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Abstract 

Bacterial metabolism mediates many biochemical transformations important to the stability and health of a 

diverse range of ecosystem types. In my dissertation, I examine the evolutionary and ecological context of 

a subset of bacterial metabolic pathways related to energy and metabolic precursor production that are 

crucial for bacterial growth. Specifically, I examine whether these pathways are conserved across a large, 

phylogenetically diverse set of organisms, whether related organisms respond similarly to differences in 

resource inputs, and whether knowledge of these pathways or phylogenetic relatedness can aid in the 

prediction of bacterial growth rates across a wide range of C substrates. While I found only a weak 

phylogenetic signal in the presence or absence of these pathways, there was strong evidence that constraints 

have limited the number of observed combinations of these pathways. Only 265 (6.5%) of the 4096 

potential pathway combinations were found in this dataset of 8178 genomes. I propose this may suggest 

strong environmental selection acting to rapidly change pathway presence or absence, regardless of past 

evolutionary history. In order for this suggestion to be feasible, organisms must respond to their 

environment in a phylogeny-independent manner. To address this, I compared taxa response using 16S 

amplicon libraries from plots with substantial variation in C and N availability resulting from plant species 

identity in a long-term field experiment. I found an inconsistent response of soil bacteria at higher 

taxonomic levels to resource variation, in agreement with organisms responding to environment in a 

phylogeny-independent manner. I then cultured 56 bacterial isolates from these plots to examine the 

relative strength of phylogeny versus metabolic pathways in explaining growth responses of isolates across 

a range of substrates. Phylogenetic relatedness and similarities in energy metabolism each explained about 

30% of the observed variation in patterns of bacterial growth, with about 50% overlap between the two 

approaches. Both phylogeny and energy metabolism are important in determining bacterial growth; 

however, environmental selection may lead to convergence towards a small number of ecotypes within a 

system despite high levels of phylogenetic diversity. The strength and consequences of such environmental 

optimization of metabolism warrant further study. 

 



 iii 

 

Table of Contents 

 

List of Tables .................................................................................................................................... iv 

List of Figures .................................................................................................................................... v 

List of Supplemental Tables ............................................................................................................ vii 

 

Introduction ....................................................................................................................................... 1 

Chapter 1 ........................................................................................................................................... 4 

Chapter 2 ......................................................................................................................................... 11 

Chapter 3 ......................................................................................................................................... 20 

Illustrations ...................................................................................................................................... 30 

Bibliography .................................................................................................................................... 56 



 iv 

List of Tables 

 

Table 1-1. Measures of dispersion for all MC types across the phylogenetic tree was Brownian or near-

Brownian. ............................................................................................................................................ 30 

 

Table 1-2. Measures of dispersion for the twelve individual metabolic pathways comprising MC 

categorization across the phylogenetic tree was Brownian or near-Brownian. ................................... 31 

 

Table 1-3. Measures of dispersion for all ETC types across the phylogenetic tree was Brownian 

(fermentative) or near-Brownian (all others). ..................................................................................... 32 

 

Table 2-1. Relationship of resource quantity and chemistry on changes in the abundance of highly variable 

and highly abundant taxa ..................................................................................................................... 40 

 

Table 3-1. Detailed specification of individual pathway presence and absence for each abundant MC type 

(A-L) .................................................................................................................................................... 47 

 

Table 3-2. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by ES type ............................................................................................................................... 48 

 

Table 3-3. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by MC type. ............................................................................................................................. 49 

 

Table 3-4. Maximum observed growth rate (MGR, change in log(OD600)/hour), average positive growth 

rate (APGR, change in log(OD600)/hour), and metabolic flexibility for isolates containing (+) or lacking (-) 

individual metabolic pathways. ........................................................................................................... 50 

 

Table 3-5. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by PC type. .............................................................................................................................. 51



 v 

List of Figures 

 

Figure 1-1. Schematic pathway map showing the major sugar processing pathways and fermentation 

pathways included in the metabolic chassis. ....................................................................................... 33 

 

Figure 1-2. Flow chart of the CMM development pipeline. ................................................................ 34 

 

Figure 1-3. Schematic demonstrating variation in the degree of phylogenetic conservation of a hypothetical 

trait with states A and B. ..................................................................................................................... 35 

 

Figure 1-4. Frequency distribution of CMMs by MC type. ................................................................ 36 

 

Figure 1-5. Distribution of three of the sugar degradation pathways (glycolysis, gluconeogenesis, and ED) 

on a 16S phylogeny. ............................................................................................................................ 37 

 

Figure 1-6. Distribution of ETC type on a 16S phylogeny ................................................................. 38 

 

Figure 1-7. Nonmetric multidimensional scaling ordinations showing variation in the distribution of MC 

types ..................................................................................................................................................... 39 

 

Figure 2-1. Rarefaction curves for A) OTU98 richness and B) Shannon’s diversity. .......................... 41 

 

Figure 2-2. The four resources that best captured variation in resource landscape among plant species were 

chosen out of the 35 resources examined via nonmetric multidimensional scaling ordinations. ........ 42 

 

Figure 2-3. Effects of belowground resource quantity and chemistry on OTU98 community composition.

 ............................................................................................................................................................. 43 

 



 vi 

Figure 2-4. Effects of resource availability on soi bacterial community composition at the A) family and B) 

phyla level. .......................................................................................................................................... 44 

 

Figure 2-5. Effects of resource availability on community composition of the 16 most abundant taxa. 

 ............................................................................................................................................................. 45 

 

Figure 2-6. Relationship between ecosystem process rates and OTU98 community composition. ..... 46 

 

Figure 3-1. Correlation between metabolic flexibility and both A) the maximum observed growth rate and 

B) average positive growth rates. ........................................................................................................ 52 

 

Figure 3-2. Differences among metabolic chassis types in A) maximum observed growth rate (MGR, 

change in log(OD600)/hour), B) average positive growth rate (APGR, change in log(OD600)/hour), C) 

metabolic flexibility, and D) genome size. .......................................................................................... 53 

 

Figure 3-3. Differences among isolates containing A) glycolysis, B) ethanol fermentation, and C) ED in 

average positive growth rate (APGR, change in log(OD600)/hour). .................................................. 54 

 

Figure 3-4. Differences among isolates from different families (B=Burkholderiaceae, M=Micrococcaceae, 

and X=Xanthomonadaceae) in A) maximum observed growth rate (MGR), B) average positive growth rate 

(APGR), C) metabolic flexibility, and D) genome size. ..................................................................... 55 



 vii 

List of Supplemental Tables 

Supplemental Table 1. List of PubSEED IDs and  taxonomic classification of genomes for which CMMs 

were built. All genomes are publicly available. Table available online. 

 

Supplemental Table 2. Electron transport chain additions to the GPR of the core model template. These 

additional reactions were added (by J. Edirisinghe) to support the variety of electron transport chains found 

in phylogenetically diverse microbes. Table available online. 

 

Supplemental Table 3. Core model template gene-protein reaction network containing all reactions relevant 

for pathways in the metabolic chassis and electron transport chains. This set of reactions was manually 

curated by J. Edirisinghe. Table available online. 

 

Supplemental Table 4. Individual pathway presence or absence for each of the 265 MC types observed. N 

is the number of genomes with that MC type. Table available online. 



 1 

Introduction 

 Microorganisms are key mediators of biogeochemical processes and microbial metabolism is 

directly tied into ecologically important biochemical transformations. Microorganisms have been 

implicated in everything from the oxidation of the atmosphere (Kopp et al., 2005) to the bulk of nitrogen 

fixation and denitrification (Firestone and Davidson, 1989, Gubry-Rangin, 2010) to cave formation via 

weathering (Northup and Lavoie, 2001). Bacteria are important decomposers and are responsible for 

processing the vast majority of carbon fixed via plant primary production (Cebrian, 1999, Cyr and Pace, 

1993). Each of these processes is mediated directly through bacterial metabolism; however, the ecological 

and evolutionary constraints that influence the metabolic capabilities of communities remains unknown. 

Knowledge of what controls bacterial community metabolic potential is crucial for developing approaches 

to manage and manipulate these processes in order to support beneficial processes while decreasing 

undesirable or harmful ones.  

In my dissertation, I examine the evolutionary and ecological context of a subset of twelve 

bacterial metabolic pathways related to energy generation and metabolic precursor production that are 

crucial for bacterial growth. These twelve pathways include four primary sugar pathways of central C 

metabolism (glycolysis, gluconeogenesis, pentose phosphate (PP), Entner-Doudoroff (ED)) and eight 

fermentation reactions (lactate fermentation, formate fermentation, ethanol fermentation, acetate 

fermentation, acetone fermentation, butyrate fermentation, butanol fermentation, and 2,3 butanediol 

fermentation (BDOH)). These pathways were chosen because they are well studied, consistently annotated 

in automatically annotated genomes, and serve as a primary structure providing key components for 

bacterial growth and survival.  

Specifically, I address the following questions: 

1) Are energy metabolic pathways conserved across a phylogenetically diverse set of 

microoorganisms? 

2) Do related organisms respond similarly to differences in plant C and N inputs? 

3) Are energy metabolic pathways or phylogenetic relatedness informative in regards to 

bacterial growth rates across a wide range of C substrates? 

I used a phylogenetically diverse dataset containing all 8178 publicly available genomes from the 

PubSEED to ask whether, at a broad scale, energy metabolic pathways are conserved. While there were 

strong constraints on the combination of these 12 pathways with only 265 (or 6.5%) of 4096 possible 

combinations of pathways observed in this dataset, phylogenetic dispersion patterns for each pathway, as 

well as combinations of pathways considered in concert, were apparently Brownian. Taken together, these 

strong constraints on combinations of pathways with only a weak phylogenetic signal suggest that, far from 
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being strongly conserved as generally believed, these pathways are under strong selection and organisms 

are flexible in which pathways they contain at any point in their evolutionary trajectory. Because this 

genomic dataset contains genomes from organisms cultured from a wide range of environments, I propose 

this may suggest that strong environmental selection is acting to rapidly shift pathway presence or absence 

towards global optima of different environments. If this were the case, organisms would respond to 

differences in environmental conditions in a phylogeny-independent manner.  

To address this, I examined whether phylogenetically similar taxa responded similarly to 

differences in environment caused by differences in the C and N inputs from different plant species. This 

portion of my work took advantage of a long-term field experiment where plant species identity was 

manipulated and maintained over 12 years prior to my sampling. I collected soil samples from beneath each 

of 16 plant species and compared taxa response using 16S amplicon libraries. While I found a response of 

individual taxa and of overall community composition at the OTU98 level to differences in plant resources, 

these patterns weakened at higher taxonomic levels, with no pattern evident at the phyla level. This lack of 

response at higher taxonomic levels indicates an inconsistent response of phylogenetically similar soil 

bacteria to resource variation and is in agreement with organisms responding to environment in a 

phylogeny-independent manner.  

While the previous study examined the response of phylogenetically similar organisms to 

resources measured at a scale typical of ecosystem-scale experiments, it is also important to understand 

how bacteria respond to resources at a finer scale. In order to do this, I cultured 56 bacterial isolates from 

the plots studied in the previous chapter. I then measured the linear growth rates of these isolates on 72 

carbon substrates. In this study, I examined the relative relationships between metabolic similarity, 

phylogenetic similarity, and phenotypic similarity in terms of linear growth across all substrates examined. 

Across isolates I found that the number of substrates on which an isolate could grow was the best predictor 

of both its ability to use substrates and its distribution of linear growth rates across substrates. Both 

metabolic similarity and phylogenetic similarity were related to these substrate utilization profiles and 

growth rate profiles. Metabolic similarity and phylogenetic similarity each explained about 30% of the 

observed variations in growth rate profiles, but when considered together could explain 45% of variation. 

These results suggest that within a single environment, phylogeny is a stronger predictor of metabolism 

than would be expected based on the weak phylogenetic signal found in the first chapter. 

Taken together, these findings support the hypothesis that strong environmental selection can lead 

to convergence towards a small number of combinations of metabolic pathways within a given 

environment. Although statistical power was low with only 3-4 isolates per plot, examination of the effects 

of inoculum source on the distribution of linear growth rates of the 56 isolates examined in chapter 3, I 

found a marginally significant (p=0.06) effect of plot. This further supports the idea that environmental 

selection on energy metabolism is strong. Soil bacteria are apparently flexible in terms of their energy 
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metabolism and even local level (within ecosystem) variation in resources may result in shifts in energy 

metabolism. Ultimately, both phylogeny and energy metabolism are important in determining bacterial 

growth; however, environmental selection may lead to convergence towards a small number of ecotypes 

within a system despite high levels of phylogenetic diversity. The strength and consequences of such 

environmental optimization of metabolism warrant further study. 

 

Contribution Statement: While I am the lead author of all chapters presented here, each chapter was a 

collaborative effort. The first chapter focuses on my contribution to a much larger body of work conducted 

by an interdisciplinary team from which I draw much of my data. J. Edirisinghe pulled together over 8,000 

annotated genomes, created a model template, made corrections where necessary, and added reactions 

related to the electron transport chain. He is also responsible for the classification of ETC types and, with 

R. Overbeek, identification of pathway presence/absence. My work took advantage of a tree generated by 

F. Xia using the DOE’s KBase. N. Conrad assisted with figure design for the phylogenetic trees presented 

in this chapter. The questions in this chapter were generated primarily by me, but with discussion and 

contributions from C. Henry and J. Edirisinghe. In chapter 2, I took advantage of an on-going experiment 

with measurements of the environmental variables that I have included in my analyses. Although I chose 

which variables to consider, P. Reich and S. Hobbie designed the experiment and provided resource and 

process measurement data. The main questions addressed in this chapter were developed in discussion with 

S. Hobbie. The third chapter presents the bulk of my experimental efforts. I was solely responsible for the 

culturing and isolation of these organisms. Through the generous support of C. Henry and S. Hobbie, I 

shared the work of measuring their growth under numerous conditions with C. Nguyen, though I was solely 

responsible for the design and oversight of this work. S. Hobbie, T. Schmidt, M. Travisano, and C. Henry 

all provided numerous helpful suggestions on the compilation and analyses presented in the third chapter, 

but as in all chapters the application of those suggestions was my own. For all chapters, I led the writing, 

analysis, and interpretation of results and am solely responsible for any mistakes therein. 
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Chapter 1 Does phylogeny impose constraints upon the microbial energy metabolism? 

Introduction 

 Microorganisms are key mediators of biogeochemical processes and microbial metabolism is 

directly tied into ecologically important biochemical transformations. Indeed the evolution of oxygenic 

photosynthesis in cyanobacteria is believed to be responsible for the current oxygenic atmosphere on the 

planet (Kopp et al., 2005). Additionally, microbes are responsible for everything from the bulk of nitrogen 

fixation and denitrification reactions (Firestone and Davidson, 1989, Gubry-Rangin, 2010) to cave 

formation through biological weathering (Northup and Lavoie, 2001) to processing nearly 90% of primary 

productivity (Cebrian, 1999, Cyr and Pace, 1993). It is not surprising; therefore, that inclusion of microbial 

parameters into global scale biogeochemical models can increase their accuracy (e.g. Xu et al., 2014). 

However, identifying meaningful parameters requires the identification of constraints on microbial 

metabolism and this remains a challenge in microbial ecology. 

Microorganisms are extremely taxonomically and metabolically diverse. Unlike eukaryotes that 

are limited to a small number of energy generating reactions, microorganisms are able to derive energy 

through a diverse set of pathways. These diverse energy production pathways define much of microbial 

behavior and greatly impact biomass yields and metabolite production. For this reason, cellular energy 

generation is a crucial aspect of microbial metabolic modeling and depends upon environmental factors 

such as the availability of a carbon source, the fermentation capability of the organism, and presence of 

oxygen or other anaerobic electron acceptors as well as specific variations in the electron transport chain. 

The importance of the metabolic potential of a microorganism, and its energy generation pathways 

in particular, has long been recognized. Before the widespread use of sequencing and taxonomic definitions 

based on the 16S gene, microorganisms were classified and placed into functional groups based on which 

carbon substrates they could utilize and under which environmental conditions they could grow. This 

approach to microbial classification led to a direct relationship between classification and ecological 

function. Since the rise of sequencing, taxonomic classifications based on the evolution of the 16S gene 

have dominated, and it is unclear whether these taxonomic classifications are directly related to ecological 

function. There is much anecdotal evidence that taxonomic classifications are informative about ecological 

function and culturing techniques designed to enrich for certain taxonomic groups have been developed 

based on this (Atlas, 2005). There is some experimental evidence that phylogenetically similar organisms 

respond similarly to changes in resources (Livermore et al., 2014, Fierer et al., 2007). Given these lines of 

evidence and the known importance of energy production to microbial fitness, it is often assumed that 

energy-related metabolism is strongly conserved and therefore phylogeny can be used to infer the 

metabolic and ecological potential of unknown microbes (e.g. Langille et al., 2013). 
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However, there is also evidence to suggest that energy-related metabolism may not be conserved. 

For example, iron-reducing bacteria are not monophyletic and are distributed across the Bacteria (Lonergan 

et al., 1996). Evidence of the successful transfer of key metabolic genes among phylogenetically diverse 

microbes suggests not only that these energy-related metabolic pathways may not be conserved, but also 

that their evolution may not be entirely vertical (Friedrich, 2002). More recently, pan-genome studies have 

shown that genomic content may be highly variable between two organisms from within a single OTU98 

(Tettelin et al., 2005). It is unclear whether these examples are typical and to what extent they impact the 

overall metabolic and ecological potential of microbes. 

 Recognizing the importance of energy metabolism to the predictive abilities of whole genome 

metabolic models, J. Edirisinghe and colleagues developed a template for improving automatic annotation 

of pathways related to energy metabolism. When considered in concert, these pathways are referred to as a 

core metabolic model (CMM). Here we take advantage of all 8178 publicly available CMMs, representing 

1346 unique bacterial and archaeal OTU98, to examine phylogenetic constraints on energy metabolism. We 

have subdivided these CMMs into two functionally distinct subcomponents, the metabolic chassis (MC) 

that includes pathways by which organisms generate energy and metabolic precursors from organic 

substrates and the electron transport chain (ETC). The MC consists of pathways of eleven substrate-level 

phosphorylation reactions and gluconeogenesis that are broadly phylogenetically distributed and well 

studied and thus have consistently reliable annotations (Fig. 2-1) By focusing on these fundamental 

reactions, CMMs more accurately and quantitatively represent ATP biosynthetic pathways and enable 

prediction of key metabolic precursor production in central metabolism than whole genome metabolic 

models (J. Edirisinghe, unpubl). Using the output of these CMMs, we test the following hypotheses: 

1) Because energy metabolism is critical to microbial fitness, we hypothesize that both MC and 

ETC types will be phylogenetically conserved. 

2) We further hypothesize that the individual pathways that comprise the MC will be strongly 

phylogenetically conserved. 

We discuss our findings in the context of variance of MC types broadly as well as the extent of variation in 

MC within individual phyla. 

Methods 

CMM construction process 

 This study takes advantage of individual CMMs created from a curated CMM template (J. 

Edirisinghe, unpubl.) applied to each of 8178 SEED annotated genomes (Supp. Table 1). These CMMs 

represent 1346 unique operational taxonomic units (OTU98). These CMMs were automatically generated 

from SEED annotations (Overbeek et al., 2005) using the model template pipeline in DOE’s 
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KnowledgeBase (http://kbase.us; Fig. 2-2). Briefly, in the initial step of the pipeline, a subset of high-

quality SEED annotated genomes are used to generate a gene protein-reaction (GPR) association network, a 

table that provides a one-to-one association between gene annotations and enzyme production, which is 

used to generate an initial draft metabolic model. The biochemical reactions and pathways used in MCs 

(glycolysis, gluconeogenesis, pentose phosphate (PP), Entner-Doudoroff (ED), lactate fermentation, 

formate fermentation, ethanol fermentation, acetate fermentation, acetone fermentation, butyrate 

fermentation, butanol fermentation, and 2,3 butanediol fermentation (BDOH)) were selected from a set of 

well studied, phylogenetically diverse model organisms including: Escherichia coli, Bacillus subtilis, 

Pseudomonas aeroginosa, Clostridium acetobutalicum and Paracococcus denitrificans. Additional 

reactions were added and assigned GPR associations as needed to represent observed variation in microbial 

ETCs across the phylogeny (Supp. Table 2). Although we made every effort for completeness, we 

recognize that some reducing reactions (iron, chromium, sulfur, and sulfur derivatives) that are important 

for the metabolism of some organisms are not included due to poor annotation consistency or propagation 

through the SEED genomes. Similarly, photosynthesis reactions could not be included for this reason 

although they undoubtedly play a large role in the metabolism of autotrophic microorganisms. Together, 

this set of selected pathways and electron transport reactions represents all MC pathways and ETC 

variations upon which the template CMM was built (Supp. Table 3). Use of this curated model template, 

manually checked for correct reaction directionality, avoidance of multiple reactions for the same 

enzymatic reaction, accurate fermentation pathways, and ETC variations, increases the accuracy of energy 

predictions in the CMMs (J. Edirisinghe, unpubl.). CMMs are grouped into 4 distinct classes: those 

including only an aerobic ETC (aerobic), those including only an anaerobic ETC (anaerobic), those with 

both (facultative), and those without any respiration pathway (fermentative). The majority of CMMs 

contain at least one respiration chain. 

Data Analysis 

 We considered whether individual metabolic pathways and electron transport chain types were 

conserved using the entire dataset, but restricted consideration of conservation of metabolic chassis types to 

those types representing at least 100 genomes. Although calculations are robust to imbalances in trait 

distribution, MC types representing less than 100 genomes individually represent <1.2% of the entire 

sample and necessarily have low resolution so they were excluded. To quantify the strength of phylogenetic 

signal, we used the caper package in R (R Core Team, 2012; Orme et al., 2012) to calculate Fritz’s D (Fritz 

and Purvis, 2010) against a 16S phylogeny obtained from F. Xia (unpubl.) in order to evaluate whether 

individual ETC types, MC types, or individual pathways comprising the MC were phylogenetically 

conserved. A 16S phylogeny was used as the sample data are broadly phylogenetically distributed across 

the Bacteria (and even include some Archaea) and because this gene is used to assign operational 

taxonomic unit identity and as a common basis for making predictions of an organism’s metabolic 
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capability. Fritz’s D compares observed phylogenetic patterns in a binary trait to expected patterns 

generated by each of two null evolutionary models: random dispersion (D=1) and Brownian motion (D=0). 

Random dispersion distributions are based on random permutations of tip labels such that the number of 

tips representing a metabolic group is constant, but position on the tree is varied. Traits that are randomly 

dispersed have no discernable phylogenetic signal. This pattern would more typically be expected for 

expressed phenotypic traits with a strong gene by environment interaction, but is possible for genomic traits 

if selection is highly variable through time or if horizontal gene transfer is prevalent relative to vertical 

inheritance. Brownian motion distributions are generated by converting binomial variables to continuous 

variables and allowing those values to vary along branches following a random walk, where small changes 

along the tree are more probable than large ones. These continuous variables are then re-converted to 

binomial trait values using a cut-off value adjusted such that the number of tips with the trait remains 

constant to control for original trait distribution. A distribution explained by a Brownian motion model 

shows a phylogenetic signal, but the strength of the signal is reflective of a trait under neutral evolution 

(equivalent to a Blomberg’s K value of approximately one; Blomberg et al., 2003). We expect that changes 

in the MC can occur, but those changes frequently have a high fitness cost and therefore changes do not 

occur as often as would be expected under a Brownian model. Thus we consider an ETC type, MC type, or 

MC pathway conserved when there is evidence of stabilizing or negative selection; in other words when the 

phylogenetic signal is not adequately explained by a Brownian model and Fritz’s D is less than 0 (Fig. 2-3). 

Fritz’s D is more sensitive than similar metrics based on unique branch length and which control only for 

differences in representation across a phylogenetic tree, such as SESMPD (Pearse et al, 2013). 

Individual phyla varied widely in the number of genomes present in our dataset. For this reason, it 

was not possible to directly compare differences in MC type distribution among phyla. However, we 

generated a distance matrix from the Sokal and Michener simple matching coefficient (Gower and 

Legendre, 1986) and used the vegan package of R (Oksanen et al., 2012) to generate non-metric 

multidimensional scaling ordinations to visually examine variance in MC composition (multivariate 

consideration of the presence or absence of each pathway) at the phyla-level.  

Results 

Distribution of MC types 

Only 265 (6.5%) of the theoretical maximum of 4096 combinations of MC types were found in the 

8178 CMMs analyzed. While a sample size of 8178 is not an exhaustive sampling of the diversity of 

microorganisms and new MC types are likely to be found with additional sampling effort, it is important to 

note that 25 of the MC types found represented 5489 (67%) of CMMs (Fig. 2-4). There were 654 genomes 

that lacked all sugar pathways (8%) and 1535 (19%) genomes that contained all sugar pathways. There 

were 1584 (19%) genomes that contained no fermentation pathways and only 3 (<1%) that contained all 
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eight fermentation pathways. No genomes contained all 12 pathways. Only seven out of the 265 MC types 

observed were represented by at least 100 CMMs and these seven MC types contained 2421 (30%) 

genomes (Supp. Table 4). The majority of observed MC types (92%) contained at least one major sugar 

degradation pathway (e.g. glycolysis, gluconeogenesis, PP, or ED); however, the presence or absence of 

these pathways varied throughout the phylogenetic tree and often within a single phylum.  

Phylogenetic signal of CMMs 

Of the seven MC types represented by at least 100 CMMs, the distribution of six were adequately 

explained by the Brownian model (i.e. Fritz’s D was not significantly different from 0), while a single MC 

type was more broadly distributed with a D value between Brownian and random (D=0.175), but not 

adequately explained by either model (Table 2-1). On the whole, MC type shows only moderate 

phylogenetic clumping suggesting that energy-related pathways may not be highly conserved and can differ 

among closely related taxa (a subset of three sugar degrading pathways is presented in Fig. 2-5). 

This pattern is even clearer when the pathways comprising the MC are considered individually. 

The Brownian motion model adequately explained the distribution of six (ED, ethanol fermentation, lactate 

fermentation, butanol fermentation, acetone fermentation, and isopropanol fermentation) of the twelve 

pathways included in MC type, indicating variations in these pathways are consistent with the neutral 

theory of evolution (Kimura, 1968), while gluconeogenesis was only marginally more distributed than 

expected under the Brownian motion model (D= 0.049, p=0.071; Table 2-2). The remaining five pathways 

(glycolysis, PP, acetate fermentation, BDOH fermentation, and butyrate fermentation) all had D values 

greater than 0 (0.088, 0.067, 0.074, 0.066, and 0.213, respectively), but were not explained by either the 

Brownian motion or the random model. Gains and losses of these pathways are occurring more, not less, 

often than would be expected under the neutral theory evolution. However, this effect is not large as these 

pathways have a Brownian-like distribution (D values are near zero). 

ETC types were also not strongly conserved as they were either not significantly different from 

Brownian or were not adequately described by either model with a D value between 0 and 1 (Table 2-3). 

Fermentative CMMs (i.e. those lacking any respiration pathways) were adequately described by a 

Brownian model whereas facultative CMMs were marginally more distributed than expected under this 

model and both aerobic and anaerobic CMMs were more broadly distributed, but still Brownian-like (D= 

0.099 and 0.21, respectively; Fig. 2-6). 

Phyla-level variability in MC types 

Individual phyla, however, show qualitative variation in the distribution of MC types (Fig. 2-7A-

D). While all phyla had variation in MC types, some phyla showed less variation than others with similar 

representation in the dataset. For example, the Tenericutes (n=149) had 7 MC types while the Spirochaetes 

(n=202) had 17 MC types. All phyla that were highly represented in this dataset, such as the 
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Gammaproteobacteria (n=2450) and the Firmicutes (n=2312), showed a great deal of variation in MC types 

and it is possible that with increased sampling effort phyla with lower representation currently, such as the 

Tenericutes and Spirochaetes, would have broader distributions of MC types as well. 

Discussion 

 Overall, our findings suggest there are strong constraints on the structure of the MC with only 265 

(or 6.5%) of 4096 possible combinations of pathways observed in this phylogenetically diverse set of 8178 

genomes. Even fewer of these combinations were highly abundant, with only seven combinations 

represented by at least 100 genomes, while the majority of observed MC types had very few 

representatives. Despite these constraints, however, each of the components of CMMs examined here (MC 

type, individual metabolic pathways, and ETC type) had phylogenetic dispersion patterns that were either 

Brownian or Brownian-like suggesting that they may have evolved following the neutral theory of 

evolution. While some phyla seemed qualitatively to be more constrained in MC types than others, it isn't 

possible to distinguish this apparent pattern from a sampling bias as those phyla that appeared to be more 

conserved also had fewer representatives in the dataset. Despite the critical role these pathways play in 

energy generation, and thus microbial fitness, these components of CMMs do not show a strong 

phylogenetic signal.  

 The weak phylogenetic signal paired with the skewed distribution of MC types that we observed 

may, however, be the result of strong environmental selection on energy metabolism in the absence of a 

strong phylogenetic signal of environment. Because this dataset considers organisms from multiple 

environments simultaneously, the common MC types examined in detail here may be evidence of strong 

selection towards the respective global fitness optima for organisms from different environments. Mid-

abundance MC types may represent either local optima of common environments or global optima for less 

common environments, while the low abundance MC types may represent local optima for environments 

with low representation or short-lived non-optimal combinations of pathways. It is important to remember 

that our database consists primarily of genome sequences from cultured organisms which represents only a 

fraction of all known organisms. Thus, a methodological bias in culturing could have resulted in the over or 

under representation of particular MC types. If culturing conditions have led to such filtering of MC types, 

that bias itself may be a result of, rather than contradictory to, strong environmental selection on energy 

metabolism. If indeed that is the case, one would expect that organisms cultured under a single set of 

conditions would show remarkable consistency in MC types as would organisms cultured under identical 

conditions for prolonged time periods regardless of their degree of relatedness in either case. 

 While the lack of a strong phylogenetic signal in energy metabolism may not be intuitive given its 

potential effects on fitness, it may be attributable to the metabolic context of these energy pathways. 

Metabolic pathways do not act in isolation but as part of an integrated network where the products from 
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one reaction are the substrate for one or more other reactions. Any network-based redundancy in potential 

energy generation pathways may decrease the effects of negative mutations while still allowing a fitness 

benefit from positive mutations. This would allow greater flexibility in individual pathway acquisition, 

loss, and modification which could lead to Brownian or near-Brownian distributions of individual pathways 

as well as pathway combinations. For example, an organism that contains two fermentation pathways 

growing in a natural environment containing mixed substrates will not be as adversely impacted by a 

mutation in either of those pathways as an organism reliant upon a single fermentation pathway 

experiencing a mutation; therefore, despite the importance of maintaining energy production at the 

organismal level, the failure of a single pathway to generate energy may not have a high fitness cost as long 

as energy can be generated at the organismal level. Although not all CMMs contained multiple pathways, 

the majority did, including all of those representing at least 100 isolates, suggesting there may be selection 

to incorporate redundancy in energy generation pathways because of its importance to maintaining energy 

production at the organismal level in the case of a failure of a single pathway to generate energy. Given the 

interrelated network structure at the scale of whole organism metabolism, metabolic pathways beyond the 

CMM may also be only weakly phylogenetically conserved. However, since the importance of individual 

metabolic pathways not related to energy metabolism to overall fitness may be lower, it is also possible that 

there has not been selection for redundancy which might result in a counterintuitive strengthening of the 

phylogenetic signal in metabolic pathways beyond the CMM.  

 The weak phylogenetic signal associated with Brownian-like dispersion patterns may lead to 

observable similarities among closely related taxa. A 16S phylogeny approximates the true evolutionary 

history of these organisms and even the best automated annotations are imperfect, but given the size of the 

dataset and the calculated values of Fritz's D, even with perfect datasets the conclusions are unlikely to be 

substantially different. Indeed, even though this signal was weaker than expected when considered across 

this broad phylogenetic dataset, the existence of a phylogenetic signal is consistent with anecdotal evidence 

of limited phylogenetic similarities. However, given the weakness of the phylogenetic signal in comparison 

to the strong constraints we observed, caution is advised when using phylogeny to predict the metabolic 

potential and ecological functions of microorganisms, especially across environmental conditions. These 

traits are not strongly conserved and are more variable than commonly believed. Although it remains 

unclear what mechanisms underlie the observed constraints on distribution of MC types, it is clear that real 

constraints are acting to limit realized combinations of the pathways examined here. Focused evolutionary 

and physiological studies are needed to develop an understanding of the mechanisms underlying these 

constraints as well as the influence of these constraints on whole organism metabolism. Such mechanistic 

understanding would be useful to improve probabilistic annotation approaches to improve future automatic 

annotations and could yield great insights into the basic questions of how and when natural selection has 

shaped bacterial metabolism and its subsequent effects on patterns in ecosystem processes. 
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Chapter 2 Effects of differences in plant inputs on soil bacterial communities in a 

Minnesota prairie 

Introduction 

 Primary productivity accounts for the largest input of resources to soil organisms, which are 

responsible for the recycling of up to 90% of plant biomass (Cebrian, 1999, Cyr and Pace, 1993). Through 

land use, humans are having a widespread effect on plant species productivity, community composition, 

and biodiversity, and are thereby influencing both the amount and chemistry of resources available to soil 

bacteria. Soil bacteria are key mediators of nutrient recycling; therefore, changes in their composition can 

feed back to affect the relative rates of key ecosystem processes such as nitrogen (N) mineralization and 

CO2 efflux from the soil. Both resource quantity and chemistry can influence soil bacterial richness, 

diversity, and community composition and these aspects of bacterial communities may feed back to 

influence ecosystem processes. Increased understanding of the drivers of these microbial feedbacks is 

critical to improve current ecosystem modeling, but it is currently unknown which aspects of bacterial 

communities are important to advance this understanding (Wieder, et al., 2013, Treseder et al., 2012).  

 Alterations in both the quantity and chemistry of resource inputs can directly affect soil microbial 

communities. As described for plants by Tilman (1986), increases in nutrient supply can lead to decreases 

in species diversity as faster growing organisms that are unable to acquire limiting resources when those 

resources are in low concentration increase in dominance. Modeling work has shown a theoretical switch 

between resource quantity (e.g. total available energy) and nutrient limitation of bacterial growth at a C:N 

of 40 (Waring et al., 2013).  Comparative studies have shown changes in bacterial community composition 

along nutrient gradients (e.g. de Vries et al., 2012, Allison et al., 2007) as well as under experimental 

conditions of altered resource supply (e.g. He et al, 2010, Ramirez et al., 2010, Castro et al., 2010). 

Similarly, additions of C substrates have been shown to alter bacterial community composition (Eilers et 

al., 2010, Fierer et al., 2007). These community composition shifts may even be observable at the phyla 

level, with phyla responding differentially to the C addition (Fierer et al., 2007). 

 Changes in diversity or community composition in response to altered resource inputs can feed 

back to affect ecosystem processes relating to resource availability (Xu et al., 2014, Treseder, 2008). 

Increases in biodiversity can lead to increases in ecosystem functioning and services (Hooper et al., 2005, 

Cardinale et al., 2011, Balvanera et al., 2006) with greater diversity required to support more diverse 

ecosystem functions (Isbell et al., 2011). Wagg and colleagues (2014) have shown that soil biodiversity 

loss, specifically, can decrease the rates of several ecosystem processes including rates of nutrient cycling 

and retention. Further, experiments directly manipulating culturable bacterial diversity showed a 

decelerating relationship between bacterial diversity and rates of community respiration (Bell et al., 2005).  
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Shifts in community composition may be as important as changes in biodiversity in influencing rates of 

ecosystem processes as taxa may have differential influence over ecosystem processes. Changes in taxa 

abundance may further affect species interactions thus spreading to affect the entire ecological network. 

These synergistic network-level effects have been related to changes in ecosystem processes, as well (Zhou 

et al., 2011). 

 Most experimental studies investigating the effects of nutrients on the biodiversity-ecosystem 

function relationship have focused on the relationship between plant species and primary productivity. This 

study examines the influence of altered plant C and N inputs caused by variation in the identity of plant 

species in monoculture on soil bacterial richness, diversity, and community composition. Specifically, we 

hypothesize: 

1. Higher levels of C or N availability due to differences in plant species identity will result in lower 

bacterial diversity. 

2. Higher levels of available resources (C or N) due to differences in plant species identity will 

induce shifts in bacterial community composition, with differential responses among phyla. 

3. Higher levels of bacterial diversity will correlate with higher rates of soil C efflux and net N 

mineralization and shifts in bacterial community composition will be related to ecosystem 

process rates. 

Methods 

Soil sampling 

 This project takes advantage of an ongoing grassland global change field experiment that includes 

plots with wide variation in the stoichiometry of organic matter inputs to soils, the BioCON (Biodiversity, 

CO2, and Nitrogen) experiment (Reich et al., 2001; Reich et al., 2004). The BioCON experiment was 

established at the Cedar Creek Ecosystem Science Reserve in 1997 and manipulates plant species richness 

and composition, atmospheric CO2 levels, and N inputs, with CO2 and N treatments beginning in 1998. 

Cedar Creek is characterized by sandy glacial outwash soils (Typic Udipsamments, Grigal, 1974) and net 

primary production at the site is limited by the supply of N (Tilman, 1994). For this experiment, only 

monoculture species plots at ambient CO2 and N conditions were sampled. Across the plots, the C:N ratios 

of plant inputs to soil ranged from 8-79 aboveground and from 10-194 belowground across the 12 years 

prior to soil collection and from 17-61 and 14-105, respectively, in the year prior (Reich, unpubl). 

Variations among monoculture species treatments in C:N ratios of plant biomass have been mostly 

consistent since treatment initiation in 1998 (data not shown). Site preparation included removal of all plant 

species and application of methyl bromide to prevent growth from the seed bank. Following methyl 

bromide application, soils were inoculated with a common inoculum from nearby old fields (Chung et al., 
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2007). Previous work in this system has shown variation in both microbial community C:N ratios (range: 6-

22) and rates of C and N cycling (Dijkstra et al., 2006). 

 Soil cores were taken from each of two replicate monoculture plots maintained with each of 16 

plant species (Andropogon gerardii, Aesclepias tuberosa, Amorpha canescens, Bouteloua gracilis, 

Schizachyrium scoparium, Sorghastrum nutans, Solidago rigida, Anemone cylindrica, Koeleria cristata, 

Lespedeza capitata, Lupinus perennis, Petalostemum villosum, Achillea millefolium, Agropyron repens, 

Bromus inermis, and Poa pratensis) in April 2010 at the start of the growing season and prior to that year's 

burn (plots are burned biannually). These 16 plant species belong to 4 plant functional groups (C3 grasses, 

C4 grasses, legumes, and forbs) which are known to vary in productivity and C:N (Reich et al., 2001b). 

Soils from replicate monoculture plots were homogenized into a single sample per plant species treatment. 

Soils were stored at -70C until prepared for DNA extraction. During DNA extraction, soils were kept 

refrigerated for up to 2 days during processing. 

DNA extraction and sequencing 

 DNA was sent to the Institute for Genomics and Systems Biology’s Next Generation Sequencing 

facility at Argonne National Lab where it was extracted following the protocol created for the Earth 

Microbiome Project (Caporaso et al., 2012). Paired end Illumina sequencing using the MiSeq platform was 

used to generate 253 bp reads of the V3 to V4 region of the 16S gene using the 515F and Golay barcoded 

806R primers. These primers were created with an additional pad region to decrease primer-dimer 

formation. Sample complexity was increased using PhiX and barcoded samples were run on a single lane. 

Resulting reads were truncated at their first low quality base (A or B quality score). Reads without a perfect 

barcode match and reads of less than 75bp were removed prior to pairing reads. Paired reads of less than 

253 bp were excluded from analysis. 

Bacterial community composition, richness, and diversity calculations 

 Sequencing data were processed using the QIIME pipeline (Caporaso et al., 2010). Pre-processing 

of the data to pair reads and remove low quality paired reads was accomplished using scripts provided by 

Daniel Smith. These scripts are publicly available at: https://www.dropbox.com/s/hk33ovypzmev938/fastq-

barcode.pl?dl=1. Sequences were clustered using UCLUST and operational taxonomic units (OTUs) were 

defined using a 98% identity cut-off. PyNAST was used to align sequences and create phylogenetic trees 

and the Ribosomal Database Project (RDP) classification was used for taxa identification. Shannon 

diversity indices were calculated automatically for each plant species treatment using QIIME. Rarefaction 

curves of clustered OTUs showed that Shannon's diversity had reached an asymptote before 35,000 

sequences per sample, while OTU richness had just begun approaching an asymptote although differences 

in trajectories were evident (Fig. 1-1). Because richness had not fully reached an asymptote, analyses were 

conducted on both Shannon’s diversity and OTU98 richness data. 
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Selection of individual taxa 

 Selection of individual taxa for examination of taxa-specific responses to resources targeted two 

groups of taxa: highly abundant taxa and highly variable taxa, those showing the greatest variability in 

abundance across plots. An abundance threshold of 5,000 16S sequences from a single OTU pooled across 

all plots identified 16 highly abundant taxa. For highly variable taxa, a standard deviation threshold set at 

200 identified 11 highly variable taxa. Of these highly variable taxa, ten were present in all treatments 

while a single taxon was found in only two treatments and was therefore removed. Six of the remaining ten 

variable taxa were also identified as highly abundant, resulting in a selection of 20 unique taxa (10 

abundant, 4 variable, 6 both) for examination of individual response to altered resources. 

Resource availability and environmental data 

 Data on these plots was acquired from the publicly accessible Cedar Creek Long-term ecological 

research site data catalog (http://www.cbs.umn.edu/explore/field-stations/cedarcreek/research/data). Data 

collection methods are described in detail in Reich et al., 2001, Reich et al., 2001b, and 

<http://www.cbs.umn.edu/explore/field-stations/cedarcreek/research/data/methods?e141=>. Briefly, C and 

N measurements were taken annually on aboveground and belowground (0-20cm) biomass combined from 

each of two annual harvests. Aboveground biomass was sorted into live and litter fractions, while 

belowground biomass was sorted into: coarse, crown, and fine root fractions. KCl extractable N was 

measured annually and in situ net N mineralization was measured once during a month-long incubation in 

the middle of the growing season using closed-capped PVC tubes. Extra soil from N mineralization 

analysis is used to measure pH using the wet slurry method. Whole-plot plant C and N pools were 

calculated as whole-plant biomass C or N concentration multiplied by whole-plant biomass. Soil moisture 

(0-20cm) measurements were taken periodically throughout the growing season using TDR. Root ingrowth 

cores (to 20cm depth) are collected annually. Total soil C and N measurements were taken on finely ground 

soil every 5 years. Soil CO2 efflux measurements were taken with a LiCor 6400 from PVC rings installed 

in the plots. Change in soil C and N since experiment initiation (as absolute and percent measures) was 

calculated. In total we examined 35 plant and environmental characteristics to identify a subset which best 

described resource quantity and chemistry variation among these treatments. 

Data analysis 

 Shannon's diversity values, an OTU98 richness table, and sequence count data were exported from 

QIIME. All samples except those beneath Anemone cylindrica had >35,000 high quality reads post-

processing, while A. cylindrica had <1,000 reads; therefore data from soil beneath A. cylindrica were 

excluded from all analyses. It is, however, interesting to note that A. cylindrica had consistently low 

biomass throughout the duration of the experiment and likely did not support high bacterial biomass 

resulting in the low number of reads. For all remaining samples, calculations of Shannon's diversity and 
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OTU richness were averaged across 10 bootstrapped estimates based on a random subsampling of 35,000 

sequences to control for unequal sequencing effort across samples. For community composition analyses, 

all sequence count data were included. Sequence counts for the 16 most abundant OTU were considered as 

a subset of data in examining the response of community composition to resource quantity and chemistry.  

Additionally, sequence counts were used to examine the direct response of individual taxa to resource 

quantity and chemistry. 

 All analyses examining the effects of resources used resource data collected in 2009 or the most 

recent year available for characteristics not measured annually. Non-metric multidimensional scaling 

(NMDS) ordinations were used to visually examine variation among plant species in this resource space 

(Fig. 1-2). Based on visual inspection of vectors which explained significant variation (p<0.005; R >0.6), a 

subset of four variables (aboveground litter, total plant N, root biomass, and belowground C:N) were 

chosen to examine community response to environmental variation. The chosen variables represent two 

indices of the total quantity of organic matter available to bacteria (aboveground and belowground biomass 

inputs to soil) and two indices of nitrogen availability to bacteria (the total pool of plant N in each treatment 

and the inverse of N in belowground biomass, expressed as the C:N ratio). Neither physical variable 

examined, pH or soil moisture, was significantly correlated with differences in resources among treatments 

(p=0.175 and 0.142, respectively), likely due to the small level of variation in these resources over this 

spatial scale. 

 Regression analysis was used to describe the relationship between Shannon's diversity, OTU 

richness, and individual taxa count data both with selected plant variables and with rates of ecosystem 

processes related to C and N cycling, specifically growing season cumulative soil CO2 efflux, net 

nitrification, net ammonification, and net N mineralization. While these latter analyses were aimed at 

discerning effects of bacterial community composition and diversity on rates of C and N cycling, we 

recognize that such an interpretation is challenging based on observational data alone. First, total organic C 

and N inputs could be correlated with both bacterial community metrics and with C and N processing rates, 

leading to incidental (non-causal) relationships between bacterial communities and process rates. To 

control for this, we expressed N cycling rates (ammonification, nitrification, net N mineralization) relative 

to the total plant N pools and growing season soil CO2 efflux relative to total plant biomass. Second, cause 

and effect cannot be inferred from regression analyses. However, it is more likely that soil CO2 efflux was 

influenced by bacterial community characteristics than vice versa. Rates of N cycling are more ambiguous 

– relationships could be caused by the influence of bacteral community composition on these rates, or by 

the influence of inorganic N supply on bacterial communities. Keeping those caveats in mind, to evaluate 

the influence of plant resources on bacterial community composition and composition of the most abundant 

OTUs, resource vectors were fit to NMDS ordinations of community composition. NMDS ordinations were 

constructed from Bray-Curtis dissimilarity matrices after Wisconsin double standardization (Minchin, 
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1987). These analsyses were done at the OTU98, family, and phyla levels. Similarly, ecosystem process 

vectors were fit onto NMDS ordinations of bacterial community composition at the OTU98 level to examine 

the relationship between community composition and rates of ecosystem processes. All statistical 

comparisons were completed using R 2.15.1 (R Core Team, 2012) using the vegan package (Oksanen et al., 

2012). 

Results 

Effects of resources on OTU98 richness and Shannon's diversity 

 Despite greater than 10-fold variation in total plot plant N pools and nearly 3-fold variation in 

plant C:N, there was no significant relationship between either OTU98 richness or Shannon's diversity and 

either measure of N availability.  Further, there was no relationship between OTU98 richness or Shannon's 

diversity and resource quantity (aboveground or belowground biomass inputs). This may be due, in part, to 

low variation in both OTU98 richness and Shannon's diversity estimates across all treatments (5402-6383.4 

and 9.7-10.4, respectively). This suggests an insensitivity of bacterial diversity to differences in C and N 

availability. Further, there were significant differences in OTU98 richness (p=0.0038) and marginally 

significant differences in Shannon's diversity (p=0.099) among plant functional groups, suggesting that low 

variation did not entirely preclude discovery of an effect over this wide range of resource conditions (data 

not shown).  

Effects of resources on community composition at the OTU98, family, and phylum level 

 Shifts in bacterial community composition at the OTU98 level were related to aspects of both 

resource quantity and chemistry, as shown by significant vector fits for belowground plant C:N ratio 

(p<0.01) and root biomass (p=0.04; Fig. 1-3). However, changes in root biomass were more strongly 

related to shifts in community composition than changes in belowground C:N (beta-coefficients of 0.37 and 

0.25, respectively). Bacterial community composition was not significantly related to either aboveground 

litter or biomass N, suggesting that belowground inputs have a stronger effect at this scale. At the family 

level, bacterial community composition was related to the belowground plant C:N ratio (p=0.04), but not to 

root biomass (p>0.05). At the family level less variance could be explained than at the OTU98 level (52% 

vs. 39%, respectively; Fig. 1-4A). At the phyla level, community composition was not related to any 

resource quantity or chemistry variable (Fig. 1-4B). 

Responses of specific taxa to variation in resources 

 Although overall OTU98 community compositional shifts were significantly related to resources, 

this pattern may have been driven by changes in a relatively small subset of taxa as many taxa did not 

respond to variation in resources and those individual taxa that did responded differentially. Of the 20 

highly abundant or variable taxa examined, only six (30%) showed a significant response to at least one 



 17 

measure of resources at p<0.05, while eleven (55%) showed a significant response at p<0.1 (Table 1-1). 

Only two taxa had a significant response to multiple resources at p<0.1 (Table 1-1). Not all taxa that 

responded showed a response to the same resource and not all responses were in the same direction. A 

difference in bacterial community composition driven by changes in a subset of taxa was observed in 

examining differences in the composition of the sixteen most abundant OTU across resources. Composition 

of these taxa was related to resource chemistry with the belowground C:N of plants explaining 51% of 

observed variation (p=0.02; Fig. 1-5). However, this relationship was primarily driven by changes in three 

taxa, with two OTU showing increases in abundance with increasing belowground C:N (both p<0.01) and a 

single OTU showing a negative relationship (p=0.04) with belowground C:N.   

Relationship of OTU98 richness, Shannon’s diversity, and community composition with ecosystem processes 

 Neither OTU98 richness nor Shannon’s diversity were significantly related to any ecosystem 

process considered here. Despite this, ecosystem-level C and N cycling rates were both related to changes 

in community composition; however, these effects were only marginally significant (p=0.07). Shifts in 

community composition showed relationships with growing season CO2 efflux rates (beta-coefficient -

0.21) and net N mineralization rates (beta-coefficient=0.22) of similar strength, but in opposite directions 

(Fig.1-6). The relationship between community compositional changes and net N mineralization was driven 

primarily by a significant relationship with net nitrification (p=0.027), while there was no relationship with 

net ammonification rates (p=0.9; Fig.1-6). In all cases, however, community composition was a worse 

predictor of ecosystem process rate than was resource availability.  

When process rates were considered in relation to resource levels, however, a different picture 

emerged with nitrification / total plant N (p=0.0034), net N mineralization / total plant N (p=0.0043), and 

growing season CO2 efflux / total plant biomass (p=0.0077) all significantly related to community 

composition. This suggests that while resource availability may be a primary control on rates of these 

ecosystem processes, the composition of the bacterial community may additionally influence realized 

process rates. Composition of the most abundant taxa was not significantly related to any ecosystem 

process considered here; although abundance data for two of the twenty taxa examined individually were 

related to both nitrogen cycling processes (p<0.05).  

Discussion 

Although no measure of resource quantity or chemistry had a significant effect on OTU98 richness 

or Shannon's diversity, bacterial community composition was affected by both factors. A previous study in 

grasslands and agricultural systems similarly found no effect of differences in N on richness or diversity 

(Ramirez et al., 2010). While pH and soil moisture are important drivers of soil bacterial diversity at larger 

geographic scales (Fierer and Jackson, 2006), neither was related to OTU98 richness nor diversity at this 

site. The lack of effect of soil resources on bacterial diversity may suggest key differences between bacteria 
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and plants. Plants commonly exhibit decreases in diversity in response to the addition of a limiting 

resource, a pattern we did not observe in bacteria. It is unlikely that the lack of response by either measure 

of bacterial diversity was a result of either a high rate of dispersal among plots or a high background of 

dormant, and therefore unresponsive, bacteria as differences in OTU98 richness and Shannon’s diversity 

could be found among different plant functional groups. Thus, although both C and N availability vary 

among plant functional groups, neither is the primary driver of OTU98 richness or Shannon’s diversity. 

Although there was no effect on bacterial diversity measures, variation in belowground inputs may 

influence OTU98 community composition. Belowground C:N had the largest absolute effect on OTU98 

community composition; however, root biomass had a larger standardized effect. Together these results 

suggest that although primary productivity in this system is strongly N limited, the availability of C also 

has an important effect on members of the soil bacterial community. When considered individually, 

however, only 30-55% of taxa responded to considerable variation in each of the resources examined here 

(p<0.05 and <0.1, respectively). Of those taxa that did respond, not all taxa responded similarly suggesting 

that neither C nor N limitation at this site is a strong primary driver of community composition.  

Further, examination of community composition at higher taxonomic levels showed that response 

to resources was inconsistent within phyla. This was demonstrated by a weakening of the effect of 

individual resources on community composition at higher taxonomic levels. This inconsistent response of 

taxa within a phylum suggests that shared evolutionary history alone may not be a good predictor of what is 

limiting to particular taxa at this site. While some studies (e.g. Fierer et al., 2007) have demonstrated 

consistent shifts in phyla abundance with addition of specific resources, those studies did not look at the 

effects on individual taxa to see if this response was caused by a strong response of a few taxa or a 

consistent response across many taxa. The results presented here suggest that the phyla signal was likely 

due to the former, and not the latter. It follows that tools such as PICRUSt, which make predictions of 

organismal characteristics based on a 16S phylogeny, should be used with caution (Langille et al., 2013). 

Bacterial community composition was also related to ecosystem process rates; however, resource 

availability was a stronger control of process rates than OTU98 community composition. That resource 

availability was a stronger predictor is not a surprising result, as resources must be available in order for 

them to be cycled within an ecosystem. However, OTU98 community composition was also related to 

differences in C and N cycling rates when they were examined relative to the inputs of plant C or N, 

respectively. Functional differences among community members may be partially responsible for these 

effects on both absolute rates and rates of these processes relative to total plant C or N inputs. It is 

impossible, however, to rule out the possibility that factors not considered here (e.g. soil aggregation) may 

affect both community composition and ecosystem rates simultaneously. If this is the case, these factors 

may be responsible for the apparent relationship between community composition and ecosystem process 

rates. The observed relationship of community composition with relative rates of the broad biogeochemical 
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process of C cycling was weaker than that with the more narrow biogeochemical process of N cycling. This 

has been suggested elsewhere (Schimel and Schaeffer, 2012), although in this particular case it may be due 

to the measurement of CO2 efflux including both soil and root CO2.  

There is some evidence, however, that key community members may influence rates directly. 

Abundances of two individual OTUs (10% of those examined) were correlated with process rates. One of 

these was in the Bradyrhizobiaceae, a bacterial family directly associated with the N cycling process, which 

had a negative relationship with net N mineralization and net nitrification relative to total plant N inputs. 

This is interesting to note as the abundance of rhizobia nodules are also known to decrease with N addition 

(e.g. Clayton et al., 2004). The other OTU was in the Spartobacteriaceae within the Verrumicrobia, a 

common phylum of soil bacteria. It showed a positive relationship with the relative rates of both N 

processes. Organisms in the Verrucomicrobia have remained a challenge to culture and thus little is known 

of their physiology or potential functional roles in the environment. Functional differentiation among 

individual OTUs may influence ecosystem rates, even if the effect of variation in their abundance on 

differences in OTU98 community composition is negligible (Hooper et al, 2005). 

The lack of relationship between bacterial biodiversity and resource availability paired with the 

disparate responses of individual OTUs to changes in resource inputs suggest that bacterial co-occurrence 

may not arise from functional differences in the ability to acquire resources. This may be explained by the 

much lower amount of structural complexity and morphological differentiation in bacteria. In other 

systems, such as epiphytes on algae and in the human gut microbiome, bacterial communities have high 

functional similarity despite low phylogenetic similarity (Burke et al, 2011, Human Microbiome Project 

Consortium, 2012). On the other hand, our measures of resource availability and chemistry were coarse and 

likely did not characterize variation in resources that bacteria perceive (e.g., variation in the types of 

organic compounds in plant tissues) and that have been shown to correlate with soil processes (Meier and 

Bowman, 2008). 

 In order to understand the mechanisms allowing co-occurrence we must first begin to understand 

the physiological trade-offs that underlie meaningful functional differentiation of soil bacteria. These 

functional differences, in turn, may be drivers of ecosystem process rates (Hooper et al., 2005). Further, 

functional differences may better enable examination of the patterns seen here between community 

structure and relative rates of C and N cycling. Evolutionary history does not reveal functional differences 

in how taxa respond to changes in resources suggesting that this trait may be under environmental 

selection. Thus, other physiologic trade-offs and constraints may play a stronger role in identifying 

meaningful functional distinctions among soil bacteria.  
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Chapter 3 Growth characteristics of soil bacterial isolates classified by taxonomy, 

metabolism, and ecological strategy 

Introduction 

Soil bacteria and other decomposers are responsible for processing 90% of plant primary 

productivity (Cebrian, 1999, Cyr and Pace, 1993) and soil bacteria also mediate key steps of other 

biogeochemical cycles (e.g. Firestone and Davidson, 1989). Given their importance in ecosystem 

functioning, developing understanding of the role of bacterial community structure in influencing 

ecosystem processes has been a major motivation in microbial ecology (Treseder et al., 2012). Ideally, 

understanding the relationship between community structure and function could be directly linked to 

studies of individual isolate physiology as well as inter-isolate interactions. However, this has not been 

feasible for several reasons. First, soil bacteria are difficult to study because their study necessarily disrupts 

their growth environment. Second, it is technically challenging to measure resources on the scale(s) 

important to bacteria (e.g. Meier and Bowman, 2008). Third, soil bacteria exhibit extreme diversity and 

only a small fraction, estimated at 1-10%, are culturable using modern culturing approaches. Therefore, 

attempts to link patterns in community composition to ecosystem processes must necessarily rely upon 

generalizations about interactions and metabolic potential to affect biogeochemical processes of interest. 

As microbial ecology seeks theoretical frameworks from which to advance (Jackson et al, 2007; 

Gudelj et al, 2010), multiple approaches to relate community structure to function have been presented. 

Studying metagenomics has been informative for understanding community-function relationships in the 

case of certain very specific biogeochemical processes that are mediated by a small number of organisms 

and for which biochemical reactions, and the genes encoding the enzymes mediating these reactions, are 

relatively well studied. For example, metagenomic studies of denitrification have been successful in 

elucidating relationships between microbial community structure and process rates because the process can 

be directly linked to a small number of genes encoding key enzymes (Wallenstein et al., 2006). For broader 

biogeochemical processes such as decomposition or carbon (C) cycling, that involve hundreds of enzymes 

and thousands of taxa, however, this approach must be replaced with one reliant on meaningful 

categorizations of the high diversity of bacteria in order to compensate for the inability to culture a majority 

of organisms involved and to better tease out the inherent metabolic complexity driving the process. It is 

clear that while no categorization framework is ideal under all circumstances, in regards to biogeochemical 

functioning, a best-suited framework is one in which categories are closely linked with the metabolic 

activity responsible for the function. Three such frameworks are currently emerging: phylogenetic based 

classification approaches (PC), classical generalist-specialist ecological strategist based approaches (ES), 

and a new approach, presented here, based on classification by metabolic chassis defined as the presence or 

absence of central metabolic and fermentation pathways (MC).  
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Phylogenetic classification (PC) has been used to generalize metabolic functions of related taxa at 

the OTU (e.g. Langille et al., 2013) or phylum (Fierer et al., 2007) levels. This framework depends heavily 

upon the 16S gene as a proxy of shared evolutionary history. This approach is based on the underlying 

assumption that organisms sharing a greater proportion of their evolutionary history also have more of their 

genes in common, including metabolic genes, and thus will also be more metabolically similar. There is a 

great deal of anecdotal and some empirical evidence to support this (e.g. Fierer et al., 2007). However, 

there are also reasons to question these assumptions as variation in genomic content within a single OTU 

may be quite high (Tettlin et al., 2005). Even within what would be considered a single OTU, a single base 

pair variation in the 16S has been linked to large-scale niche differentiation (Eren et al., 2013). The extent 

to which these observations are relevant to biogeochemical interpretations of taxon relatedness depends, in 

large part, on how relevant such genetic variation among organisms is to the metabolic potential of an 

organism, which remains unknown. 

The ES framework grew out of classical ecological classifications of organisms along a continuum 

of generalist to specialist with respect to substrate utilization. This approach has a rich history in microbial 

ecology as it has been directly related to the similar continuum of copiotrophic (organisms that grow in 

nutrient dense environments) to oligotrophic (those that grow in nutrient poor environments) bacteria 

(Lauro et al., 2009, Vieira-Silva and Rocha, 2010). Historically, this classification has been applied either 

based directly on phenotypic characterization or is inferred from the environmental conditions under which 

an organism was cultured. Recent efforts, however, have aimed at identifying genomic signatures of these 

strategies with the aim of predicting phenotypic characteristics from genomic data alone (e.g. Livermore et 

al., 2014, Lingner et al., 2010, Vieira-Silva and Rocha, 2010, Lauro et al., 2009). Lauro and colleagues 

(2009) identified multiple genomic signatures of the copiotrophic-oligotrophic lifestyle, including relating 

increased genome size with increased copiotrophic tendencies. Vieira-Silva and Rocha (2010), meanwhile, 

directly related predicted maximal growth rate to other genomic signatures. These genomic signatures may 

then be applied to infer growth and metabolic characteristics of unculturable organisms or metagenomic 

samples from the environment. 

MC categorization is based on grouping organisms by the presence or absence of twelve substrate-

level phosphorylation pathways (glycolysis, gluconeogenesis, pentose phosphate, Entner-Doudoroff (ED), 

lactate fermentation, formate fermentation, ethanol fermentation, acetate fermentation, acetone 

fermentation, butyrate fermentation, butanol fermentation, and 2,3 butanediol fermentation (BDOH)). 

These pathways are of fundamental importance because energy production defines a large portion of 

metabolic behavior and has the greatest ability to predict both biomass and metabolite production yields. 

Historically, microorganisms have been classified based on which substrates they can utilize for growth and 

under which conditions they can grow, but such a classification is limited to culturable organisms. When 

applied to anaerobic organisms, metabolic functional groups have led to great insight in wetland 
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biogeochemistry. In non-flooded environments, however, where aerobic respiration dominates, MC is able 

to distinguish among functional groups of organisms because of its focus on variation in metabolic energy 

pathways rather than on electron transport chains. By examining the ability of organisms to process 

substrates for energy generation, MC attempts to generate functional metabolic classifications in a culture-

independent manner. 

To compare the utility of applying these categorization systems to predict growth rate and 

metabolic flexibility, soil isolate growth was measured under a variety of conditions to test the following 

specific hypotheses: 

1. ES will be related positively to genome size, maximum growth rate (MGR), and average 

positive growth rate (APGR). In turn, these characteristics will be positively correlated with 

each other. 

2. PC types will differ in genome size, metabolic flexibility, MGR, and APGR. MC types will 

also differ in these characteristics. 

3. Isolates that have more similar metabolic pathway profiles will also be more similar in regards 

to metabolic flexibility and growth rate distribution. MC will be a better predictor of 

metabolic flexibility and growth rate across all substrates than PC. 

Additionally, we report the relationship between individual metabolic pathways considered within the MC 

and metabolic flexibility, MGR, APGR. We also explore the relationships of these categorization 

approaches and average positive growth rates on specific substrate classes (APGRCC). The classes 

considered here are: monosaccharides, sugar alcohols, other sugars, amino acids, acyclic carboxylic acids, 

other carboxylic acids, and other carbon compounds which could not be easily classified into one of these 

classes. 

Methods 

Culturing and selection of isolates 

Soils were sampled in April 2010 prior to the start of the growing season. Soil cores were 

collected from each of two replicate monoculture plots from an ongoing grassland experiment initiated in 

1996 and located at the Cedar Creek Long Term Experimental Research site in central Minnesota (Reich et 

al., 2001). Soils are sandy (Typic Udipsamments, Nymore Series), derived from glacial outwash. Site 

preparation included removal of all plant species and application of methyl bromide to prevent growth from 

the seed bank. Following methyl bromide application, soils were inoculated with a common inoculum from 

nearby old fields (Chung et al., 2007). Plot treatments were established in 1997. Plots sampled here were 

planted and maintained as monocultures (n=2) with each of 16 plant species (Andropogon gerardii, 

Aesclepias tuberosa, Amorpha canescens, Bouteloua gracilis, Schizachyrium scoparium, Sorghastrum 
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nutans, Solidago rigida, Anemone cylindrica, Koeleria cristata, Lespedeza capitata, Lupinus perennis, 

Petalostemum villosum, Achillea millefolium, Agropyron repens, Bromus inermis, and Poa pratensis). Soils 

from two replicate monoculture plots were homogenized into a single inoculum per plant species treatment. 

One gram of soil inoculum was dissolved in 100 mL of physiological saline (Zuberer, 1994). After 

thorough mixing, 100µL was sampled and spread onto a petri dish containing a one hundred-fold dilution 

of soil extract agar (Zuberer, 1994). Petri dishes were incubated at 20°C in the dark. From each plate, up to 

eight colonies were chosen from those colonies appearing on days 3, 4, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17, 

18, 21, and 23 for a total of 1302 cultures. Three serial isolation streaks were performed on each of these 

1302 cultures. We did not control for potential effects of inoculum source as there were not significant 

differences in which substrates were utilized when isolate growth was considered individually (p=0.98); 

however there was a marginally significant effect of resources when averaged by inoculum prior to 

statistical testing (p=0.063, Mantel R=0.3098). 

A BioTek microplate reader was used to take OD600 measurements for each culture every ten 

minutes for sixteen hours on a ten-fold dilution of liquid soil extract using three replicate wells. These 

initial estimates of growth rate (change in OD600 per unit time, whether linear or exponential) were used to 

select a subset of 288 cultures for 16S sequencing. Based on these data, 124 cultures were chosen to 

maximize variation in growth rates (fastest, slowest, and near median from each inoculum) with secondary 

consideration of phylogenetic diversity used to select which of the near median growth rate cultures would 

be sequenced. 

Sequencing, genome assembly, and pathway definitions 

DNA was extracted from the selected cultures using the MOBIO PowerSoil kit. Frozen DNA was 

sent to the Institute for Genomics and Systems Biology’s Next Generation Sequencing facility at Argonne 

National Lab for sequencing. DNA sequencing was performed on barcoded samples using six lanes on the 

HiSeq bench-top sequencing platform providing ~50X coverage. Genomes were automatically assembled 

using the Kiki pipeline and automatic annotations were generated with the Rapid Annotation using 

Subsytems Technology based on the SEED Framework (Overbeek et al., 2005). Quality of the annotated 

genomes was evaluated based on the copy number of ribosomal proteins (0.9-1.2 copies) and annotation 

subsystem coverage of at least 40%. Fifty-one of the 124 cultures were pure and passed this genome quality 

analysis. Boolean rules were applied to these genomes to identify the presence or absence of individual 

pathways (J. Edirisinghe, unpubl), and thus to classify them according to the MC classification scheme (see 

below). Branching pathways containing alternate reactions were allowed as long as at least one branch was 

present and the pathway was complete. Any incomplete pathway is considered absent, even if some portion 

of it may be present and potentially active. Of the 12 pathways examined (glycolysis (Gly), 

gluconeogenesis (GNG), pentose phosphate (PP), Entner-Doudoroff (ED), lactate (Lac), formate (For), 

ethanol (Eth), acetate (Act), acetone (Acn), butyrate (Bty), butanol (BOH), and 2,3-butanediol (BDOH)), 4 
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were not present in any of these genomes (formate, butyrate, butanol, and 2,3-butanediol). The Ribosomal 

Database Project classifier was used to assign taxonomy to isolates based on the 16S sequence obtained by 

the genomic sequencing effort (Wang et al., 2007).  

Phylogenetic tree creation 

The 16S rDNA sequences were extracted from assembled genomes and MAFFT was used to 

generate both primary and secondary structural alignments (Katoh and Standley, 2013). PartitionFinder 

(Lanfear et al., 2012) was used to select the best-fitting model of nucleotide evolution from those supported 

by RAxML using the Akaike information criterion (AIC). The model selected was the generalized time 

reversible (GTR) model with branch-specific evolutionary rates following a gamma distribution with a 

proportion of invariant sites (GTR+I+G). We applied this model to generate maximum likelihood trees in 

RAxML 7.7.2 (Stamatakis, 2014). The ape package in R was used to convert these trees into phylogenetic 

distance matrices (Paradis et al., 2004). Statistical comparisons were performed using both of these distance 

matrices; however, there were no statistical or qualitative differences so only analyses using the distance 

matrix generated from the secondary structural alignments are described.  

Growth experiments and growth rate calculations 

Isolates were grown on Biolog Gen III media plates. These plates contain 94 culture conditions, 

but only growth on the 72 carbon substrates is examined here. Biolog plates were inoculated by selection of 

a single colony grown on a hundred-fold dilution of soil extract agar and added to a nutrient solution 

containing PO4, K, NH4, Mg, Ca, and trace elements. Each well was inoculated with 250µL of this solution. 

OD600 was measured every thirty minutes for a period of 24 hours, and then every 6 hours between 24 and 

48 hours of incubation time, with periodic shaking between measurements. During processing, Biolog 

plates were kept at room temperature in the dark. Because of the high-throughput nature of this approach, 

isolate growth was not balanced under all conditions; therefore, the growth rates presented here represent 

the real change in absorbance per unit time, but the time it took for absorbance to double should not be 

considered doubling time as both linear and exponential growth are represented in this data set.  

Growth rate calculations were automated using a multistep process. First, a linear model was used 

to evaluate if change in OD600 over the entire interval was positive. If there was not a significant, positive 

slope the isolate was considered to have no growth on a substrate. For isolate-conditions with an overall 

positive slope, a linear model was used to calculate growth along the entire curve using a sliding window of 

fifteen OD600 measurements (modified from Carpenter). For curves with multiple significant positive 

segments, growth rate for inclusion was decided using the hierarchical consideration of the best R2 value, 

followed by maximum observed slope if there were multiple segments with the same R2. If there were no 

instances where individual segments had a fit above the R2 cut-off value, the isolate was considered to have 

no growth on this substrate regardless of whether there was a significant positive slope overall. All analyses 
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of linear growth rate distributions were repeated with datasets using each of four R2 cut-off values (0.60, 

0.80, 0.90, and 0.95), but comparisons of these datasets did not vary in either statistical significance or 

qualitative results, so only results from the most inclusive dataset are presented here. 

Category definitions 

Metabolic flexibility was defined as the number of substrates on which an isolate showed 

significant positive growth. While metabolic flexibility was used as a proxy for ES strategy along a 

continuum, ES was also used as a categorical variable so that it could be compared directly with MC and 

PC which are inherently categorical. The number of substrates on which an isolate could grow was used to 

determine its ES categorization. The cutoffs used were < 36 (<50%, specialist), 36-54 (50-75%, 

intermediate), and >54 (>75%, generalist). This categorization resulted in 26 specialists, 20 intermediate, 

and 5 generalists. MC categorizations were based on the presence or absence of each metabolic pathway. 

There were 12 unique MC types (Table 3-1), but only 4 of them had enough replication for statistical tests: 

A (containing pathways: GNG+PP+ED+Lac+Eth+Act), B (GNG+Gly+PP+Lac+Act), C 

(GNG+Gly+PP+ED), D (GNG+Gly+PP+ED+Lac) with 9, 7, 7, and 10 representatives, respectively. PC 

categorization was based on the Ribosomal Database Project classification at the family level (Wang et al., 

2007). Overall, isolates were from 4 phyla and 9 families, with three families having multiple 

representatives (Burkholderiaceae, Micrococcaceae, and Xanthomonadaceae with 15, 10, and 21 isolates, 

respectively). 

Data analysis 

Linear models were used to test the hypothesis that ES was positively related to genome size, 

MGR, and APGR. Analyses of variance (ANOVAs) were used to examine differences in metabolic 

flexibility, MGR, APGR, APGRCC, and genome size by PC and MC categories. Tests of relationships 

between individual pathway presence or absence and metabolic flexibility, MGR, and APGR were 

examined using Student's T-tests, while pathway relationships with APGRCC for individual compound 

classes were tested using Hotelling's (multivariate) t-test. A pairwise distance matrix for ES was generated 

using Euclidean distances of the actual number of substrates on which there was positive growth. A 

distance matrix for MC was calculated using the simple matching coefficient. A distance matrix for PC was 

calculated from pairwise branch lengths using the cophenetic function in the ape package of R. The growth 

rate distribution response matrix was generated using the Euclidean distance metric while the substrate 

utilization response matrix used the simple matching coefficient. Mantel tests were used to evaluate the 

correlations between each categorization type (PC, ES, and MC) and both substrate utilization and growth 

rate distributions. Additionally, Mantel tests were used to evaluate the degree of covariance among the 

different categorization approaches. All statistical analyses were performed in R, using the ape and vegan 

packages (R Core Team, 2012, Paradis et al., 2004, Oksanen et al., 2012). 
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Results 

 ES was related to growth rate, as organisms with greater metabolic flexibility also grew more 

quickly, both in terms of MGR and APGR (p<0.0001; R=0.3 and 0.36, respectively; Fig 3-1A, B). 

Additionally, ES type was related to MGR, with generalists and intermediates having a higher maximum 

growth rate than specialists (p<0.0001). ES type was also related to APGR with generalists having higher 

APGR than intermediate, which had a higher APGR than specialists (p<0.0001). This difference in APGR 

was robust with ES types showing significant differences in average positive growth on each C compound 

class (APGRCC; Table 3-2). In all cases, APGRCC was highest for generalists and lowest for specialists, 

with the intermediate organisms in between (Table 3-2). Genome size was not related to ES type, metabolic 

flexibility, MGR, or APGR (p>0.05, data not shown). 

Metabolic chassis types captured some variation in growth characteristics. MC types varied in 

MGR (p<0.001, Fig 3-2A), APGR (p<0.0001, Fig 3-2B), metabolic flexibility (p=0.03, Fig 3-2C) and, 

interestingly given the lack of any direct relationships, in genome size (p<0.0001, Fig 3-2D). This variation 

in growth characteristics was again robust as MC types also differed in APGRCC for every carbon class, 

with types A and B broadly tending to have faster APGRCC than C or D, regardless of which substrate class 

was examined (Table 3-3). MC type A lacks glycolysis but contains both ethanol fermentation and ED, 

while B has glycolysis but lacks ED or ethanol fermentation. Both of the slower growing metabolic types 

contain both glycolysis and ED, but not ethanol fermentation. 

Of the twelve pathways comprising the MC, only eight were present in this sample of soil isolates. 

Each of three key pathways were significantly related to differences in growth rate distributions across all 

substrates (glycolysis, ethanol fermentation, and ED with p=0.001, 0.001, and 0.002, respectively). 

Additionally, both acetone fermentation and acetate fermentation pathways were marginally significantly 

related to differences in growth rate distributions at p<0.1. Both glycolysis and ethanol fermentation were 

directly related to MGR, APGR, and metabolic flexibility. Glycolysis and ethanol fermentation pathways 

were each related to metabolic flexibility with glycolysis having a negative relationship and ethanol 

fermentation being positively related (p<0.001; Table 3-3). The relationships were the same with MGR 

(p<0.01 and p=0.034, respectively, Table 3-4) and also with APGR (p<0.01 for both). ED was marginally 

related to APGR, but not the other growth characteristics (p=0.066; Table 3-4). Overall, organisms with a 

complete glycolysis pathway, and to a lesser extent ED, grew more slowly while those with ethanol 

fermentation were faster (Fig 3-4). This pattern held regardless of substrate class; however, it was driven by 

a subset of substrates within each substrate class as there were examples of substrates lacking a clear 

distinction within each class. There were no examples of substrates, however, on which organisms 

containing glycolysis or lacking ethanol fermentation performed better than those with ethanol 

fermentation. 
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 The third categorization approach, PC, was also able to capture variation in these growth 

characteristics. Metabolic flexibility, MGR, APGR, and, again, genome size all varied across families 

(p<0.001 for all, Fig 3-4). Burkholderiaceae grew on more substrates and at a higher maximum and average 

rate, while also having the largest genome. Again, this pattern was robust across substrate classes. Families 

were significantly different in APGRCC across all C classes, with Xanthomonadaceae growing slowest on 

average across all C classes and Burkholderiaceae having the highest APGRCC on four of seven classes 

(Table 3-5). 

 Pairwise phylogenetic distance was similarly related to differences among isolates in substrate 

utilization profiles (p=0.04, R=0.38) and growth rate distributions on those substrates (p=0.001, R=0.33), as 

was pairwise metabolic distance (p=0.001 for both, and R=0.44 and 0.32, respectively). Phylogenetic 

distance and metabolic distance matrices co-varied with about 55% overlap (p=0.001). Pairwise ES 

distances however, were substantially more related to variation in both substrate utilization profiles and 

growth rate distributions on those substrates (p=0.001 for both, and R=0.70 and 0.41, respectively).  

The covariance of pairwise ES distances with phylogenetic and metabolic distances was lower at 

27% for phylogenetic distance and 22% for metabolic distance (p=0.001 for both). After controlling for the 

phylogenetic effect, metabolic distance remained informative with a significant relationship to differences 

in substrate utilization profiles and growth rate distributions (p=0.001, R=0.24, 0.30, respectively); 

although differences in pairwise ES distances were still considerably more related to either (p=0.001, 

R=0.68, 0.36, respectively). Although there was overlap among the three categorization approaches, there 

was not a one-to-one correlation between any pairwise comparison of MC type, ES type, or PC type, 

suggesting that each approach provides information not captured by the others. 

Discussion 

 As predicted, the number of substrates on which an isolate was able to grow was positively 

correlated with both MGR and APGR. This suggests that not only are generalists able to grow on more 

kinds of substrates, they may also be able to take up substrates more quickly allowing for faster growth 

(Lauro et al., 2009). While Vieira-Silva and Rocha (2010) saw a relationship between indicators of 

ecological strategy and predicted maximal growth rate, the empirical data here support extension of that to 

include metabolic flexibility and APGR. The relationships among metabolic flexibility, MGR, and APGR 

are robust across all three categorization types and all substrate classes. Because the strength of these 

relationships were evident regardless of the categorization scheme, it may be reasonable to use genomic 

signatures to infer not only maximal growth rates, as has been proposed, but also to predict the typical 

growth rate of an organism. It must be remembered, however, that this rate should be considered relative to 

other organisms with known growth rates and also that this is only a generalization of typical growth and 

may not hold for any individual substrate when considered individually. 
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Surprisingly, we did not observe a direct relationship between genome size and MGR or APGR. 

Other studies have suggested such a relationship exists and it has been proposed that more specialized taxa 

may have evolved decreased genome size through reduction in the number of uptake proteins as a response 

to high risk of attack by bacteriophages in natural environments (Livermore et al., 2014). While MC types 

C and D (both containing Gly+ED, but not Eth) as well as isolates from the Xanthomonadaceae (all types 

that had traits typical of a specialist, e.g. grew on fewer substrates) did have smaller genomes, there was not 

a direct relationship between metabolic flexibility (or ES type) and genome size. This suggests that within 

soil bacteria, while variation in genome size may be apparently correlated with substrate specialization, 

there is not a direct relationship between genome size and growth rate. Any apparent relationship is likely a 

by-product of other strategy-related constraints, rather than a direct relationship. Indeed, some isolates with 

a large genome were only able to grow on an intermediate number of substrates while a subset of isolates 

with small genomes could grow as generalists. Therefore we advise careful use of genome size as a 

genomic signature of ecological strategy or growth rates. 

 Each of the categorization approaches studied here were able to capture variation in the observed 

growth characteristics of the soil isolates studied. The ES categorization approach showed the tightest 

correlations with both substrate utilization profiles and growth rate distributions across the substrates in this 

study. It is important to note that the ES categories used here were defined based on metabolic flexibility 

from this same set of substrates. Therefore, this increased ability to explain variation in growth 

characteristics may not only be expected but may also be, at least partially, an artifact of the way ES 

categories were defined here. In spite of that consideration, the strong relationship between metabolic 

flexibility and growth means it is likely that ES is a good classifier for MGR, APGR, and substrate 

utilization profiles. The ability of ES categorizations based on genomic signatures, rather than phenotypic 

measurements, to accurately capture variation in growth characteristics depends upon the reliability of the 

signatures chosen. Likewise, the ability of ES categorizations to explain growth characteristics relative to 

PC or MC is also likely to be dependent on the genomic signatures chosen.  

Pairwise phylogenetic distances between isolates were related to differences in both substrate 

utilization profiles and growth rate distributions. For the substrates examined here, the assumption that 

isolates with a shared evolutionary history will have more similar substrate utilization profiles and growth 

rate distributions holds and phylogeny is a reasonable predictor of these characteristics. Pairwise distances 

in metabolic pathway presence or absence did not perform any better or worse than phylogenetic distance; 

although metabolic distance also performed worse than ES distance when ES was defined empirically. This 

was in spite of a mechanistic relationship between the energy pathways comprising MC and organism 

growth. However, the effects of the presence or absence of three individual pathways  (glycolysis, Entner-

Doudoroff, and fermentation to ethanol) with substrate utilization profiles and growth rate distributions was 

remarkably strong. Surprisingly, these relationships also remained across substrate classes. This suggests 
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that energy production pathways may have an effect beyond the metabolism of immediate compounds 

feeding into them. In this case the sum of that effect is apparently similar in strength to the effect of shared 

evolutionary history.  

On average, isolates that lacked glycolysis or contained ethanol fermentation pathways grew more 

quickly and were able to utilize a wider variety of substrates than those containing glycolysis or lacking 

ethanol fermentation pathways. This counterintuitive result may be the product of a trade-off between 

growth rate and efficiency. While glycolysis yields more adenosine triphosphate per unit substrate than 

ethanol fermentation, it contains a greater number of reactions with smaller free energy differences and 

may therefore be slower. While this pattern was robust across substrate classes, there were some substrates 

within each class with no clear differences in growth between isolates having and lacking any particular 

pathway. Pathway assignments were binary (i.e. present, absent); therefore, they may be inaccurate for 

substrates that enter the pathway after the first (or several) reactions have been completed. This inaccuracy 

arises because the enzymes necessary for processing those substrates entering the pathway at a later 

reaction may still be present in isolates that were scored as lacking the pathway as a whole. This 

imprecision in pathway assignments may explain instances where, for individual compounds, no difference 

in growth rate was observed between isolates containing and those lacking a particular pathway. 

Overall, ES, PC, and MC each provided useful information on substrate utilization profiles and 

growth rate distributions. While there was substantial covariance (ES-PC: 27%, ES-MC: 22%, and PC-MC: 

55%), each categorization method provided meaningful information. Therefore it is recommended to use 

ES, PC, and MC categorizations in concert when possible, and to consider inclusion of ES whenever 

feasible. In those cases in which genomic signatures are to be applied in lieu of empirical data, the 

combined use of genomic signatures for each categorization type is advised. Caution should be taken, 

however, to ensure that genomic signatures for ES accurately capture metabolic flexibility and it should be 

remembered that any apparent relationship with genome size might be indirect. Although ES categories, as 

defined here, had the strongest relationship with growth characteristics, they are also the most difficult to 

apply as they require cultured organisms to be grown on various substrates. In instances where culturing 

isolates is not feasible, the combined use of PC and MC is still quite effective and is expected to explain 

around 45% of the variability in growth rate distributions. Predictions from the use of PC and/or MC may 

also be used to devise culturing conditions that would favor isolation of cultures of interest for further 

study. 
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Illustrations 

Table 1-1. Measures of dispersion for all MC types across the phylogenetic tree was Brownian or near-

Brownian. There was no evidence for strong phylogenetic conservation of MC type, i.e. D was never both 

significantly different than 0 and negative. 

 

MC Type D p(Brownian) Interpretation # Containing 

1 0.175 0.003 More distributed than expected under Brownian 256 

2 -0.0906 0.881 Described adequately by Brownian model 225 

3 -0.107 0.933 Described adequately by Brownian model 217 

4 0.0895 0.108 Described adequately by Brownian model 253 

5 0.0945 0.121 Described adequately by Brownian model 190 

6 -0.124 0.97 Described adequately by Brownian model 262 

7 -0.0439 0.856 Described adequately by Brownian model 1018 
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Table 1-2. Measures of dispersion for the twelve individual metabolic pathways comprising MC 

categorization across the phylogenetic tree was Brownian or near-Brownian. There was no evidence for 

strong phylogenetic conservation of any of these metabolic pathways, i.e. D was never both significantly 

different than 0 and negative. 

 

Pathway D p(Brownian) Interpretation # Containing 

GNG 0.0486 0.071 Marginally more distributed than expected under Brownian. 5288 

Glycolysis 0.0883 0.003 More distributed than expected under null Brownian 4286 

PP 0.0666 0.01 More distributed than expected under null Brownian 4010 

ED -0.0318 0.849 Described adequately by Brownian model 2257 

Acetate 0.0742 0.006 More distributed than expected under null Brownian 4467 

Ethanol -0.00702 0.599 Described adequately by Brownian model 3354 

Lactate 0.0218 0.232 Described adequately by Brownian model 2215 

BDOH 0.0659 0.008 More distributed than expected under null Brownian 3319 

Butyrate 0.213 0.022 More distributed than expected under null Brownian 76 

Butanol -0.0158 0.593 Described adequately by Brownian model 253 

Acetone -0.0553 0.755 Described adequately by Brownian model 199 

Isopropanol -0.0114 0.611 Described adequately by Brownian model 907 
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Table 1-3. Measures of dispersion for all ETC types across the phylogenetic tree was Brownian 

(fermentative) or near-Brownian (all others). There was no evidence for strong phylogenetic conservation 

of any ETC type considered here, i.e. D was never both significantly different than 0 and negative. 

 

ETC type D p(Brownian) Interpretation # Containing 

aerobic 0.099 0.001 More distributed than expected under null Brownian 1416 

anaerobic 0.21 0.001 More distributed than expected under null Brownian 188 

facultative 0.04 0.075 Marginally more distributed than expected under Brownian. 4104 

fermentative -0.01 0.604 Described adequately by Brownian model 1048 
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Figure 1-1. Schematic pathway map showing the major sugar processing pathways and fermentation 

pathways included in the metabolic chassis.  
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Figure 1-2. Flow chart of the CMM development pipeline. 

 

 



 35 

Figure 1-3. Schematic demonstrating variation in the degree of phylogenetic conservation of a hypothetical 

trait with states A and B. Fritz’s D tests two null models: random (D=1) and Brownian (D=0). We expect 

changes in components of CMMs to be strongly conserved, having D-values that are both negative and 

significantly different from 0. 
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Figure 1-4. Frequency distribution of CMMs by MC type. The majority of CMMs were represented by a 

small proportion of observed MC types, and observed MC types represented only a small proportion (6.5%) 

of theoretical MC types. 
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Figure 1-5. Distribution of three of the sugar degradation pathways (glycolysis, gluconeogenesis, and ED) 

on a 16S phylogeny. Glycolysis was Brownian-like, although it was more distributed than expected under a 

Brownian model. Gluconeogenesis was marginally more distributed than expected under a Brownian 

model. ED was not significantly different from a Brownian model. 
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Thermus thermophilus HB27 (Deinococci)

Thermus sp. CCB_US3_UF1 (Deinococci)

Thermus scotoductus SA−01 (Deinococci)

Thermus oshimai JL−2 (Deinococci)

Oceanithermus profundus DSM 14977 (Deinococci)

Marinithermus hydrothermalis DSM 14884 (Deinococci)

Meiothermus silvanus DSM 9946 (Deinococci)

Meiothermus ruber DSM 1279 (Deinococci)

Truepera radiovictrix DSM 17093 (Deinococci)

Deinococcus peraridilitoris DSM 19664 (Deinococci)

Deinococcus maricopensis DSM 21211 (Deinococci)

Deinococcus proteolyticus MRP (Deinococci)

Deinococcus geothermalis DSM 11300 (Deinococci)

Deinococcus radiodurans R1 (Deinococci)

Deinococcus deserti VCD115 (Deinococci)

Hydrogenobaculum sp. 3684 (Aquificae)

Hydrogenobacter thermophilus TK−6 (Aquificae)

Thermocrinis albus DSM 14484 (Aquificae)

Aquifex aeolicus VF5 (Aquificae)

Persephonella marina EX−H1 (Aquificae)

Sulfurihydrogenibium sp. YO3AOP1 (Aquificae)

Thermovibrio ammonificans HB−1 (Aquificae)

Desulfurobacterium thermolithotrophum DSM 11699 (Aquificae)

Caldisericum exile AZM16c01 (Caldisericia)

Anaerobaculum mobile DSM 13181 (Synergistia)

Thermanaerovibrio acidaminovorans DSM 6589 (Synergistia)

Thermanaerovibrio velox DSM 12556 (Synergistia)

Aminomonas paucivorans DSM 12260 (Synergistia)

Synergistes sp. 3_1_syn1 (Synergistia)

Thermovirga lienii DSM 17291 (Synergistia)

Aminobacterium colombiense DSM 12261 (Synergistia)

Dethiosulfovibrio peptidovorans DSM 11002 (Synergistia)

Jonquetella anthropi DSM 22815 (Synergistia)

Thermotoga naphthophila RKU−10 (Thermotogae)

Thermotoga lettingae TMO (Thermotogae)

Fervidobacterium nodosum Rt17−B1 (Thermotogae)

Fervidobacterium pennivorans DSM 9078 (Thermotogae)

Thermosipho africanus TCF52B (Thermotogae)

Thermosipho melanesiensis BI429 (Thermotogae)

Thermotogales bacterium mesG1.Ag.4.2 (Thermotogae)

Kosmotoga olearia TBF 19.5.1 (Thermotogae)

Marinitoga piezophila KA3 (Thermotogae)

Petrotoga mobilis SJ95 (Thermotogae)

Coprothermobacter proteolyticus DSM 5265 (Clostridia)
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ophilum

 IAM
 14863 (Clostridia)
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ophilus JW

/NM
−W

N−LF (Clostridia)

Sulfobacillus acidophilus TPY (Clostridia)

Sulfobacillus therm
osulfidooxidans str. Cutipay (Clostridia)

Bacillus tusciae DSM
 2912 (Bacilli)

Alicyclobacillus hesperidum
 URH17−3−68 (Bacilli)
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oanaerobacter siderophilus SR4 (Clostridia)

Therm
oanaerobacter pseudethanolicus ATCC 33223 (Clostridia)

Dictyoglomus thermophilum H−6−12 (Dictyoglomia)

Caldicellulosiruptor saccharolyticus DSM 8903 (Clostridia)

Caldicellulosiruptor obsidiansis OB47 (Clostridia)

Dehalococcoides sp. CBDB1 (Dehalococcoidia)
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Roseiflexus sp. RS−1 (Chloroflexi)
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 9941 (Actinobacteria)
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Frankia sp. EAN
1pec (Actinobacteria)

Frankia sp. C
cl3 (Actinobacteria)

Acidotherm
us cellulolyticus 11B (Actinobacteria)

N
akam

urella m
ultipartita D

SM
 44233 (Actinobacteria)

M
odestobacter m

arinus BC
501 (Actinobacteria)

Blastococcus saxobsidens D
D

2 (Actinobacteria)

C
atenulispora acidiphila D

SM
 44928 (Actinobacteria)

Streptom
yces cattleya D

SM
 46488

Streptom
yces sp. AA0539 (Actinobacteria)

Kitasatospora setae KM
−6054 (Actinobacteria)

Streptom
yces bingchenggensis BC

W
−1 (Actinobacteria)

Streptom
yces viridochrom

ogenes D
SM

 40736 (Actinobacteria)
Streptom

yces viridosporus T7A (Actinobacteria)
Streptom

yces ghanaensis ATC
C

 14672 (Actinobacteria)

Streptom
yces scabiei 87.22 (Actinobacteria)

Streptom
yces sp. M

g1 (Actinobacteria)
Streptom

yces pristinaespiralis ATC
C

 25486 (Actinobacteria)

Streptom
yces venezuelae ATC

C
 10712 (Actinobacteria)

Propionibacterium
 acnes KPA171202 (Actinobacteria)

Propionibacterium
 acidipropionici ATC

C
 4875 (Actinobacteria)

Propionibacterium
 freudenreichii subsp. sherm

anii C
IR

M
−BIA1 (Actinobacteria)

Propionibacterium
 propionicum

 F0230a (Actinobacteria)

M
icrolunatus phosphovorus N

M
−1 (Actinobacteria)

Kribbella flavida D
SM

 17836 (Actinobacteria)

Nocardioides sp. JS614 (Actinobacteria)

N
ocardioidaceae bacterium

 Broad−1 (Actinobacteria)

Nocardiopsis alba ATCC BAA−2165 (Actinobacteria)

Therm
obifida fusca YX (Actinobacteria)

Therm
om

onospora curvata DSM
 43183 (Actinobacteria)

Streptosporangium
 roseum

 DSM
 43021 (Actinobacteria)

Stackebrandtia nassauensis DSM
 44728 (Actinobacteria)

Actinoplanes sp. SE50/110 (Actinobacteria)

Salinispora tropica CNB−440 (Actinobacteria)

Am
ycolatopsis m

editerranei S699 (Actinobacteria)

Streptom
yces sp. AA4 (Actinobacteria)

Am
ycolatopsis sp. ATC

C
 39116 (Actinobacteria)

Saccharom
onospora m

arina XM
U

15 (Actinobacteria)

Saccharom
onospora viridis D

SM
 43017 (Actinobacteria)

Saccharom
onospora cyanea N

A−134 (Actinobacteria)

Saccharopolyspora erythraea N
R

R
L 2338 (Actinobacteria)

Pseudonocardia dioxanivorans C
B1190 (Actinobacteria)

Actinosynnem
a m

irum
 D

SM
 43827 (Actinobacteria)

N
ocardia cyriacigeorgica (Actinobacteria)

N
ocardia farcinica IFM

 10152 (Actinobacteria)

N
ocardia transvalensis N

BR
C

 15921 (Actinobacteria)

N
ocardia takedensis N

BR
C

 100417 (Actinobacteria)

R
hodococcus opacus B4 (Actinobacteria)

R
hodococcus equi 103S (Actinobacteria)

Segniliparus rotundus D
SM

 44985 (Actinobacteria)

G
ordonia bronchialis D

SM
 43247 (Actinobacteria)

G
ordonia neofelifaecis N

R
R

L B−59395 (Actinobacteria)

G
ordonia sp. KTR

9 (Actinobacteria)

C
orynebacterium

 diphtheriae N
C

TC
 13129 (Actinobacteria)

C
orynebacterium

 m
atruchotii ATC

C
 33806 (Actinobacteria)

C
orynebacterium

 accolens ATC
C

 49725 (Actinobacteria)
C

orynebacterium
 aurim

ucosum
 ATC

C
 700975 (Actinobacteria)

C
orynebacterium

 genitalium
 ATC

C
 33030 (Actinobacteria)

C
orynebacterium

 glucuronolyticum
 ATC

C
 51867 (Actinobacteria)

C
orynebacterium

 tim
onense 5401744 (Actinobacteria)

C
orynebacterium

 nuruki S6−4 (Actinobacteria)

C
orynebacterium

 kroppenstedtii D
SM

 44385 (Actinobacteria)
Turicella otitidis ATC

C
 51513 (Actinobacteria)

C
orynebacterium

 jeikeium
 K411 (Actinobacteria)

C
orynebacterium

 efficiens YS−314 (Actinobacteria)

C
orynebacterium

 glutam
icum

 ATC
C

 13032 (Actinobacteria)

C
orynebacterium

 am
ycolatum

 SK46 (Actinobacteria)

D
ietzia alim

entaria 72 (Actinobacteria)

Tsukam
urella paurom

etabola D
SM

 20162 (Actinobacteria)

Am
ycolicicoccus subflavus D

Q
S3−9A1 (Actinobacteria)

M
ycobacterium

 sm
egm

atis str. M
C

2 155 (Actinobacteria)

M
ycobacterium

 m
assiliense str. G

O
 06 (Actinobacteria)

M
ycobacterium

 sp. M
C

S (Actinobacteria)

M
ycobacterium

 sp. JD
M

601 (Actinobacteria)

M
ycobacterium

 xenopi R
IVM

700367 (Actinobacteria)

M
ycobacterium

 parascrofulaceum
 ATC

C
 BAA−614 (Actinobacteria)

M
ycobacterium

 leprae TN
 (Actinobacteria)

M
ycobacterium

 tuberculosis C
 (Actinobacteria)

Bacteroides sp. 2_1_22 (Bacteroidetes)

Bacteroides caccae ATCC 43185 (Bacteroidetes)

Bacteroides sp. D2 (Bacteroidetes)

Bacteroides thetaiotaomicron VPI−5482 (Bacteroidetes)

Bacteroides nordii CL02T12C05 (Bacteroidetes)

Bacteroides fragilis 638R (Bacteroidetes)

Bacteroides cellulosilyticus DSM 14838 (Bacteroidetes)

Bacteroides intestinalis DSM 17393 (Bacteroidetes)

Bacteroides eggerthii DSM 20697 (Bacteroidetes)

Bacteroides stercoris ATCC 43183 (Bacteroidetes)

Bacteroides fluxus YIT 12057 (Bacteroidetes)

Bacteroides sp. D20 (Bacteroidetes)

Bacteroides helcogenes P 36−108 (Bacteroidetes)

Bacteroides coprophilus DSM 18228 (Bacteroidetes)

Bacteroides salanitronis DSM 18170 (Bacteroidetes)

Bacteroides coprocola DSM 17136 (Bacteroidetes)

Bacteroides vulgatus ATCC 8482 (Bacteroidetes)

Prevotella sp. oral taxon 302 str. F0323 (Bacteroidetes)

Prevotella rum
inicola 23 (Bacteroidetes)

Prevotella bryantii B14 (Bacteroidetes)

Prevotella sp. oral taxon 317 str. F0108 (Bacteroidetes)

Prevotella m
arshii DSM

 16973 (Bacteroidetes)

Prevotella oralis ATCC 33269 (Bacteroidetes)

Prevotella tim
onensis CRIS 5C−B1 (Bacteroidetes)

Prevotella sp. oral taxon 299 str. F0039 (Bacteroidetes)

Prevotella m
icans F0438 (Bacteroidetes)

Prevotella nigrescens ATCC 33563 (Bacteroidetes)

Prevotella interm
edia 17 (Bacteroidetes)

Prevotella pallens ATCC 700821 (Bacteroidetes)

Prevotella disiens FB035−09AN (Bacteroidetes)

Prevotella bivia DSM
 20514 (Bacteroidetes)

Prevotella m
elaninogenica ATCC 25845 (Bacteroidetes)

Prevotella oulorum
 F0390 (Bacteroidetes)

Prevotella oris F0302 (Bacteroidetes)

Prevotella m
aculosa OT 289 (Bacteroidetes)

Prevotella dentalis DSM
 3688 (Bacteroidetes)

Prevotella bergensis DSM
 17361 (Bacteroidetes)

Prevotella m
ultisaccharivorax DSM

 17128 (Bacteroidetes)

Prevotella buccae D17 (Bacteroidetes)

Prevotella denticola F0289 (Bacteroidetes)

Bacteroides coprosuis DSM 18011 (Bacteroidetes)

Dysgonomonas mossii DSM 22836 (Bacteroidetes)

Dysgonomonas gadei ATCC BAA−286 (Bacteroidetes)

Paludibacter propionicigenes W
B4 (Bacteroidetes)

Bacteroidetes oral taxon 274 str. F0058 (Bacteroidetes)

Porphyromonas gingivalis W
83 (Bacteroidetes)

Propionibacterium sp. oral taxon 191 str. F0233 (Actinobacteria)

Porphyromonas asaccharolytica DSM 20707 (Bacteroidetes)

Tannerella forsythia ATCC 43037 (Bacteroidetes)

Parabacteroides goldsteinii CL02T12C30 (Bacteroidetes)

Parabacteroides merdae CL03T12C32 (Bacteroidetes)

Parabacteroides distasonis ATCC 8503 (Bacteroidetes)
Azobacteroides pseudotrichonymphae genomovar. CFP2 (Bacteroidetes)

Tannerella sp. 6_1_58FAA_CT1 (Bacteroidetes)

Barnesiella intestinihominis YIT 11860 (Bacteroidetes)

Odoribacter laneus YIT 12061 (Bacteroidetes)

Odoribacter splanchnicus DSM 20712 (Bacteroidetes)

Marinilabilia salmonicolor JCM 21150 (Bacteroidetes)

Anaerophaga thermohalophila DSM 12881 (Bacteroidetes)

Alistipes putredinis DSM 17216 (Bacteroidetes)

Alistipes sp. JC136 (Bacteroidetes)

Alistipes finegoldii DSM 17242 (Bacteroidetes)

Owenweeksia hongkongensis DSM 17368 (Bacteroidetes)

Fluviicola taffensis DSM 16823 (Bacteroidetes)
Riemerella anatipestifer RA−GD (Bacteroidetes)

Bergeyella zoohelcum ATCC 43767 (Bacteroidetes)

Flavobacteriaceae bacterium 3519−10 (Bacteroidetes)

Chryseobacterium gleum ATCC 35910 (Bacteroidetes)

Elizabethkingia anophelis Ag1 (Bacteroidetes)

Weeksella virosa DSM 16922 (Bacteroidetes)

Ornithobacterium rhinotracheale DSM 15997 (Bacteroidetes)

Blattabacterium sp. (Periplaneta americana) str. BPLAN (Bacteroidetes)

Blattabacterium sp. (Cryptocercus punctulatus) str. Cpu (Bacteroidetes)

Blattabacterium sp. (Mastotermes darwiniensis) str. MADAR (Bacteroidetes)

Blattabacterium sp. (Blattella germanica) str. Bge (Bacteroidetes)Myroides odoratimimus CCUG 10230 (Bacteroidetes)

Myroides odoratus DSM 2801 (Bacteroidetes)
Flavobacterium psychrophilum JIP02/86 (Bacteroidetes)

Flavobacterium branchiophilum FL−15 (Bacteroidetes)

Flavobacterium sp. CF136 (Bacteroidetes)

Flavobacterium johnsonia johnsoniae UW101 (Bacteroidetes)

Flavobacterium frigoris PS1 (Bacteroidetes)

Flavobacteria bacterium BAL38 (Bacteroidetes)

Flavobacterium indicum GPTSA100−9 (Bacteroidetes)

Flavobacterium columnare ATCC 49512 (Bacteroidetes)

Capnocytophaga ochracea DSM 7271 (Bacteroidetes)

Capnocytophaga sputigena ATCC 33612 (Bacteroidetes)

Paraprevotella clara YIT 11840 (Bacteroidetes)

Capnocytophaga canimorsus Cc5 (Bacteroidetes)

Capnocytophaga sp. oral taxon 338 str. F0234 (Bacteroidetes)

Capnocytophaga gingivalis ATCC 33624 (Bacteroidetes)

Imtechella halotolerans K1 (Bacteroidetes)

Joostella marina DSM 19592 (Bacteroidetes)Polaribacter irgensii 23−P (Bacteroidetes)

Kordia algicida OT−1 (Bacteroidetes)

Flavobacteria bacterium MS024−2A (Bacteroidetes)

Nonlabens dokdonensis DSW−6 (Bacteroidetes)

Cellulophaga lytica DSM 7489 (Bacteroidetes)

Krokinobacter sp. 4H−3−7−5 (Bacteroidetes)

Aquimarina agarilytica ZC1 (Bacteroidetes)

Psychroflexus torquis ATCC 700755 (Bacteroidetes)

Zunongwangia profunda SM−A87 (Bacteroidetes)

Gramella forsetii KT0803 (Bacteroidetes)

Gillisia sp. CBA3202 (Bacteroidetes)

Lacinutrix sp. 5H−3−7−4 (Bacteroidetes)

Flavobacteriales bacterium ALC−1 (Bacteroidetes)

Bizionia argentinensis JUB59 (Bacteroidetes)

unidentified eubacterium SCB49 (Bacteroidetes)

Aequorivita sublithincola DSM 14238 (Bacteroidetes)

Leeuwenhoekiella blandensis MED217 (Bacteroidetes)

Croceibacter atlanticus HTCC2559 (Bacteroidetes)

Robiginitalea biformata HTCC2501 (Bacteroidetes)

Cellulophaga algicola DSM 14237 (Bacteroidetes)

Muricauda ruestringensis DSM 13258 (Bacteroidetes)

Mesoflavibacter zeaxanthinifaciens S86 (Bacteroidetes)

Zobellia galactanivorans (Bacteroidetes)

Flavobacteriales bacterium HTCC2170 (Bacteroidetes)

Solitalea canadensis DSM 3403 (Bacteroidetes)

Pedobacter saltans DSM 12145 (Bacteroidetes)

Pedobacter arcticus A12 (Bacteroidetes)

Sphingobacterium spiritivorum ATCC 33300 (Bacteroidetes)

Sphingobacterium sp. 21 (Bacteroidetes)

Pedobacter heparinus DSM 2366 (Bacteroidetes)

Chitinophaga pinensis DSM 2588 (Bacteroidetes)

Niabella soli DSM 19437 (Bacteroidetes)

Niastella koreensis GR20−10 (Bacteroidetes)

Cytophaga hutchinsonii ATCC 33406 (Bacteroidetes)

Microscilla marina ATCC 23134 (Bacteroidetes)
Spirosoma linguale DSM 74 (Bacteroidetes)

Fibrisoma limi (Bacteroidetes)

Fibrella aestuarina (Bacteroidetes)

Dyadobacter fermentans DSM 18053 (Bacteroidetes)

Leadbetterella byssophila DSM 17132 (Bacteroidetes)

Emticicia oligotrophica DSM 17448 (Bacteroidetes)

Flexibacter litoralis DSM 6794 (Bacteroidetes)

Amoebophilus asiaticus 5a2 (Bacteroidetes)

Marivirga tractuosa DSM 4126 (Bacteroidetes)

Fulvivirga imtechensis AK7 (Bacteroidetes)

Cyclobacterium marinum DSM 745 (Bacteroidetes)

Algoriphagus sp. PR1 (Bacteroidetes)

Belliella baltica DSM 15883 (Bacteroidetes)

Nitritalea halalkaliphila LW7 (Bacteroidetes)

Cecembia lonarensis LW9 (Bacteroidetes)

Indibacter alkaliphilus LW1 (Bacteroidetes)

Mariniradius saccharolyticus AK6 (Bacteroidetes)

Salinibacter ruber (Bacteroidetes)

Rhodothermus marinus DSM 4252 (Bacteroidetes)

Melioribacter roseus P3M (Ignavibacteriae)

Ignavibacterium album JCM 16511 (Ignavibacteriae)

Chloroherpeton thalassium ATCC 35110 (Chlorobi)

Chlorobium phaeobacteroides BS1 (Chlorobi)

Prosthecochloris aestuarii DSM 271 (Chlorobi)

Chlorobium tepidum TLS (Chlorobi)

Chlorobium chlorochromatii CaD3 (Chlorobi)

Pelodictyon phaeoclathratiforme BU−1 (Chlorobi)

Chlorobium phaeobacteroides DSM 266 (Chlorobi)

Prosthecochloris vibrioformis DSM 265 (Chlorobi)

Caldithrix abyssi DSM 13497 (Caldithrix)

Leptospira interrogans serovar C
openhageni str. Fiocruz L1−130 (Spirochaetia)

Leptospira licerasiae serovar Varillal str. VAR
 010 (Spirochaetia)

Leptospira biflexa serovar Patoc strain ’Patoc 1 (Am
es)’ (Spirochaetia)

Sphaerochaeta pleom
orpha str. G

rapes (Spirochaetia)

Spirochaeta sp. Buddy (Spirochaetia)
Spirochaeta sm

aragdinae D
SM

 11293 (Spirochaetia)

Spirochaeta therm
ophila D

SM
 6192 (Spirochaetia)

Spirochaeta africana D
SM

 8902 (Spirochaetia)

Borrelia garinii N
M

JW
1 (Spirochaetia)

Borrelia turicatae 91E135 (Spirochaetia)

Treponem
a prim

itia ZAS−1 (Spirochaetia)

Spirochaeta caldaria D
SM

 7334 (Spirochaetia)

Treponem
a vincentii ATC

C
 35580 (Spirochaetia)

Treponem
a denticola ATC

C
 35405 (Spirochaetia)

Treponem
a phagedenis F0421 (Spirochaetia)

Treponem
a pallidum

 subsp. pallidum
 str. N

ichols (Spirochaetia)

Brachyspira pilosicoli 95/1000 (Spirochaetia)

C
loacam

onas acidam
inovorans (candidate division W

W
E1)

R
hodopirellula baltica SH

 1 (Planctom
ycetia)

Pirellula staleyi D
SM

 6068 (Planctom
ycetia)

Blastopirellula m
arina D

SM
 3645 (Planctom

ycetia)

Planctom
yces m

aris D
SM

 8797 (Planctom
ycetia)

Schlesneria paludicola D
SM

 18645 (Planctom
ycetia)

Planctom
yces lim

nophilus D
SM

 3776 (Planctom
ycetia)

Singulisphaera acidiphila D
SM

 18658 (Planctom
ycetia)

Isosphaera pallida ATC
C

 43644 (Planctom
ycetia)

planctom
ycete KSU

−1 (Planctom
ycetia)

Akkerm
ansia m

uciniphila ATC
C

 BAA−835 (Verrucom
icrobia)

Verrucom
icrobium

 spinosum
 D

SM
 4136 (Verrucom

icrobia)
C

hthoniobacter flavus Ellin428 (Verrucom
icrobia)

M
ethylacidiphilum

 infernorum
 V4 (Verrucom

icrobia)

C
oraliom
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D
esulfovibrio sp. 6_1_46AFAA (delta/epsilon subdivisions)

D
esulfovibrio desulfuricans subsp. desulfuricans str. ATC

C
 27774 (delta/epsilon subdivisions)

Bilophila w
adsw

orthia 3_1_6 (delta/epsilon subdivisions)

Law
sonia intracellularis PH

E/M
N

1−00 (delta/epsilon subdivisions)

D
esulfovibrio vulgaris str. ’M

iyazaki F’ (delta/epsilon subdivisions)

D
esulfovibrio vulgaris subsp. vulgaris D

P4 (delta/epsilon subdivisions)
D

esulfovibrio desulfuricans subsp. desulfuricans str. G
20 (delta/epsilon subdivisions)

D
esulfovibrio sp. N

D
132 (delta/epsilon subdivisions)

D
esulfovibrio hydrotherm

alis AM
13 = D

SM
 14728 (delta/epsilon subdivisions)

D
esulfovibrio salexigens D

SM
 2638 (delta/epsilon subdivisions)

D
esulfovibrio africanus str. W

alvis Bay (delta/epsilon subdivisions)

D
esulfovibrio m

agneticus R
S−1 (delta/epsilon subdivisions)

D
esulfom

icrobium
 baculatum

 D
SM

 4028 (delta/epsilon subdivisions)
D

esulfonatronospira thiodism
utans ASO

3−1 (delta/epsilon subdivisions)

D
esulfohalobium

 retbaense D
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 5692 (delta/epsilon subdivisions)
Bdellovibrio bacteriovorus H

D
100 (delta/epsilon subdivisions)

H
olophaga foetida D

SM
 6591 (Acidobacteria)

M
ethylom

irabilis oxyfera (candidate division N
C

10)
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yxococcus xanthus D

K 1622 (delta/epsilon subdivisions)

Stigm
atella aurantiaca D

W
4/3−1 (delta/epsilon subdivisions)

Anaerom
yxobacter dehalogenans 2C

P−C
 (delta/epsilon subdivisions)

Sorangium
 cellulosum

 So ce 56 (delta/epsilon subdivisions)
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aliangium

 ochraceum
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 14365 (delta/epsilon subdivisions)

Plesiocystis pacifica SIR
−1 (delta/epsilon subdivisions)

G
eobacter sulfurreducens PC

A (delta/epsilon subdivisions)

G
eobacter m

etallireducens G
S−15 (delta/epsilon subdivisions)

G
eobacter lovleyi SZ (delta/epsilon subdivisions)

Pelobacter propionicus D
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 2379 (delta/epsilon subdivisions)
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f4 (delta/epsilon subdivisions)
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orth

ii 9
715 (B
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Kingella oralis 
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etaproteobacte
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nia sp
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ria
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. M
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47Lol = DSM 12138 (B
etaproteobacte
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Azoarcu
s s

p. B
H72 (B

etaproteobacte
ria)

Aromatoleum aromaticu
m EbN1 (B

etaproteobacte
ria)

Methylo
versa

tilis
 unive

rsa
lis 

FAM5 (B
etaproteobacte

ria)

Dechloromonas a
romatica

 RCB (B
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ria)
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r phosphatis 
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de IIA
 str

. U
W−

1 (B
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ria)

Dechlorosoma su
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m PS (B
etaproteobacte

ria)
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thotro
phicu

s E
S−
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etaproteobacte

ria)

Gallio
nella ca

psife
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orm
ans E

S−
2 (B
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ria)
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somonas e

uropaea ATCC 19718 (B
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ria)
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p. Is
79A3 (B
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rmis A
TCC 25196 (B
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ns s
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ria)
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vorus s
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P688 (B
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ria)

Methylotenera sp. 301 (B
etaproteobacteria)

beta proteobacterium KB13 (B
etaproteobacteria)

Methylotenera mobilis JLW8 (B
etaproteobacteria)

Ralstonia solanacearum GMI1000 (Betaproteobacteria)

Polynucleobacter sp. Q
LW−

P1DMWA−1
 (Betaproteobacteria)

Ralstonia eutropha JMP134 (Betaproteobacteria)

Ralstonia eutropha H16 (Betaproteobacteria)

Oxalobacter fo
rmigenes OXCC13 (Betaproteobacteria)

Herbaspirillu
m sp. JC206 (Betaproteobacteria)

Collim
onas fungivorans Ter331 (Betaproteobacteria)

Herbaspirillu
m seropedicae SmR1 (Betaproteobacteria)

Herminiimonas arsenicoxydans (Betaproteobacteria)

Pseudomonas sp. PAMC 26793 (G
ammaproteobacteria)

Massilia tim
onae CCUG 45783 (Betaproteobacteria)

Delftia acidovorans SPH−1 (Betaproteobacteria)

Comamonas testosteroni KF−1 (Betaproteobacteria)

Diaphorobacter sp. TPSY (Betaproteobacteria)

Acidovorax avenae subsp. citrulli AAC00−1 (Betaproteobacteria)

Verminephrobacter eiseniae EF01−2 (Betaproteobacteria)

Hylemonella gracilis ATCC 19624 (Betaproteobacteria)

Hydrogenophaga sp. PBC (Betaproteobacteria)

Rhodoferax ferrire
ducens DSM 15236 (Betaproteobacteria)

Limnohabitans sp. Rim47 (Betaproteobacteria)

Polaromonas sp. JS666 (Betaproteobacteria)

Variovorax paradoxus EPS (Betaproteobacteria)

Ramlibacter tataouinensis TTB310 (Betaproteobacteria)

Methylibium petroleiphilum PM1 (Betaproteobacteria)

Leptothrix cholodni SP−6
 (Betaproteobacteria)

Thiomonas intermedia K12 (Betaproteobacteria)

Sutterella wadsworthensis 3_1_45B (Betaproteobacteria)

Sutterella wadsworthensis 2_1_59BFAA (Betaproteobacteria)

Burkholderiales bacterium 1_1_47 (Betaproteobacteria)

Taylorella equigenitalis MCE9 (Betaproteobacteria)

Tetrathiobacter kashmirensis WT001 (Betaproteobacteria)

Alcaligenes faecalis subsp. faecalis NCIB 8687 (Betaproteobacteria)

Pusillim
onas sp. T7−7

 (Betaproteobacteria)

Bordetella pertussis Tohama I (B
etaproteobacteria)

Limnobacter sp. M
ED105 (Betaproteobacteria)

Lautropia mirabilis ATCC 51599 (Betaproteobacteria)

Glomeribacter gigasporarum (Betaproteobacteria)

Burkholderia sp. CCGE1003 (Betaproteobacteria)

Burkholderia sp. CCGE1002 (Betaproteobacteria)

Burkholderia phymatum STM815 (Betaproteobacteria)

Burkholderia rhizoxinica HKI 454 (Betaproteobacteria)

Burkholderia sp. YI23 (Betaproteobacteria)

Burkholderia pseudomallei K96243 (Betaproteobacteria)
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Legionella pneumophila subsp. pneumophila str. Philadelphia 1 (Gammaproteobacteria)

Legionella longbeachae NSW150 (Gammaproteobacteria)

Diplorickettsia massiliensis 20B (Gammaproteobacteria)

Rickettsiella grylli (G
ammaproteobacteria)

Coxiella burnetii CbuG_Q212 (Gammaproteobacteria)

Francisella tularensis subsp. holarctica FTA (Gammaproteobacteria)

Thioalkalimicrobium aerophilum AL3 (Gammaproteobacteria)

Thiomicrospira crunogena XCL−2 (Gammaproteobacteria)

Kangiella koreensis DSM 16069 (Gammaproteobacteria)

Vesicomyosocius okutanii HA (Gammaproteobacteria)

Pseudomonas syringae pv. syringae B728a (Gammaproteobacteria)

Pseudomonas viridiflava UASWS0038 (Gammaproteobacteria)

Pseudomonas synxantha BG33R (Gammaproteobacteria)

Pseudomonas fluorescens Pf0−1 (Gammaproteobacteria)

Pseudomonas entomophila L48 (Gammaproteobacteria)

Pseudomonas stutzeri A1501 (Gammaproteobacteria)

Pseudomonas aeruginosa PAO1 (Gammaproteobacteria)

Pseudomonas psychrotolerans L19 (Gammaproteobacteria)

Azotobacter vinelandii DJ (Gammaproteobacteria)

Alteromonas sp. S89 (Gammaproteobacteria)

gamma proteobacterium HTCC2207 (Gammaproteobacteria)
Teredinibacter turnerae T7901 (Gammaproteobacteria)

Saccharophagus degradans 2−40 (Gammaproteobacteria)

Simiduia agarivorans SA1 = DSM 21679 (Gammaproteobacteria)

Cellvibrio japonicus Ueda107 (Gammaproteobacteria)gamma proteobacterium BDW918 (Gammaproteobacteria)

gamma proteobacterium HIMB55 (Gammaproteobacteria)

gamma proteobacterium NOR51−B (Gammaproteobacteria)

marine gamma proteobacterium HTCC2148 (Gammaproteobacteria)

Congregibacter litoralis KT71 (Gammaproteobacteria)

Hahella chejuensis KCTC 2396 (Gammaproteobacteria)

Marinobacter hydrocarbonoclasticus (Gammaproteobacteria)

Marinobacter sp. BSs20148 (Gammaproteobacteria)

Marinomonas sp. MWYL1 (Gammaproteobacteria)

Marinomonas mediterranea MMB−1 (Gammaproteobacteria)

Marinomonas sp. MED121 (Gammaproteobacteria)

Reinekea blandensis MED297 (Gammaproteobacteria)

Marinobacterium stanieri S30 (Gammaproteobacteria)

Alcanivorax borkumensis SK2 (Gammaproteobacteria)

Alcanivorax dieselolei B5 (Gammaproteobacteria)

Alcanivorax sp. W11−5 (Gammaproteobacteria)

gamma proteobacterium HIMB30 (Gammaproteobacteria)

Halomonas stevensii (Gammaproteobacteria)

Halomonas boliviensis LC1 (Gammaproteobacteria)

Halomonas elongata DSM 2581 (Gammaproteobacteria)

Chromohalobacter salexigens DSM 3043 (Gammaproteobacteria)

Acinetobacter baumannii AB307−0294 (Gammaproteobacteria)
Acinetobacter sp. ADP1 (Gammaproteobacteria)

Acinetobacter calcoaceticus PHEA−2 (Gammaproteobacteria)
Acinetobacter lwoffii NCTC 5866 (Gammaproteobacteria)
Acinetobacter sp. ATCC 27244 (Gammaproteobacteria)Acinetobacter junii SH205 (Gammaproteobacteria)

Acinetobacter ursingii DSM 16037 = CIP 107286 (Gammaproteobacteria)

Acinetobacter bereziniae LMG 1003 (Gammaproteobacteria)

Acinetobacter radioresistens SH164 (Gammaproteobacteria)

Moraxella catarrhalis RH4 (Gammaproteobacteria)

Moraxella macacae 0408225 (Gammaproteobacteria)

Enhydrobacter aerosaccus SK60 (Gammaproteobacteria)
Psychrobacter sp. PRwf−1 (Gammaproteobacteria)
Psychrobacter sp. 273−4 (Gammaproteobacteria)

Vibrio cholerae O395 (Gammaproteobacteria)Vibrio breoganii ZF−55 (Gammaproteobacteria)Vibrio splendidus LGP32 (Gammaproteobacteria)Aliivibrio salmonicida LFI1238 (Gammaproteobacteria)Vibrio rumoiensis 1S−45 (Gammaproteobacteria)Vibrio genomosp. F10 str. 9ZB36 (Gammaproteobacteria)Vibrio vulnificus MO6−24/O (Gammaproteobacteria)Vibrio metschnikovii CIP 69.14 (Gammaproteobacteria)Vibrio furnissii NCTC 11218 (Gammaproteobacteria)Vibrio coralliilyticus ATCC BAA−450 (Gammaproteobacteria)
Vibrio harveyi ATCC BAA−1116 (Gammaproteobacteria)

Photobacterium sp. AK15 (Gammaproteobacteria)Photobacterium profundum SS9 (Gammaproteobacteria)

Photobacterium damselae subsp. damselae CIP 102761 (Gammaproteobacteria)
Grimontia hollisae CIP 101886 (Gammaproteobacteria)

Pseudoalteromonas haloplanktis TAC125 (Gammaproteobacteria)
Pseudoalteromonas tunicata D2 (Gammaproteobacteria)

Psychromonas ingrahami ingrahamii 37 (Gammaproteobacteria)
Moritella dasanensis ArB 0140 (Gammaproteobacteria)

Aeromonas hydrophila subsp. hydrophila ATCC 7966 (Gammaproteobacteria)

Tolumonas auensis DSM 9187 (Gammaproteobacteria)

Oceanimonas sp. GK1 (Gammaproteobacteria)

Ferrimonas balearica DSM 9799 (Gammaproteobacteria)

Shewanella pealeana ATCC 700345 (Gammaproteobacteria)

Shewanella violacea DSS12 (Gammaproteobacteria)

Shewanella sediminis HAW−EB3 (Gammaproteobacteria)

Shewanella amazonensis SB2B (Gammaproteobacteria)

Shewanella putrefaciens CN−32 (Gammaproteobacteria)

Shewanella sp. MR−4 (Gammaproteobacteria)

Shewanella frigidimarina NCIMB 400 (Gammaproteobacteria)

Pseudoalteromonas atlantica T6c (Gammaproteobacteria)

Glaciecola punicea DSM 14233 = ACAM 611 (Gammaproteobacteria)

Glaciecola nitratireducens FR1064 (Gammaproteobacteria)Alteromonas macleodii str. ’English Channel 673’ (Gammaproteobacteria)

Colwellia psychrerythraea 34H (Gammaproteobacteria)

Idiomarina xiamenensis 10−D−4 (Gammaproteobacteria)

Idiomarina loihiensis L2TR (Gammaproteobacteria)

Alishewanella agri BL06 (Gammaproteobacteria)

Haemophilus influenzae Rd KW20 (Gammaproteobacteria)

Haemophilus haemolyticus M21621 (Gammaproteobacteria)

Haemophilus parainfluenzae T3T1 (Gammaproteobacteria)

Aggregatibacter aphrophilus NJ8700 (Gammaproteobacteria)

Aggregatibacter actinomycetemcomitans serotype e str. SC1083 (Gammaproteobacteria)

Aggregatibacter actinomycetemcomitans D7S−1 (Gammaproteobacteria)

Pasteurella multocida subsp. multocida str. Pm70 (Gammaproteobacteria)

Haemophilus ducreyi 35000HP (Gammaproteobacteria)

Haemophilus parasuis SH0165 (Gammaproteobacteria)

Mannheimia haemolytica serotype A2 str. BOVINE (Gammaproteobacteria)

Haemophilus parahaemolyticus HK385 (Gammaproteobacteria)

Actinobacillus pleuropneumoniae L20 (Gammaproteobacteria)

Mannheimia succiniciproducens MBEL55E (Gammaproteobacteria)Haemophilus somnus 2336 (Gammaproteobacteria)Actinobacillus succinogenes 130Z (Gammaproteobacteria)
Gallibacterium anatis UMN179 (Gammaproteobacteria)

Avibacterium paragallinarum 72 (Gammaproteobacteria)
Succinatimonas hippei YIT 12066 (Gammaproteobacteria)

Proteus mirabilis HI4320 (Gammaproteobacteria)

Providencia stuartii MRSN 2154 (Gammaproteobacteria)Morganella morganii SC01 (Gammaproteobacteria)Xenorhabdus bovienii SS−2004 (Gammaproteobacteria)

Photorhabdus luminescens subsp. laumondii TTO1 (Gammaproteobacteria)

Dickeya dadantii 3937 (Gammaproteobacteria)

Dickeya dadantii Ech586 (Gammaproteobacteria)Brenneria sp. EniD312 (Gammaproteobacteria)

Pectobacterium carotovorum subsp. carotovorum PC1 (Gammaproteobacteria)

Serratia proteamaculans 568 (Gammaproteobacteria)

Yersinia enterocolitica 8081 (Gammaproteobacteria)

Rahnella aquatilis HX2 (Gammaproteobacteria)

Regiella insecticola LSR1 (Gammaproteobacteria)

Hamiltonella defensa 5AT (Acyrthosiphon pisum) (Gammaproteobacteria)

Buchnera aphidicola str. Sg (Schizaphis graminum) (Gammaproteobacteria)

Buchnera aphidicola str. Bp (Baizongia pistaciae) (Gammaproteobacteria)

Buchnera aphidicola str. Cc (Cinara cedri) (Gammaproteobacteria)

Riesia pediculicola USDA (Gammaproteobacteria)

Wigglesworthia glossinidia endosymbiont of Glossina morsitans (Gammaproteobacteria)

Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis (Gammaproteobacteria)

Baumannia cicadellinicola str. Hc (Homalodisca coagulata) (Gammaproteobacteria)

Blochmannia pennsylvanicus str. BPEN (Gammaproteobacteria)

Blochmannia vafer str. BVAF (Gammaproteobacteria)

Blochmannia floridanus (Gammaproteobacteria)

secondary endosymbiont of Heteropsylla cubana Thao2000 (Gammaproteobacteria)

Moranella endobia PCIT (Gammaproteobacteria)

secondary endosymbiont of Ctenarytaina eucalypti Thao2000 (Gammaproteobacteria)

Serratia symbiotica str. ’Cinara cedri’ (Gammaproteobacteria)

Edwardsiella ictaluri 93−146 (Gammaproteobacteria)

Serratia marcescens FGI94 (Gammaproteobacteria)

Enterobacter cloacae subsp. cloacae ENHKU01 (Gammaproteobacteria)

Erwinia billingiae Eb661 (Gammaproteobacteria)

Pantoea sp. At−9b (Gammaproteobacteria)

Pantoea ananatis LMG 20103 (Gammaproteobacteria)

Enterobacter cloacae subsp. cloacae NCTC 9394 (Gammaproteobacteria)

Cronobacter sakazakii ES15 (Gammaproteobacteria)

Escherichia blattae DSM 4481 (Gammaproteobacteria)

Enterobacter cloacae SCF1 (Gammaproteobacteria)

Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150 (Gammaproteobacteria)

Escherichia coli W3110 (Gammaproteobacteria)

Shigella flexneri 2a str. 2457T (Gammaproteobacteria)
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Haloferax mediterranei ATCC 33500 (Halobacteria)

Haloquadratum walsbyi DSM 16790 (Halobacteria)

Halogeometricum borinquense DSM 11551 (Halobacteria)

Halobacterium sp. NRC−1 (Halobacteria)

Halorhabdus utahensis DSM 12940 (Halobacteria)

Halomicrobium mukohataei DSM 12286 (Halobacteria)

Haloarcula sinaiiensis ATCC 33800 (Halobacteria)

Haloarcula marismortui ATCC 43049 (Halobacteria)

Natronomonas pharaonis DSM 2160 (Halobacteria)

Methanospirillum hungatei JF−1 (Methanomicrobia)

Methanoregula boonei 6A8 (Methanomicrobia)

Methanosphaerula palustris E1−9c (Methanomicrobia)

Methanocorpusculum labreanum Z (Methanomicrobia)

Methanoculleus marisnigri JR1 (Methanomicrobia)

Uncultured methanogenic archaeon RC−I (Methanomicrobia)

Methanosaeta thermophila PT (Methanomicrobia)

Methanococcoides burtonii DSM 6242 (Methanomicrobia)

Methanosarcina mazei Go1 (Methanomicrobia)
Methanothermobacter thermautotrophicus str. Delta H (Methanobacteria)

Methanobrevibacter smithii ATCC 35061 (Methanobacteria)

Methanosphaera stadtmanae DSM 3091 (Methanobacteria)

Thermoplasma volcanium GSS1 (Thermoplasmata)

Picrophilus torridus DSM 9790 (Thermoplasmata)

Ferroplasma acidarmanus (Thermoplasmata)

Archaeoglobus fulgidus DSM 4304 (Archaeoglobi)

Methanocaldococcus jannaschii DSM 2661 (Methanococci)

Methanococcus aeolicus Nankai−3 (Methanococci)

Methanococcus vannieli vannielii SB (Methanococci)

Methanococcus maripaludis S2 (Methanococci)

Thermococcus onnurineus NA1 (Thermococci)

Pyrococcus furiosus DSM 3638 (Thermococci)

Methanopyrus kandleri AV19 (Methanopyri)

Nanoarchaeum equitans Kin4−M (Nanoarchaeum)

Pyrobaculum islandicum DSM 4184 (Thermoprotei)

Caldivirga maquilingensis IC−167 (Thermoprotei)

Thermofilum pendens Hrk 5 (Thermoprotei)

Sulfolobus acidocaldarius DSM 639 (Thermoprotei)

Sulfolobus tokodaii str. 7 (Thermoprotei)

Sulfolobus solfataricus P2 (Thermoprotei)

Metallosphaera sedula DSM 5348 (Thermoprotei)

Hyperthermus butylicus DSM 5456 (Thermoprotei)

Ignicoccus hospitalis KIN4/I (Thermoprotei)

Aeropyrum pernix K1 (Thermoprotei)

Staphylothermus marinus F1 (Thermoprotei)

Desulfurococcus kamchatkensis 1221n (Thermoprotei)

Nitrosopumilus maritimus SCM1 (Nitrosopumilales)

Korarchaeum cryptofilum OPF8 (Candidatus Korarchaeum)

Enterococcus faecalis OG1RF (Bacilli)Melissococcus plutonius DAT561 (Bacilli)

Enterococcus italicus DSM 15952 (Bacilli)

Enterococcus faecium Aus0004 (Bacilli)

Catellicoccus marimammalium M35/04/3 (Bacilli)

Carnobacterium maltaromaticum LMA28 (Bacilli)Carnobacterium sp. 17−4 (Bacilli)

Facklamia languida CCUG 37842 (Bacilli)
Facklamia ignava CCUG 37419 (Bacilli)

Eremococcus coleocola ACS−139−V−Col8 (Bacilli)

Catonella morbi ATCC 51271 (Clostridia)

Aerococcus viridans LL1 (Bacilli)Aerococcus urinae ACS−120−V−Col10a (Bacilli)
Dolosigranulum pigrum ATCC 51524 (Bacilli)

Alloiococcus otitis ATCC 51267 (Bacilli)

Leuconostoc mesenteroides subsp. mesenteroides J18 (Bacilli)

Fructobacillus fructosus KCTC 3544 (Leuconostoc fructosum KCTC (Bacilli)

Leuconostoc fallax KCTC 3537 (Bacilli)

Oenococcus oeni PSU−1 (Bacilli)

Weissella ceti NC36 (Bacilli)Weissella koreensis KACC 15510 (Bacilli)
Weissella paramesenteroides ATCC 33313 (Bacilli)

Lactobacillus acidophilus NCFM (Bacilli)

Lactobacillus amylolyticus DSM 11664 (Bacilli)

Lactobacillus pasteurii CRBIP 24.76 (Bacilli)

Lactobacillus delbrueckii subsp. bulgaricus ATCC BAA−365 (Bacilli)

Lactobacillus jensenii JV−V16 (Bacilli)

Lactobacillus iners ATCC 55195 (Bacilli)
Lactobacillus gasseri ATCC 33323 (Bacilli)

Lactobacillus casei str. Zhang (Bacilli)

Lactobacillus sakei subsp. sakei 23K (Bacilli)

Lactobacillus plantarum WCFS1 (Bacilli)

Lactobacillus versmoldensis KCTC 3814 (Bacilli)

Lactobacillus farciminis KCTC 3681 (Bacilli)Lactobacillus salivarius UCC118 (Bacilli)

Lactobacillus ruminis ATCC 27782 (Bacilli)

Lactobacillus animalis KCTC 3501 (Bacilli)

Lactobacillus mali KCTC 3596 (Bacilli)

Lactobacillus buchneri CD034 (Bacilli)

Lactobacillus fructivorans KCTC 3543 (Bacilli)

Lactobacillus sanfranciscensis TMW 1.1304 (Bacilli)

Lactobacillus florum 2F (Bacilli)

Lactobacillus brevis ATCC 367 (Bacilli)

Pediococcus pentosaceus ATCC 25745 (Bacilli)

Lactobacillus malefermentans KCTC 3548 (Bacilli)

Lactobacillus rossiae DSM 15814 (Bacilli)

Lactobacillus suebicus KCTC 3549 (Bacilli)

Lactobacillus fermentum IFO 3956 (Bacilli)

Lactobacillus mucosae LM1 (Bacilli)

Lactobacillus coleohominis 101−4−CHN (Bacilli)

Lactobacillus antri DSM 16041 (Bacilli)

Lactobacillus reuteri F275 (Bacilli)

Lactococcus lactis subsp. lactis Il1403 (Bacilli)

Lactococcus garvieae ATCC 49156 (Bacilli)

Lactococcus raffinolactis 4877 (Bacilli)

Streptococcus suis P1/7 (Bacilli)

Streptococcus agalactiae A909 (Bacilli)
Streptococcus parauberis NCFD 2020 (Bacilli)

Streptococcus urinalis FB127−CNA−2 (Bacilli)

Streptococcus pyogenes MGAS15252 (Bacilli)

Streptococcus uberis 0140J (Bacilli)

Streptococcus equi subsp. equi (Bacilli)

Streptococcus mutans NN2025 (Bacilli)
Streptococcus macacae NCTC 11558 (Bacilli)

Streptococcus downei F0415 (Bacilli)

Streptococcus criceti HS−6 (Bacilli)

Streptococcus ratti FA−1 (Bacilli)

Streptococcus anginosus 1_2_62CV (Bacilli)
Streptococcus intermedius JTH08 (Bacilli)

Streptococcus pasteurianus ATCC 43144 (Bacilli)Streptococcus thermophilus LMG 18311 (Bacilli)Streptococcus peroris ATCC 700780 (Bacilli)Streptococcus gordonii str. Challis substr. CH1 (Bacilli)Streptococcus sanguinis SK36 (Bacilli)Streptococcus parasanguinis FW213 (Bacilli)Streptococcus oralis SK313 (Bacilli)Streptococcus pneumoniae 23F (Bacilli)

Gemella moribillum M424 (Bacilli)

Bacillus anthracis str. Sterne (Bacilli)

Bacillus coahuilensis m4−4 (Bacilli)

Bacillus pumilus SAFR−032 (Bacilli)

Bacillus subtilis subsp. subtilis str. 168 (Bacilli)

Bacillus sp. 1NLA3E (Bacilli)

Bacillus megaterium DSM319 (Bacilli)

Bacillus sp. 10403023 (Bacilli)

Bacillus sp. m3−13 (Bacilli)

Bacillus coagulans 2−6 (Bacilli)

Bacillus endophyticus 2102 (Bacilli)

Bacillus smithii 7_3_47FAA (Bacilli)

Anoxybacillus flavithermus WK1 (Bacilli)

Geobacillus thermoglucosidans TNO−09.020 (Bacilli)

Geobacillus sp. C56−T3 (Bacilli)

Salimicrobium sp. MJ3 (Bacilli)

Halobacillus halophilus DSM 2266 (Bacilli)

Lentibacillus sp. Grbi (Bacilli)

Amphibacillus xylanus NBRC 15112 (Bacilli)

Oceanobacillus iheyensis HTE831 (Bacilli)

Bacillus clausii KSM−K16 (Bacilli)

Bacillus cellulosilyticus DSM 2522 (Bacilli)

Bacillus selenitireducens MLS10 (Bacilli)
Bacillus halodurans C−125 (Bacilli)

Planococcus donghaensis MPA1U2 (Bacilli)

Kurthia sp. JC30 (Bacilli)

Solibacillus silvestris StLB046 (Bacilli)

Lysinibacillus sphaericus C3−41 (Bacilli)

Listeria grayi DSM 20601 (Bacilli)

Listeria monocytogenes SLCC2376 (Bacilli)

Exiguobacterium antarcticum B7 (Bacilli)

Exiguobacterium sp. AT1b (Bacilli)

Salinicoccus carnicancri Crm (Bacilli)

Macrococcus caseolyticus JCSC5402 (Bacilli)

Staphylococcus lentus F1142 (Bacilli)

Staphylococcus lugdunensis HKU09−01 (Bacilli)

Staphylococcus aureus subsp. aureus str. Newman (Bacilli)

Brevibacillus brevis NBRC 100599 (Bacilli)

Brevibacillus laterosporus LMG 15441 (Bacilli)

Thermobacillus composti KWC4 (Bacilli)

Paenibacillus larvae subsp. larvae B−3650 (Bacilli)

Paenibacillus alvei DSM 29 (Bacilli)

Paenibacillus curdlanolyticus YK9 (Bacilli)

Paenibacillus sp. JDR−2 (Bacilli)

Paenibacillus sp. PAMC 26794 (Bacilli)

Geobacillus sp. Y412MC10 (Bacilli)

Paenibacillus terrae HPL−003 (Bacilli)

Fusobacterium nucleatum subsp. nucleatum ATCC 25586 (Fusobacteriia)

Fusobacterium mortiferum ATCC 9817 (Fusobacteriia)

Fusobacterium gonidiaformans ATCC 25563 (Fusobacteriia)

Ilyobacter polytropus DSM 2926 (Fusobacteriia)

Streptobacillus moniliformis DSM 12112 (Fusobacteriia)

Sebaldella termitidis ATCC 33386 (Fusobacteriia)

Leptotrichia buccalis C−1013−b (Fusobacteriia)

Onion yellows phytoplasma OY−M (Mollicutes)

Phytoplasma mali (M
ollicutes)

Acholeplasma laidlawii PG−8A (Mollicutes)

Erysipelotrichaceae bacterium 21_3 (Erysipelotrichia)

Erysipelotrichaceae bacterium 5_2_54FAA (Erysipelotrichia)

Eubacterium dolichum DSM 3991 (Erysipelotrichia)

Eubacterium cylindroides T2−87 (Erysipelotrichia)

Eubacterium biforme DSM 3989 (Erysipelotrichia)

Clostridiaceae bacterium JC118 (Clostridia)

Holdemania sp. AP2 (Erysipelotrichia)
Erysipelothrix rhusiopathiae ATCC 19414 (Erysipelotrichia)

Solobacterium moorei F0204 (Erysipelotrichia)

Bulleidia extructa W1219 (Erysipelotrichia)Coprobacillus sp. D6 (Erysipelotrichia)

Clostridium ramosum DSM 1402 (Erysipelotrichia)

Mycoplasma putrefaciens KS1 (Mollicutes)

Mesoplasma florum L1 (Mollicutes)
Spiroplasma melliferum KC3 (Mollicutes)

Mycoplasma bovis PG45 (Mollicutes)

Mycoplasma columbinum SF7 (Mollicutes)

Mycoplasma fermentans JER (Mollicutes)

Mycoplasma crocodyli MP145 (Mollicutes)

Mycoplasma anatis 1340 (Mollicutes)

Mycoplasma synoviae 53 (Mollicutes)

Mycoplasma cynos C142 (Mollicutes)

Mycoplasma pulmonis UAB CTIP (Mollicutes)

Mycoplasma hominis ATCC 23114 (Mollicutes)

Mycoplasma arthritidis 158L3−1 (Mollicutes)
Mycoplasma hyorhinis SK76 (Mollicutes)

Mycoplasma conjunctivae (Mollicutes)

Mycoplasma hyopneumoniae J (Mollicutes)Mycoplasma mobile 163K (Mollicutes)

Mycoplasma genitalium G−37 (Mollicutes)

Mycoplasma gallisepticum R (Mollicutes)

Mycoplasma penetrans HF−2 (Mollicutes)

Ureaplasma parvum serovar 3 ATCC 700970 (Mollicutes)
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Thermus thermophilus HB27 (Deinococci)

Thermus sp. CCB_US3_UF1 (Deinococci)

Thermus scotoductus SA−01 (Deinococci)

Thermus oshimai JL−2 (Deinococci)

Oceanithermus profundus DSM 14977 (Deinococci)

Marinithermus hydrothermalis DSM 14884 (Deinococci)

Meiothermus silvanus DSM 9946 (Deinococci)

Meiothermus ruber DSM 1279 (Deinococci)

Truepera radiovictrix DSM 17093 (Deinococci)

Deinococcus peraridilitoris DSM 19664 (Deinococci)

Deinococcus maricopensis DSM 21211 (Deinococci)

Deinococcus proteolyticus MRP (Deinococci)

Deinococcus geothermalis DSM 11300 (Deinococci)

Deinococcus radiodurans R1 (Deinococci)

Deinococcus deserti VCD115 (Deinococci)

Hydrogenobaculum sp. 3684 (Aquificae)

Hydrogenobacter thermophilus TK−6 (Aquificae)

Thermocrinis albus DSM 14484 (Aquificae)

Aquifex aeolicus VF5 (Aquificae)

Persephonella marina EX−H1 (Aquificae)

Sulfurihydrogenibium sp. YO3AOP1 (Aquificae)

Thermovibrio ammonificans HB−1 (Aquificae)

Desulfurobacterium thermolithotrophum DSM 11699 (Aquificae)

Caldisericum exile AZM16c01 (Caldisericia)

Anaerobaculum mobile DSM 13181 (Synergistia)

Thermanaerovibrio acidaminovorans DSM 6589 (Synergistia)

Thermanaerovibrio velox DSM 12556 (Synergistia)

Aminomonas paucivorans DSM 12260 (Synergistia)

Synergistes sp. 3_1_syn1 (Synergistia)

Thermovirga lienii DSM 17291 (Synergistia)

Aminobacterium colombiense DSM 12261 (Synergistia)

Dethiosulfovibrio peptidovorans DSM 11002 (Synergistia)

Jonquetella anthropi DSM 22815 (Synergistia)

Thermotoga naphthophila RKU−10 (Thermotogae)

Thermotoga lettingae TMO (Thermotogae)

Fervidobacterium nodosum Rt17−B1 (Thermotogae)

Fervidobacterium pennivorans DSM 9078 (Thermotogae)

Thermosipho africanus TCF52B (Thermotogae)

Thermosipho melanesiensis BI429 (Thermotogae)

Thermotogales bacterium mesG1.Ag.4.2 (Thermotogae)

Kosmotoga olearia TBF 19.5.1 (Thermotogae)

Marinitoga piezophila KA3 (Thermotogae)

Petrotoga mobilis SJ95 (Thermotogae)

Coprothermobacter proteolyticus DSM 5265 (Clostridia)

Thermoanaerobacterium thermosaccharolyticum DSM 571 (Clostridia)

Mahella australiensis 50−1 BON (Clostridia)

Symbiobacterium thermophilum IAM 14863 (Clostridia)

Dethiobacter alkaliphilus AHT 1 (Clostridia)

Natranaerobius thermophilus JW
/NM−W

N−LF (Clostridia)

Sulfobacillus acidophilus TPY (Clostridia)

Sulfobacillus thermosulfidooxidans str. Cutipay (Clostridia)

Bacillus tusciae DSM 2912 (Bacilli)

Alicyclobacillus hesperidum URH17−3−68 (Bacilli)

Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc−4−1 (Bacilli)

Carboxydothermus hydrogenoformans Z−2901 (Clostridia)

Thermacetogenium phaeum DSM 12270 (Clostridia)

Moorella thermoacetica ATCC 39073 (Clostridia)

Desulfotomaculum kuznetsovii DSM 6115 (Clostridia)

Pelotomaculum thermopropionicum SI (Clostridia)

Thermaerobacter marianensis DSM 12885 (Clostridia)

Tepidanaerobacter acetatoxydans Re1 (Clostridia)

Thermosediminibacter oceani DSM 16646 (Clostridia)

Desulforudis audaxviator MP104C (Clostridia)

Ammonifex degensii KC4 (Clostridia)

Thermoanaerobacter tengcongensis MB4 (Clostridia)

Thermoanaerobacter italicus Ab9 (Clostridia)

Thermoanaerobacter siderophilus SR4 (Clostridia)

Thermoanaerobacter pseudethanolicus ATCC 33223 (Clostridia)

Dictyoglomus thermophilum H−6−12 (Dictyoglomia)

Caldicellulosiruptor saccharolyticus DSM 8903 (Clostridia)

Caldicellulosiruptor obsidiansis OB47 (Clostridia)

Dehalococcoides sp. CBDB1 (Dehalococcoidia)

Dehalogenimonas lykanthroporepellens BL−DC−9 (Dehalococcoidia)

Anaerolinea thermophila UNI−1 (Anaerolineae)

Ktedonobacter racemifer DSM 44963 (Ktedonobacteria)

Thermobaculum terrenum ATCC BAA−798 (Thermobaculum)

Thermomicrobium roseum DSM 5159 (Thermomicrobia)

Sphaerobacter thermophilus DSM 20745 (Thermomicrobia)

Chloroflexus aurantiacus J−10−fl (Chloroflexi)

Chloroflexus aggregans DSM 9485 (Chloroflexi)

Roseiflexus sp. RS−1 (Chloroflexi)

Roseiflexus castenholzi DSM 13941 (Chloroflexi)

Herpetosiphon aurantiacus ATCC 23779 (Chloroflexi)

Rubrobacter xylanophilus DSM 9941 (Actinobacteria)

Conexibacter woesei DSM 14684 (Actinobacteria)

Atopobium parvulum DSM 20469 (Actinobacteria)

Atopobium vaginae DSM 15829 (Actinobacteria)

Olsenella uli DSM 7084 (Actinobacteria)

Coriobacterium glomerans PW
2 (Actinobacteria)

Coriobacteriaceae bacterium phI (Actinobacteria)

Collinsella aerofaciens ATCC 25986 (Actinobacteria)

Collinsella tanakaei YIT 12063 (Actinobacteria)

Collinsella intestinalis DSM 13280 (Actinobacteria)

Slackia heliotrinireducens DSM 20476 (Actinobacteria)

Slackia exigua ATCC 700122 (Actinobacteria)

Slackia piriformis YIT 12062 (Actinobacteria)

Cryptobacterium curtum DSM 15641 (Actinobacteria)

Coriobacteriaceae bacterium JC110 (Actinobacteria)

Gordonibacter pamelaeae 7−10−1−b (Actinobacteria)

Eggerthella sp. YY7918 (Actinobacteria)

Eggerthella lenta DSM 2243 (Actinobacteria)

Acidimicrobium ferrooxidans DSM 10331 (Actinobacteria)

Thermobispora bispora DSM 43833 (Actinobacteria)
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Gardnerella vaginalis 409−05 (Actinobacteria)

Scardovia inopinata F0304 (Actinobacteria)
Scardovia wiggsiae F0424 (Actinobacteria)

Parascardovia denticolens DSM 10105 = JCM 12538 (Actinobacteria) Ac
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Frankia sp. EAN1pec (Actinobacteria)
Frankia sp. Ccl3 (Actinobacteria)

Acidothermus cellulolyticus 11B (Actinobacteria)

Nakamurella multipartita DSM 44233 (Actinobacteria)

Modestobacter marinus BC501 (Actinobacteria)
Blastococcus saxobsidens DD2 (Actinobacteria)

Catenulispora acidiphila DSM 44928 (Actinobacteria)
Streptomyces cattleya DSM 46488

Streptomyces sp. AA0539 (Actinobacteria)
Kitasatospora setae KM−6054 (Actinobacteria)

Streptomyces bingchenggensis BCW
−1 (Actinobacteria)

Streptomyces viridochromogenes DSM 40736 (Actinobacteria)
Streptomyces viridosporus T7A (Actinobacteria)

Streptomyces ghanaensis ATCC 14672 (Actinobacteria)

Streptomyces scabiei 87.22 (Actinobacteria)
Streptomyces sp. Mg1 (Actinobacteria)

Streptomyces pristinaespiralis ATCC 25486 (Actinobacteria)

Streptomyces venezuelae ATCC 10712 (Actinobacteria)

Propionibacterium acnes KPA171202 (Actinobacteria)

Propionibacterium acidipropionici ATCC 4875 (Actinobacteria)

Propionibacterium freudenreichii subsp. shermanii CIRM−BIA1 (Actinobacteria)

Propionibacterium propionicum F0230a (Actinobacteria)

Microlunatus phosphovorus NM−1 (Actinobacteria)

Kribbella flavida DSM 17836 (Actinobacteria)

Nocardioides sp. JS614 (Actinobacteria)

Nocardioidaceae bacterium Broad−1 (Actinobacteria)

Nocardiopsis alba ATCC BAA−2165 (Actinobacteria)

Thermobifida fusca YX (Actinobacteria)

Thermomonospora curvata DSM 43183 (Actinobacteria)

Streptosporangium roseum DSM 43021 (Actinobacteria)

Stackebrandtia nassauensis DSM 44728 (Actinobacteria)

Actinoplanes sp. SE50/110 (Actinobacteria)

Salinispora tropica CNB−440 (Actinobacteria)

Amycolatopsis mediterranei S699 (Actinobacteria)

Streptomyces sp. AA4 (Actinobacteria)

Amycolatopsis sp. ATCC 39116 (Actinobacteria)
Saccharomonospora marina XMU15 (Actinobacteria)

Saccharomonospora viridis DSM 43017 (Actinobacteria)

Saccharomonospora cyanea NA−134 (Actinobacteria)

Saccharopolyspora erythraea NRRL 2338 (Actinobacteria)

Pseudonocardia dioxanivorans CB1190 (Actinobacteria)

Actinosynnema mirum DSM 43827 (Actinobacteria)

Nocardia cyriacigeorgica (Actinobacteria)

Nocardia farcinica IFM 10152 (Actinobacteria)

Nocardia transvalensis NBRC 15921 (Actinobacteria)

Nocardia takedensis NBRC 100417 (Actinobacteria)

Rhodococcus opacus B4 (Actinobacteria)

Rhodococcus equi 103S (Actinobacteria)

Segniliparus rotundus DSM 44985 (Actinobacteria)

Gordonia bronchialis DSM 43247 (Actinobacteria)

Gordonia neofelifaecis NRRL B−59395 (Actinobacteria)

Gordonia sp. KTR9 (Actinobacteria)

Corynebacterium diphtheriae NCTC 13129 (Actinobacteria)

Corynebacterium matruchotii ATCC 33806 (Actinobacteria)
Corynebacterium accolens ATCC 49725 (Actinobacteria)

Corynebacterium aurimucosum ATCC 700975 (Actinobacteria)
Corynebacterium genitalium ATCC 33030 (Actinobacteria)

Corynebacterium glucuronolyticum ATCC 51867 (Actinobacteria)
Corynebacterium timonense 5401744 (Actinobacteria)

Corynebacterium nuruki S6−4 (Actinobacteria)

Corynebacterium kroppenstedtii DSM 44385 (Actinobacteria)
Turicella otitidis ATCC 51513 (Actinobacteria)

Corynebacterium jeikeium K411 (Actinobacteria)

Corynebacterium efficiens YS−314 (Actinobacteria)

Corynebacterium glutamicum ATCC 13032 (Actinobacteria)

Corynebacterium amycolatum SK46 (Actinobacteria)

Dietzia alimentaria 72 (Actinobacteria)

Tsukamurella paurometabola DSM 20162 (Actinobacteria)

Amycolicicoccus subflavus DQS3−9A1 (Actinobacteria)

Mycobacterium smegmatis str. MC2 155 (Actinobacteria)

Mycobacterium massiliense str. GO 06 (Actinobacteria)

Mycobacterium sp. MCS (Actinobacteria)

Mycobacterium sp. JDM601 (Actinobacteria)

Mycobacterium xenopi RIVM700367 (Actinobacteria)

Mycobacterium parascrofulaceum ATCC BAA−614 (Actinobacteria)

Mycobacterium leprae TN (Actinobacteria)

Mycobacterium tuberculosis C (Actinobacteria)

Bacteroides sp. 2_1_22 (Bacteroidetes)

Bacteroides caccae ATCC 43185 (Bacteroidetes)

Bacteroides sp. D2 (Bacteroidetes)

Bacteroides thetaiotaomicron VPI−5482 (Bacteroidetes)

Bacteroides nordii CL02T12C05 (Bacteroidetes)

Bacteroides fragilis 638R (Bacteroidetes)

Bacteroides cellulosilyticus DSM 14838 (Bacteroidetes)

Bacteroides intestinalis DSM 17393 (Bacteroidetes)

Bacteroides eggerthii DSM 20697 (Bacteroidetes)

Bacteroides stercoris ATCC 43183 (Bacteroidetes)

Bacteroides fluxus YIT 12057 (Bacteroidetes)

Bacteroides sp. D20 (Bacteroidetes)

Bacteroides helcogenes P 36−108 (Bacteroidetes)

Bacteroides coprophilus DSM 18228 (Bacteroidetes)

Bacteroides salanitronis DSM 18170 (Bacteroidetes)

Bacteroides coprocola DSM 17136 (Bacteroidetes)

Bacteroides vulgatus ATCC 8482 (Bacteroidetes)

Prevotella sp. oral taxon 302 str. F0323 (Bacteroidetes)

Prevotella ruminicola 23 (Bacteroidetes)

Prevotella bryantii B14 (Bacteroidetes)

Prevotella sp. oral taxon 317 str. F0108 (Bacteroidetes)

Prevotella marshii DSM 16973 (Bacteroidetes)

Prevotella oralis ATCC 33269 (Bacteroidetes)

Prevotella timonensis CRIS 5C−B1 (Bacteroidetes)

Prevotella sp. oral taxon 299 str. F0039 (Bacteroidetes)

Prevotella micans F0438 (Bacteroidetes)

Prevotella nigrescens ATCC 33563 (Bacteroidetes)

Prevotella intermedia 17 (Bacteroidetes)

Prevotella pallens ATCC 700821 (Bacteroidetes)

Prevotella disiens FB035−09AN (Bacteroidetes)

Prevotella bivia DSM 20514 (Bacteroidetes)

Prevotella melaninogenica ATCC 25845 (Bacteroidetes)

Prevotella oulorum F0390 (Bacteroidetes)

Prevotella oris F0302 (Bacteroidetes)

Prevotella maculosa OT 289 (Bacteroidetes)

Prevotella dentalis DSM 3688 (Bacteroidetes)

Prevotella bergensis DSM 17361 (Bacteroidetes)

Prevotella multisaccharivorax DSM 17128 (Bacteroidetes)

Prevotella buccae D17 (Bacteroidetes)

Prevotella denticola F0289 (Bacteroidetes)

Bacteroides coprosuis DSM 18011 (Bacteroidetes)

Dysgonomonas mossii DSM 22836 (Bacteroidetes)

Dysgonomonas gadei ATCC BAA−286 (Bacteroidetes)

Paludibacter propionicigenes WB4 (Bacteroidetes)

Bacteroidetes oral taxon 274 str. F0058 (Bacteroidetes)

Porphyromonas gingivalis W83 (Bacteroidetes)

Propionibacterium sp. oral taxon 191 str. F0233 (Actinobacteria)

Porphyromonas asaccharolytica DSM 20707 (Bacteroidetes)

Tannerella forsythia ATCC 43037 (Bacteroidetes)

Parabacteroides goldsteinii CL02T12C30 (Bacteroidetes)

Parabacteroides merdae CL03T12C32 (Bacteroidetes)

Parabacteroides distasonis ATCC 8503 (Bacteroidetes)

Azobacteroides pseudotrichonymphae genomovar. CFP2 (Bacteroidetes)

Tannerella sp. 6_1_58FAA_CT1 (Bacteroidetes)

Barnesiella intestinihominis YIT 11860 (Bacteroidetes)

Odoribacter laneus YIT 12061 (Bacteroidetes)

Odoribacter splanchnicus DSM 20712 (Bacteroidetes)

Marinilabilia salmonicolor JCM 21150 (Bacteroidetes)

Anaerophaga thermohalophila DSM 12881 (Bacteroidetes)

Alistipes putredinis DSM 17216 (Bacteroidetes)

Alistipes sp. JC136 (Bacteroidetes)

Alistipes finegoldii DSM 17242 (Bacteroidetes)

Owenweeksia hongkongensis DSM 17368 (Bacteroidetes)

Fluviicola taffensis DSM 16823 (Bacteroidetes)
Riemerella anatipestifer RA−GD (Bacteroidetes)

Bergeyella zoohelcum ATCC 43767 (Bacteroidetes)

Flavobacteriaceae bacterium 3519−10 (Bacteroidetes)

Chryseobacterium gleum ATCC 35910 (Bacteroidetes)

Elizabethkingia anophelis Ag1 (Bacteroidetes)

Weeksella virosa DSM 16922 (Bacteroidetes)

Ornithobacterium rhinotracheale DSM 15997 (Bacteroidetes)

Blattabacterium sp. (Periplaneta americana) str. BPLAN (Bacteroidetes)

Blattabacterium sp. (Cryptocercus punctulatus) str. Cpu (Bacteroidetes)

Blattabacterium sp. (Mastotermes darwiniensis) str. MADAR (Bacteroidetes)

Blattabacterium sp. (Blattella germanica) str. Bge (Bacteroidetes)Myroides odoratimimus CCUG 10230 (Bacteroidetes)

Myroides odoratus DSM 2801 (Bacteroidetes)
Flavobacterium psychrophilum JIP02/86 (Bacteroidetes)

Flavobacterium branchiophilum FL−15 (Bacteroidetes)

Flavobacterium sp. CF136 (Bacteroidetes)

Flavobacterium johnsonia johnsoniae UW101 (Bacteroidetes)

Flavobacterium frigoris PS1 (Bacteroidetes)

Flavobacteria bacterium BAL38 (Bacteroidetes)

Flavobacterium indicum GPTSA100−9 (Bacteroidetes)

Flavobacterium columnare ATCC 49512 (Bacteroidetes)

Capnocytophaga ochracea DSM 7271 (Bacteroidetes)

Capnocytophaga sputigena ATCC 33612 (Bacteroidetes)

Paraprevotella clara YIT 11840 (Bacteroidetes)

Capnocytophaga canimorsus Cc5 (Bacteroidetes)

Capnocytophaga sp. oral taxon 338 str. F0234 (Bacteroidetes)

Capnocytophaga gingivalis ATCC 33624 (Bacteroidetes)

Imtechella halotolerans K1 (Bacteroidetes)

Joostella marina DSM 19592 (Bacteroidetes)Polaribacter irgensii 23−P (Bacteroidetes)

Kordia algicida OT−1 (Bacteroidetes)

Flavobacteria bacterium MS024−2A (Bacteroidetes)

Nonlabens dokdonensis DSW−6 (Bacteroidetes)

Cellulophaga lytica DSM 7489 (Bacteroidetes)

Krokinobacter sp. 4H−3−7−5 (Bacteroidetes)

Aquimarina agarilytica ZC1 (Bacteroidetes)

Psychroflexus torquis ATCC 700755 (Bacteroidetes)

Zunongwangia profunda SM−A87 (Bacteroidetes)

Gramella forsetii KT0803 (Bacteroidetes)

Gillisia sp. CBA3202 (Bacteroidetes)

Lacinutrix sp. 5H−3−7−4 (Bacteroidetes)

Flavobacteriales bacterium ALC−1 (Bacteroidetes)

Bizionia argentinensis JUB59 (Bacteroidetes)

unidentified eubacterium SCB49 (Bacteroidetes)

Aequorivita sublithincola DSM 14238 (Bacteroidetes)

Leeuwenhoekiella blandensis MED217 (Bacteroidetes)

Croceibacter atlanticus HTCC2559 (Bacteroidetes)

Robiginitalea biformata HTCC2501 (Bacteroidetes)

Cellulophaga algicola DSM 14237 (Bacteroidetes)

Muricauda ruestringensis DSM 13258 (Bacteroidetes)

Mesoflavibacter zeaxanthinifaciens S86 (Bacteroidetes)

Zobellia galactanivorans (Bacteroidetes)

Flavobacteriales bacterium HTCC2170 (Bacteroidetes)

Solitalea canadensis DSM 3403 (Bacteroidetes)

Pedobacter saltans DSM 12145 (Bacteroidetes)

Pedobacter arcticus A12 (Bacteroidetes)

Sphingobacterium spiritivorum ATCC 33300 (Bacteroidetes)

Sphingobacterium sp. 21 (Bacteroidetes)

Pedobacter heparinus DSM 2366 (Bacteroidetes)

Chitinophaga pinensis DSM 2588 (Bacteroidetes)

Niabella soli DSM 19437 (Bacteroidetes)

Niastella koreensis GR20−10 (Bacteroidetes)

Cytophaga hutchinsonii ATCC 33406 (Bacteroidetes)

Microscilla marina ATCC 23134 (Bacteroidetes)
Spirosoma linguale DSM 74 (Bacteroidetes)

Fibrisoma limi (Bacteroidetes)

Fibrella aestuarina (Bacteroidetes)

Dyadobacter fermentans DSM 18053 (Bacteroidetes)

Leadbetterella byssophila DSM 17132 (Bacteroidetes)

Emticicia oligotrophica DSM 17448 (Bacteroidetes)

Flexibacter litoralis DSM 6794 (Bacteroidetes)

Amoebophilus asiaticus 5a2 (Bacteroidetes)

Marivirga tractuosa DSM 4126 (Bacteroidetes)

Fulvivirga imtechensis AK7 (Bacteroidetes)

Cyclobacterium marinum DSM 745 (Bacteroidetes)

Algoriphagus sp. PR1 (Bacteroidetes)

Belliella baltica DSM 15883 (Bacteroidetes)

Nitritalea halalkaliphila LW7 (Bacteroidetes)

Cecembia lonarensis LW9 (Bacteroidetes)

Indibacter alkaliphilus LW1 (Bacteroidetes)

Mariniradius saccharolyticus AK6 (Bacteroidetes)

Salinibacter ruber (Bacteroidetes)

Rhodothermus marinus DSM 4252 (Bacteroidetes)

Melioribacter roseus P3M (Ignavibacteriae)

Ignavibacterium album JCM 16511 (Ignavibacteriae)

Chloroherpeton thalassium ATCC 35110 (Chlorobi)

Chlorobium phaeobacteroides BS1 (Chlorobi)

Prosthecochloris aestuarii DSM 271 (Chlorobi)

Chlorobium tepidum TLS (Chlorobi)

Chlorobium chlorochromatii CaD3 (Chlorobi)

Pelodictyon phaeoclathratiforme BU−1 (Chlorobi)

Chlorobium phaeobacteroides DSM 266 (Chlorobi)

Prosthecochloris vibrioformis DSM 265 (Chlorobi)

Caldithrix abyssi DSM 13497 (Caldithrix)

Leptospira interrogans serovar Copenhageni str. Fiocruz L1−130 (Spirochaetia)

Leptospira licerasiae serovar Varillal str. VAR 010 (Spirochaetia)

Leptospira biflexa serovar Patoc strain ’Patoc 1 (Ames)’ (Spirochaetia)

Sphaerochaeta pleomorpha str. Grapes (Spirochaetia)

Spirochaeta sp. Buddy (Spirochaetia)
Spirochaeta smaragdinae DSM 11293 (Spirochaetia)

Spirochaeta thermophila DSM 6192 (Spirochaetia)

Spirochaeta africana DSM 8902 (Spirochaetia)

Borrelia garinii NMJW
1 (Spirochaetia)

Borrelia turicatae 91E135 (Spirochaetia)

Treponema primitia ZAS−1 (Spirochaetia)

Spirochaeta caldaria DSM 7334 (Spirochaetia)

Treponema vincentii ATCC 35580 (Spirochaetia)

Treponema denticola ATCC 35405 (Spirochaetia)

Treponema phagedenis F0421 (Spirochaetia)

Treponema pallidum subsp. pallidum str. Nichols (Spirochaetia)

Brachyspira pilosicoli 95/1000 (Spirochaetia)

Cloacamonas acidaminovorans (candidate division W
W

E1)

Rhodopirellula baltica SH 1 (Planctomycetia)

Pirellula staleyi DSM 6068 (Planctomycetia)

Blastopirellula marina DSM 3645 (Planctomycetia)

Planctomyces maris DSM 8797 (Planctomycetia)

Schlesneria paludicola DSM 18645 (Planctomycetia)

Planctomyces limnophilus DSM 3776 (Planctomycetia)

Singulisphaera acidiphila DSM 18658 (Planctomycetia)

Isosphaera pallida ATCC 43644 (Planctomycetia)

planctomycete KSU−1 (Planctomycetia)

Akkermansia muciniphila ATCC BAA−835 (Verrucomicrobia)

Verrucomicrobium spinosum DSM 4136 (Verrucomicrobia)
Chthoniobacter flavus Ellin428 (Verrucomicrobia)

Methylacidiphilum infernorum V4 (Verrucomicrobia)

Coraliomargarita akajimensis DSM 45221 (Verrucomicrobia)

Verrucomicrobiae bacterium DG1235 (Verrucomicrobia)

Opitutus terrae PB90−1 (Verrucomicrobia)

Opitutaceae bacterium TAV5 (Verrucomicrobia)

Lentisphaera araneosa HTCC2155 (Lentisphaerae)

Parachlamydia sp. UW
E25 (Chlamydiae)

Parachlamydia acanthamoebae UV7 (Chlamydiae)
Simkania negevensis Z (Chlamydiae)

W
addlia chondrophila W

SU 86−1044 (Chlamydiae)

Chlamydophila abortus S26/3 (Chlamydiae)

Chlamydophila pneumoniae J138 (Chlamydiae)
Chlamydophila pecorum E58 (Chlamydia pecorum E58) (Chlamydiae)

Chlamydia trachomatis D/UW
−3/CX (Chlamydiae)

Acidobacterium sp. MP5ACTX9 (Acidobacteria)

Acidobacterium sp. MP5ACTX8 (Acidobacteria)

Terriglobus roseus DSM 18391 (Acidobacteria)

Acidobacterium capsulatum ATCC 51196 (Acidobacteria)

Acidobacteria bacterium Ellin345 (Acidobacteria)

Solibacter usitatus Ellin6076 (Acidobacteria)

uncultured Termite group 1 bacterium phylotype Rs−D17 (environmental samples)

Elusimicrobium minutum Pei191 (Elusimicrobia)

Nitrospira defluvii (Nitrospira)

Thermodesulfovibrio yellowstonii DSM 11347 (Nitrospira)

Fibrobacter succinogenes subsp. succinogenes S85 (Fibrobacteres)

Gemmatimonas aurantiaca T−27 (Gemmatimonadetes)

Caminibacter mediatlanticus TB−2 (delta/epsilon subdivisions)

Nautilia profundicola AmH (delta/epsilon subdivisions)

Nitratiruptor sp. SB155−2 (delta/epsilon subdivisions)

Nitratifractor salsuginis DSM 16511 (delta/epsilon subdivisions)

Sulfurovum sp. NBC37−1 (delta/epsilon subdivisions)

Thiomicrospira denitrificans ATCC 33889 (delta/epsilon subdivisions)

Sulfurimonas autotrophica DSM 16294 (delta/epsilon subdivisions)

Sulfurimonas sp. GD1 (delta/epsilon subdivisions)

uncultured Sulfuricurvum sp. RIFRC−1 (delta/epsilon subdivisions)

Campylobacter jejuni subsp. jejuni 81116 (delta/epsilon subdivisions)

Campylobacter upsaliensis JV21 (delta/epsilon subdivisions)

Campylobacter fetus subsp. fetus 82−40 (delta/epsilon subdivisions)

Campylobacter hominis ATCC BAA−381 (delta/epsilon subdivisions)

Campylobacter gracilis RM3268 (delta/epsilon subdivisions)

Campylobacter concisus 13826 (delta/epsilon subdivisions)

Campylobacter curvus 525.92 (delta/epsilon subdivisions)

Campylobacter showae RM3277 (delta/epsilon subdivisions)

Sulfurospirillum barnesii SES−3 (delta/epsilon subdivisions)

Arcobacter nitrofigilis DSM 7299 (delta/epsilon subdivisions)

Arcobacter sp. L (delta/epsilon subdivisions)

Arcobacter butzleri ED−1 (delta/epsilon subdivisions)

W
olinella succinogenes DSM 1740 (delta/epsilon subdivisions)

Helicobacter hepaticus ATCC 51449 (delta/epsilon subdivisions)

Helicobacter mustelae 12198 (delta/epsilon subdivisions)

Helicobacter canadensis MIT 98−5491 (Prj:30719) (delta/epsilon subdivisions)

Helicobacter winghamensis ATCC BAA−430 (delta/epsilon subdivisions)

Helicobacter felis ATCC 49179 (delta/epsilon subdivisions)

Helicobacter suis HS1 (delta/epsilon subdivisions)

Helicobacter pylori J99 (delta/epsilon subdivisions)Br
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Mariprofundus ferrooxydans PV−1 (Zetaproteobacteria)

Desulfovibrio sp. 6_1_46AFAA (delta/epsilon subdivisions)

Desulfovibrio desulfuricans subsp. desulfuricans str. ATCC 27774 (delta/epsilon subdivisions)

Bilophila wadsworthia 3_1_6 (delta/epsilon subdivisions)

Lawsonia intracellularis PHE/MN1−00 (delta/epsilon subdivisions)

Desulfovibrio vulgaris str. ’Miyazaki F’ (delta/epsilon subdivisions)

Desulfovibrio vulgaris subsp. vulgaris DP4 (delta/epsilon subdivisions)
Desulfovibrio desulfuricans subsp. desulfuricans str. G20 (delta/epsilon subdivisions)

Desulfovibrio sp. ND132 (delta/epsilon subdivisions)

Desulfovibrio hydrothermalis AM13 = DSM 14728 (delta/epsilon subdivisions)

Desulfovibrio salexigens DSM 2638 (delta/epsilon subdivisions)

Desulfovibrio africanus str. W
alvis Bay (delta/epsilon subdivisions)

Desulfovibrio magneticus RS−1 (delta/epsilon subdivisions)
Desulfomicrobium baculatum DSM 4028 (delta/epsilon subdivisions)

Desulfonatronospira thiodismutans ASO3−1 (delta/epsilon subdivisions)

Desulfohalobium retbaense DSM 5692 (delta/epsilon subdivisions)
Bdellovibrio bacteriovorus HD100 (delta/epsilon subdivisions)

Holophaga foetida DSM 6591 (Acidobacteria)

Methylomirabilis oxyfera (candidate division NC10)

Myxococcus xanthus DK 1622 (delta/epsilon subdivisions)

Stigmatella aurantiaca DW
4/3−1 (delta/epsilon subdivisions)

Anaeromyxobacter dehalogenans 2CP−C (delta/epsilon subdivisions)

Sorangium cellulosum So ce 56 (delta/epsilon subdivisions)

Haliangium ochraceum DSM 14365 (delta/epsilon subdivisions)

Plesiocystis pacifica SIR−1 (delta/epsilon subdivisions)

Geobacter sulfurreducens PCA (delta/epsilon subdivisions)

Geobacter metallireducens GS−15 (delta/epsilon subdivisions)

Geobacter lovleyi SZ (delta/epsilon subdivisions)

Pelobacter propionicus DSM 2379 (delta/epsilon subdivisions)

Geobacter uraniireducens Rf4 (delta/epsilon subdivisions)

Geobacter bemidjiensis Bem (delta/epsilon subdivisions)

Pelobacter carbinolicus DSM 2380 (delta/epsilon subdivisions)De
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Neisseria meningitid
is Z2491 (B

etaproteobacteria)

Neisseria sp. oral ta
xon 014 str. F

0314 (B
etaproteobacteria)

Neisseria lactamica 020−0
6 (B

etaproteobacteria)

Neisseria weaveri A
TCC 51223 (B

etaproteobacteria)

Neisseria wadsworthii 9
715 (B

etaproteobacteria)

Kingella oralis ATCC 51147 (B
etaproteobacteria)

Kingella kingae ATCC 23330 (B
etaproteobacteria)

Simonsiella muelleri A
TCC 29453 (B

etaproteobacteria)

Kingella denitrif
icans ATCC 33394 (B

etaproteobacteria)

Pseudogulbenkia
nia sp

. N
H8B (B

etaproteobacte
ria)

Chromobacte
rium vio

laceum ATCC 12472 (B
etaproteobacte

ria)

Laribacte
r hongkongensis

 HLHK9 (B
etaproteobacte

ria)

Thiobacill
us d

enitrif
ica

ns A
TCC 25259 (B

etaproteobacte
ria)

Thauera sp. M
Z1T (B

etaproteobacteria)

Thauera lin
aloolentis 47Lol = DSM 12138 (B

etaproteobacteria)

Azoarcus sp. BH72 (B
etaproteobacteria)

Aromatoleum aromaticum EbN1 (B
etaproteobacteria)

Methyloversatilis
 universalis FAM5 (B

etaproteobacteria)

Dechloromonas aromatica RCB (Betaproteobacteria)

Accumulibacter phosphatis clade IIA
 str. U

W−
1 (Betaproteobacteria)

Dechlorosoma suillum PS (Betaproteobacteria)

Sideroxydans lith
otrophicus ES−1

 (B
etaproteobacteria)

Gallionella capsiferrifo
rmans ES−2

 (B
etaproteobacteria)

Nitro
somonas europaea ATCC 19718 (Betaproteobacteria)

Nitro
somonas sp. Is

79A3 (Betaproteobacteria)

Nitro
sospira multifo

rmis ATCC 25196 (Betaproteobacteria)

Sulfuricella denitrif
icans skB26 (Betaproteobacteria)

Methylovorus sp. M
P688 (Betaproteobacteria)

Methylotenera sp. 301 (Betaproteobacteria)

beta proteobacterium KB13 (Betaproteobacteria)

Methylotenera mobilis JLW8 (Betaproteobacteria)

Ralstonia solanacearum GMI1000 (Betaproteobacteria)

Polynucleobacter sp. QLW−
P1DMWA−1

 (Betaproteobacteria)

Ralstonia eutropha JMP134 (Betaproteobacteria)

Ralstonia eutropha H16 (Betaproteobacteria)

Oxalobacter fo
rmigenes OXCC13 (Betaproteobacteria)

Herbaspirillu
m sp. JC206 (Betaproteobacteria)

Collim
onas fungivorans Ter331 (Betaproteobacteria)

Herbaspirillu
m seropedicae SmR1 (Betaproteobacteria)

Herminiimonas arsenicoxydans (Betaproteobacteria)

Pseudomonas sp. PAMC 26793 (Gammaproteobacteria)

Massilia tim
onae CCUG 45783 (Betaproteobacteria)

Delftia acidovorans SPH−1 (Betaproteobacteria)

Comamonas testosteroni KF−1 (Betaproteobacteria)

Diaphorobacter sp. TPSY (Betaproteobacteria)

Acidovorax avenae subsp. citrulli AAC00−1 (Betaproteobacteria)

Verminephrobacter eiseniae EF01−2 (Betaproteobacteria)

Hylemonella gracilis ATCC 19624 (Betaproteobacteria)

Hydrogenophaga sp. PBC (Betaproteobacteria)

Rhodoferax ferrire
ducens DSM 15236 (Betaproteobacteria)

Limnohabitans sp. Rim47 (Betaproteobacteria)

Polaromonas sp. JS666 (Betaproteobacteria)

Variovorax paradoxus EPS (Betaproteobacteria)

Ramlibacter tataouinensis TTB310 (Betaproteobacteria)

Methylibium petroleiphilum PM1 (Betaproteobacteria)

Leptothrix cholodni SP−6 (Betaproteobacteria)

Thiomonas intermedia K12 (Betaproteobacteria)

Sutterella wadsworthensis 3_1_45B (Betaproteobacteria)

Sutterella wadsworthensis 2_1_59BFAA (Betaproteobacteria)

Burkholderiales bacterium 1_1_47 (Betaproteobacteria)

Taylorella equigenitalis MCE9 (Betaproteobacteria)

Tetrathiobacter kashmirensis WT001 (Betaproteobacteria)

Alcaligenes faecalis subsp. faecalis NCIB 8687 (Betaproteobacteria)

Pusillim
onas sp. T7−7 (Betaproteobacteria)

Bordetella pertussis Tohama I (B
etaproteobacteria)

Limnobacter sp. MED105 (Betaproteobacteria)

Lautropia mirabilis ATCC 51599 (Betaproteobacteria)

Glomeribacter gigasporarum (Betaproteobacteria)

Burkholderia sp. CCGE1003 (Betaproteobacteria)

Burkholderia sp. CCGE1002 (Betaproteobacteria)

Burkholderia phymatum STM815 (Betaproteobacteria)

Burkholderia rhizoxinica HKI 454 (Betaproteobacteria)

Burkholderia sp. YI23 (Betaproteobacteria)

Burkholderia pseudomallei K96243 (Betaproteobacteria)

Rhodanobacte
r sp

. 2APBS1 (G
ammaproteobacte

ria)

Frateuria aurantia DSM 6220 (G
ammaproteobacte

ria)

Dyella japonica
 A8 (G

ammaproteobacte
ria)

Xanthomonas a
lbilin

eans (G
ammaproteobacte

ria)

Xyle
lla fastid

iosa M12 (G
ammaproteobacte

ria)

Pseudoxanthomonas s
uwonensis

 11−1
 (G

ammaproteobacte
ria)

Xanthomonas o
ryz

ae pv. o
ryz

ae KACC10331 (G
ammaproteobacte

ria)

Hydrocarboniphaga effusa AP103 (G
ammaproteobacte

ria)

Beggiatoa alba B18LD (G
ammaproteobacte

ria)

Halothiobacill
us n

eapolita
nus c

2 (G
ammaproteobacte

ria
)

Cardiobacte
rium hominis A

TCC 15826 (G
ammaproteobacte

ria)

Dich
elobacte

r n
odosus V

CS1703A (G
ammaproteobacte

ria)

Legionella pneumophila subsp. pneumophila str. Philadelphia 1 (Gammaproteobacteria)

Legionella longbeachae NSW150 (Gammaproteobacteria)

Diplorickettsia massiliensis 20B (Gammaproteobacteria)

Rickettsiella grylli (G
ammaproteobacteria)

Coxiella burnetii CbuG_Q212 (Gammaproteobacteria)

Francisella tularensis subsp. holarctica FTA (Gammaproteobacteria)

Thioalkalimicrobium aerophilum AL3 (Gammaproteobacteria)

Thiomicrospira crunogena XCL−2 (Gammaproteobacteria)

Kangiella koreensis DSM 16069 (Gammaproteobacteria)

Vesicomyosocius okutanii HA (Gammaproteobacteria)

Pseudomonas syringae pv. syringae B728a (Gammaproteobacteria)

Pseudomonas viridiflava UASWS0038 (Gammaproteobacteria)

Pseudomonas synxantha BG33R (Gammaproteobacteria)

Pseudomonas fluorescens Pf0−1 (Gammaproteobacteria)

Pseudomonas entomophila L48 (Gammaproteobacteria)

Pseudomonas stutzeri A1501 (Gammaproteobacteria)

Pseudomonas aeruginosa PAO1 (Gammaproteobacteria)

Pseudomonas psychrotolerans L19 (Gammaproteobacteria)

Azotobacter vinelandii DJ (Gammaproteobacteria)

Alteromonas sp. S89 (Gammaproteobacteria)

gamma proteobacterium HTCC2207 (Gammaproteobacteria)
Teredinibacter turnerae T7901 (Gammaproteobacteria)

Saccharophagus degradans 2−40 (Gammaproteobacteria)

Simiduia agarivorans SA1 = DSM 21679 (Gammaproteobacteria)

Cellvibrio japonicus Ueda107 (Gammaproteobacteria)gamma proteobacterium BDW918 (Gammaproteobacteria)

gamma proteobacterium HIMB55 (Gammaproteobacteria)

gamma proteobacterium NOR51−B (Gammaproteobacteria)

marine gamma proteobacterium HTCC2148 (Gammaproteobacteria)

Congregibacter litoralis KT71 (Gammaproteobacteria)

Hahella chejuensis KCTC 2396 (Gammaproteobacteria)

Marinobacter hydrocarbonoclasticus (Gammaproteobacteria)

Marinobacter sp. BSs20148 (Gammaproteobacteria)

Marinomonas sp. MWYL1 (Gammaproteobacteria)

Marinomonas mediterranea MMB−1 (Gammaproteobacteria)

Marinomonas sp. MED121 (Gammaproteobacteria)

Reinekea blandensis MED297 (Gammaproteobacteria)

Marinobacterium stanieri S30 (Gammaproteobacteria)

Alcanivorax borkumensis SK2 (Gammaproteobacteria)

Alcanivorax dieselolei B5 (Gammaproteobacteria)

Alcanivorax sp. W11−5 (Gammaproteobacteria)

gamma proteobacterium HIMB30 (Gammaproteobacteria)

Halomonas stevensii (Gammaproteobacteria)

Halomonas boliviensis LC1 (Gammaproteobacteria)

Halomonas elongata DSM 2581 (Gammaproteobacteria)

Chromohalobacter salexigens DSM 3043 (Gammaproteobacteria)

Acinetobacter baumannii AB307−0294 (Gammaproteobacteria)
Acinetobacter sp. ADP1 (Gammaproteobacteria)

Acinetobacter calcoaceticus PHEA−2 (Gammaproteobacteria)
Acinetobacter lwoffii NCTC 5866 (Gammaproteobacteria)
Acinetobacter sp. ATCC 27244 (Gammaproteobacteria)Acinetobacter junii SH205 (Gammaproteobacteria)

Acinetobacter ursingii DSM 16037 = CIP 107286 (Gammaproteobacteria)

Acinetobacter bereziniae LMG 1003 (Gammaproteobacteria)

Acinetobacter radioresistens SH164 (Gammaproteobacteria)

Moraxella catarrhalis RH4 (Gammaproteobacteria)

Moraxella macacae 0408225 (Gammaproteobacteria)

Enhydrobacter aerosaccus SK60 (Gammaproteobacteria)
Psychrobacter sp. PRwf−1 (Gammaproteobacteria)
Psychrobacter sp. 273−4 (Gammaproteobacteria)

Vibrio cholerae O395 (Gammaproteobacteria)Vibrio breoganii ZF−55 (Gammaproteobacteria)Vibrio splendidus LGP32 (Gammaproteobacteria)Aliivibrio salmonicida LFI1238 (Gammaproteobacteria)Vibrio rumoiensis 1S−45 (Gammaproteobacteria)Vibrio genomosp. F10 str. 9ZB36 (Gammaproteobacteria)Vibrio vulnificus MO6−24/O (Gammaproteobacteria)Vibrio metschnikovii CIP 69.14 (Gammaproteobacteria)Vibrio furnissii NCTC 11218 (Gammaproteobacteria)Vibrio coralliilyticus ATCC BAA−450 (Gammaproteobacteria)
Vibrio harveyi ATCC BAA−1116 (Gammaproteobacteria)

Photobacterium sp. AK15 (Gammaproteobacteria)Photobacterium profundum SS9 (Gammaproteobacteria)

Photobacterium damselae subsp. damselae CIP 102761 (Gammaproteobacteria)
Grimontia hollisae CIP 101886 (Gammaproteobacteria)

Pseudoalteromonas haloplanktis TAC125 (Gammaproteobacteria)
Pseudoalteromonas tunicata D2 (Gammaproteobacteria)

Psychromonas ingrahami ingrahamii 37 (Gammaproteobacteria)
Moritella dasanensis ArB 0140 (Gammaproteobacteria)

Aeromonas hydrophila subsp. hydrophila ATCC 7966 (Gammaproteobacteria)

Tolumonas auensis DSM 9187 (Gammaproteobacteria)

Oceanimonas sp. GK1 (Gammaproteobacteria)

Ferrimonas balearica DSM 9799 (Gammaproteobacteria)

Shewanella pealeana ATCC 700345 (Gammaproteobacteria)

Shewanella violacea DSS12 (Gammaproteobacteria)

Shewanella sediminis HAW−EB3 (Gammaproteobacteria)

Shewanella amazonensis SB2B (Gammaproteobacteria)

Shewanella putrefaciens CN−32 (Gammaproteobacteria)

Shewanella sp. MR−4 (Gammaproteobacteria)

Shewanella frigidimarina NCIMB 400 (Gammaproteobacteria)

Pseudoalteromonas atlantica T6c (Gammaproteobacteria)

Glaciecola punicea DSM 14233 = ACAM 611 (Gammaproteobacteria)
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Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150 (Gammaproteobacteria)
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Figure 1-6. Distribution of ETC type on a 16S phylogeny. All ETC types were adequately described by the 

Brownian model of evolution. While there was a phylogenetic signal in ETC type, ETC type was not 

strongly conserved. 
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Thermus thermophilus HB27 (Deinococci)

Thermus sp. CCB_US3_UF1 (Deinococci)

Thermus scotoductus SA−01 (Deinococci)

Thermus oshimai JL−2 (Deinococci)

Oceanithermus profundus DSM 14977 (Deinococci)

Marinithermus hydrothermalis DSM 14884 (Deinococci)

Meiothermus silvanus DSM 9946 (Deinococci)

Meiothermus ruber DSM 1279 (Deinococci)

Truepera radiovictrix DSM 17093 (Deinococci)

Deinococcus peraridilitoris DSM 19664 (Deinococci)

Deinococcus maricopensis DSM 21211 (Deinococci)

Deinococcus proteolyticus MRP (Deinococci)

Deinococcus geothermalis DSM 11300 (Deinococci)

Deinococcus radiodurans R1 (Deinococci)

Deinococcus deserti VCD115 (Deinococci)

Hydrogenobaculum sp. 3684 (Aquificae)

Hydrogenobacter thermophilus TK−6 (Aquificae)

Thermocrinis albus DSM 14484 (Aquificae)

Aquifex aeolicus VF5 (Aquificae)

Persephonella marina EX−H1 (Aquificae)

Sulfurihydrogenibium sp. YO3AOP1 (Aquificae)

Thermovibrio ammonificans HB−1 (Aquificae)

Desulfurobacterium thermolithotrophum DSM 11699 (Aquificae)

Caldisericum exile AZM16c01 (Caldisericia)

Anaerobaculum mobile DSM 13181 (Synergistia)

Thermanaerovibrio acidaminovorans DSM 6589 (Synergistia)

Thermanaerovibrio velox DSM 12556 (Synergistia)

Aminomonas paucivorans DSM 12260 (Synergistia)

Synergistes sp. 3_1_syn1 (Synergistia)

Thermovirga lienii DSM 17291 (Synergistia)

Aminobacterium colombiense DSM 12261 (Synergistia)

Dethiosulfovibrio peptidovorans DSM 11002 (Synergistia)

Jonquetella anthropi DSM 22815 (Synergistia)

Thermotoga naphthophila RKU−10 (Thermotogae)

Thermotoga lettingae TMO (Thermotogae)

Fervidobacterium nodosum Rt17−B1 (Thermotogae)

Fervidobacterium pennivorans DSM 9078 (Thermotogae)

Thermosipho africanus TCF52B (Thermotogae)

Thermosipho melanesiensis BI429 (Thermotogae)

Thermotogales bacterium mesG1.Ag.4.2 (Thermotogae)

Kosmotoga olearia TBF 19.5.1 (Thermotogae)

Marinitoga piezophila KA3 (Thermotogae)

Petrotoga mobilis SJ95 (Thermotogae)

Coprothermobacter proteolyticus DSM 5265 (Clostridia)

Thermoanaerobacterium thermosaccharolyticum DSM 571 (Clostridia)

Mahella australiensis 50−1 BON (Clostridia)

Symbiobacterium thermophilum IAM 14863 (Clostridia)

Dethiobacter alkaliphilus AHT 1 (Clostridia)

Natranaerobius thermophilus JW/NM−WN−LF (Clostridia)

Sulfobacillus acidophilus TPY (Clostridia)

Sulfobacillus thermosulfidooxidans str. Cutipay (Clostridia)

Bacillus tusciae DSM 2912 (Bacilli)

Alicyclobacillus hesperidum URH17−3−68 (Bacilli)

Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc−4−1 (Bacilli)

Carboxydothermus hydrogenoformans Z−2901 (Clostridia)

Thermacetogenium phaeum DSM 12270 (Clostridia)

Moorella thermoacetica ATCC 39073 (Clostridia)

Desulfotomaculum kuznetsovii DSM 6115 (Clostridia)

Pelotomaculum thermopropionicum SI (Clostridia)

Thermaerobacter marianensis DSM 12885 (Clostridia)

Tepidanaerobacter acetatoxydans Re1 (Clostridia)

Thermosediminibacter oceani DSM 16646 (Clostridia)

Desulforudis audaxviator MP104C (Clostridia)

Ammonifex degensii KC4 (Clostridia)

Thermoanaerobacter tengcongensis MB4 (Clostridia)

Thermoanaerobacter italicus Ab9 (Clostridia)

Thermoanaerobacter siderophilus SR4 (Clostridia)

Thermoanaerobacter pseudethanolicus ATCC 33223 (Clostridia)

Dictyoglomus thermophilum H−6−12 (Dictyoglomia)

Caldicellulosiruptor saccharolyticus DSM 8903 (Clostridia)

Caldicellulosiruptor obsidiansis OB47 (Clostridia)

Dehalococcoides sp. CBDB1 (Dehalococcoidia)

Dehalogenimonas lykanthroporepellens BL−DC−9 (Dehalococcoidia)

Anaerolinea thermophila UNI−1 (Anaerolineae)

Ktedonobacter racemifer DSM 44963 (Ktedonobacteria)

Thermobaculum terrenum ATCC BAA−798 (Thermobaculum)

Thermomicrobium roseum DSM 5159 (
Thermomicrobia)
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Bacteroides sp. 2_1_22 (Bacteroidetes)

Bacteroides caccae ATCC 43185 (Bacteroidetes)

Bacteroides sp. D2 (Bacteroidetes)

Bacteroides thetaiotaomicron VPI−5482 (Bacteroidetes)

Bacteroides nordii CL02T12C05 (Bacteroidetes)

Bacteroides fragilis 638R (Bacteroidetes)

Bacteroides cellulosilyticus DSM 14838 (Bacteroidetes)

Bacteroides intestinalis DSM 17393 (Bacteroidetes)

Bacteroides eggerthii DSM 20697 (Bacteroidetes)

Bacteroides stercoris ATCC 43183 (Bacteroidetes)

Bacteroides fluxus YIT 12057 (Bacteroidetes)

Bacteroides sp. D20 (Bacteroidetes)

Bacteroides helcogenes P 36−108 (Bacteroidetes)

Bacteroides coprophilus DSM 18228 (Bacteroidetes)

Bacteroides salanitronis DSM 18170 (Bacteroidetes)

Bacteroides coprocola DSM 17136 (Bacteroidetes)

Bacteroides vulgatus ATCC 8482 (Bacteroidetes)

Prevotella sp. oral taxon 302 str. F0323 (Bacteroidetes)

Prevotella ruminicola 23 (Bacteroidetes)

Prevotella bryantii B14 (Bacteroidetes)

Prevotella sp. oral taxon 317 str. F0108 (Bacteroidetes)

Prevotella marshii DSM 16973 (Bacteroidetes)

Prevotella oralis ATCC 33269 (Bacteroidetes)

Prevotella timonensis CRIS 5C−B1 (Bacteroidetes)

Prevotella sp. oral taxon 299 str. F0039 (Bacteroidetes)

Prevotella micans F0438 (Bacteroidetes)

Prevotella nigrescens ATCC 33563 (Bacteroidetes)

Prevotella intermedia 17 (Bacteroidetes)

Prevotella pallens ATCC 700821 (Bacteroidetes)

Prevotella disiens FB035−09AN (Bacteroidetes)

Prevotella bivia DSM 20514 (Bacteroidetes)

Prevotella melaninogenica ATCC 25845 (Bacteroidetes)

Prevotella oulorum F0390 (Bacteroidetes)

Prevotella oris F0302 (Bacteroidetes)

Prevotella maculosa OT 289 (Bacteroidetes)

Prevotella dentalis DSM 3688 (Bacteroidetes)

Prevotella bergensis DSM 17361 (Bacteroidetes)

Prevotella multisaccharivorax DSM 17128 (Bacteroidetes)

Prevotella buccae D17 (Bacteroidetes)

Prevotella denticola F0289 (Bacteroidetes)

Bacteroides coprosuis DSM 18011 (Bacteroidetes)

Dysgonomonas mossii DSM 22836 (Bacteroidetes)

Dysgonomonas gadei ATCC BAA−286 (Bacteroidetes)

Paludibacter propionicigenes WB4 (Bacteroidetes)

Bacteroidetes oral taxon 274 str. F0058 (Bacteroidetes)

Porphyromonas gingivalis W83 (Bacteroidetes)

Propionibacterium sp. oral taxon 191 str. F0233 (Actinobacteria)

Porphyromonas asaccharolytica DSM 20707 (Bacteroidetes)

Tannerella forsythia ATCC 43037 (Bacteroidetes)

Parabacteroides goldsteinii CL02T12C30 (Bacteroidetes)

Parabacteroides merdae CL03T12C32 (Bacteroidetes)

Parabacteroides distasonis ATCC 8503 (Bacteroidetes)

Azobacteroides pseudotrichonymphae genomovar. CFP2 (Bacteroidetes)

Tannerella sp. 6_1_58FAA_CT1 (Bacteroidetes)

Barnesiella intestinihominis YIT 11860 (Bacteroidetes)

Odoribacter laneus YIT 12061 (Bacteroidetes)

Odoribacter splanchnicus DSM 20712 (Bacteroidetes)

Marinilabilia salmonicolor JCM 21150 (Bacteroidetes)

Anaerophaga thermohalophila DSM 12881 (Bacteroidetes)

Alistipes putredinis DSM 17216 (Bacteroidetes)

Alistipes sp. JC136 (Bacteroidetes)

Alistipes finegoldii DSM 17242 (Bacteroidetes)

Owenweeksia hongkongensis DSM 17368 (Bacteroidetes)

Fluviicola taffensis DSM 16823 (Bacteroidetes)

Riemerella anatipestifer RA−GD (Bacteroidetes)

Bergeyella zoohelcum ATCC 43767 (Bacteroidetes)

Flavobacteriaceae bacterium 3519−10 (Bacteroidetes)

Chryseobacterium gleum ATCC 35910 (Bacteroidetes)

Elizabethkingia anophelis Ag1 (Bacteroidetes)

Weeksella virosa DSM 16922 (Bacteroidetes)

Ornithobacterium rhinotracheale DSM 15997 (Bacteroidetes)

Blattabacterium sp. (Periplaneta americana) str. BPLAN (Bacteroidetes)

Blattabacterium sp. (Cryptocercus punctulatus) str. Cpu (Bacteroidetes)

Blattabacterium sp. (Mastotermes darwiniensis) str. MADAR (Bacteroidetes)

Blattabacterium sp. (Blattella germanica) str. Bge (Bacteroidetes)

Myroides odoratimimus CCUG 10230 (Bacteroidetes)

Myroides odoratus DSM 2801 (Bacteroidetes)

Flavobacterium psychrophilum JIP02/86 (Bacteroidetes)

Flavobacterium branchiophilum FL−15 (Bacteroidetes)

Flavobacterium sp. CF136 (Bacteroidetes)

Flavobacterium johnsonia johnsoniae UW101 (Bacteroidetes)

Flavobacterium frigoris PS1 (Bacteroidetes)

Flavobacteria bacterium BAL38 (Bacteroidetes)

Flavobacterium indicum GPTSA100−9 (Bacteroidetes)

Flavobacterium columnare ATCC 49512 (Bacteroidetes)

Capnocytophaga ochracea DSM 7271 (Bacteroidetes)

Capnocytophaga sputigena ATCC 33612 (Bacteroidetes)

Paraprevotella clara YIT 11840 (Bacteroidetes)

Capnocytophaga canimorsus Cc5 (Bacteroidetes)

Capnocytophaga sp. oral taxon 338 str. F0234 (Bacteroidetes)

Capnocytophaga gingivalis ATCC 33624 (Bacteroidetes)

Imtechella halotolerans K1 (Bacteroidetes)

Joostella marina DSM 19592 (Bacteroidetes)

Polaribacter irgensii 23−P (Bacteroidetes)

Kordia algicida OT−1 (Bacteroidetes)

Flavobacteria bacterium MS024−2A (Bacteroidetes)

Nonlabens dokdonensis DSW−6 (Bacteroidetes)

Cellulophaga lytica DSM 7489 (Bacteroidetes)

Krokinobacter sp. 4H−3−7−5 (Bacteroidetes)

Aquimarina agarilytica ZC1 (Bacteroidetes)

Psychroflexus torquis ATCC 700755 (Bacteroidetes)

Zunongwangia profunda SM−A87 (Bacteroidetes)

Gramella forsetii KT0803 (Bacteroidetes)

Gillisia sp. CBA3202 (Bacteroidetes)

Lacinutrix sp. 5H−3−7−4 (Bacteroidetes)

Flavobacteriales bacterium ALC−1 (Bacteroidetes)

Bizionia argentinensis JUB59 (Bacteroidetes)

unidentified eubacterium SCB49 (Bacteroidetes)

Aequorivita sublithincola DSM 14238 (Bacteroidetes)

Leeuwenhoekiella blandensis MED217 (Bacteroidetes)

Croceibacter atlanticus HTCC2559 (Bacteroidetes)

Robiginitalea biformata HTCC2501 (Bacteroidetes)

Cellulophaga algicola DSM 14237 (Bacteroidetes)

Muricauda ruestringensis DSM 13258 (Bacteroidetes)

Mesoflavibacter zeaxanthinifaciens S86 (Bacteroidetes)

Zobellia galactanivorans (Bacteroidetes)

Flavobacteriales bacterium HTCC2170 (Bacteroidetes)

Solitalea canadensis DSM 3403 (Bacteroidetes)

Pedobacter saltans DSM 12145 (Bacteroidetes)

Pedobacter arcticus A12 (Bacteroidetes)

Sphingobacterium spiritivorum ATCC 33300 (Bacteroidetes)

Sphingobacterium sp. 21 (Bacteroidetes)

Pedobacter heparinus DSM 2366 (Bacteroidetes)

Chitinophaga pinensis DSM 2588 (Bacteroidetes)

Niabella soli DSM 19437 (Bacteroidetes)

Niastella koreensis GR20−10 (Bacteroidetes)

Cytophaga hutchinsonii ATCC 33406 (Bacteroidetes)

Microscilla marina ATCC 23134 (Bacteroidetes)
Spirosoma linguale DSM 74 (Bacteroidetes)

Fibrisoma limi (Bacteroidetes)

Fibrella aestuarina (Bacteroidetes)

Dyadobacter fermentans DSM 18053 (Bacteroidetes)

Leadbetterella byssophila DSM 17132 (Bacteroidetes)

Emticicia oligotrophica DSM 17448 (Bacteroidetes)

Flexibacter litoralis DSM 6794 (Bacteroidetes)Amoebophilus asiaticus 5a2 (Bacteroidetes)

Marivirga tractuosa DSM 4126 (Bacteroidetes)

Fulvivirga imtechensis AK7 (Bacteroidetes)

Cyclobacterium marinum DSM 745 (Bacteroidetes)

Algoriphagus sp. PR1 (Bacteroidetes)

Belliella baltica DSM 15883 (Bacteroidetes)

Nitritalea halalkaliphila LW7 (Bacteroidetes)

Cecembia lonarensis LW9 (Bacteroidetes)

Indibacter alkaliphilus LW1 (Bacteroidetes)

Mariniradius saccharolyticus AK6 (Bacteroidetes)

Salinibacter ruber (Bacteroidetes)

Rhodothermus marinus DSM 4252 (Bacteroidetes)

Melioribacter roseus P3M (Ignavibacteriae)

Ignavibacterium album JCM 16511 (Ignavibacteriae)

Chloroherpeton thalassium ATCC 35110 (Chlorobi)

Chlorobium phaeobacteroides BS1 (Chlorobi)

Prosthecochloris aestuarii DSM 271 (Chlorobi)

Chlorobium tepidum TLS (Chlorobi)

Chlorobium chlorochromatii CaD3 (Chlorobi)

Pelodictyon phaeoclathratiforme BU−1 (Chlorobi)

Chlorobium phaeobacteroides DSM 266 (Chlorobi)

Prosthecochloris vibrioformis DSM 265 (Chlorobi)

Caldithrix abyssi DSM 13497 (Caldithrix)
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Haloferax mediterranei ATCC 33500 (Halobacteria)

Haloquadratum walsbyi DSM 16790 (Halobacteria)

Halogeometricum borinquense DSM 11551 (Halobacteria)

Halobacterium sp. NRC−1 (Halobacteria)
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Thermus thermophilus HB27 (Deinococci)

Thermus sp. CCB_US3_UF1 (Deinococci)

Thermus scotoductus SA−01 (Deinococci)

Thermus oshimai JL−2 (Deinococci)

Oceanithermus profundus DSM 14977 (Deinococci)

Marinithermus hydrothermalis DSM 14884 (Deinococci)

Meiothermus silvanus DSM 9946 (Deinococci)

Meiothermus ruber DSM 1279 (Deinococci)

Truepera radiovictrix DSM 17093 (Deinococci)

Deinococcus peraridilitoris DSM 19664 (Deinococci)

Deinococcus maricopensis DSM 21211 (Deinococci)

Deinococcus proteolyticus MRP (Deinococci)

Deinococcus geothermalis DSM 11300 (Deinococci)

Deinococcus radiodurans R1 (Deinococci)

Deinococcus deserti VCD115 (Deinococci)

Hydrogenobaculum sp. 3684 (Aquificae)

Hydrogenobacter thermophilus TK−6 (Aquificae)

Thermocrinis albus DSM 14484 (Aquificae)

Aquifex aeolicus VF5 (Aquificae)

Persephonella marina EX−H1 (Aquificae)

Sulfurihydrogenibium sp. YO3AOP1 (Aquificae)

Thermovibrio ammonificans HB−1 (Aquificae)

Desulfurobacterium thermolithotrophum DSM 11699 (Aquificae)

Caldisericum exile AZM16c01 (Caldisericia)

Anaerobaculum mobile DSM 13181 (Synergistia)

Thermanaerovibrio acidaminovorans DSM 6589 (Synergistia)

Thermanaerovibrio velox DSM 12556 (Synergistia)

Aminomonas paucivorans DSM 12260 (Synergistia)

Synergistes sp. 3_1_syn1 (Synergistia)

Thermovirga lienii DSM 17291 (Synergistia)

Aminobacterium colombiense DSM 12261 (Synergistia)

Dethiosulfovibrio peptidovorans DSM 11002 (Synergistia)

Jonquetella anthropi DSM 22815 (Synergistia)

Thermotoga naphthophila RKU−10 (Thermotogae)

Thermotoga lettingae TMO (Thermotogae)

Fervidobacterium nodosum Rt17−B1 (Thermotogae)

Fervidobacterium pennivorans DSM 9078 (Thermotogae)

Thermosipho africanus TCF52B (Thermotogae)

Thermosipho melanesiensis BI429 (Thermotogae)

Thermotogales bacterium mesG1.Ag.4.2 (Thermotogae)

Kosmotoga olearia TBF 19.5.1 (Thermotogae)

Marinitoga piezophila KA3 (Thermotogae)

Petrotoga mobilis SJ95 (Thermotogae)

Coprothermobacter proteolyticus DSM 5265 (Clostridia)

Thermoanaerobacterium thermosaccharolyticum DSM 571 (Clostridia)

Mahella australiensis 50−1 BON (Clostridia)

Symbiobacterium thermophilum IAM 14863 (Clostridia)

Dethiobacter alkaliphilus AHT 1 (Clostridia)

Natranaerobius thermophilus JW/NM−WN−LF (Clostridia)

Sulfobacillus acidophilus TPY (Clostridia)

Sulfobacillus thermosulfidooxidans str. Cutipay (Clostridia)

Bacillus tusciae DSM 2912 (Bacilli)

Alicyclobacillus hesperidum URH17−3−68 (Bacilli)

Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc−4−1 (Bacilli)

Carboxydothermus hydrogenoformans Z−2901 (Clostridia)

Thermacetogenium phaeum DSM 12270 (Clostridia)

Moorella thermoacetica ATCC 39073 (Clostridia)

Desulfotomaculum kuznetsovii DSM 6115 (Clostridia)

Pelotomaculum thermopropionicum SI (Clostridia)

Thermaerobacter marianensis DSM 12885 (Clostridia)

Tepidanaerobacter acetatoxydans Re1 (Clostridia)

Thermosediminibacter oceani DSM 16646 (Clostridia)
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Ammonifex degensii KC4 (Clostridia)

Thermoanaerobacter tengcongensis MB4 (Clostridia)

Thermoanaerobacter italicus Ab9 (Clostridia)

Thermoanaerobacter siderophilus SR4 (Clostridia)

Thermoanaerobacter pseudethanolicus ATCC 33223 (Clostridia)

Dictyoglomus thermophilum H−6−12 (Dictyoglomia)

Caldicellulosiruptor saccharolyticus DSM 8903 (Clostridia)

Caldicellulosiruptor obsidiansis OB47 (Clostridia)

Dehalococcoides sp. CBDB1 (Dehalococcoidia)

Dehalogenimonas lykanthroporepellens BL−DC−9 (Dehalococcoidia)

Anaerolinea thermophila UNI−1 (Anaerolineae)

Ktedonobacter racemifer DSM 44963 (Ktedonobacteria)

Thermobaculum terrenum ATCC BAA−798 (Thermobaculum)

Thermomicrobium roseum DSM 5159 (Thermomicrobia)
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Bacteroides sp. 2_1_22 (Bacteroidetes)

Bacteroides caccae ATCC 43185 (Bacteroidetes)

Bacteroides sp. D2 (Bacteroidetes)

Bacteroides thetaiotaomicron VPI−5482 (Bacteroidetes)

Bacteroides nordii CL02T12C05 (Bacteroidetes)

Bacteroides fragilis 638R (Bacteroidetes)

Bacteroides cellulosilyticus DSM 14838 (Bacteroidetes)

Bacteroides intestinalis DSM 17393 (Bacteroidetes)

Bacteroides eggerthii DSM 20697 (Bacteroidetes)

Bacteroides stercoris ATCC 43183 (Bacteroidetes)

Bacteroides fluxus YIT 12057 (Bacteroidetes)

Bacteroides sp. D20 (Bacteroidetes)

Bacteroides helcogenes P 36−108 (Bacteroidetes)

Bacteroides coprophilus DSM 18228 (Bacteroidetes)

Bacteroides salanitronis DSM 18170 (Bacteroidetes)

Bacteroides coprocola DSM 17136 (Bacteroidetes)

Bacteroides vulgatus ATCC 8482 (Bacteroidetes)

Prevotella sp. oral taxon 302 str. F0323 (Bacteroidetes)

Prevotella ruminicola 23 (Bacteroidetes)

Prevotella bryantii B14 (Bacteroidetes)

Prevotella sp. oral taxon 317 str. F0108 (Bacteroidetes)

Prevotella marshii DSM 16973 (Bacteroidetes)

Prevotella oralis ATCC 33269 (Bacteroidetes)

Prevotella timonensis CRIS 5C−B1 (Bacteroidetes)

Prevotella sp. oral taxon 299 str. F0039 (Bacteroidetes)

Prevotella micans F0438 (Bacteroidetes)

Prevotella nigrescens ATCC 33563 (Bacteroidetes)

Prevotella intermedia 17 (Bacteroidetes)

Prevotella pallens ATCC 700821 (Bacteroidetes)

Prevotella disiens FB035−09AN (Bacteroidetes)

Prevotella bivia DSM 20514 (Bacteroidetes)

Prevotella melaninogenica ATCC 25845 (Bacteroidetes)

Prevotella oulorum F0390 (Bacteroidetes)

Prevotella oris F0302 (Bacteroidetes)

Prevotella maculosa OT 289 (Bacteroidetes)

Prevotella dentalis DSM 3688 (Bacteroidetes)

Prevotella bergensis DSM 17361 (Bacteroidetes)

Prevotella multisaccharivorax DSM 17128 (Bacteroidetes)

Prevotella buccae D17 (Bacteroidetes)

Prevotella denticola F0289 (Bacteroidetes)

Bacteroides coprosuis DSM 18011 (Bacteroidetes)

Dysgonomonas mossii DSM 22836 (Bacteroidetes)

Dysgonomonas gadei ATCC BAA−286 (Bacteroidetes)

Paludibacter propionicigenes WB4 (Bacteroidetes)

Bacteroidetes oral taxon 274 str. F0058 (Bacteroidetes)

Porphyromonas gingivalis W83 (Bacteroidetes)

Propionibacterium sp. oral taxon 191 str. F0233 (Actinobacteria)

Porphyromonas asaccharolytica DSM 20707 (Bacteroidetes)

Tannerella forsythia ATCC 43037 (Bacteroidetes)

Parabacteroides goldsteinii CL02T12C30 (Bacteroidetes)

Parabacteroides merdae CL03T12C32 (Bacteroidetes)

Parabacteroides distasonis ATCC 8503 (Bacteroidetes)

Azobacteroides pseudotrichonymphae genomovar. CFP2 (Bacteroidetes)

Tannerella sp. 6_1_58FAA_CT1 (Bacteroidetes)

Barnesiella intestinihominis YIT 11860 (Bacteroidetes)

Odoribacter laneus YIT 12061 (Bacteroidetes)

Odoribacter splanchnicus DSM 20712 (Bacteroidetes)

Marinilabilia salmonicolor JCM 21150 (Bacteroidetes)

Anaerophaga thermohalophila DSM 12881 (Bacteroidetes)

Alistipes putredinis DSM 17216 (Bacteroidetes)

Alistipes sp. JC136 (Bacteroidetes)

Alistipes finegoldii DSM 17242 (Bacteroidetes)

Owenweeksia hongkongensis DSM 17368 (Bacteroidetes)

Fluviicola taffensis DSM 16823 (Bacteroidetes)

Riemerella anatipestifer RA−GD (Bacteroidetes)

Bergeyella zoohelcum ATCC 43767 (Bacteroidetes)

Flavobacteriaceae bacterium 3519−10 (Bacteroidetes)

Chryseobacterium gleum ATCC 35910 (Bacteroidetes)

Elizabethkingia anophelis Ag1 (Bacteroidetes)

Weeksella virosa DSM 16922 (Bacteroidetes)

Ornithobacterium rhinotracheale DSM 15997 (Bacteroidetes)

Blattabacterium sp. (Periplaneta americana) str. BPLAN (Bacteroidetes)

Blattabacterium sp. (Cryptocercus punctulatus) str. Cpu (Bacteroidetes)

Blattabacterium sp. (Mastotermes darwiniensis) str. MADAR (Bacteroidetes)

Blattabacterium sp. (Blattella germanica) str. Bge (Bacteroidetes)

Myroides odoratimimus CCUG 10230 (Bacteroidetes)

Myroides odoratus DSM 2801 (Bacteroidetes)

Flavobacterium psychrophilum JIP02/86 (Bacteroidetes)

Flavobacterium branchiophilum FL−15 (Bacteroidetes)

Flavobacterium sp. CF136 (Bacteroidetes)

Flavobacterium johnsonia johnsoniae UW101 (Bacteroidetes)

Flavobacterium frigoris PS1 (Bacteroidetes)

Flavobacteria bacterium BAL38 (Bacteroidetes)

Flavobacterium indicum GPTSA100−9 (Bacteroidetes)

Flavobacterium columnare ATCC 49512 (Bacteroidetes)

Capnocytophaga ochracea DSM 7271 (Bacteroidetes)

Capnocytophaga sputigena ATCC 33612 (Bacteroidetes)

Paraprevotella clara YIT 11840 (Bacteroidetes)

Capnocytophaga canimorsus Cc5 (Bacteroidetes)

Capnocytophaga sp. oral taxon 338 str. F0234 (Bacteroidetes)

Capnocytophaga gingivalis ATCC 33624 (Bacteroidetes)
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Solibacter usitatus Ellin6076 (Acidobacteria)

uncultured Termite group 1 bacterium phylotype Rs−D17 (environmental samples)

Elusimicrobium minutum Pei191 (Elusimicrobia)

Nitrospira defluvii (Nitrospira)

Thermodesulfovibrio yellowstonii DSM 11347 (Nitrospira)
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Figure 1-7. Nonmetric multidimensional scaling ordinations showing variation in the distribution of MC 

types. MC types representing individual phyla are colored in blue. A) Tenericutes (n=149), B) Spirochaetes 

(n=202), C) Gammaproteobacteria (n=2450), and D) Firmicutes (n=2312). The Tenericutes have a low 

degree of variation with only 7 MC types while the similarly represented Spirochaetes have 17 MC types. 

Phyla with higher representation of genomes in our sample dataset, such as the Gammaproteobacteria and 

the Firmicutes, also have substantially more MC types. 
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Table 2-1. Relationship of resource quantity and chemistry on changes in the abundance of highly variable 

and highly abundant taxa. All significant relationships presented as: p-value; R2 (direction of response). 

Taxa are classified as abundant (>5,000 copies of the 16S pooled across all plots; n=7), variable (SD of 

copy number across all plots >200, n=4), or both (n=7). 

 

 

 

OTU type OTU ID # Sequences Litter Root biomass Belowground C:N Plot-level N 
both 10749 15643 n.s. n.s. n.s. n.s. 

abu 8337 9287 n.s. 
0.09; 0.2043 
(-) n.s. 

0.04; 0.2876 
(-) 

abu 17558 8280 n.s. n.s. 0.007; 0.4376 (+) n.s. 

both 11863 7847 
0.002; 
0.5499 (+) n.s. n.s. n.s. 

both 798 7535 n.s. n.s. n.s. n.s. 

abu 5481 7175 n.s. 
0.08; 0.2167 
(+) 0.006; 0.4523 (+) n.s. 

abu 14126 6761 n.s. n.s. n.s. n.s. 

both 3757 6246 
0.06; 
0.2445 (+) n.s. n.s. n.s. 

both 36770 6024 n.s. n.s. n.s. n.s. 
both 6965 5977 n.s. n.s. n.s. n.s. 

abu 20403 5912 n.s. 
0.07; 0.2284 
(-) n.s. n.s. 

abu 28570 5757 n.s. n.s. 0.04573; 0.2729 (-) n.s. 
abu 13375 5607 n.s. n.s. n.s. n.s. 

abu 18724 5597 
0.081; 
0.2165 (+) n.s. n.s. n.s. 

abu 3550 5294 n.s. n.s. n.s. n.s. 
both 8507 5050 n.s. n.s. n.s. n.s. 
var 2897 3078 n.s. n.s. 0.09; 0.2036 (-) n.s. 
var 9204 2725 n.s. n.s. 0.02; 0.3453 (+) n.s. 
var 13817 1886 n.s. n.s. 0.08; 0.2170 (-) n.s. 
var 32374 1292 n.s. n.s. n.s. n.s. 
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Figure 2-1. Rarefaction curves for A) OTU98 richness and B) Shannon’s diversity. OTU98 richness has 

started to reach an asymptote, while Shannon’s diversity is stably at an asymptote by 35,000 sequences. 
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Figure 2-2. The four resources that best captured variation in resource landscape among plant species were 

chosen out of the 35 resources examined via nonmetric multidimensional scaling ordinations. Two quantity 

variables (aboveground litter and root biomass) and two chemistry variables (plot-level N availability and 

belowground C:N ratio) were chosen.  
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Figure 2-3. Effects of belowground resource quantity and chemistry on OTU98 community composition. 

Considered independently, belowground C:N of plants explained 52% of the variation in community 

composition while root biomass explained 45%. Neither aboveground litter nor plot-level N was 

significantly related to changes in community composition of OTU98. 
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Figure 2-4. Effects of resource availability on soi bacterial community composition at the A) family and B) 

phyla level. While effects were weaker at the family level, belowground C:N was still related to differences 

in community composition. At the phyla level, however, community composition was not significantly 

related to the availability of any resource examined. 
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Figure 2-5. Effects of resource availability on community composition of the 16 most abundant taxa. 

Belowground C:N of plants explained 51% of the variation in community composition of the most 

abundant taxa. Neither root biomass, aboveground litter, nor plot-level N was significantly related to 

community composition of these taxa. However, a subset of individual taxa were related to each of these 

measures of resources.  
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Figure 2-6. Relationship between ecosystem process rates and OTU98 community composition. OTU98 

community composition was correlated with growing season CO2 efflux rates as well as rates of net 

nitrification and net N mineralization (p=0.07).  
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Table 3-1. Detailed specification of individual pathway presence and absence for each abundant MC type 

(A-L). N is the number of isolates representative of that MC type. 

 

  A B C D E F G H I J K L 

Gluconeogenesis 1 1 1 1 0 1 1 1 1 1 1 1 

Glycolysis 0 1 1 1 0 0 0 0 0 0 1 1 

Pentose Phosphate 1 1 1 1 1 1 1 1 1 1 0 1 

Entner-Duodoroff 1 0 1 1 0 1 1 1 1 1 0 0 

Lactate 1 1 0 1 1 1 1 1 1 1 1 1 

Formate 0 0 0 0 0 0 0 0 0 0 0 0 

Ethanol 1 0 0 0 0 0 0 1 0 1 0 0 

Acetate 1 1 0 0 0 0 1 0 1 1 1 0 

Acetone 0 0 0 0 0 0 0 0 1 1 0 0 

Butyrate 0 0 0 0 0 0 0 0 0 0 0 0 

Butanol 0 0 0 0 0 0 0 0 0 0 0 0 

2,3 butanediol 0 0 0 0 0 0 0 0 0 0 0 0 

                          

n 9 7 7 10 1 1 1 1 1 2 1 2 

 



 48 

Table 3-2. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by ES type. Letters in parenthesis denote significant differences. 

 

  Generalist Intermediate Specialist p-value 
Monosaccharides 0.0156 (a) 0.0118 (a) 0.00652 (b) <0.0001 
Sugar alcohols 0.0179 (a) 0.0119 (b) 0.00535 (c) <0.0001 
Other sugars 0.0157 (a) 0.00766 (b) 0.00600 (b) <0.001 
Amino acids 0.0119 (a) 0.00939 (a) 0.00540 (b) <0.0001 
Acyclic carboxylic 
acids 0.0144 (a) 0.0101 (a) 0.00416 (b) <0.0001 
Other carboxylic 
acids 0.0124 (a) 0.0102 (a) 0.00555 (b) <0.01 
Other C compounds 0.01282 (a) 0.00685 (b) 0.00594 (b) <0.01 
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Table 3-3. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by MC type. Letters in parenthesis denote significant differences. 

 

  A B C D p-value 
Monosaccharides 0.0131 (a) 0.00115 (a) 0.00610 (b) 0.00470 (b) <0.0001 
Sugar alcohols 0.0120 (a) 0.0134 (a) 0.00574 (b) 0.00319 (b) <0.0001 
Other sugars 0.00790 (ab) 0.0131 (a) 0.00485 (b) 0.00517 (b) <0.001 
Amino acids 0.0103 (a) 0.00914 (a) 0.00463 (b) 0.00446 (b) <0.0001 
Acyclic carboxylic 
acids 0.0118 (a) 0.00584 (b) 0.00309 (b) 0.00325 (b) <0.0001 
Other carboxylic 
acids 0.0125 (a) 

0.00765 
(ab) 0.00387 (b) 0.00507 (b) <0.01 

Other C 
compounds 0.00882 (ab) 0.0130 (a) 0.00379 (c) 0.00556 (bc) <0.001 
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Table 3-4. Maximum observed growth rate (MGR, change in log(OD600)/hour), average positive growth 

rate (APGR, change in log(OD600)/hour), and metabolic flexibility for isolates containing (+) or lacking (-) 

individual metabolic pathways. 

 

Pathway MGR p-value APGR p-value Metabolic Flexibility p-value 
Glycolysis (+) 0.015 0.0038 0.0069 <0.001 30.9 <0.0001 
Glycolysis (-) 0.0286   0.0113   46.5   
Ethanol (+) 0.0287 0.034 0.0116 <0.01 46.2 <0.001 
Ethanol (-) 0.0167   0.00737   33   
Entner-Doudoroff (+) 0.0194 n.s. 0.00782 p=0.066 37.6 n.s. 
Entner-Doudoroff (-) 0.022   0.0107   34   
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Table 3-5. Average positive growth rate (APGRCC, change in log(OD600)/hour) on individual substrate 

classes by PC type. Letters in parenthesis denote significant differences. 

 

  Burkholderiaceae Micrococcaceae Xanthomonadaceae p-value 
Monosaccharides 0.0133 (a) 0.0124 (a) 0.00526 (b) <0.0001 
Sugar alcohols 0.0125 (a) 0.0165 (a) 0.00447 (b) <0.0001 
Other sugars 0.00649 (a) 0.0152 (b) 0.00530 (a) <0.0001 
Amino acids 0.0105 (a) 0.00975 (a) 0.00451 (b) <0.0001 
Acyclic carboxylic 
acids 0.0114 (a) 0.00707 (b) 0.00352 (c) <0.0001 
Other carboxylic 
acids 0.0123 (a) 0.00839 (ab) 0.00447 (b) <0.0001 
Other C 
compounds 0.00685 (a) 0.0141 (b) 0.00526 (a) <0.0001 

!
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Figure 3-1. Correlation between metabolic flexibility and both A) the maximum observed growth rate and 

B) average positive growth rates. Growth rates measured as change in log(OD600)/hour. 
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 Figure 3-2. Differences among metabolic chassis types in A) maximum observed growth rate (MGR, 

change in log(OD600)/hour), B) average positive growth rate (APGR, change in log(OD600)/hour), C) 

metabolic flexibility, and D) genome size. Labels on the bottoms of bars represent the presence or absence 

of glycolysis, ethanol fermentation, and ED, respectively. Labels at tops of bars indicate significant 

differences. MC types A and B grew more quickly than either C or D. These patterns in growth rate 

differences held across substrate classes; although there were some substrates for which no patterns were 

observed, there were no substrates where the pattern was reversed. 
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Figure 3-3. Differences among isolates containing A) glycolysis, B) ethanol fermentation, and C) ED in 

average positive growth rate (APGR, change in log(OD600)/hour). Isolates containing a complete ethanol 

fermentation pathway grew more quickly, while those containing glycolysis, and to a lesser extent ED, 

grow more slowly.  
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Figure 3-4. Differences among isolates from different families (B=Burkholderiaceae, M=Micrococcaceae, 

and X=Xanthomonadaceae) in A) maximum observed growth rate (MGR), B) average positive growth rate 

(APGR), C) metabolic flexibility, and D) genome size. In general, isolates in the Burkholderiacaeae grew 

faster than those in the Xanthomonadaceae. These patterns in growth rates held across substrate classes; 

although there are some substrates for which no patterns were observed, there were no substrates where the 

pattern was reversed. 
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