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ABSTRACT 

Escherichia coli is commensal bacteria and is a symbiont of the digestive system of 

vertebrates. Due to frequent deposition of E. coli into extrahost habitats (soil, water), 

approximately half of its population exists as free living organisms. It is unclear what genome-

wide variation stands behind adaptation for extrahost habitat. This thesis applies a genome-wide 

association study approach to find genetic variation in core and accessory parts of genome of E. 

coli that is associated with 1) forest or agricultural field soil habitats and 2) with survival phenotype 

in soil microcosm. Gene composition analysis suggests that pan-genome of environmental E. coli 

is unlimited. Core and accessory genome contained variation associated with survival phenotype 

and with forest or field habitat. 
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CHAPTER 1. LITERATURE REVIEW 

Microbial species and flexibility of microbial genomes 

Historically the definition of microbial species and microbial systematics was based on 

cultural characteristics of organisms (Puntoni 1952; Sharma et al. 2015). Early approaches largely 

underestimated microbial diversity because they mostly covered only cultivable bacteria (Staley 

and Konopka 1985). Precise delineation of the new microbial species according to the current 

edition of International Code of Nomenclature of Bacteria should be performed using several types 

of markers: Amplified Fragment Length Polymorphisms, Random Amplified Polymorphic DNA, 

Repetitive Element Palindromic PCR, Pulsed-field Gel Electrophoresis of gene clusters 

(ribotyping of rRNA operons), typing of individual genes (Amplified rDNA Restriction Analysis 

of 16S rDNA) and intergenic 16S–23S rDNA spacer regions, DNA-DNA-hybridization, 

Multilocus Sequence Typing, as well as several physical methods: infrared spectroscopy and 

several types of spectrometry (Stackebrandt et al. 2002). Complete documentation of microbial 

species relies on the isolation of putative species into laboratory culture (Yarza et al. 2014). 

Species concept itself is a subject of debates. At present, there are more than 22 species 

concepts (Mayden 1997; Naomi 2011) that take into account different aspects of organisms’ 

biology to define species. Current concept of bacterial species relies on three postulates: members 

of species are monophyletic group, and they exhibit genotypic and phenotypic coherencies 

(Rossello-Mora and Amann 2015). Sometimes, microbes are classified into species based on 

average nucleotide identity. If average nucleotide identity between strains is more than or equal to 

95%, they are considered the same species (Konstantinidis et al. 2006). Cutoff of 95% can be 

flexible for different microbial groups. 
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Biological species concept, which is widely used for Eukaryotes, relies on biparental sexual 

reproduction mode (Mayden 1997). Sexual recombination in microbes occurs only very rarely, but 

gene conversion and horizontal gene transfer (HGT) are much more frequent and occurs through 

conjugation, cell fusion, transduction, and transformation (Soucy et al. 2015). The above processes 

lead to breakdown of linkage disequilibrium that would arise in clonal populations (Bobay et al. 

2015). 

Microbial genome is an open system which experiences constant loss and acquisition of 

genes (Puigbo et al. 2014). The plasticity of microbial genomes is ensured by ability to feed with 

DNA and by mobile genetic elements: transposons, bacteriophages, plasmid exchange (Darmon 

and Leach 2014). HGT occurs more frequently within species and between closely related 

subgroups of microbes within the same species. HGT is limited by several factors: 1) 

bacteriophages often have restricted host range due to specialization in adherence, invasion and 

replication genes (Chibani-Chennoufi et al. 2004); 2) plasmids preservation is limited due to 

plasmids incompatibility (Velappan et al. 2007); 3) CRISPR/Cas system can provide immunity to 

foreign DNA infection (Garneau et al. 2010); 4) other restriction systems enable the utilization of 

foreign DNA which frequently acts as a nutrient source rather than as a donor of new genetic 

information (Finkel and Kolter 2001). For these reasons, it has been proposed that recombination 

rate and gene content may be used in some cases as markers of microbial species or subspecies 

groups (Konstantinidis et al. 2006). 

Due to high plasticity of gene content each strain of bacterial species contains genes that 

aren’t present in any other strain of the same species. Pan-genome is a set of all unique genes that 

can be ever encountered in genomes of taxonomic group of organisms (Medini et al. 2005; Tettelin 

et al. 2005). In general, size of genome and number of genes are taxon-specific traits. However, 
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on average up to 50% of genes in a microbial genome may be absent in every genome of the same 

species (Tettelin et al. 2008). These genes are called accessory genes. Genes that are present in 

every genome of a taxonomic group of an organism compose the core genome. The core genome 

primarily consists of housekeeping genes involved in replication of DNA, transcription and 

translation machinery, cell envelope maintenance, energy metabolism, regulatory functions, and 

transport and binding proteins (Medini et al. 2005; Vernikos et al. 2015). Approximately, one-

third of the shared (core) genes encode hypothetical or unknown function proteins. The core genes 

together with all other accessory genes that are ever encountered in species compose the pan-

genome (Tettelin et al. 2008). 

Microbial population is a group of coexisting individuals which have arisen from a single 

or small set of common ancestors. Individuals from the same population are highly clustered on 

the genotypic and phenotypic levels, meaning that the variance between populations is much 

greater than the variance within populations (Polz et al. 2006). Due to the large size, temporal 

instability of the environment and competition for resources one population of the same microbial 

species can diverge into several ecotypes that occupy different ecological niches. An ecotype is a 

group of individuals which were selected to occupy a similar ecological niche within the 

community or ecosystem (Cordero and Polz 2014a). Ecotypes and populations of one species can 

have somewhat isolated pan-genomes (Boon et al. 2014; Reno et al. 2009). For example, in 

Sulfolobus islandicus spatial isolation of populations led to local adaptation and divergence into 

ecotypes with somewhat isolated pan-genomes among caldera basins (Reno et al. 2009). 

Microevolution in bacteria. Evolutionary models 

Several models have been developed to describe how bacterial ecotypes evolve and 

speciation occurs depending on the contribution for adaptation of variation in core and accessory 
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parts of the genome. According to stable ecotype model individuals with adaptive mutations in the 

either core or accessory genome in the population of the ecotype outcompete all other less adapted 

specimens of the same ecotype. Consequences of such events are periodic purging of ecotypes’ 

genetic diversity, while diversity in other ecotypes remains intact (Cohan 2001). This model 

assumes that recombination is not high enough to unlink adaptive and neutral loci in the genome. 

Consequently, the rest of the genome “hitchhikes” with adaptive variant. This model was inspired 

by experimental evolution studies. Due to high rates of recombination and HGT it possible that 

this model limitedly explains evolution of microorganisms in nature (Shapiro and Polz 2015). 

Recursive niche invasion model postulates that adaptive trait of ecotype can be acquired 

by HGT and lost rapidly. Ecotype specialization is reversible on short scale and depends only on 

presence/absence of genes which allow occupation of an ecological niche (Godreuil et al. 2005).  

Nano-niche model suggests that subgroups of same ecotype become incompletely diverged 

in response to conditions of complex habitat (Cohan 2005). Selection and spatial isolation can 

either lead to complete ecotype divergence or extinction of subgroups of ecotype. Adaptation is 

achieved by different genetic variants located in either core or accessory genome. The core and 

accessory genome interact less with each other than in stable ecotype model because of fine 

grained changes in fitness. 

Considering that 1) different microorganisms have different rate of HGT and 2) genes that 

are responsible for phenotypic traits can belong to the core genome and/or to the accessory 

genome, evolution of respective ecotypes (associated with given phenotypic trait) can resemble 

different evolutionary models (Shapiro and Polz 2015). 
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Population genetics of E. coli 

Escherichia coli is widely known Gram-negative, non-sporulating facultative anaerobe 

microorganism which in natural habitat is symbiont of the digestive system of vertebrates (Gordon 

and Cowling 2003). E. coli has a complex life cycle which includes frequent deposition into 

secondary habitats, including surface soils and water (Blount 2015; Winfield and Groisman 2003). 

Total wild population size is about 1020 cells (Whitman et al. 1998), approximately half of which 

at any moment of time persists outside host organisms (Savageau 1983). Type of interactions 

between host organism and E. coli can vary across the entire spectrum of host-ectosymbiont 

interactions from mutualism to commensalism and to parasitism (Croxen et al. 2013). 

Divergence of the E. coli from the closest relative Salmonella occurred approximately 120-

160 Myr ago (Ochman and Wilson 1987). Currently, E. coli is subdivided into seven clades (sensu 

stricto E. coli) that are called phylotypes A, B1, B2, C, D, E, and F, and four Escherichia cryptic 

clades I-IV. Phylogroups are most commonly distinguished based on sequence types in genes 

arpA, chuA, yjaA and TspE4.C2 (Clermont et al. 2000; Clermont et al. 2013), but some of these 

groups are only distinguished with approximately 79-95% accuracy using this method. Average 

genome of sensu stricto E. coli is composed of 4,721 genes; core and pan-genome are composed 

of approx. 2,000 and 18,000 genes, respectively (Hendrickson 2009; Tenaillon et al. 2010; 

Touchon et al. 2009). Population of E. coli is viewed as a set of clonal lines with frequent 

recombination/”hybridization” events among some lineages (Wirth et al. 2006). Recombination is 

more common in B1, B2 and D phylotypes, and hybrid lineages exist, including, AxB1 and 

AxBxD. Further studies showed that phylotypes A and B1, B2, and E possibly are at early stages 

of speciation because level of recombination within these phylotypes is higher than between each 

other (Didelot et al. 2012).  
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Microbial community assembly. Life cycle of E. coli 

When E. coli, or any microorganism, enters new habitat it becomes affected by forces that 

assemble microbial communities, including abiotic and biotic selective factors (Sikorski 2015). 

Action of community assembly forces on the microorganism are likely to cause selective sweeps 

of initial genetic variation of invader and acquisition of new variation. It is important for this reason 

to understand what process and what factors from microbial community side are prerequisites for 

the ecotype divergence of invading microorganism (Sikorski 2015). 

A microbial community is a group of microorganisms that co-occur in space in time. 

Communities are assembled with four community assembly forces: selection, ecological drift, 

dispersal/admixture and speciation (Martiny et al. 2006; Vellend 2010). Community assembly 

forces are somewhat different from evolutionary forces (mutations/HGT, selection, drift, 

dispersal) because they act on the group of species rather than on the population of single species. 

Soil microbial community is selected by physical factors of soil: content of inorganic and 

organic substances, pH, temperature, moisture (Lozupone and Knight 2007). Biotic factors such 

as type of vegetation also have effect on structure and assemblage of the microbial community. 

Previous studies showed that structure of soil microbial community responds to deforestation 

(Crowther et al. 2014). Magnitude of response depended on the soil texture: the microbial 

community of sandy soil experienced stronger shifts than communities from types of soil with 

finer texture. Structure of microbial community also varies depending on proximity from plant 

roots (Mendes et al. 2013). Effect of physical properties of soil (e. g. pH, temperature, C:N ratio) 

can have greater effect on the structure of the microbial community than biotic factors such as type 

of land cover or land usage (Kuramae et al. 2012). 
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Structure of the microbial community is determined by dispersal processes that are based 

on the ability/chance of microorganism to migrate to other communities and invade them (Mallon 

et al. 2015). Size and content of microbial community is also shaped by stochastic process – drift. 

For example, in the study Stegen et al (2013) up to 25% of microbial community composition 

shifts were attributed to stochastic processes (Stegen et al. 2013). 

The factors that shape the microbial community structure (selection, drift, dispersion, 

speciation) act in any combination together (Nemergut et al. 2013). The effect of this forces can 

result in different preservation patterns of population of any given microbial species. Prolonged 

co-occurrence of several species of microorganisms together with prolonged influence of drift, 

selection and dispersal process can lead to the ecotype divergence and/or speciation (Sikorski 

2015).  

E. coli is presented in the ecosystem as an ectosymbiont (predominantly as a commensal 

or mutualist) of vertebrate animals and as a free-living microorganisms of soil and water. Large 

portion of E. coli population in extrahost environment is composed of naturalized previously 

symbiotic specimens adapted to persist and proliferate outside animal host (de los Angeles Dublan 

et al. 2014; Texier et al. 2008; Walk et al. 2009a). Characterization of population of E. coli isolated 

from same sampling site (Dairy Alpine Grassland Soils) by sequence of uidA gene (encodes the β-

D-glucuronidase protein) showed that naturalized and fecal isolates compose two distinct clades 

(subpopulations) (Texier et al. 2008). Significant part of E. coli population consists of recently 

deposited individuals that can survive in extrahost environment only for a short time from 1-2 days 

up to several months (Berthe et al. 2013) before encountering new host, evolutionary and/or 

demographic and/or genetic rescue or extirpation otherwise. Evolutionary rescue happens when 

acquired genetic variants (via de novo mutations or HGT) facilitate appearance of adaptive 
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phenotype which in turn allows a population to recover from decline initiated by environmental 

conditions (Gonzalez et al. 2013). Demographic and/or genetic rescues occur due to constant 

supplying of environmental population of E. coli with newly deposited specimens into the 

extrahost habitat (Carlson et al. 2014). If rescue occurs for commensal strain of E. coli it becomes 

a part of naturalized subpopulation.  

Ecological niche of E. coli. 

There is a significant niche divergence between phylogroups of E. coli (Table 1). For 

example, phylotypes are unequally distributed across different hosts. E. coli of phylotype A is 

dominant in human (40.5%). B2, B1 and D are less frequent in human: 25.5%, 17%, and 17% 

respectively. In other animals, abundance ratios of phylotypes are quite different with B1 at 41%, 

A at 21%, B2 at 21%, and D at 16% (Tenaillon et al. 2010). In extrahost environments, phylotypes 

B1 and D are more prevalent than any other (Bergholz et al. 2011; Orsi et al. 2007; Ratajczak et 

al. 2010), whereas phylotype A is found rarely in soil habitats but more frequently in water. E. coli 

is frequently found to proliferate and/or persist on plants (Brandl 2006). It was shown that 

phylotypes B1 and D had strong association with plants, A and E also showed association with 

plants but to lesser extent (Meric et al. 2013). Recent study showed that there is temporal variation 

of the phylotype prevalence: phylotype A is more prevalent in low temperature part of season and 

B in high temperature part of season (Jang et al. 2014). 
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Table 1. Association of E. coli with different host and habitats. 

Phylotype Water, % Soil, % Human, % 
Other animals, 

% 
Plants 

A 30.6 3.4 40.5 21 Low association 

B1 38.8 39.0 17 41 High 

B2 4.1 20.0 25.5 21 Low 

D 26.5 37.6 17 16 High 

References 
Orsi et al., 

2007 

Bergholz et 

al., 2011 
Tenaillon et al., 2010 Meric et al., 2013 

 

One of key questions in microbial ecology is what genome-wide variation stands behind 

the different ecological properties (e. g. association with host, survival in the extrahost habitat, 

etc.) of ecotypes of bacteria. Various researches address this question by studying what variation 

in the core and accessory parts of E. coli genome display association with host and extrahost 

habitats. It was suggested that genes from the core genome that display variation associated with 

different persistence phenotypes in extrahost environment tend to belong to stress response and 

metabolic flux functional groups (van Elsas et al. 2011a). In E. coli importance of variation was 

repeatedly showed for rpoS core gene, the general stress response sigma factor, for extrahost 

persistence in E. coli (Rozen and Belkin 2001). Poor persistors among E. coli O157:H7 in soil 

(<160 days) tended to carry SNPs, insertion, and deletions in rpoS gene compared to long term 

survivors (>200 days) (van Hoek et al. 2013). However, several other studies have questioned 

presence of disruptive variation in rpoS in environmental isolates. It was suggested that variation 

in this gene is rather reflection of “source-sink” dynamics during laboratory cultivation of 

environmental isolates of E. coli (Ihssen et al. 2007; Snyder et al. 2012). 

The accessory genome appears to be important for structuring of microbial population 

across spatial and temporal dimensions of the ecological niche. Study on Vibrio showed that, 
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among accessory genes, prophage genes, hypothetical, and/or unstructured proteins were 

associated with temporal and spatial structuring of population (Dutilh et al. 2014b). Recent study 

on E. coli of phylotype B1 by using PCR-based fingerprinting of accessory genes to find accessory 

variants associated with fecal and environmental strains of E. coli showed that toxin-antitoxin 

system accessory genes were more abundant among fecal strains, whereas genes involved in iron 

acquisition, complement resistance/surface exclusion, and biofilm formation were more abundant 

among environmental strains (Tymensen et al. 2015).  

Yet, many studies on microbes aiming to address the question how variation in the core 

and accessory genome is associated with phenotype and ecological properties of microbial species 

use only limited quantity of genomic variation obtained, for example, by gene typing (Read and 

Massey 2014). Alternative approach is to use genome-wide association studies on whole-genome 

sequences of bacteria. Genome-wide association studies (GWAS) are applied to understand the 

maintenance and spread of variation for extrahost survival, habitat association, virulence, host 

preference and antibiotic resistance (Chen and Shapiro 2015; Salipante et al. 2015; Sheppard et al. 

2013). Main advantage of GWAS is that it allows to account for most of the variation available in 

the genome (Korte and Farlow 2013) compared to multi-gene typing methods. Genotype – 

phenotype associations are discovered with comparison of means (ANOVA, Mann–Whitney U, 

Kruskal–Wallis tests etc); correlational analysis (Pearson’s chi-squared test, Kendall tau rank 

correlation coefficient and Spearman’s rho correlation) and machine learning (random forest and 

support vector machines) (Dutilh et al. 2013; Ziegler et al. 2008). Machine learning approaches 

are becoming increasingly popular for GWAS (Szymczak et al. 2009). Main advantage of the 

machine learning approach is that it utilizes multiple variables at once and allows prediction of 

phenotype based on combination of variables which on their own don’t have predictive power 
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(Lunetta et al. 2004). Meanwhile, main disadvantage of the machine learning approaches is the 

absence of explicit importance measures for interactions between genetic variants (Dutilh et al. 

2013). 
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CHAPTER 2. VARIATION IN CORE AND ACCESSORY PARTS OF GENOME OF 

ESCHERICHIA COLI ASSOCIATED WITH DIFFERENT EXTRAHOST HABITATS: 

SOIL FROM FOREST AND AGRICULTURAL FIELD 

Introduction 

Escherichia coli is facultative anaerobe microorganism and is a symbiont of the digestive 

system of vertebrates (Gordon and Cowling 2003). E. coli is frequently deposited into secondary 

habitats, including surface soils and water (Blount 2015; Winfield and Groisman 2003). 

Approximately half of E. coli population persists outside host organisms (Savageau 1983). E. coli 

is subdivided into 7 clades (sensu stricto E. coli) that are called phylotypes A, B1, B2, C, D, E, 

and F, and four Escherichia cryptic clades I-IV (Clermont et al. 2000; Clermont et al. 2013). 

Population of E. coli is viewed as a set of clonal lines with frequent recombination/”hybridization” 

events among some lineages (Wirth et al. 2006). An average genome of sensu stricto E. coli is 

composed of 4,700 genes; the core and pan-genome are composed of approximately 2,000 and 

18,000 genes, respectively (Hendrickson 2009; Tenaillon et al. 2010; Touchon et al. 2009). 

Horizontal gene transfer (HGT) plays an essential role in evolution of E. coli genome. Previous 

studies showed that the pan-genome of commensal and pathogenic strains of E. coli is potentially 

unlimited (Didelot et al. 2012; Touchon et al. 2009). 

Preservation of any microorganism, including E. coli, in the extrahost habitat is mediated 

by action of abiotic and biotic factors of the habitat (van Elsas et al. 2011a). In soil, variation of 

the abiotic factors (content of inorganic and organic substances, pH, temperature, moisture, and 

spatial structure/texture of habitat) together with variation of the biotic factors (species 

composition and land cover) create different habitat complexity (Kovalenko et al. 2012). Land 

cover and land usage affects structure of soil microbial community. For example, soil microbial 
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community responds to deforestation (Crowther et al. 2014) and varies depending on proximity 

from plant roots (Mendes et al. 2013). Other study showed that physical properties of soil (e. g. 

pH, temperature, C:N ratio) can have greater effect on structure of microbial community than biotic 

factors such as type of land cover or land usage (Kuramae et al. 2012). Soils from agricultural field 

and forests have different land cover, organic and inorganic matter content, soil biota, etc. (Paul 

2014). In other words, soil from forest and from agricultural field has different habitat complexity. 

Genotype of any given species affects capacity to invade and/or persist in soil community 

(Mallon et al. 2015). It was repeatedly shown that genetic background affects capability of E. coli 

to survive in the extrahost habitat (van Elsas et al. 2011a). It is also possible that genetic variations 

in core and accessory genome contributes differently to adaptation to specific habitat complexity. 

If this is true then soil population of E. coli may diverge into several ecotypes which are more 

associated with habitats of forest soil or agricultural field soil. 

Three major models were developed to explain how divergence into ecotypes and 

speciation occurs in bacteria assuming different contribution of the core and accessory genome 

variation. According to stable ecotype model, individuals with adaptive mutations in either core 

or accessory genome in population of the ecotype outcompete all other less adapted specimens of 

the same ecotype. (Cohan 2001). Recursive niche invasion model postulates that adaptive trait of 

ecotype can be acquired by HGT and lost rapidly. Ecotype specialization is reversible in the short 

term (Godreuil et al. 2005). Nano-niche model suggests that subgroups of the same ecotype 

become incompletely diverged in response to conditions of complex habitat (Cohan 2005). 

Selection and spatial isolation can either lead to complete ecotype divergence or extinction of 

subgroups of ecotype. Adaptation is achieved by different genetic variants located in either core 

or accessory genome.  
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When microbial populations are subdivided by different environmental selection pressures, 

genome-wide association studies and population genomic analyses can be used to understand the 

generation, maintenance and spread of habitat specific adaptations (Cordero and Polz 2014b; 

Dutilh et al. 2014a; Shapiro et al. 2012).  

Major aims of this study are: 

1) Evaluate shared and unique genes content and determine SNPs/indels variation in isolates 

of E. coli from soil of phylotypes D and B1.  

2) Estimate size of core and pan-genome in phylotypes D and B1. 

3) Perform genome wide association study between genome variation with soil habitat 

complexity (forest soil and agricultural field soil) of phylotypes D and B1. 

4) Estimate the relative association of core and accessory genome variation with soil from 

different habitats (forest or agricultural field). 

Materials and Methods 

Origin of E. coli strains 

E. coli strains were isolated from alluvial silty or sandy loam soil that originates from New 

York State agricultural field (phylotype D: 85 strains; phylotype B1: 43) and forest (phylotype D: 

46 strains; phylotype B1: 13) landscapes near Hoosick River and Flint Creek (Table 2, 3).  
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Table 2. Coordinates of soil sampling sites near Hoosick River (New York State). 

Name Latitude Longitude 

Field 13A 42.91773 -73.6431 

Field 19A 42.907819 -73.6502 

Field 19B 42.906329 -73.6506 

Field 11 42.895178 -73.634 

Forest F11 42.894139 -73.6342 

Forest F12 42.894141 -73.6356 

Field 10 42.89386 -73.6312 

Field 12 42.891779 -73.6334 

Forest F14 42.921235 -73.5232 

Field 14 42.920248 -73.52 

Field 15 42.91884 -73.5128 

Forest F15 42.919203 -73.5117 

Forest F16 42.950931 -73.3876 

Field 16 42.950421 -73.3885 

Field 17 42.948771 -73.3871 

Forest F17 42.94793 -73.3843 

Forest F18 42.946315 -73.3777 

Field 18 42.944937 -73.3777 

Field 13B 42.91925 -73.6419 

Forest F13 42.918729 -73.6454 
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Table 3. Coordinates of soil sampling sites near Flint Creek (New York State). 

Name Latitude Longitude 

Field 1 42.82364 -77.1214 

Field 2 42.83044 -77.1362 

Field 3 42.81921 -77.0969 

Field 4 42.83847 -77.0672 

Field 5 42.8419 -77.1049 

Field 6 42.85383 -77.1119 

Field 7 42.91033 -77.105 

Field 8 42.93536 -77.0968 

Field 9 42.93824 -77.0968 

Forest F1 42.82588 -77.1244 

Forest F2 42.83154 -77.1368 

Forest F4 42.83941 -77.0661 

Forest F5 42.8445 -77.1057 

Forest F6 42.85452 -77.109 

Forest F7 42.91007 -77.1078 

Forest F8 42.93472 -77.0984 

Forest F9 42.93922 -77.0982 

 

Soil sampling and isolation of E. coli was performed by research team in Food Safety 

Laboratory at Cornell University: Laura Strawn, Steven Warchoki, Gina Ryan, Courtenay 

Simmons and Jihun Kang. 

DNA extraction 

Total genomic DNA of E. coli strains was extracted from overnight (14-16 hours, 215 rpm, 

37ºC) cultures grown on LB media (5g/l NaCl, 5 g/l yeast extract, 10g/l peptone). Bacterial 

suspension cultures were harvested by centrifugation 15,000 rpm (16,600 g) for 10 min (Allegra 

X-30R Centrifuge; rotor model: BECKMAN F2402H, rotor serial number E2527, diameter of 

rotor: 132 mm). Total genomic DNA from pelleted bacteria was extracted by phenol/chloroform 

method. Cell suspensions of bacteria in TE were incubated with 1) 25 µl of 40 mg/ml of lysozyme 

(at 37 ºC for 2 hours); 2) 6 µl of 20 mg/ml RNAase A to lysate (37 ºC for 10 min); 3) 15 µl 20 



17 

 

mg/ml Proteinase K (at 37 ºC for 1 hour). Obtained lysate of bacterial cultures were mixed with 

100 µl of 4 M NaCl and 60 µl 1 M NaCl with 10% CTAB and further incubated 65ºC for 10 min. 

Cleaning of DNA was performed by series of centrifugations with Tris-saturated phenol (pH 7.9) 

and chlorophorm:isoamyl alcohol (24:1). DNA was precipitated with Na-acetate and isopropanol. 

Obtained pellet of DNA was washed in 70% ethanol and dried at room temperature DNA and then 

was dissolved in 50 µl distillated H2O (Sambrook at al. 1989). 

To verify quality and purity of extracted DNA I used spectrophotometer (NanoDrop, 

Thermo Fisher Scientific, Wilmington, DE). DNA samples were considered of high quality if they 

contained at least 20ng/µl of DNA, and absorption ratios at 260/230 were in range of 1.8-2.2 and 

280/260 were in range of 1.6-1.8. Quantity of double-stranded DNA was measured using 

fluorimeter (Synergy H1 Hybrid Reader , BioTek, Instruments, Inc, Winooski, VT) with Quanti-

iT™ PicoGreen® dsDNA Reagent and Kits (Invitrogen, Carlsbad, CA) according to protocol 

provided by manufacturer. 

DNA-library preparation and sequencing 

Concentration of input double strand DNA was adjusted to 0.2ng/µl. Paired-end sequence 

libraries were generated using a Nextera® XT Sequence Library preparation kit (Illumina, San 

Diego, CA) and with oligonucleotide barcodes delineating each strain according to best practices 

protocol. Fragment size of DNA library was assessed using electrophoresis unit (Agilent 2100 

Bioanalyzer, Agilent Technologies, Inc, Santa Clara, CA) according to Illumina recommendations. 

Sequence reads of 100bp length were obtained using an Illumina HiSeq 2500 at Axeq 

Technologies sequencing facility (World Meridian Venture Center, Seoul, Republic of Korea). 
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Sequences analysis 

I performed quality control of the paired-end reads using FastQC v.0.11.2 (Andrews S. 

2010). Per base sequence quality (measured in Phred score) did not drop less than 20 across all 

reads data. 5’-end of all reads data had significant bias in base content because of presence of 

adapters. More than 20% of sequences were duplicated in 82% of files, indicating a high level of 

coverage. Contamination of reads with Nextera transposase sequences was observed in 26% of 

raw sequence files. Trimmomatic v.0.32 (Bolger et al. 2014) was used to remove Nextera 

transposase sequence and remnants of adapters at the beginning of reads (the first 13 nucleotides 

were removed from all reads). Adaptive trimming was also applied that favored longer trimmed 

reads (MAXINFO parameter was set at 0.3). All reads of length less than 70 bases after trimming 

were discarded. Quality control after adaptive trimming verified that percentage of raw sequence 

files that contained >20% duplication levels was reduced from 82% to 54%, adapter sequences 

were completely removed, per base sequence content became less biased at the 5’-end of reads 

across all sequence files (all reads across all sequence files had less than 20% difference between 

A and T, or G and C bases). 

I applied Genome Analysis ToolKit v3.3 (McKenna et al. 2010) for SNPs and indels 

discovery and hard-filtering procedure taking into account the developers’ recommendations 

(DePristo et al. 2011). Reads for these analysis were mapped using Stampy.py v.1.0.21 (Lunter 

and Goodson 2011) and bwa-mem v.0.6.2 (Li and Durbin 2009) on reference E. coli genomes of 

strains UMN026 and IAI1 for phylotypes D and B, respectively. Genomic variants were also 

determined by variant calling procedures using cortex_var v.1.0.5.21 (Iqbal et al. 2012). 

Annotation of SNPs and indels was performed using snpEff v.4.1 (Cingolani et al. 2012). Only 
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variants with representation in all sequenced genomes and called by both GATK and cortex_var 

softwares were retained for downstream analysis. 

For gene content analysis, de novo assemblies of reads were performed with Velvet v.1.1 

(Zerbino and Birney 2008) with automatic expected coverage and coverage cutoff determination 

with k-mers length at 37 (which is near the optimal k-mer length for Velvet assembler (Haridas et 

al. 2011)). Summary of de novo assembly statistics is presented in Fig. 1. Average depth of 

coverage varied from 16 up to 91 times. N50 –value varied from 64974 up to 436366 bases.  

 

Figure 1. De novo assembly statistics of 187 genomes of E. coli. Y-axis represents quantity of 

genomes which had any given value in x-axis. X-axis: A – Depth of coverage; B – N50-value; C 

– Number of contigs in assembly; D – Size of the largest contig in assemblies; E – Size of the 

assemblies; F – Number of reads used for assemblies. 

 

Contigs were ordered against reference genomes using Mauve 2.3.1 (Darling et al. 2004). 

I submitted assemblies to Rapid Annotation using Subsystems Technology (RAST) service (Aziz 

et al. 2008) to annotate genomic genes, phage genes and mobile elements.  
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Gene content variation among strains was analyzed by GET_HOMOLOGUES software 

(Contreras-Moreira and Vinuesa 2013). To identify all orthologous genes within D and B1 

phylotypes I used OrthoMCL algorithm (Li et al. 2003). Two genes were considered orthologous 

(or in other words shared between pair of compared isolates of E. coli) if they exhibited ≥80% 

amino acid sequence identity and ≥75% overlap of the query sequence length in reciprocal BLAST 

searches between genomes. 

Size of the core genome was estimated based on two approaches suggested by Tettelin at 

al 2005 (Tettelin et al. 2005) and Willenbrock et al 2007 (Willenbrock et al. 2007) using 

GET_HOMOLOGUES software. Size and content of the pan-genome was estimated according to 

Tettelin at al 2005. The core and pan-genomes curves were built by ten random input orders of 56 

genomes of phylotype B1 and 131 of phylotype D. 

Identity matrices were calculated based on the average protein identity between any given 

pair of genomes. Dendrograms and heatmaps were generated in R 3.2.3 (R Core Team 2015) using 

packages: dendextend (Galili 2015); ape (Paradis et al. 2004); gplots (Gregory R. Warnes et al., 

2015). 

To identify and annotate prophages in E. coli genome I submitted contigs ordered and 

concatenated into pseudo-chromosomes to PHAST (Phage Search Tool) service (Zhou et al. 2011). 

Genome wide discovery of variants associated with habitat 

To find variants in the core and accessory portions of the genome associated with habitat 

(field or forest), I used a machine learning algorithm – random forest (Breiman 2001). Random 

forest (RF) is an ensemble of regression or classification trees, each built using a bootstrap subset 

of the original data. The accuracy of each tree is measured using the remaining test data. In this 

analysis, the response variable is habitat, and the predictors are SNPs, indels, and accessory genes 
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(Dutilh et al. 2013; Dutilh et al. 2014b). Mean decrease of accuracy (MDA) was selected as 

measure of importance of the variants for prediction of strains’ origin. Number of variables 

randomly sampled as candidates at each split was set to mtry=100; number of trees to grow was 

set at ntree=10,000; ntree=100,000; ntree=200,000 (Boulesteix et al. 2012; Dutilh et al. 2014b). 

Analysis was performed using randomForest package (Liaw and Wiener 2002) in R 3.2.3 (R Core 

Team 2015). Matrices containing strain names, type of habitat and binary information about 

presence or absence of SNPs, indels and accessory genes variants were used as an input for RF. 

The core and accessory genetic variants with minor allele frequency ≤ 10 % were removed from 

the analysis. In other words, all variants found in less than in 15 genomes in phylotype D and less 

than in 6 genomes in phylotype B1 and more than in 116 genomes in phylotype D and more than 

51 in phylotype B1 of strains were removed from GWAS. These variants are unlikely to be 

associated with the habitat because they either are rare variants compared to sample size of strains 

from specific habitat or they represent difference between studied environmental strains and the 

reference strain. 

Results and discussion 

Gene content 

I performed estimation of the core and pan-genome size using GET_HOMOLOGUES 

software (Table 4, Fig. 2 and 3). In phylotype D the size of core genome was 2,003 genes and size 

of pan-genome was 18,430 genes. Sizes of core and pan-genome in phylotype B1 were 2,761 and 

13,374 of genes, respectively (Table 4). Fitted equations (2.1-2.6) were used to extrapolate the 

core (2.1-2.4) and pan-genome (2.5-2.6) size at up to 300 genome sample size (Fig. 4 and 5).  

Quantities of genes in the core and pan-genome of phylotype D and B1 (ND or NB1) were 

expressed as a functions of number of analyzed genomes(g). Fitted equations for the core genome 
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curves of phylotype D (2.1 – according to Tettelin et al. 2005 model and 2.2 – according to 

Willenbrock et al. 2008 model):  

ND = 2001 + 1854exp⁡(
−𝑔

42.3
)                                                (2.1) 

𝑁D= 1090 + 6743exp⁡(
−√√𝑔

4.38
)                                               (2.2) 

Fitted equations for the core genome curves of phylotype B1 (2.3 – according to Tettelin 

et al. 2005 model and 2.4 – according to Willenbrock et al. 2008 model):  

NB1= 2733 + 1383exp⁡(
−𝑔

20.96
)                                             (2.3) 

𝑁B1= 80 + 5401exp⁡(
−√√𝑔

3.99
)                                                 (2.4) 

Fitted equations for the pan-genome curve of phylotype D and B1, respectively: 

ND= 5013 + 16.8(𝑔 − 1) + 178exp⁡(
−2

19.26
)
1−exp⁡(

−(𝑔−1)

19.26
)

1−exp⁡(
−1

19.26
)

                     (2.5) 

NB1= 4620 + 30.4(𝑔 − 1) + 192exp⁡(
−2

12.47
)
1−exp⁡(

−(𝑔−1)

12.47
)

1−exp⁡(
−1

12.47
)

                    (2.6) 

Table 4. Summary of gene content variation. 

Phylotype 
Size of pan 

genome 

Size of core 

genome 

Number of 

accessory genes 

per genome 

Quantity of 

variants used for 

GWAS 

Average 

genome 

D 18,430 2,003 2,658.4 2,097 4,661 

B1 13,374 2,761 1,804.6 1,420 4,565 

 

Fitted equations predict that at 300 genomes the core and pan-genome of phylotype B1 are 

larger than phylotype D at 1.36 and 1.2 times, respectively (Fig. 4, 5). This observation seems to 

be counterintuitive considering that in phylotype D size of the average genome, size of the pan-

genome (at 56 genome, Fig. 4, 5), and the average number of accessory genes per genome was 
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larger than in phylotype B1. This inconsistency in part can be explained by larger content of 

singletons (unique genes) in accessory part of genomes of phylotype B1 – 48.4%, compared to the 

range from 33% to 38% in D (based on three random subsamples of 56 genomes). In other words, 

the pan-genomes of phylotypes B1 and D consisted of 48% and 35% of singletons, respectively. 

Bigger amount of singletons in B1 possibly is a byproduct of higher recombination rate indicating 

that this phylotype is in more active phase of acquiring of new genes. This is consistent with idea 

that phylotype B1 is possibly in the early stage of divergence and speciation (Didelot et al. 2012). 

In a study of the pan-genome of Prevotella quantity of singleton genes reached 69% (Gupta et al. 

2015). Gupta and colleagues did not find any evidences that unique genes are associated with 

ecological niche. Functionally, singletons in Prevotella belong to genome repair and replication, 

membrane synthesis and transcription classes. Still, most of singletons in Prevotella are genes of 

uncharacterized and hypothetical protein of unknown function. Reasons why such huge amount of 

the unique genes exists in some microbial genomes are yet to be studied (Zhang and Sievert 2014). 

Previously it was shown on dataset of 20 genomes of E. coli that pan-genome of this species 

is “open” (Touchon et al. 2009). Similar estimation was obtained in another study on 27 genomes 

of E. coli (Didelot et al. 2012). Both studies were focused on commensal, pathogenic and 

laboratory strains of E. coli. According to our results on environmental isolates of E. coli the size 

of pan-genome of both phylotypes continues to grow at 300 genomes sample size. Consequently, 

it is possible that size of pan-genome in E. coli is unlimited. For this reason exchange of genetic 

information in bacteria via horizontal gene transfer is indeed very important in evolution of 

architecture of microbial genomes (Gogarten et al. 2002). 
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Figure 2. Estimation of the core genome size in phylotype D and B1. The number of specific 

genes (y-axis) is plotted as a function of the number of strains (x-axis) sequentially added. 

GET_HOMOLOGUES software performs 10 random input orders of avaliable set of genomes and 

then fits regression line. Equations for phylotype D: 2.1 (red line) and 2.2 (blue line). Equations 

for phylotype B1: 2.3 (red line)  and 2.4 (blue line). 

 
Figure 3. Estimation of pan-genome size in phylotype D and B1. The number of specific genes 

(y-axis) is plotted as a function of the number of strains (x-axis) sequentially added. 

GET_HOMOLOGUES software performs 10 random input orders of avaliable set of genomes and 

then fits regression line (equation for phylotype D – 2.5; equation for phylotype B1 – 2.6). 
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Figure 4. Extrapolation of the core and pan-genome sizes for phylotype D and B1 with 

increasing sample sizes of sequenced genomes. Arrows indicate actual quantity of isolates used 

in this study. 

 

 
Figure 5. Relative difference of the core genome and pan-genome between phylotypes D and 

B1 with increasing sample sizes of sequenced genomes. Values for this plot were calculated 

from extrapolation of the core and pan genome sizes for phylotype D and B1 (Fig. 4) by dividing 

the number of genes in core genome or pan-genome of phylotype B1 by the number of genes in 

core genome or pan-genome of phylotype D. 
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Variation in the core genome 

Using cortex_var software I identified 28,105 of SNPs and indels in the core genome of 

phylotype D; in phylotype B1 – 36,353. Using GATK software, I identified 364,114 SNPs/indels 

in phylotype D and 123,328 in B1. Inconsistency of the amount of variation identified by different 

callers might be explained by different sample size of phylotypes, different size of the core genome 

(Table 4). It was also repeatedly shown that SNP/indel calling is inconsistent between different 

software (Liu et al. 2013; Yi et al. 2014). Reason for inconsistency between variant callings 

originate from different stringency of filtering of mapping errors.  

I identified 5,593 and 16,763 SNPs and indels in phylotype D and B1, respectively (Table 

5) that were called by both SNP and indel callers: cortex_var and GATK. For random forest I used 

variants that were only present in more than 10% and less than 90% of genomes (Table 5). Quantity 

of SNPs/indels in phylotype B1 was higher than in phylotype D probably because phylotype B1 

had larger core genome (Table 4). However, this is probably a partial explanation because the 

quantity of SNPs and indels in phylotype B1 was 3-times larger than in phylotype D, while size of 

the core genome was only 1.4 times larger. Still, an increase of sample size of B1 would probably 

reduce to some extent the size of the core genome and consequently reduce the number of 

SNPs/indels. 

Table 5. Summary of variation in the core genome. 

Phylotype Number of strains 

Total number of 

different SNP/indels 

across all genomes 

Average quantity of 

SNP/indels per 

genome 

Quantity of 

SNP/indels used 

for GWAS 

D 131 5,593 706.2 1,232 

B1 56 16,763 2,869.6 5,860 
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Among 5,593 variants in phylotype D I identified 893 intergenic variants, 3,697 

synonymous variants, 959 missense variants, 29 inframe and frameshift indels; 10 nonsense; 4 

stop-retained variants; 2 stop lost variants. In phylotype B1 I identified 1,745 intergenic variants; 

10,925 synonymous variants; 3,939 missense variants; 77 inframe and frameshift indels; 55 

nonsense variants; 12 stop-retained variants; 5 stop lost variants, 5 start lost variants. 

To investigate the population structure of strains from different habitats I calculated an 

average protein identity (AAI) between each pair of strains within phylotype. The AAI across 

shared proteins varied in range from 98.7% up to 99.9% in phylotype D and from 99.4% up to 

99.9% in phylotype B1. The AAI and average nucleotide identity are frequently used to identify 

species and investigate clustering (i.e. subpopulations) within species (Konstantinidis and Tiedje 

2007). To visualize relatedness between studied isolates I generated heatmap plots based on 

Manhattan distance calculated from AAI (Fig. 6 and 7). I hypothesized that strains from same 

environment will have similar AAI either because of common evolutionary past or similar adaptive 

variation. Both phylotypes have clusters of strains that have higher AAI. However, strains did not 

cluster together (Fig. 6 and 7) by same habitat or by location from where they originate (second 

column with colors near dendrogram in Fig. 6 and third column with colors in Fig. 7). Subtypes 

of B1 phylotype: B1A, B1B, B1C also did not cluster together by the same metric (Fig. 7). 

Phylotype B1 had 4 subclusters and area of potentially high recombination (upper right corner of 

plot (Fig. 7). Phylotype B1 is already known for being implicated in frequent 

recombination/hybridization within B1 lineage and with phylotypes A and D (Didelot et al. 2012). 

Still, spatial isolation, different ecological niches (e. g. different strength of association with host 

or environmental habitat) and adaptive selection maintain existing divergence between different 

phylotypes of E. coli and force them to diverge further despite the recombination and hybridization 
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events between them (Didelot and Maiden 2010; Fraser et al. 2007; Gordon et al. 2002; Vulic et 

al. 1997).  

 
Figure 6. Heatmap of Manhattan distance calculated based on the average protein identity 

between pairs of strains of phylotype D. Second column of colors near dendrogram represents 

sampling sites from where strains originate. 
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Figure 7. Heatmap of Manhattan distance calculated based on the average protein identity 

between pairs of strains of phylotype B1. The second column of colors near dendrogram 

represents sampling sites from where strains originate. The third column of colors near 

dendrogram represents sampling sites from where strains originate. 

Evolutionary models of the ecotype divergence assume different strength of interaction 

between variation in the core genome and accessory genome (Cohan 2005). According to stable 

ecotype model core genome variants are major driving force of ecotype evolution. Recursive niche 

invasion model suggests that accessory genes are more important in the ecotype divergence 

(Godreuil et al. 2005). Nano-niche invasion model assumes that divergence into ecotypes is slow 

and subject to a complex interplay between accessory and core genomes (Cohan 2005). If stable 

ecotype or niche invasion models are true than we will observe very limited reassortment between 

the core and accessory variation. To investigate co-clustering of variation in the core and accessory 

parts of genome I built dendrograms based on binary data of presence of SNPs/indels and 

accessory genes using Canberra distance (weighted version of Manhattan distance). Alignment of 

dendrograms (Fig. 8, 9) shows how much reassortment occurred between core and accessory 
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genomes (i.e. how independently core and accessory variants are accumulated in strains). Measure 

of reassortment between two dendrograms is entanglement value. Entanglement varies in range 

from 0 to 1 (0 – no reassortment between dendrograms; 1 – two dendrograms are completely 

different). Alignment of dendrograms shows that level of reassortment in phylotype B1 is higher 

than in phylotype D (entanglement value is higher) (Fig. 8, 9). Considering smaller range of 

variation of the average amino acids identity of strains in phylotype D and lower reassortment 

level than in phylotype B1, ecotype evolution in D may resemble stable ecotype model. Phylotype 

B1 had bigger reassortment between core and accessory parts of genome. For this reason it is 

possible that nano-niche model is better candidate to describe divergence of ecotypes in phylotype 

B1.  

 

 
Figure 8. Tanglegram of variation in the core (left dendrogram) and accessory (right 

dendrogram) parts of genomes in phylotype D. Coloring represents groups of strains of the same 

cluster. Dashed lines indicate parts of dendrogram that were twisted to find better alignment 

between dendrograms. 
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Figure 9. Tanglegram of variation in the core (left dendrogram) and accessory (right 

dendrogram) parts of genome in phylotype B1. Coloring represents groups of strains of the 

same cluster. Dashed lines indicate parts of dendrogram that were twisted to find better alignment 

between dendrograms. 

Genome-wide search for variants associated with habitat 

To find association between variation in E. coli genome with habitat I used random forest 

(RF) analysis. Performance of RF is presented in Tables 6 and 7 for phylotype D and in Tables 8 

and 9 for B1. Balanced accuracy for class (field or forest) prediction based on the set of genomic 

variants in phylotype D was 84%. I also estimated RF performance when the same set of strains 

habitat was assigned randomly after permutation of actual set of habitat annotations. On 

permutated data balanced accuracy was 45%.  

Table 6. Summary of RF performance on actual data from phylotype D.  

Actual 

data 
Habitat 

Predicted class Class 

error Field Forest 

Actual 

class 

Field 78 7 0.082 

Forest 11 35 0.239 
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Table 7. Summary of RF performance on randomized data from phylotype D. 

Permutated 

data 
Habitat 

Predicted class Class 

error Field Forest 

Actual 

class 

Field 64 21 0.2471 

Forest 39 7 0.8478 

 

Due to small and unbalanced sample of forest compared to field isolates in phylotype B1 I 

were not able to obtain good random forest results. Balanced accuracy was 45% and 46% for actual 

and random data (also see Tables 8 and 9), respectively. Consequently variants identified by RF 

as important for habitat prediction in phylotype B1 are likely unreliable. I didn’t consider results 

of RF for phylotype B1 for the downstream interpretation. 

Table 8. Summary of RF performance on actual data from phylotype B1. 

Actual 

data 
Class 

Predicted class 
Class error 

Field Forest 

Actual 

class 

Field 39 4 0.09302326 

Forest 11 2 0.84615385 

 

Table 9. Summary of RF performance on randomized data from phylotype B1. 

Randomized 

data 
Class 

Predicted class 
Class error 

Field Forest 

Actual class 
Field 40 3 0.069767 

Forest 13 0 1 

 

In phylotype D top 5% (~170) of variants with the highest mean decrease of accuracy 

(MDA) were considered to be potentially associated with field or forest habitats. Cut-off was 

arbitrarily selected based on the previous research (Dutilh et al. 2014b) and Fig. 10. Range of 

MDA in top 170 variants declined from 0.0053675 (variant #1) to 0.0005355 (variant #170).  
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Relative presence of variants(P) in different habitats is present in Fig. 10 calculated using equation 

2.7:  

𝑃 =
𝑛𝑓𝑖𝑒𝑙𝑑

𝑁𝑓𝑖𝑒𝑙𝑑⁡𝑡𝑜𝑡𝑎𝑙
−⁡

𝑛𝑓𝑜𝑟𝑒𝑠𝑡

𝑁𝑓𝑜𝑟𝑒𝑠𝑡⁡𝑡𝑜𝑡𝑎𝑙
                                               (2.7) 

were 𝑛𝑓𝑖𝑒𝑙𝑑 and 𝑛𝑓𝑜𝑟𝑒𝑠𝑡, number of strains in which variant is present with respect to 

habitat; 𝑁𝑓𝑖𝑒𝑙𝑑⁡𝑡𝑜𝑡𝑎𝑙⁡ = 85 and 𝑁𝑓𝑜𝑟𝑒𝑠𝑡⁡𝑡𝑜𝑡𝑎𝑙 = 46. The core and accessory genome variants in top 

5% of variants are evenly distributed between habitats (Fig. 10). Non of identified variants were 

absolutely habitat specific. 

 
Figure 10. Relative presence of variants (y-axis) in isolates from the field (positive part of y-

axis) or forest (negative part of y-axis). Variants are ordered by mean decrease of accuracy (x-

axis represents rank after ordering). Black color – accessory gene variants; red – SNPs and indels; 

light green – intergenic variants. 

In the top 170 important variants I identified 42 synonymous, 3 missense, 3 intergenic and 

122 accessory gene variants. Presence of 66 accessory genes was associated with the field and 56 

with the forest habitats.  
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Variation in accessory genome of field isolates 

Isolates from the field contained 36 prophage genes and their derevatives (from several 

bacteriophages), 4 mobile element proteins, and 13 hypothetical proteins. Genes involved in cell 

wall biosyntheis (penicillin-binding protein, outer memrane lipoprotein Blc precursor) and 

nucleotide sugar/polyketide sugar biosynthesis (glucose-1-phosphate thymidylyltransferase and 

DTDP-glucose 4,6-dehydratase) were more prelevant in field isolates. HipA protein (from HipA-

HipB toxin antitoxin (TA) system) was more frequent in field isolates. HipA toxin component of 

HipA-HipB type II TA system was serine/threonine-protein kinase that is involved in stringent 

response via RelA/SpoT and increases ppGpp levels, which inhibits cell wall synthesis, replication, 

transcription, and translation, reducing growth and leading to dormancy induction and drug 

resistance (Germain et al. 2013). The toxin-antitoxin systems are primarily known as selfish 

genetic systems which can cause postsegregational killing of daughter cells that have lost genome 

regions or plasmid containing these systems (Van Melderen and De Bast 2009). Toxin is a protein 

that has deleterious effect on cell functioning. Antitoxin that inhibits toxin can be either an 

antisense RNA to the toxin mRNA (type I and III TA systems) or a protein (type II, IV, V) (Ramage 

et al. 2009). It is suggested that TA systems are involved in persistence under starvation/stress 

conditions, growth control, and restriction of genome deterioration (Van Melderen 2010; Van 

Melderen and De Bast 2009). 

Agricultural field soil possibly is less hospitable environment than forest soil because of 

the daily tempreature fluctuation, propencity to dessication, treatment with pesticides, and 

eutrophication (Cambardella et al. 1994; Crowther et al. 2014; Kuramae et al. 2012). It was 

previously observed that eutrophication in water ecosystems lead to mass overreproduction of 

microrganisms and consequent extinction which in part is ensured by transition of prophages to 
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lytic cycle (Kyle and Ferris 2013; Maurice et al. 2013; Ricciardi-Rigault et al. 2000). 

Eutrophication of agricultural soil can also cause these changes due to useage of fertilizers (Ochoa-

Hueso et al. 2014). I speculate that bacteria in agricultural field have tendency to harbor prophages 

that have similar ecological function as prophages in the water ecosystems. Possibly for this 

reason, prophages’ genes were more prelevant in E. coli isolates from field. 

Variation in accessory genome of forest isolates 

Flagellar synthesis accessory genes (18 flagella structural proteins and sigma factor that 

regulates flagelar proteins’ operon), 17 hypothetical proteins, and 7 uncharachterized proteins were 

the most overrepresented classes of genes in forest isolates among important variants. Flagella is 

involved in biofilm formation, cell adhesion (bacteria-bacteria, bacteria-host), and capability to 

migrate a short distanse (Haiko and Westerlund-Wikstrom 2013). Possibly, some of these 

functions are particularly relevant for ecological niche of E. coli in forest soil. Also, forest isolates 

contained periplasmic phosphate ABC transporter, glycerol-3-phosphate cytidyltransferase, 

lysine-N-methylase, and MazEF type II TA system. MazEF TA system is involved in induction 

programmed cell death in bacteria (Engelberg-Kulka et al. 2005). Interestingly, a bacterial culture 

of E. coli experimentally deficient for MazEF TA-system produced more particles of phage P1 

than parental wild type E. coli with functional MazEF TA-system (Hazan and Engelberg-Kulka 

2004). I observed that prophage genes’ were less abundant in the isolates from forest among 170 

most important variants. It is possible that presenece of MazEF TA system in E. coli population 

reduces phage content, making them less successful in the microbial community forest soil. 

Isolates from the forest soil contained elements from type VI secretory system (Hcp, IcmF 

related protein, ImpG/VasA protein). In E. coli this secretory system was previously described in 

enteroaggregative strains (Dudley et al. 2006). Type VI secretory system (T6SS) is involved in 



36 

 

bacteria-bacteria and bacteria-eukaryotic host interaction (Russell et al. 2014). In particular, this 

secretory system is involved in delivery of the toxic proteins to target cell via a “knife-like” 

mechanism. Functional roles of T6SS at ecosystem/microbial community level are invasion or 

defense against invasion of the communities, signaling, killing “cheaters”/non-cooperators/phage-

infected bacteria, and biofilm remodeling (Bingle et al. 2008; Russell et al. 2014). It was suggested 

that TA systems and T6SS are functionally overlapping systems in the sense of the community 

ecology and physiology of bacteria (Russell et al. 2014). TA systems and T6SS contribute to 

defense against bacteriphages, formation of biofilms, regulation of metabolism, and stress respose. 

According to my study, soil isolates of E. coli of phylotype D harbor at least three modulators of 

growth bacteriophages, TA systems and T6SS, that differ from field isolates. Importantly, 

prophage genes seem to be more associated with agricultural field habitat, while TA systems and 

T6SS are associtaed with forest habitat. This biased distribution of the accessory variants across 

habitats may be caused by 1) antagonistic interactions between TA systems and T6SS on one side 

and bacteriophages on the other side and/or 2) beneficial effects of prophages in E. coli from 

agricultural field and beneficial effects of TA systems and T6SS in isolates from forest soil. 

Variation in the core genome 

Distribution of all important variants in the core genome are shown in Fig. 11. Only one 

missense substitution in the gene pabB (aminodeoxychorismate synthase, subunit I) was associated 

with the field habitat and two missense substitutions in the genes yliC (putative oligopeptide 

transporter) and ypdF (aminopeptidase) were associated with the forest habitat. Variation in the 

peptide utilization and amino acid utilization genes were previously shown to be associated with 

survival in non-host environments in E. coli and Salmonella (Winfield and Groisman 2003). 
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Figure 11. Plot of variants that were more associated with soil from field or forest. 1 – all 

important variants, 2 – variants associated with field, 3 – variants associated with forest. 

Most of the observed variants that were associated with habitat are synonymous (Fig. 11). 

Genes with synonymous substitutions belong to stress response; energy metabolism; amino acids 

and sugars metabolism, ion transport, etc (Table 10, 11). Previous studies observed similar patterns 

of polymorphisms in isolates from extrahost environment (van Elsas et al. 2011a). Synonymous 

variation possibly is a reflection of accumulation of neutral variation rather than adaptive variation 

(Maddamsetti et al. 2015). Still, synonymous variation can contribute to adaptation via changing 

functionality of regulatory element structure and/or gene expression, leaving the primary protein 

structure intact (Plotkin and Kudla 2011). 
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Gene 

name 
Gene ID 

Mean 

decrease of 

accuracy 

Function GO process 

yccS ECUMN_1150 0.005283101 
predicted inner membrane 

protein 
NA 

mdtK ECUMN_1953 0.004494163 
multidrug efflux transporter 

MdtK 

dipeptide 

transmembrane 

transport  

abgR ECUMN_1635 0.002881105 

predicted DNA-binding 

transcriptional regulator, 

LYSR-type 

regulation of 

transcription, DNA-

templated  

tap ECUMN_2182 0.002535147 TAP-MONOMER signal transduction  

glpD ECUMN_3884 0.002182674 GlpD 
anaerobic 

respiration  

glgA ECUMN_3893 0.001647375 glycogen synthase 

cellular response to 

DNA damage 

stimulus  

mrcA ECUMN_3854 0.001573429 EG10748-MONOMER 
cell wall 

organization  

fdnG ECUMN_1727 0.001571372 
formate dehydrogenase N, 

&alpha; subunit 
cellular respiration  

flhA ECUMN_2176 0.001399613 
flagellar biosynthesis protein 

FlhA 

bacterial-type 

flagellum 

organization  

btuD ECUMN_2000 0.001394905 

vitamin B<sub>12</sub> 

ABC transporter – ATP 

binding subunit 

vitamin 

transmembrane 

transport  

yeiR ECUMN_2510 0.001225219 zinc-binding GTPase NA 

napB ECUMN_2538 0.001175152 

subunit of periplasmic nitrate 

reductase, cytochrome 

c<SUB>550</SUB> protein 

oxidation-reduction 

process  

mdh ECUMN_3710 0.00110592 malate dehydrogenase 
carboxylic acid 

metabolic process  

accC ECUMN_3730 0.000942635 AccC 
fatty acid metabolic 

process  

agp ECUMN_1184 0.000910501 glucose-1-phosphatase 
glucose catabolic 

process  

ybaT ECUMN_0525 0.000900944 

putative transport protein, 

archaeal/bacterial transporter 

(ABT) family 

L-alpha-amino acid 

transmembrane 

transport  

adhE ECUMN_1538 0.000818069 AdhE metabolic process  

Table 10. Single nucletide polymorphisms discovered in phylotype D associated with 

forest. 
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Gene 

name 
Gene ID 

Mean 

decrease of 

accuracy 

Function GO process 

ydiK ECUMN_1977 0.000808288 
predicted inner membrane 

protein 
NA 

nfrB ECUMN_0642 0.00077204 
bacteriophage N4 receptor, 

inner membrane subunit 
transport 

 ECUMN_4435 0.000726951 RhaR transcriptional activator 

positive regulation 

of transcription, 

DNA-templated  

araG ECUMN_2194 0.000683487 
arabinose ABC transporter -  

ATP binding subunit 
metabolic process  

queA ECUMN_0443 0.000680751 EG10812-MONOMER 

tRNA wobble 

guanine 

modification  

rsxG ECUMN_1922 0.000639093 
member of SoxR-reducing 

complex 

oxidation-reduction 

process  

glgA ECUMN_3893 0.000618777 glycogen synthase 

cellular response to 

DNA damage 

stimulus  

ypdF ECUMN_2715 0.000603961 aminopeptidase proteolysis 

ssb ECUMN_4595 0.000584278 SSB monomer 
positive regulation 

of catalytic activity  

lacZ ECUMN_0387 0.000573996 
&beta;-galactosidase 

monomer 
metabolic process  

yliC ECUMN_1019 0.000566535 

Putative peptide transporter 

permease subunit: membrane 

component of ABC 

superfamily 

NA 

tolA ECUMN_0827 0.000566307 
TolA – inner membrane 

protein of the Tol-Pal system 
protein import  

lpxD ECUMN_0176 0.000560825 

UDP-3-O-(3-

hydroxymyristoyl)glucosamin

e acyltransferase 

lipid metabolic 

process 

 

 

Table 10. Single nucletide polymorphisms discovered in phylotype D associated with forest 

(continued). 
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Table 11. Single nucletide polymorphisms discovered in phylotype D associated with field. 

 

Gene 

name 
Gene ID 

Mean decrease 

of accuracy 
Function GO process 

fliG ECUMN_2231 0.00471207 
flagellar motor switch 

protein FliG 

metabolic process, 

bacterial-type 

flagellum-dependent 

cell motility 

tdcE ECUMN_3598 0.00245461 

2-ketobutyrate formate-

lyase, pyruvate formate-

lyase 4, 2-ketobutyrate 

formate-lyase/pyruvate 

formate-lyase 4, inactive 

threonine catabolic 

process  

yddH ECUMN_1713 0.00162987 conserved protein 
oxidation-reduction 

process 

xylF ECUMN_4077 0.00142867 
xylose ABC transporter – 

periplasmic binding protein 

carbohydrate 

transport  

yidC ECUMN_4237 0.00132843 
inner-membrane protein 

insertion factor 

protein 

homooligomerization 

, protein transport 

eda ECUMN_2147 0.00127291 Eda metabolic process 

acpS ECUMN_2884 0.00088887 AcpS 
fatty acid metabolic 

process  

kdsA ECUMN_1512 0.00087996 

3-deoxy-D-manno-

octulosonate 8-phosphate 

synthase 

protein 

homotetramerization, 

lipopolysaccharide 

biosynthetic process 

hflX ECUMN_4706 0.00085581 

GTPase associated with the 

50S subunit of the 

ribosome 

metabolic process, 

response to heat 

eno ECUMN_3110 0.0007836 Eno glycolytic process 

ydeS ECUMN_1758 0.00068343 
predicted fimbrial-like 

protein 
cell adhesion 

yeiH ECUMN_2494 0.00060541 
conserved inner membrane 

protein 
NA 

pabB ECUMN_2104 0.00060485 
Aminodeoxychorismate 

synthase, subunit I  

folic acid-containing 

compound 

biosynthetic process  

zraR ECUMN_4528 0.00054776 

ZraR-Phosphorylated 

DNA-binding 

transcriptional activator, 

ZraR transcriptional 

activator 

regulation of 

transcription, DNA-

templated, 

phosphorylation 

signal transduction 

system 

nagD ECUMN_0760 0.00053437 NA NA 
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Various studies suggest that the accessory genes and horizontal gene transfer play key role 

in divergence of the bacteria into ecological niches (Dutilh et al. 2013; Dutilh et al. 2014b; Heuer 

and Smalla 2012; Niehus et al. 2015; Wiedenbeck and Cohan 2011) Typically, accessory genome 

is composed from prophages, mobile elements, flarellar transcription factors, antibiotic resistance 

genes (Pitout 2012), pathogenicity genes (Dobrindt et al. 2004), accessory metabolic genes (e. g. 

genes of terpenoids metabolism in Pseudomonas auragenosa (Kung et al. 2010; Mathee et al. 

2008)). In our study the most abundant group of genes important to predict origin of isolates were 

prophage genes, mobile elements and hypothetical proteins genes. I observed small quantity of 

predominantly synonymous variation in the core genome associated with habitat. The accessory 

genes associated with habitat composed up to 72% of list of top 5% of the most important variants 

identified by RF. Considering smaller divergence based on the average amino acids identity of 

strains in phylotype D and lower reassortment level than in phylotype B1 ecotype evolution in D 

may resemble stable ecotype model.  Phylotype B1 had bigger reassortment between core and 

accessory parts of genome for this reason it is possible that Nano-niche model is better candidate 

to describe divergence of ecotypes in phylotype B1.  

Conclusions  

1. Fitted regression lines obtained from estimation of the core and pan-genome size by 

sampling predict that the core and pan-genome are larger in phylotype B1 than in D. Pan-

genomes of both phylotypes are possibly “open”. 

2. Phylotype B1 contains more singletons in the accessory genome than phylotype D. 

3. Isolates don’t cluster by habitat or sampling site based on the average amino acids identity. 

4. In phylotype D, prophage accessory genes are more associated with field habitat while TA 

system and T6SS genes are more associated with forest habitat. 
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5. Smaller divergence based on the average amino acids identity of strains in phylotype D 

and lower reassortment level than in phylotype B1 suggests that ecotype evolution in D 

may resemble Stable ecotype model.  Phylotype B1 had bigger reassortment between the 

core and accessory parts of genome for this reason it is possible that nano-niche model is 

better candidate to describe divergence of ecotypes in phylotype B1. 
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CHAPTER 3. VARIATION IN CORE AND ACCESSORY GENOME ASSOCIATED 

WITH SURVIVAL OF E. COLI IN SOIL 

Introduction 

New ecotypes arise frequently in microbial populations as a result of the biological 

combination of: a) enormous population sizes, b) fast mutation rates, c) acquisition of niche-

modifying genes via horizontal gene transfer (HGT), d) plastic genomes which are prone to 

rearrangement and changes in gene regulatory networks, and e) passive dispersal which leads to 

continuous subdivision of microbial metapopulations into spatially-isolated subpopulations 

undergoing diverse regimes of environmental selection. Homologous recombination then provides 

a means for the spread of adaptive alleles to other lineages given that those subpopulations are 

connected by migration back into the metapopulation gene pool (Cohan 2005; Cordero and Polz 

2014a). It was recently shown that intensive recombination within linage of species does not 

interfere with ecotype divergence. Moreover, reduction of recombination between ecotypes 

follows ecological divergence rather than precedes it (Melendrez et al. 2016). 

Escherichia coli is no exception to this and provides a striking example of what can be 

learned (Brennan et al. 2010; Luo et al. 2011). E. coli is primarily a host-associated enteric species 

of bacteria. The species is represented primarily by commensal variants belonging to one of eight 

recognized phylotypes: A, B1, B2, C, D, E, F, and Escherichia cryptic clades I-IV (Clermont et 

al. 2013). In extrahost environment, phylotypes B1 and D are more prevalent than any other 

(Bergholz et al. 2011; Orsi et al. 2007; Ratajczak et al. 2010). Whereas phylotype A is found quite 

rarely in soil habitats, it is found more frequently in water. E. coli is frequently found to proliferate 

and/or persist on plants (Brandl 2006). It was shown that phylotypes B1 and D had strong 
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association phenotype with plants, A and E also showed association phenotype with plants but to 

lesser extent (Meric et al. 2013). 

The causes of these associations with different extrahost habitats are not always clear, but 

the existence of association suggests that phylotype-level, and perhaps smaller ecological 

subdivisions exist within the E. coli species. Indeed, some groups may be adapted for growth 

outside the host (van Elsas et al. 2011b; Walk et al. 2009b) and are thought to confound the use of 

E. coli as a water quality indicator. So, this enormous biodiversity within a single microbial species 

is not just a challenge to evolutionary biologists. Rather, it also has policy implications for 

environmental quality monitoring and management of watersheds (Santo Domingo et al. 2007; 

Verhougstraete et al. 2015). 

When microbial populations are subdivided by different environmental selection pressures, 

genome-wide association studies and population genomic analyses can be used to understand the 

generation, maintenance and spread of adaptations for extrahost survival, growth and/or dispersal 

(Cordero and Polz 2014b; Dutilh et al. 2014a; Shapiro et al. 2012).  

Aims of this this study are to elucidate the potential for adaptive traits be selected by 

extrahost environments and to spread of fecal strains or E. coli pathogens with implications for 

both water quality and food safety. I hypothesized that frequent, rapid, and passive dispersal to 

soil is a key factor that selects genomic biodiversity in E. coli. To gain new insight into the role of 

dispersal into extrahost habitats in the selection and maintenance of diverse ecotypes, I conducted 

a study on select E. coli isolates from a recreational grassland soil in central New York State. I 

sought to address the questions: a) do E. coli phylotypes exhibit different capacities for persistence 

in soil, b) what adaptive variants are associated with enhanced persistence of E. coli in surface 

soils, and c) how diverse are adaptive variants in the core and accessory genomes? To answer these 
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questions, I performed genome-wide association study of variation in survival variation of 9 strains 

of each phylotype B1 and D (maximum death rate) that was measured in soil microcosms Hudson 

silt loam (pH 6.1, organic matter 7%) media. 

Materials and Methods 

Isolates origin and survival assay 

Soil collection, isolation of E. coli, estimation of death rates and DNA-extraction were 

performed by research team at Food Safety Laboratory at Cornell University, NY: Laura Strawn, 

Steven Warchoki, Gina Ryan, Courtenay Simmons and Jihun Kang 

Soil for E. coli isolation was collected at Mitchell St. Natural Area of the Cornell 

Plantations. Soil microcosms containing Hudson silt-loam were inoculated with E. coli strains at 

initial density of 102 CFU g-1 soil. Survival in microcosms was assayed by viable cell plating of 

0.5 g soil following serial dilution in 1X PBS. At each sample day, 100 µl of three soil dilutions 

were spread plated onto EC medium with MUG agar plates and these plates were incubated at 

37°C for 16-18 hours. After incubation, plates were observed under ultraviolet light to enumerate 

blue fluorescent colonies. Data were collected over 40 days with viable plate counts conducted on 

days 0, 1, 3, 5, 10, 20, 30, and 40. Log-transformed CFU g-1 measurements were fit to a four 

parameter Geeraerd logistic survival model (Geeraerd et al. 2000). The model estimates the lag-

time (i.e., shoulder), maximum death rate (kmax), initial log10 CFU g-1 soil and minimum log10 

CFU g-1. Models were implemented using formulas from the nlstools package (Baty et al. 2015) 

in R 2.10.1 (R Core Team 2015). Two groups of post hoc survival phenotypes (group 1 – low and 

group 2 – high death rate) were assigned based on maximum death rate (kmax). 

Genome resequencing and annotation 

The genomes of phylotype D and clade B1B strains from the soil survival assay were 

sequenced to further explore the genomic variation associated with soil survival phenotypes. 
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Sequence libraries were generated using a Nextera Sequence Library preparation kit (Illumina, 

San Diego, CA) with oligonucleotide barcodes delineating each strain. Sequence reads of 100 bp 

size were obtained using an Illumina HiSeq 2500 at the Cornell Core Life Sciences Laboratories 

(http://www.biotech.cornell.edu/brc/genomics-facility ). I performed quality control of paired-end 

reads using FastQC v. 0.11.2 (Andrews S. 2010). Trimmomatic v.0.32 (Bolger et al. 2014) was 

used to remove Nextera transposase sequence; remnants of adapters at the beginning of the reads 

(the first 10 nucleotides were removed in all reads); and bases with quality below threshold (Q=20) 

at the end of the reads. MAXINFO parameter was at 0.2 in favor to retain longer reads. All reads 

of length less than 60 bases were discarded. I applied Genome Analysis ToolKit v3.3 (McKenna 

et al. 2010) for SNPs and indels discovery and hard-filtering procedure taking into account best 

practices recommendations (DePristo et al. 2011). Reads for these analyses were mapped using 

stampy v.1.0.21 (Lunter and Goodson 2011) and bwa-mem v.0.6.2 (Li and Durbin 2009) on 

reference E. coli genomes of strains UMN026 and IAI1 for phylotypes D and B, respectively. 

Genomic variants were also determined by variant calling procedures using cortex_var v.1.0.5.21 

(Iqbal et al. 2012). Annotation of SNPs and indels was performed using snpEff v.4.1 (Cingolani 

et al. 2012). Only variants with representation in all sequenced genomes and called by both GATK 

and cortex_var softwares were retained for downstream analysis. Genomic gene, phage and mobile 

element content were also examined via de novo assembly of the genome sequences using velvet 

v.1.1 (Zerbino and Birney 2008). De novo genome assembly statistics is in Table 13. De novo 

assemblies were annotated using Rapid Annotation using Subsystems Technology (RAST) service 

v.2.0 (Aziz et al. 2008). Gene content variation among strains was analyzed by BLAST search 

scripts (http://enveomics.blogspot.com ). Briefly, amino acid coding sequences were queried 

against other genomes from the same subpopulation. A gene was scored as shared between two 

http://www.biotech.cornell.edu/brc/genomics-facility
http://enveomics.blogspot.com/


47 

 

genomes if BLAST search identified a homolog in the target genome that exhibited >= 80% amino 

acid sequence identity over >= 85% of the query sequence length. 

Random forest algorithm was used to find variation in core and accessory parts of genome 

associated with post-hoc low and high death rates in survival experiment. Analysis was performed 

using randomForest package (Liaw and Wiener 2002) in R 3.2.0 3 (R Core Team 2015). 

Results and Discussion 

Improved survival in soil is likely due to both phenotypic plasticity (i.e., gene expression 

responses) and adaptive variation for soil survival with or without trade-offs (i.e., antagonistic 

pleiotropy) for fitness in host animals. To explore the basis for increased survival phenotypes in 

soil, I searched a small number of isolates for variants that could be associated with slow or fast 

death rates. Survival data were used to select nine strains from each of phylotypes B1B and D for 

sequencing. Using data on survival in soil microcosms, survival phenotypes were classified as 

low-death rate (group 1) and high death rate (group 2) within each phylotype. Post hoc assigned 

phenotype groups for Phylotype D had average death rates of 0.28±0.01 in group 1(low death rate) 

(n=5) and 0.33±0.01 in group 2 (high death rate) (n=4). For phylotype B1B, 0.21±0.03 in group 1 

(low death rate) (n=5) and 0.36±0.15 in group 2 (high death rate) (n=4) (Fig. 12 and Table 12). 
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Figure 12. Death rates of E. coli strains in post-hoc high and low death rate classes by 

phylotype in Hudson silt loam soil microcosm (pH 6.0). 
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Table 12. Maximum death rate and post-hoc classification of 18 strains of Escherichia coli. 

Phylotype Isolate 
Maximum 

death rate 

Post-hoc 

classification 

D M1G6 0.29118 Low 

D J1D7 0.25639 Low 

D O2C11 0.27902 Low 

D O2F2 0.28760 Low 

D O2B1 0.33093 High 

D O4G6 0.28154 Low 

D J2H3 0.31791 High 

D J2F9 0.32929 High 

D J2E3 0.33218 High 

B J1A3 0.37425 High 

B J1E7 0.33217 High 

B J3A3 0.34978 High 

B J3D9 0.27834 Low 

B J3E2 0.29371 Low 

B O4E6 0.34532 High 

B O4F12 0.27088 Low 

B O4G2 0.26254 Low 

B O4G9 0.40623 High 

 

Using post hoc phenotype designations, I sequenced genomes from each survival 

phenotypes group and from phylotypes D and B1B to discover associations between specific 

genomic variants and survival in surface soil. Genomes were sequenced to an average per-base 

coverage of 79-fold (range: 48.9-117.9 per-base coverage) (Table 13).  
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Table 13. De novo assembly statistics summary. 

Isolate 

name 

Total 

number 

of reads 

Number 

of 

contigs 

Median 

depth of 

coverage 

N50-

value 

The 

longest 

contig 

size 

Size of 

assembly 

Number 

of Genes 

identified 

using 

RAST 

service 

J1D7 7266686 121 48.9 322955 541674 4925483 4701 

J2E3 13074084 128 81.3 207646 452103 4879163 4657 

J2F9 14469716 188 96.2 180384 869913 5109392 4914 

J2H3 12713888 147 83.1 126920 446591 4903242 4716 

M1G6 12849364 326 58.4 132831 484830 5549144 5621 

O2B1 10604384 109 76.7 305663 650334 5133645 4916 

O2C11 14892698 96 86.7 187385 527157 4974171 4819 

O2F2 10458192 216 63.6 193447 343344 5121460 4952 

O4G6 11243738 119 70.2 291486 905073 4866139 4652 

J1A3 13711202 100 100.7 192557 441084 4652138 4434 

J1E7 9273348 173 63.9 159410 526399 4851427 4723 

J3A3 11712888 77 83.8 182895 329543 4723822 4553 

J3D9 14785500 101 117.9 215089 485377 4744688 4540 

J3E2 11560682 99 86.95 195565 703389 4587420 4412 

O4E4 9356984 161 56.8 157379 425934 4854679 4739 

O4E6 11074730 151 67.2 184981 526412 4860526 4728 

O4F12 8975222 112 72.2 162506 684788 4670372 4503 

O4G2 13969122 106 110.9 159790 695395 4673355 4529 

O4G9 10110714 109 67.8 162673 329465 4775586 4613 

 

Average SNP content per genome was 4,977 with range from 433 up to 6,031 SNP. In 

total, 17,061 and 15,048 unique SNPs and indels were discovered in the core genomes of 

phylotypes D and B1B, respectively. Synonymous and intergenic variants dominated the SNP 

composition at 83% and 79% of SNP variants in D and B1B phylotypes, respectively. Missense 

variants composed 16% and 19% of SNP variants for D and B1B , respectively. 

Survival in soil may be due to polymorphism in the core genome, gene content variation 

in the accessory (flexible) genome, or interactions between the two. In the two phylotypes, the 

total accessory genome consisted of 1,999 genes and 807 genes, respectively (Fig. 13).  
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Figure 13. Heatmap of accessory genome in phylotype D (A) and B1B (B), yellow – gene is 

present, red – gene is absent. Strain names are colored according to survival group (blue - low 

death rate; orange - high death rate). 

These accessory genome sizes are smaller than expected based on other E. coli data sets of 

similar size (Hendrickson 2009; Touchon et al. 2009), and I attributed the small accessory genome 

size to the close geographic and limited phylogenetic origins of the sequenced isolates. To examine 

co-clustering of core and accessory variants, I constructed dendrograms based on binary 

(presence/absence) matrices of core and accessory variants within phylotypes. Tanglegrams 

comparing the clustering of core and accessory variants showed that phylotype D strains exhibited 

little concordance between dendrograms, but phylotype B1B genome variants exhibited greater 

concordance between the two sets of variants (Fig. 14). There was limited reassorting of accessory 

and core genome variation in both phylotypes (Fig. 14). 
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Figure 14. Tangelgrams of core (SNPs and indels) (left dendrogram) and accessory genomes 

variation (right dendrogram) in phylotype D (A) and B1B (B). Entanglement values: (A) 

E=0.23, (B) E=0.14 (orange – high death rate, blue – low death rate). 

 

Random forests (RF) analysis was applied to link variants with maximum death rate (kmax) 

phenotype of sequenced strains (Dutilh et al. 2013; Dutilh et al. 2014b). Since the power of this 

analysis was very limited, due to small sample sizes, I focused on the top 100 most important 

variants identified via RF using the mean decrease in phenotype prediction accuracy criterion.  

In phylotype D, missense variants among core genes zraS, ltaE, frmB, abgB, 

ECUMN_0533 (putative adhesin/invasin-like protein) had tendency to associate with high death 

rate phenotype (Table 14). However, association between genome variants and phenotype was less 

than clear, compared to phylotype B1B because one strain in phylotype D with high death rate 

contained each variant (Table 14). Random forest identified ten accessory genes that were 

associated with better survival. Among accessory genes in phylotype D strains, presence of prevent 

host death protein (Phd antitoxin) gene which is a part of Phd-Doc toxin-antitoxin and two 

hypothetical proteins were associated with low death rate.
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Rank 

in 

top 

100 

RF 

hits 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of SNP 

by survival class 

Gene/product 

ID* 

Biological 

process 

Low 

death 

rate 

(total 

n=5) 

Fast 

death 

rate 

(n=4) 

7 
hypothetical 

protein 
0.000558 

accessory 

gene 
5 1 

WP_0013177

82; toxin Ldr, 

type I toxin-

antitoxin 

system protein 

GO:00125

01 - 

programm

ed cell 

death 

9 zraS 0.000414 
missense 

variant 
1 4 

EG10008; 

ZraS sensory 

histidine 

kinase; 

cellular 

response to 

lead/zink 

GO:00712

94 - 

cellular 

response 

to zinc ion 

GO:00712

84 - 

cellular 

response 

to lead ion 

13 
hypothetical 

protein 
0.000363 

accessory 

gene 
4 0 EDV82299.1  

17 ltaE 0.000331 
missense 

variant 
1 4 

G6455; LtaE 

[component of 

low-

specificity L-

threonine 

aldolase] 

GO:00065

67 - 

threonine 

catabolic 

process 

GO:00065

20 - 

cellular 

amino 

acid 

metabolic 

process 

GO:00065

45 - 

glycine 

biosynthet

ic process 

 

Table 14. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype D. 
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Rank 

in 

top 

100 

RF 

hits 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of SNP 

by survival class 

Gene/product 

ID* 

Biological 

process 

Low 

death 

rate 

(total 

n=5) 

Fast 

death 

rate 

(n=4) 

24 

Prevent host 

death 

protein2C 

Phd 

antitoxin 

0.000312 
accessory 

gene 
4 0 

Phd-Doc 

toxin-

antitoxin 

systems 

GO:00125

01 - 

programm

ed cell 

death 

27 frmB 0.00031 
missense 

variant 
1 4 

G6208; S-

formylglutathi

one hydrolase 

GO:00462

92 - 

formaldeh

yde 

metabolic 

process 

38 abgB 0.000272 
missense 

variant 
1 4 

G6669; p-

aminobenzoyl

-glutamate 

hydrolase 

subunit B 

GO:00466

57 - folic 

acid 

catabolic 

process 

41 

Transposase 

and 

inactivated 

derivatives 

0.000265 
accessory 

gene 
4 0 

WP_0015614

76.1 
 

46 
ECUMN_0

533 
0.000243 

missense 

variant 
1 4 

putative 

adhesin/invasi

n-like protein 

 

47 

FIG006407

85: 

hypothetical 

protein 

0.00024 
accessory 

gene 
5 1 EDU34564  

49 
hypothetical 

protein 
0.000239 

accessory 

gene 
3 0 KDA73278  

51 
hypothetical 

protein 
0.000232 

accessory 

gene 
3 0 EEC25939  

57 phoA 0.000222 
missense 

variant 
0 3 

EG10727; 

component of 

alkaline 

phosphatase 

GO:00551

14 - 

oxidation-

reduction 

process 

 

Table 14. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype D (continued). 
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Rank 

in 

top 

100 

RF 

hits 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of SNP 

by survival class 

Gene/product 

ID* 

Biological 

process 

Low 

death 

rate 

(total 

n=5) 

Fast 

death 

rate 

(n=4) 

61 
ECUMN_2

565 
0.000218 

missense 

variant 
2 4 

putative large 

extracellular 

alpha-helical 

protein 

 

68 
Pertactin 

precursor 
0.000204 

accessory 

gene 
5 1 

WP_0004444

02; 

Autotransport

er protein. 

Virulence 

factor 

 

72 

hypothetical 

protein 

Z4912 

0.000185 
accessory 

gene 
5 1 KDX51457  

82 mnmC 0.000156 
missense 

variant 
0 3 

G7199; fused 

5-

methylamino

methyl-2-

thiouridine-

forming 

methyltransfer

ase and FAD-

dependent 

demodificatio

n enzyme 

GO:00020

97 - tRNA 

wobble 

base 

modificati

on 

90 

Phage 

capsid and 

scaffold 

0.000146 
accessory 

gene 
2 4 

WP_0001232

73 
 

93 ydfR 0.00012 
missense 

variant 
0 2 

G6828; Qin 

prophage; 

predicted 

protein 

 

 

Table 14. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype D (continued). 
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Rank 

in 

top 

100 

RF 

hits 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of SNP 

by survival class 

Gene/product 

ID* 

Biological 

process 

Low 

death 

rate 

(total 

n=5) 

Fast 

death 

rate 

(n=4) 

97 cspB 0.000084 
missense 

variant 
0 2 

EG12203; Qin 

prophage; 

cold shock 

protein; 

predicted 

DNA-binding 

transcriptional 

regulator 

GO:00094

09 - 

response 

to cold 

GO:00063

55 - 

regulation 

of 

transcripti

on, DNA-

templated 

GO:00069

50 - 

response 

to stress 

*ID of the homolog with highest identity is showed for accessory hypothetical proteins 

In phylotype B1B, RF identified ten important missense variants in core genes, identified 

six accessory genes and 84 intergenic and synonymous variants (Table 15). Core genome missense 

variants occurred in genes that could be involved in stress tolerance (cmr, cadC) or nutrient 

utilization (gmhB, lacY, ydhU, entF). Among accessory genes, I identified homolog of Salmonella 

Ldr persistence-inducing toxin/antitoxin system in low death rate strains (De la Cruz et al. 2013). 

Also, phage antitermination protein Q (homolog of lambdoid prophage DLP12 antitermination 

protein) was present in all high death rate strains. This evidence suggests that lower survival can 

be explained by transition of phages to lytic phase of cycle.  

  

 

Table 14. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype D (continued). 
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Rank 

in top 

100 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of 

variant by 

survival class 
Gene/product 

ID* 

Biological 

process Low 

death 

rate 

(n=4) 

Fast 

death 

rate 

(n=5) 

11 cadC 0.00095 
missense 

variant 
0 5 

EG10133; 

CadC DNA-

binding 

transcriptional 

activator 

GO:0016563 

(obsolete) - 

obsolete 

transcription 

activator 

activity 

14 yobB 0.00092 
missense 

variant 
0 5 

G7015; 

conserved 

protein 

GO:0016810 - 

hydrolase 

activity, 

acting on 

carbon-

nitrogen (but 

not peptide) 

bonds 

GO:0006807 - 

nitrogen 

compound 

metabolic 

process 

17 nemA 0.00092 
missense 

variant 
4 0 

G6890; N-

ethylmaleimid

e reductase, 

FMN-linked  

GO:0006805 - 

xenobiotic 

metabolic 

process 

GO:0008748 - 

N-

ethylmaleimid

e reductase 

activity 

19 lacY 0.00091 
missense 

variant 
4 0 

EG10526; 

lactose / 

melibiose: H+ 

symporter 

LacY 

GO:0008643 - 

carbohydrate 

transport 

GO:0005351 - 

sugar:proton 

symporter 

activity 

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B. 
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Rank 

in top 

100 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of 

variant by 

survival class 
Gene/product 

ID* 

Biological 

process Low 

death 

rate 

(n=4) 

Fast 

death 

rate 

(n=5) 

34 cmr 0.00088 
missense 

variant 
4 0 

G6440; 

multidrug 

efflux 

transporter 

MdfA 

(multifunction

al) 

GO:0015307 - 

drug:proton 

antiporter 

activity 

GO:0030641 - 

regulation of 

cellular pH 

GO:0015386 - 

potassium:pro

ton antiporter 

activity 

GO:0015385 - 

sodium:proto

n antiporter 

activity 

39 ydhU 0.00087 
missense 

variant 
0 5 

G6898; 

predicted 

cytochrome  

GO:0022904 - 

respiratory 

electron 

transport 

chain 

GO:0009055 - 

electron 

carrier 

activity 

40 

corresponds 

to STY4175 

from 

Accession 

AL513382: 

Salmonella 

typhi CT18 

0.00086 
accessor

y gene 
4 0 

WP_00007994

1; homolog of 

Ldr-like toxin 

gene from type 

I 

toxin/antitoxin

(TA) system 

GO:0012501 - 

programmed 

cell death cell 

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B (continued). 
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Rank 

in top 

100 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of 

variant by 

survival class 
Gene/product 

ID* 

Biological 

process Low 

death 

rate 

(n=4) 

Fast 

death 

rate 

(n=5) 

45 gmhB 0.00084 
missense 

variant 
4 0 

EG11736; 

D,D-heptose 

1,7-

bisphosphate 

phosphatase  

GO:0009244 - 

lipopolysacch

aride core 

region 

biosynthetic 

process 

48 

Phage 

antiterminat

ion protein 

Q 

0.00083 
accessor

y gene 
0 5 

WP_00120479

1 
 

59 yliI 0.00082 
missense 

variant 
4 0 

G6437; aldose 

sugar 

dehydrogenase  

GO:0016901 - 

oxidoreductas

e activity, 

acting on the 

CH-OH group 

of donors, 

quinone or 

similar 

compound as 

acceptor 

65 ydhU 0.00081 
missense 

variant 
0 5 

G6898; 

predicted 

cytochrome   

GO:0022904 - 

respiratory 

electron 

transport 

chain 

GO:0009055 - 

electron 

carrier 

activity 

80 

FIG006415

26: 

hypothetical 

protein 

0.00076 
accessor

y gene 
0 5 

ESC99965 

 
 

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B (continued). 
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Rank 

in top 

100 

Gene 

name/RAST 

annotations 

Mean 

Decrease 

Accuracy 

Type of 

variant 

Presence of 

variant by 

survival class 
Gene/product 

ID* 

Biological 

process Low 

death 

rate 

(n=4) 

Fast 

death 

rate 

(n=5) 

97 

ATP:Cob(I)

alamin 

adenosyltra

nsferase 

0.00019 
accessor

y gene 
0 4 

WP_03356100

4 (EC 2.5.1.17) 

GO:0006779 - 

porphyrin-

containing 

compound 

biosynthetic 

process 

98 entF 0.00017 
missense 

variant 
4 1 

EG10264; holo 

[EntF peptidyl-

carrier protein] 

apo-serine 

activating 

enzyme 

GO:0009239 - 

enterobactin 

biosynthetic 

process 

99 

FIG006410

27: 

hypothetical 

protein 

0.00017 
accessor

y gene 
4 1 

WP_00129738

2 
 

100 

COG2932: 

Predicted 

transcription

al regulator 

0.00015 
accessor

y gene 
0 4 

WP_00025998

7 
 

* ID of the homolog with highest identity is showed for accessory hypothetical proteins. 

Random forest analysis suggest that a small number of genomic variants may be 

responsible for enhanced survival in the Hudson silt-loam soil. Obtained results show that both 

accessory genome content and core genome variation confer to adaptive phenotypes of E. coli. 

While a small number of accessory genes were associated with enhanced survival, some genes are 

known to promote or degrade persistence in adverse environments, suggesting that a small number 

of gene acquisition events could be contributing strongly to the phenotype.

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B (continued). 

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B (continued). 

Table 15. List of missense SNPs and accessory genes in top 100 most important genome 

variants in phylotype B (continued). 
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According to our results, absence of putative persistence degrading factor (phage 

antitermination protein Q) may strongly contribute to persistence phenotype. Interestingly, in both 

phylotypes accessory antitoxin genes from toxin-antitoxin systems were identified as important in 

low death rate phenotype. This suggests that functionally similar accessory gene variation can 

explain adaptation across different phylotypes. 

Genomic variants in phylotype D showed weaker association with phenotype than variants 

in phylotype B. Mean decrease of accuracy values in random forest showed generally stronger 

support for important variants in phylotype B than in phylotype D (Tables 3, 4). In phylotype D 

strains accessory genes variants were more associated with low death rate in Hudson silt-loam soil. 

Meanwhile, presence of alternative variants in core genome had tendency to be associated with 

high death rate. Variation in phylotype B did not show any similar tendencies.  

Small number of genetic variants required to generate adaptive phenotype is in agreement 

with the idea that new ecotypes and, thus, species, can originate rapidly (Koeppel et al. 2013; 

Mallet 2008). Presence of accessory gene variants such as phage genes and genes from toxin-

antitoxin systems can support extreme scenarios of survival/adaptation provided by single gene 

followed by dissemination of beneficial gene across other ecotypes via horizontal gene transfer. 

Differences in sets of identified adaptive genetic variant across phylotypes B and D suggests that 

adaptation can be achieved convergently as it was observed in experimental evolution of E. coli 

(Tenaillon et al. 2012). In this study, E. coli was experimentally evolved to adapt for elevated 

temperature - 42.2ºC. Very few genetic variants were shared between evolved populations but 

most of mutations associated with adaptation to elevated temperature occurred in genes that encode 

parts of the RNA-polymerase complex or in the rho factor gene (factor of termination of 

transcription). In other words, there were two convergent paths to achieve adaptation. 
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Examination of patterns of genetic variation in E. coli associated with extrahost survival 

led to the idea that polymorphisms in genes involved in metabolism of substances and/or stress 

response can provide specific traits that incidentally enhance survival in extrahost habitat (van 

Elsas et al. 2011a). For example, E. coli O157:H7 C279 strain persisted better than C278 at 30ºC 

in loam soil with autoclaved manure slurry (Topp et al. 2003). Topp et al (2003) hypothesized that 

strain C279 is possibly better in utilizing specific nutrients, which results in better persistence. 

Further confirmation for the hypothesis that effectiveness of nutrient metabolism is important was 

described by Franz et al (2011) on different isolates, though. Long-surviving isolates of E. coli 

O157 were capable of oxidizing organic acids (propionic acid, a-ketobutyric acid, and a-

hydroxybutyric acid) much faster than the short-surviving strains (Franz et al. 2011). I have 

identified by random forest analysis important for survival in Hudson silt loam missense variants 

in genes ltaE, frmB and abgB for phylotype D (Table 14) and yobB, gmhB, lacY, and ydhU for 

phylotype B (Table 15), which are directly involved in catabolic or anabolic transformation of 

metabolites or their transport. 

Importance of variation has been repeatedly shown for rpoS gene, the general stress 

response sigma factor, for extrahost persistence in E. coli (Rozen and Belkin 2001). Poor persistors 

among E. coli O157:H7 in soil (<160 days) tended to carry SNPs, insertion, and deletions in rpoS 

gene compared to long term survivors (>200 days) (van Hoek et al. 2013). On the other hand, 

comparative genomic hybridization study showed that populations of E. coli can’t tolerate a lot of 

variation in conservative rpoS gene because this gene is necessary for stress response (Ihssen et 

al. 2007). Lack of rpoS is rare in isolates of E. coli from the environment (Snyder et al. 2012). 

Moreover, recently it was shown that most of the variation in rpoS gene arises during laboratory 

cultivation, suggesting that this gene is conserved in natural populations of E. coli (Bleibtreu et al. 
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2014). According to our results, observed variation in rpoS gene wasn’t important for soil survival. 

However, I observed synonymous variation in rpoS gene in phylotype D. I have identified 

missense variants in other putative stress and xeno-/antibiotics tolerance genes in phylotype B: 

nemA (xenobiotic inactivation) cmr (multifunctional multidrug efflux transporter), cadC 

(transcription activator of cadaverin biosynthesis genes, genes involved in excretion under low pH 

and sensing of high concentration of lysine); phylotype D: zraS (sensory histidine kinase of the 

two component signal transduction system ZraS/ZraR involved in response to the lead/zinc). 

Prophage genes and mobile genetic elements that compose significant part of accessory 

genome in bacteria are one of the foremost forces of initial/immediate adaptation in bacteria due 

to high variability (Cerveau et al. 2011; Koskella and Brockhurst 2014; Penades et al. 2015), 

virulence genes spreading (Penades et al. 2015) and potentially, dissemination of antibiotic 

resistance genes (Colomer-Lluch et al. 2011; Quiros et al. 2014). I report that mobile elements 

derivatives and prophage genes were associated with survival phenotype in both phylotypes (Table 

14, 15). Presence of phage antitermination protein Q was associated with high death rate strains in 

phylotype B. Lower survival in this case is possibly explained by persistence-degrading effect due 

to transition of prophage to lytic phase in response to environmental stress.  

I found that presence of genes from types 1 and 2 toxin-antitoxin(TA) systems was 

associated with survival of E. coli in Hudson silt loam. The toxin/antitoxin systems are primarily 

known as selfish genetic systems which can cause postsegregational killing of daughter cells that 

have lost genome region or plasmid containing this system (Van Melderen and De Bast 2009). 

Toxin is a protein that has deleterious effect on cell functioning. Antitoxin that inhibits toxin can 

be either antisense RNA to toxin mRNA (type I and III TA systems) or protein (type II, IV, V) 

(Ramage et al. 2009). It is suggested that TA systems are involved in induction of persistence 
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under starvation/stress conditions, growth control and restriction of genome deterioration (Van 

Melderen 2010; Van Melderen and De Bast 2009). According to Yamaguchi and Inouye (2011) 

E. coli K-12 strain contains at least 36 TA systems (Yamaguchi and Inouye 2011). In strains from 

phylotype D I have identified only 9 complete type 1 and 2 TA systems and various copies of only 

toxin or antitoxin genes from type 2 and 4 TA systems. Random forest analysis identified that 

presence of Phd antitoxin and Ldr-like toxin proteins is associated with better survival in phylotype 

D (Table 14). Four out of five strains with low death rate in phylotype D contained Phd antitoxin 

gene (from Phd-Doc type 2 TA system). Phd-Doc TA system was derived from bacteriophage P1. 

Primary molecular function of Doc-toxin is binding with 30S ribosomal subunit, which leads to 

inhibition of translation and, thus, reduction of cell growth (Yamaguchi et al. 2011). Seven strains 

(including reference UMN026 and one of strains with high death rate) contained Ldr-like toxin 

gene which, thus, is also associated with increased survival in Hudson silt loam. Interestingly, 

another copy Ldr-like toxin gene was presented in all studied strains of phylotype D. In phylotype 

B I observed 11 complete type 1, 2 and 4 TA systems and copies of only toxin or antitoxin genes 

from type 2 TA system. One copy of homolog of Ldr-like toxin genes (Table 15) (type I TA 

system) among studied strains from phylotype B was presented only in strains with low death rate 

and in reference strain IAI1.  

Variation in content of TA systems is involved in persistence induction(Fasani and 

Savageau 2015), and our study rather suggest that single TA system can explain better survival of 

studied strains from both phylotypes. TA systems within one organism interact with each other in 

synergistic and antagonistic ways that leads to variable contribution to growth phenotype. It was 

suggested that complex interactions between different TA systems under different environmental 

conditions generate variation in survival and growth phenotypes that in turn can facilitate ecotype 
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divergence by growth rate and ability to persist under specific conditions(Goeders and Van 

Melderen 2014). 

Conclusions 

Our current results together with previous studies show that, possibly, only few genetic 

variants are required to achieve adaptation. The idea that a small number of genetic variants are 

required to generate adaptive phenotype is in agree with idea that new ecotypes and, thus, species, 

can originate in few generations(for example in less than ~110 generation) (Koeppel et al. 2013; 

Mallet 2008). Accessory gene variants such as phage genes and TA systems may support scenarios 

of adaptation provided by single gene. Increase of relative abundance of beneficial genetic variant 

in bacterial population occurs through proliferation of ecotypes with selectively favored genetic 

variants and via horizontal gene transfer (Shapiro et al. 2012). Differences in sets of identified 

adaptive genetic variant across phylotypes B and D suggests that adaptive phenotype can be 

achieved convergently. Genomic variants in phylotype D have showed weaker association with 

phenotype than variants in phylotype B. Mean decrease of accuracy values in random forest have 

showed generally stronger support for important variants in phylotype B than in phylotype D 

(Table 14, 15). 
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