococcus aureus subsp. 
aureus Mu3 Bacteria;Firmicutes;Bacillales;Staphylococcus 

158878 
Staphylococcus aureus subsp. 
aureus Mu50 Bacteria;Firmicutes;Bacillales;Staphylococcus 

158879 
Staphylococcus aureus subsp. 
aureus N315 Bacteria;Firmicutes;Bacillales;Staphylococcus 

93061 
Staphylococcus aureus subsp. 
aureus NCTC 8325 Bacteria;Firmicutes;Bacillales;Staphylococcus 

367830 
Staphylococcus aureus subsp. 
aureus USA300 Bacteria;Firmicutes;Bacillales;Staphylococcus 

451516 
Staphylococcus aureus subsp. 
aureus USA300_TCH1516 Bacteria;Firmicutes;Bacillales;Staphylococcus 

426430 
Staphylococcus aureus subsp. 
aureus str. Newman Bacteria;Firmicutes;Bacillales;Staphylococcus 

176280 
Staphylococcus epidermidis 
ATCC 12228 Bacteria;Firmicutes;Bacillales;Staphylococcus 
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176279 
Staphylococcus epidermidis 
RP62A Bacteria;Firmicutes;Bacillales;Staphylococcus 

279808 
Staphylococcus haemolyticus 
JCSC1435 Bacteria;Firmicutes;Bacillales;Staphylococcus 

342451 

Staphylococcus 
saprophyticus subsp. 
saprophyticus ATCC 15305 Bacteria;Firmicutes;Bacillales;Staphylococcus 

384765 
Stappia aggregata IAM 
12614 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Stappia 

522373 
Stenotrophomonas 
maltophilia K279a Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Stenotrophomonas 

391008 
Stenotrophomonas 
maltophilia R551-3 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Stenotrophomonas 

519441 
Streptobacillus moniliformis 
DSM 12112 Bacteria;Fusobacteria;Fusobacteria(class);Fusobacteriales;Fusobacteriaceae;Streptobacillus;Streptobacillusmoniliformis; 

342613 
Streptococcus agalactiae 
18RS21 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

208435 
Streptococcus agalactiae 
2603V/R Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

342614 Streptococcus agalactiae 515 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

205921 
Streptococcus agalactiae 
A909 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

342617 
Streptococcus agalactiae 
CJB111 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

342616 
Streptococcus agalactiae 
COH1 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

342615 
Streptococcus agalactiae 
H36B Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

211110 
Streptococcus agalactiae 
NEM316 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

552526 
Streptococcus equi subsp. 
zooepidemicus MGCS10565 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

467705 
Streptococcus gordonii str. 
Challis substr. CH1 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

210007 Streptococcus mutans UA159 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

516950 
Streptococcus pneumoniae 
CGSP14 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

373153 
Streptococcus pneumoniae 
D39 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

512566 
Streptococcus pneumoniae 
G54 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

487214 
Streptococcus pneumoniae 
Hungary19A-6 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

171101 
Streptococcus pneumoniae 
R6 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

170187 
Streptococcus pneumoniae 
TIGR4 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

430515 
Streptococcus pyogenes M1 
GAS Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

370563 
Streptococcus pyogenes 
MGAS10270 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

286636 
Streptococcus pyogenes 
MGAS10394 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

370569 
Streptococcus pyogenes 
MGAS10750 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

370565 
Streptococcus pyogenes 
MGAS2096 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

198466 
Streptococcus pyogenes 
MGAS315 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

293713 
Streptococcus pyogenes 
MGAS5005 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

319713 
Streptococcus pyogenes 
MGAS6180 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

186103 
Streptococcus pyogenes 
MGAS8232 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

370558 
Streptococcus pyogenes 
MGAS9429 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

193567 
Streptococcus pyogenes SSI-
1 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

160491 
Streptococcus pyogenes str. 
Manfredo Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

388919 
Streptococcus sanguinis 
SK36 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

391295 Streptococcus suis 05ZYH33 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

391296 Streptococcus suis 98HAH33 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

299768 
Streptococcus thermophilus 
CNRZ1066 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 
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322159 
Streptococcus thermophilus 
LMD-9 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

264199 
Streptococcus thermophilus 
LMG 18311 Bacteria;Firmicutes;Lactobacillales;Streptococcaceae;Streptococcus 

227882 
Streptomyces avermitilis 
MA-4680 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptomycineae;Streptomycetaceae;Streptomyces 

100226 
Streptomyces coelicolor 
A3(2) Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptomycineae;Streptomycetaceae;Streptomyces 

455632 
Streptomyces griseus subsp. 
griseus NBRC 13350 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptomycineae;Streptomycetaceae;Streptomyces 

103232 
Streptomyces ipomoeae 91-
03 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptomycineae;Streptomycetaceae;Streptomyces 

85558 
Streptomyces turgidiscabies 
Car8 Bacteria;Actinobacteria;Actinobacteria(class);Actinobacteridae;Actinomycetales;Streptomycineae;Streptomycetaceae;Streptomyces 

479432 
Streptosporangium roseum 
DSM 43021 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptosporangineae;Streptosporangiaceae;Streptosporangium;Streptosporangiumros
eum; 

52598 Sulfitobacter sp. EE-36 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Sulfitobacter 

314267 Sulfitobacter sp. NAS-14.1 Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Sulfitobacter 

436114 
Sulfurihydrogenibium sp. 
YO3AOP1 Bacteria;Aquificae;Aquificales;Hydrogenothermaceae;Sulfurihydrogenibium 

326298 
Sulfurimonas denitrificans 
DSM 1251 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Sulfurimonas 

525898 
Sulfurospirillum deleyianum 
DSM 6946 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Campylobacteraceae;Sulfurospirillum;Sulfurospirillumdeleyianum; 

387093 Sulfurovum sp. NBC37-1 Bacteria;Proteobacteria;Epsilonproteobacteria;Sulfurovum 

292459 
Symbiobacterium 
thermophilum IAM 14863 Bacteria;Firmicutes;Lactobacillales;Symbiobacterium 

269084 
Synechococcus elongatus 
PCC 6301 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

1140 
Synechococcus elongatus 
PCC 7942 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

313625 Synechococcus sp. BL107 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

64471 Synechococcus sp. CC9311 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

110662 Synechococcus sp. CC9605 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

316279 Synechococcus sp. CC9902 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

321332 
Synechococcus sp. JA-2-
3Ba(2-13) Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

321327 Synechococcus sp. JA-3-3Ab Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

32049 Synechococcus sp. PCC 7002 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

316278 Synechococcus sp. RCC307 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

221359 Synechococcus sp. RS9916 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

221360 Synechococcus sp. RS9917 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

69042 Synechococcus sp. WH 5701 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

32051 Synechococcus sp. WH 7803 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

59931 Synechococcus sp. WH 7805 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

84588 Synechococcus sp. WH 8102 Bacteria;Cyanobacteria;Chroococcales;Synechococcus 

1148 Synechocystis sp. PCC 6803 Bacteria;Cyanobacteria;Chroococcales;Synechocystis 

2754 Synergistes jonesii Bacteria;Synergistetes;Synergistes 

335543 
Syntrophobacter 
fumaroxidans MPOB Bacteria;Proteobacteria;Deltaproteobacteria;Syntrophobacterales;Syntrophobacteraceae;Syntrophobacter 

335541 
Syntrophomonas wolfei 
subsp. wolfei str. Goettingen Bacteria;Firmicutes;Clostridia;Clostridiales;Syntrophomonadaceae;Syntrophomonas 

56780 Syntrophus aciditrophicus SB Bacteria;Proteobacteria;Deltaproteobacteria;Syntrophobacterales;Syntrophaceae;Syntrophus 

525903 
Thermanaerovibrio 
acidaminovorans DSM 6589 Bacteria;Synergistetes;[Clostridiales]FamilyXV.IncertaeSedis;Thermanaerovibrio;Thermanaerovibrioacidaminovorans; 

340099 

Thermoanaerobacter 
pseudethanolicus ATCC 
33223 Bacteria;Firmicutes;Clostridia;Thermoanaerobacteriales;Thermoanaerobacteriaceae;Thermoanaerobacter 

399726 
Thermoanaerobacter sp. 
X514 Bacteria;Firmicutes;Clostridia;Thermoanaerobacteriales;Thermoanaerobacteriaceae;Thermoanaerobacter 

273068 
Thermoanaerobacter 
tengcongensis MB4 Bacteria;Firmicutes;Clostridia;Thermoanaerobacteriales;Thermoanaerobacteriaceae;Thermoanaerobacter 
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269800 Thermobifida fusca YX Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptosporangineae;Nocardiopsaceae;Thermobifida 

469371 
Thermobispora bispora DSM 
43833 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Pseudonocardineae;Pseudonocardiaceae;Thermobispora;Thermobisporabispora; 

289376 
Thermodesulfovibrio 
yellowstonii DSM 11347 Bacteria;Nitrospirae;Nitrospirales;Nitrospiraceae;Thermodesulfovibrio 

309801 
Thermomicrobium roseum 
DSM 5159 Bacteria;Chloroflexi;Thermomicrobiales;Thermomicrobiaceae;Thermomicrobium 

471852 
Thermomonospora curvata 
DSM 43183 

Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Streptosporangineae;Thermomonosporaceae;Thermomonospora;Thermomonosporac
urvata; 

29547 
Thermophilic autotrophic 
epsilon proteobacteria AM-H Bacteria;Proteobacteria;Epsilonproteobacteria;ThermophilicautotrophicepsilonproteobacteriaAM-H 

401526 
Thermosinus 
carboxydivorans Nor1 Bacteria;Firmicutes;Clostridia;Clostridiales;Veillonellaceae;Thermosinus;Thermosinuscarboxydivorans; 

391009 
Thermosipho melanesiensis 
BI429 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Thermosipho 

197221 
Thermosynechococcus 
elongatus BP-1 Bacteria;Cyanobacteria;Chroococcales;Thermosynechococcus 

416591 Thermotoga lettingae TMO Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Thermotoga 

243274 Thermotoga maritima MSB8 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Thermotoga 

390874 
Thermotoga petrophila RKU-
1 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Thermotoga 

126740 Thermotoga sp. RQ2 Bacteria;Thermotogae;Thermotogales;Thermotogaceae;Thermotoga 

498848 
Thermus aquaticus 
Y51MC23 Bacteria;Deinococcus-Thermus;Deinococci;Thermales;Thermaceae;Thermus;Thermusaquaticus; 

262724 Thermus thermophilus HB27 Bacteria;Deinococcus-Thermus;Deinococci;Thermales;Thermaceae;Thermus 

300852 Thermus thermophilus HB8 Bacteria;Deinococcus-Thermus;Deinococci;Thermales;Thermaceae;Thermus 

292415 
Thiobacillus denitrificans 
ATCC 25259 Bacteria;Proteobacteria;Betaproteobacteria;Hydrogenophilales;Hydrogenophilaceae;Thiobacillus 

317025 
Thiomicrospira crunogena 
XCL-2 Bacteria;Proteobacteria;Gammaproteobacteria;Thiotrichales;Piscirickettsiaceae;Thiomicrospira 

243275 
Treponema denticola ATCC 
35405 Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Treponema 

455434 
Treponema pallidum subsp. 
pallidum SS14 Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Treponema 

243276 
Treponema pallidum subsp. 
pallidum str. Nichols Bacteria;Spirochaetes;Spirochaetales;Spirochaetaceae;Treponema 

203124 
Trichodesmium erythraeum 
IMS101 Bacteria;Cyanobacteria;Oscillatoriales;Trichodesmium 

218496 
Tropheryma whipplei 
TW08/27 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Cellulomonadaceae;Tropheryma 

203267 
Tropheryma whipplei str. 
Twist Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Cellulomonadaceae;Tropheryma 

521096 
Tsukamurella paurometabola 
DSM 20162 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Corynebacterineae;Tsukamurellaceae;Tsukamurella;Tsukamurellapaurometabola; 

505682 
Ureaplasma parvum serovar 
3 str. ATCC 27815 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Ureaplasma 

273119 
Ureaplasma parvum serovar 
3 str. ATCC 700970 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Ureaplasma 

479436 
Veillonella parvula DSM 
2008 Bacteria;Firmicutes;Clostridia;Clostridiales;Veillonellaceae;Veillonella;Veillonellaparvula; 

391735 
Verminephrobacter eiseniae 
EF01-2 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Verminephrobacter 

240016 
Verrucomicrobium spinosum 
DSM 4136 

Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Verrucomicrobia;Verrucomicrobiales;Verrucomicrobiaceae;Verrucomicrobium;V
errucomicrobiumspinosum 

314288 Vibrio alginolyticus 12G01 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

314292 Vibrio angustum S14 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

243277 
Vibrio cholerae O1 biovar 
eltor str. N16961 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

345073 Vibrio cholerae O395 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

312309 Vibrio fischeri ES114 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

388396 Vibrio fischeri MJ11 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Aliivibrio 

338187 
Vibrio harveyi ATCC BAA-
1116 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

223926 
Vibrio parahaemolyticus 
RIMD 2210633 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

391591 Vibrio shilonii AK1 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

314290 Vibrio sp. MED222 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 
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216895 Vibrio vulnificus CMCP6 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

196600 Vibrio vulnificus YJ016 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

391574 
Vibrionales bacterium 
SWAT-3 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;unclassifiedVibrionales 

36870 

Wigglesworthia glossinidia 
endosymbiont of Glossina 
brevipalpis Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Wigglesworthia 

163164 
Wolbachia endosymbiont of 
Drosophila melanogaster Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Wolbachieae;Wolbachia 

292805 
Wolbachia endosymbiont 
strain TRS of Brugia malayi Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Wolbachieae;Wolbachia 

955 Wolbachia pipientis Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Wolbachieae;Wolbachia 

273121 
Wolinella succinogenes DSM 
1740 Bacteria;Proteobacteria;Epsilonproteobacteria;Campylobacterales;Helicobacteraceae;Wolinella 

78245 
Xanthobacter autotrophicus 
Py2 Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Xanthobacteraceae;Xanthobacter 

190486 
Xanthomonas axonopodis pv. 
citri str. 306 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

340 
Xanthomonas campestris pv. 
campestris Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

314565 
Xanthomonas campestris pv. 
campestris str. 8004 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

190485 
Xanthomonas campestris pv. 
campestris str. ATCC 33913 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

316273 
Xanthomonas campestris pv. 
vesicatoria str. 85-10 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

291331 
Xanthomonas oryzae pv. 
oryzae KACC10331 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

342109 
Xanthomonas oryzae pv. 
oryzae MAFF 311018 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

360094 
Xanthomonas oryzae pv. 
oryzae PXO99A Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xanthomonas 

446471 
Xylanimonas cellulosilytica 
DSM 15894 Bacteria;Actinobacteria;Actinobacteridae;Actinomycetales;Micrococcineae;Promicromonosporaceae;Xylanimonas;Xylanimonascellulosilytica; 

160492 Xylella fastidiosa 9a5c Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xylella 

405440 Xylella fastidiosa M12 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xylella 

405441 Xylella fastidiosa M23 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xylella 

183190 Xylella fastidiosa Temecula1 Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Xylella 

393305 
Yersinia enterocolitica subsp. 
enterocolitica 8081 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

349746 Yersinia pestis Angola Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

360102 Yersinia pestis Antiqua Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

214092 Yersinia pestis CO92 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

187410 Yersinia pestis KIM Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

377628 Yersinia pestis Nepal516 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

386656 Yersinia pestis Pestoides F Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

229193 
Yersinia pestis biovar 
Microtus str. 91001 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

349747 
Yersinia pseudotuberculosis 
IP 31758 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

273123 
Yersinia pseudotuberculosis 
IP 32953 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

502801 
Yersinia pseudotuberculosis 
PB1/+ Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

502800 
Yersinia pseudotuberculosis 
YPIII Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Yersinia 

264203 
Zymomonas mobilis subsp. 
mobilis ZM4 Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Zymomonas 

373154 
alpha proteobacterium 
HTCC2255 Bacteria;Proteobacteria;Alphaproteobacteria 

320771 bacterium Ellin514 Bacteria;Chlamydiae/Verrucomicrobiagroup;Verrucomicrobia;Verrucomicrobia;Verrucomicrobiales;Verrucomicrobiasubdivision3; 

314287 
gamma proteobacterium 
HTCC2207 Bacteria;Proteobacteria;Gammaproteobacteria 

312284 
marine actinobacterium 
PHSC20C1 Bacteria;Actinobacteria 

247639 
marine gamma 
proteobacterium HTCC2080 Bacteria;Proteobacteria;Gammaproteobacteria 
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247633 
marine gamma 
proteobacterium HTCC2143 Bacteria;Proteobacteria;Gammaproteobacteria 

50743 
unidentified eubacterium 
SCB49 Bacteria;Bacteroidetes/Chlorobigroup;environmentalsamples 

469381 
Dethiosulfovibrio 
peptidovorans DSM 11002 Bacteria;Synergistetes;[Clostridiales]FamilyXV.IncertaeSedis;Dethiosulfovibrio;Dethiosulfovibriopeptidovorans; 

203120 

Leuconostoc mesenteroides 
subsp. mesenteroides ATCC 
8293 Bacteria;Firmicutes;Lactobacillales;Leuconostoc 

347257 Mycoplasma agalactiae PG2 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

243272 
Mycoplasma arthritidis 
158L3-1 Bacteria;Tenericutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

233150 Mycoplasma gallisepticum R Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

272634 
Mycoplasma pneumoniae 
M129 Bacteria;Firmicutes;Mollicutes;Mycoplasmataceae;Mycoplasma 

314291 Vibrio splendidus 12B01 Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio 

444179 
Candidatus Sulcia muelleri 
GWSS Bacteria;Bacteroidetes/Chlorobigroup;Flavobacteria;Flavobacteriales;CandidatusSulcia 

164546 Cupriavidus taiwanensis Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Cupriavidus 

314275 
Alteromonas macleodii Deep 
ecotype Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Alteromonas 

387662 
Candidatus Carsonella ruddii 
PV Bacteria;Proteobacteria;Gammaproteobacteria;CandidatusCarsonella 
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APPENDIX 2 
 
A.2:  Statistical analyses were performed with the R statistical package.   
 
GC composition histograms: 
 
X=table of GC bin in rows, site composition in each column (bin reads by GC then calculate 
percent reads in each bin of GC, step by 1 percent in below example). 
 
Function for creating histograms of GC composition: 
drawIndivGC=function(gc) { 
 par(mfrow=c(2,4)) 
 barplot(gc$GS257,col="blue", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS258,col="green", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS259,col="blue", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS260,col="green", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS262,col="blue", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS263,col="red", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
 barplot(gc$GS264,col="red", border=NA, ylim=c(0,20), xlim=c(1,99), xlab="%GC", 
ylab="Frequency", axes=FALSE, axisnames=FALSE) 
 axis(1, at=c(1,30,50,70,99), labels=c(1,30,50,70,99)) 
 axis(2, at=c(0,5,10,15,20), labels=c(0,5,10,15,20)) 
} 
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Principal Component Analysis: 
 
prcomp{stats} 
 
 
Example of how to make a custom biplot of PCA (as seen in Chapter II, Figure 3): 
 
z=table 
create data matrix: 
zm=as.matrix(z[,-1] 
 
Run PCA: 
pzm=prcomp(zm) 
 
Plot: 
plot(pzm$x[,1], pzm$x[,2], rownames(z[,1]), pch=NA) 
> text(pzm$x[,1], pzm$x[,2], labels=z$Sta, cex=0.7) 
> par(new=T) 
> plot(pzm$r[,1], pzm$r[,2], pch=NA, col=4, yaxt="n", xaxt="n") 
> axis(4, col=4) 
> axis(3, col=4) 
> text(pzm$r[,1], pzm$r[,2], rownames(pzm$r), col=4, cex=0.5) 
 
PCA plot using kmeans clustering to color designate sites (variables). 
Z=table of variables 
kfit=kmeans(x,#) 
pcafit=prcomp(x) 
 
plotPcaKmeans(pcafit,kfit,s2,"title-kmeans(#)") 
plotPcaKmeans = function(pcafit, kfit, lab, title="") {# 
    clrpal = c(2,3,4,6)# 
    v1 = round(summary(pcafit)$importance[2,1],2)*100# 
    v2 = round(summary(pcafit)$importance[2,2],2)*100# 
    vc = v1 + v2# 
    plot(pcafit$x[,1],pcafit$x[,2],xlab=paste("PC1 (",v1,"%)",sep=""),ylab=paste("PC2 
(",v2,"%)",sep=""),main=paste("PCA ",title," (",vc,"%)",sep=""),pch=5,col=8)# 
    text(pcafit$x[,1],pcafit$x[,2],labels=lab,cex=0.5,col=clrpal[kfit$cluster])# 
} 
 
 


	ZeiglerAllen_Thesis_final_withCommentsCorrected1
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.2
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.3
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.4
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.5
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.6
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.7
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.8
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.9
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.10
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.11
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.12
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.13
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.14
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.15
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.16
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.17
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.18
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.19
	ZeiglerAllen_Thesis_final_withCommentsCorrected1.20



