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ABSTRACT 

Extraintestinal E. coli have adapted to survive in secondary environments outside of the 

intestines of a host. The genetically diverse phylogroup D was use to validate two previous 

GWAS analysis that identified single nucleotide variants to have a positive or negative effect on 

biofilm formation. We selected ten variants from TreeWAS based on current literature to identify 

patterns among a new set of E. coli isolates, to identify SNV that can be used as genetic markers 

for biofilm formation. DBGWAS was used to predict and validate the predicted value of a SNV, 

by conducting an allelic exchange by using a CRISPR/Cas9 system, pCAGO, that allowed for 

scarless genome editing. This allelic exchange and deletion of the gene led to no statistical 

significance when biofilm formation and growth rate were tested. This led to variation in biofilm 

formation but didn’t affect the phenotype in a statistically significant manner.  
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CHAPTER 1: LITERATURE REVIEW  

Escherichia coli life cycles increase the Pangenome   

Escherichia coli is a gram-negative species that is commonly found as part of the lower 

intestinal microbiota of humans and warm-blooded mammals (1–5).  Fecal contamination 

containing E. coli continues to be a problem in our water systems, soil, and food (1, 5–8).This 

has led to the study of E. coli outside of a host intestine and how they have adapted to a variety 

of environments (9–12). To understand the life cycle of E. coli, we need to understand how they 

can adapt to different environments from the intestinal tract, urinary tract, and outside of a host 

(11–15).   

E. coli reproduce asexually and the requirement to adapt to new ecological niches leads 

to a faster evolution as this provides a competitive advantage over residing microbes  within the 

host or outside of a host (11, 13–15). When studying E. coli host colonization in a mouse gut, it 

was shown that invading E. coli can successfully colonize the gut by undergoing phage-mediated 

horizontal gene transfer followed by mutations that improve the metabolism of specific gut 

carbons, mannose and gluconate. In this same study, the resident ancestor strain initially had a 

higher growth rate and yield when compared to the invading strain, but phage-driven horizontal 

gene transferred led to the evolved invading E. coli having a competitive advantage in growth 

rate and yield (16). 

The evolutionary potential of a species depends on pre-existing genetic diversity as well 

as de novo mutations which both may give rise to populations that have an advantage in a novel 

environment (17, 18). Rapid changes in an environment can lead to population decline and 

extinction if the change is lethal to the cells. It has been demonstrated in Pseudomonas 

fluorescens SBW25, that initial genetic diversity and population size play a role in the evolution 
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rescue of the species when exposed to a lethal environment, streptomycin (19). A larger 

population will contain a larger standing variation then small populations, which can improve 

survival when exposed to a lethal environment. This was shown in P. fluorescens, as the 0.2 mL 

population had a very low rescue under streptomycin stress when compared to the 1.5 mL 

population. Additionally, when population density decreased to very low levels before 

population rescue occurred, it is possible that a de novo mutation occurred giving rise to 

streptomycin resistant mutants or there was a significant lag in exponential growth from cells 

that conferred resistance (19).  

The differences between the host environment and secondary environments may allow 

for a quicker response as nutrient available may promote growth of populations that weren’t 

dominant in a previous environment (15, 17).  For example, when E. coli is deposited into the 

environment, they may face predation from soil dwelling amoeba that may cause death to the 

cells unless certain mutations improve survival. Macrophages and amoeba share similar 

characteristics such as phagocytosis and autophagy so the ability to evade phagocytosis may be 

beneficial within a host and outside of a host (21).  In a study to identify how commensal E. coli 

strains became more pathogenic within the host, constant macrophage pressure on commensal E. 

coli led to rapidly adapted isolates (22). By acquiring mutations that lead to changes in the 

transcriptome they had an improved intracellular survival and ability to escape macrophages (22, 

23). Pathogens have been shown to have an increased mutation and recombination rate which 

has led to distinct metabolic and pathogenic capabilities (11, 24) 

Neutral Theory states that most genetic variability can be attributed to neutral or near 

neutral mutations opposed to all mutations being adaptive (25–28). The constant environmental 

pressures lead to genetic changes that may confer an advantage, deleterious, or neutral but often 
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they are neutral (27).  This has been previously demonstrated in fimH, in which there is an 

accumulation of mutations that eventually lead to increase binding to mannose residues within 

the urinary tract. Most of these mutations are neutral mutations until E. coli disperse from the 

intestine into the urinary tract.  E. coli  that infects the urinary tract must be able to retain the 

ability to adhere to monomannose and survive shear stress if they will colonize the urinary tract 

(23).  The functional trade-off has been demonstrated when a mutation  within fimH led to 

unusually strong binding to monomannose and increased colonization of the mouse bladder by 

20-fold. The also led to the adhesion being inhibited under shear stress (29). Mutations can 

improve the functionality of a protein but that can also be detrimental under different conditions.  

E. coli also can survive outside of the intestine of a host such as surviving in and on 

plants, soil, and cause extraintestinal infections such as neonatal meningitis and urinary tract 

infections (8, 30–35). Uropathogenic E. coli (UPEC )  are able to utilize D-serine as a carbon and 

nitrogen source as  is commonly found within the urinary tract and it. Deletion of the dsdA gene 

led to growth defects leading to a long lag phase in the urinary tract of mice (15, 31, 32) . The 

acquisition of genes leads to adaptation to a new environment  (9, 33).  

E. coli gene content diversity is due to the acquisition or loss of genes and pathogenicity 

islands that cause variability in genome size. In a comparison of genome size of 3 different 

strains, it was shown that E. coli K-12, intestinal pathogen O157:H7 and extraintestinal pathogen 

E. coli CFT073 shared a core genome of 2,996 protein-coding genes. The differences among 

these three isolates is their ability to cause disease and phylogroup; K-12 is B1- like, CFT073 is 

B2 and EDL933 is F. The two pathogens contained larger genome when compared to the size of 

K-12 and this is likely due to pathogenicity islands (34).  The E. coli K-12 genome is 4,401 gene 

, CFT073 contains 5,379 genes and EDL933 contains 5,449 which presents the genome 
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variability within the E. coli species (34).  The genome variability of E. coli has been displayed 

by its pangenome, with the accessory genes counting for a large portion of the content. 

Depending on the study, the core genome is predicted to be about 1,700-2,500 gene families and 

pangenome (9, 35, 36). This wide distribution in genome size can be attributed to the eight  

phylogroups that are associated with numerous niches leading acquisition of new genes (37, 38). 

There are eight phylogenetic groups A, B1, B2, C, D, E, F and G, with the majority of 

extraintestinal infections E. coli  being caused by phylogroup B2 and D (39, 40).  

Extraintestinal E. coli tend to have a larger genome, when compared to commensal 

isolates as they are able to occupy numerous niches.  E. coli that are outside of a host, require 

different genes to survive when compared to E. coli residing within a host (36). The ability to 

survive in water, soil, and grasslands shows the wide distribution of E. coli (1, 41–43). Soil is a 

reservoir for E. coli thus allowing for genomic variations to increase based on heterogeneity of 

environmental characteristics within soil (1, 6, 41, 44). The ability to survive in different 

environments is influenced by the ability to endure harsh conditions by forming microbial 

communities called biofilm (4, 45–47). 

Biofilms: a developing survival mechanism 

A survival mechanism that is commonly used is the ability to form a microbial 

community called biofilm (4, 48). Within a biofilm, microbes have a higher survivability rate 

against external threats as it is a protective barrier against antibiotics, desiccation and also acts as 

a nutrient reservoir with increased genetic exchange which drives natural selection (37, 49–51). 

40-80% of microbial life is in biofilms (52, 53). Microbes can thrive within a biofilm because 

they can feed off one another’s metabolic by-products and increase structural integrity as 

biofilms are composed of a variety of bacteria, fungi, viruses, and protists (49, 54–58).  
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 The environment leads to different biofilm structures as they adapt to new external 

factors.  This has been shown in Pseudomonas aeruginosa biofilm as the cells retain their rod 

shape and form a mushroom like matrix during oxic conditions (73). When P. aeruginosa is 

placed under denitrifying conditions the majority of the cells become filamentous and creates a 

mesh-like structure (77). The environmental effect on biofilm formation has also been 

demonstrated in Clostridium perfringens. The biofilm formation at 37˚C was densely packed but 

in ambient temperatures, 25˚C, the cells had less attachment activity and formed elastic thick 

pellicle-like biofilms (62). The ability for the environment to affect biofilm structure is also 

affected by the surface that the biofilm is being formed. In E. coli, biofilm production has been 

shown to be dependent on the surfaces hydrophobic or hydrophilic properties. During growth in 

hydrophobic surfaces, ompA was shown to increase biofilm formation but decreased biofilm 

formation on hydrophilic surfaces due to the production of cellulose (78).  The environment 

alters the biofilm structure as well as its ability to form biofilms, indicating the various genes 

involved with biofilm formation (62, 67, 79–81). 

 A biofilm can be constructed with dominant microorganisms such as E. coli in urinary 

tract infections or a multitude of microbes as in dental plaque (27, 59). A single species biofilm 

would contain a variety of cells in a motile or sessile phenotype(60) Sessile and planktonic 

cultures of E. coli released metabolites which improve growth of single species biofilm but also 

dual species biofilm (61).  

Environmental factors such as low temperature, osmotic stress, host immune response, 

and nutrient availability are known to affect the expression of a variety of genes in a microbe 

leading to biofilm formation (47). When E .coli K-12 was grown at low temperatures there was 

an upregulation of genes for biofilm, cold-shock and rpoS dependent genes (47). For example, an 
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increase in temperature leads to a different biofilm matrix (62). Additionally, biofilm formation 

is a survival mechanism in which the metabolic burden should be decreased to increase the 

chance of survival. This was shown in a study in which 11 of the 100 least ATP consuming 

proteins in E. coli K-12 were extracellular proteins, including:  curli, major subunit of flagella 

and type 1 pili all of which are critical during biofilm formation (63).    

Biofilm formation consist of five step life cycle which consist of the initial reversible 

attachment, irreversible attachment, microcolony formation, maturation and dispersion, with the 

initial attachment and irreversible attachment overlapping (64) .  During biofilm formation, each 

cell may be in a different stage of the life cycle.  

During the initial stage of biofilm formation, cells must use energy to swim to a biotic or 

abiotic surface using their flagella for the initial adherence to surface.  The flagellum master 

regulator, flhDC, changes expression levels when exposed to different pH or osmolarity levels 

(65) . In a gene knock out study, it was found that cells lacking the genes to form flagella (fliCD) 

or for motility, motAB, had a decrease ability in biofilm formation. In the same study, deletion of 

the type 1 fimbrial protein gene, fimH, led to a nearly no visible cells adhering the abiotic 

surface, polyvinyl chloride (PVC) under a microscope (66).  

High levels of c-di-GMP have been shown to increase biofilm formation and low levels 

keep the cells motile (67, 68). As mention previously, initial reversible/irreversible attachment, 

overlap with each other as the conversion from planktonic to sessile is regulated by the 

intracellular levels of cyclic diguanylate monophosphate (c-di-GMP), a second messenger 

molecule (68, 69).  Another regulator during this initial adhesion process, is the catabolite 

repressor protein (CRP) - cyclic AMP (cAMP) complex that can directly affect curli fiber 

synthesis by activating the master curli regulator, csgD, positively regulate the master motility 
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regulator flhDC  and inhibition of rpoS during this initial stages of biofilm formation (70).  The 

transition to maturation stage continues to have transient cells that are affected by environmental 

conditions as the biofilm matrix is a continuously evolving matrix (68, 71–73). 

During this maturation stage, cells begin to produce extracellular polymeric substance 

(EPS) that is composed of water and extracellular polysaccharides, proteins, lipids and 

extracellular DNA (eDNA) (73–75).  This EPS matrix is a protective barrier allowing for the 

cells to remain in a hydrated state, retain nutrients within the matrix and protects against 

environmental stress such antibiotic treatment, pH changes and salinity (73, 76). The maturation 

stage of biofilm formation is when cells undergo exponential growth (75). In a recent study, 

Streptococcus mutans biofilm formation consists of two different cells types, cells actively 

replicating forming microcolonies and cells that remain in a steady state. The actively growing 

cells contributed to the increasing cell density with EPS production and eventually intertwining 

the various microcolonies to form the matured biofilm (60, 75).  

The final stage of biofilm formation is the dispersal of the attached cells which is done by 

active or passive dispersal with three different modes of actions: erosion, sloughing, and seeding 

(82).  All three mechanisms can be considered active dispersal, but erosion and sloughing can be 

either passive or active. Sloughing has been demonstrated to be active in P. aeruginosa as 

nutrients are increased (89). In S. marcescens, it has been demonstrated that sloughing in 

controlled by quorum sensing (90). The degradation of c-di-GMP by phosphodiesterases (PDEs) 

due to environmental signals such as nitrious oxide are also a factor in biofilm dispersal (67, 69, 

91).  

Lastly, the duration of biofilm can be highly dependent on the microbes involved in the 

biofilm formation. The wild-type E. coli K-12 MC1000 strain is highly motile and has biofilm 
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degradation after two weeks on polystyrene surface under static conditions in TB media. When 

grown under similar condition in a mixture of wild-type MC1000 and non-motile MC1000 

mutants, biofilm mass increased after three weeks when compared to the non-mixed biofilm 

(60). Mixed biofilms had increased cell viability and an increase in biofilm mass when compared 

to the single MC1000 biofilm. This indicates that cell a combination of motile and nonmotile 

cells improve biofilm formation (60). 

Genetic adaptation is crucial for the survival of any microorganism as this allows them to 

endure external environments where the fluctuation in temperature and oxygen may play a 

critical role in biofilm architecture (11, 62, 67–69, 81). Biofilm formation is an adaptive 

phenotype to the environmental factors that alter gene expression (64, 65, 69, 78, 79, 92–94). 

Biofilm formation is an epistatic phenotype as it is not controlled by a single gene, rather it is the 

result of various genes being regulated by one another and environmental factors(45, 62, 65, 81).  

This leads to the importance of statistical models, that can identify associations between genetic 

variants and a phenotype. 

Genome-wide associated studies  

Genome-Wide Associated Studies (GWAS) have been of use to identify genes or single 

nucleotide polymorphisms (SNP) associated with disease. Various statistical tools are currently 

being used to identify an association between genes or single nucleotide polymorphisms and a 

phenotype  (95–99). Statistical tools all contain an advantage and disadvantage. Such as 

TreeWAS, it is a phylogenetic method for GWAS in which it uses a reference genome, accounts 

for epistasis by allowing each SNP to partially contribute to the phenotype and corrects for 

homologous recombination but the use of a reference genome may not account for variants that 

occur rarely (100, 101). Another tool that has been used is DBGWAS, which doesn’t use a 
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reference genome, extracts novel variants, and identifies local polymorphisms and mobile 

genetic elements but this tool may lead to identification of various hypothetical proteins or genes 

associated with bacteriophages (101, 102). One of the major disadvantages of DBGWAS is that 

it doesn’t completely account for  phylogeny in contrast to TreeWAS does. (101, 102). These 

two separate tools can identify large amounts of variants as do many models, so the need to 

validate these studies continues to be of great importance (101, 103).  

The increase use of bacterial GWAS has led to the identification of association between 

genes and a phenotype in antibiotic resistance, cancer and also virulence factors (95, 99, 104).  

To date, there has been few papers in which GWAS results were validated on naturally occurring 

variants that leads to a specific phenotype. GWAS has been used to identify genes associated 

with antibiotic resistance as well as identifying genetic variations within Helicobacter pylori 

associated with gastric cancer (95, 105). A variety of results can come from a single GWAS, as 

was the case for Mycobacterium tuberculosis, where they identification of one gene, ponA1, was 

associated with antibiotic resistance. In addition, isolates with unknown sources of antibiotic 

resistance were not associated to any specific gene (104). In another study, an association 

between virulence and iron capture systems within a high pathogenicity island containing the 

siderophore yersiniabactin was associated with a high death rate in mice and growth in the 

presence of numerous antibiotics (99). There have been various studies that find association 

between gene and phenotype but not many studies on naturally occurring isolates. A study on 

Campylobacter jejuni, identified various genes associated with disease and survival were 

identified, and deletion mutants of the identified genes were validated the association (106).  
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Genome editing tools for allelic exchanges 

To identify how a specific SNP may affect a phenotype, the simplest way is to swap 

alleles containing the desired SNP. There are a variety of genetic tools that can be used to create 

allelic exchanges but a variety of problems have been associated with these systems.  

Recombineering has been used extensively as a method to disrupt gene functionality via 

insertion, deletions and point mutations (107–109). A genetic tool that has taken advantage of 

bacteriophage proteins is the lambda Red recombination system that was taken from the 

bacteriophage lambda which requires three proteins Gamma, Beta and Exo proteins that 

normally would help the lambda phage integrate itself into E. coli chromosome. These three 

proteins have been cloned on to a plasmid which are usually under the control of a lac-repressor 

(110).  Recombineering has been useful tool as the requirements for the insertion of the editing 

cassette requires as little as 35bp homologous arms flanking an antibiotic marker as a method to 

indicate that the desired insertion has been obtained (109). Recombineering has been a useful 

tool in the metabolic engineering field as researchers have enhanced insulin production by 

removing genes that interfere or  divert resources from insulin production  (111). Its major 

advantage is that it is not limited to restriction enzymes which allows the insertion to be made 

into plasmid, chromosome and improve bacterial artificial chromosomes (BAC) engineering. 

Lambda Red recombination was originally introduced as a method to replace genes with 

antibiotic markers and remove the antibiotic marker with the, FLP recombinase target (FRT), 

flanking the target which eventually left a scar at the site which can be as short as 36bp and as 

long as 85bp (109). This method has been crucial for our understanding of functionality of these 

genes that were knocked out leading to the Keio collection (112). The Keio collection, consist of 

single gene deletion of all non-essential genes in E. coli K-12, which led to the  collection of 
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3,985 E. coli mutants (112).  Leaving behind a scar site can lead to unexpected results that may 

affect cell growth causing false positive results. When studying genetic variability among wild 

type isolates, we want to only introduce our desired mutation as undesired scar sites have shown 

to have a negative impact on the growth rate of Salmonella enterica when a FRT scar was left 

near the open reading frame of rpsT (113).  

Based on the review by Gaj et al, we considered the following genome editing techniques 

for use in validating GWAS results: Zinc Finger Nucleases (ZFN), Transcription activator-like 

effector nucleases (TALEN) and Clustered, Regularly Interspaced, Short, Palindromic Repeats 

(CRISPR)/ CRISPR associated nuclease(Cas) (114). These three tools have the benefits of 

genome editing but the ability to be cost saving and precise were key consideration for the 

present research. Zinc Finger Endonucleases and TALEN are considered for gene manipulation 

as they are considered artificial restriction enzymes, with a cleavage domain that can be designed 

to have high affinity to double stranded sites (115, 116).  ZFN and TALEN both use DNA 

binding modules that can be customized for each desired target by purchasing modular assembly 

kits available at Addgene (117, 118). The kit availability of ZFN and TALEN increases the 

accessibility of genome editing tools but can be time consuming to properly design and construct  

(114, 118–120). The reason zinc fingers weren’t chosen is that they aren’t used in bacteria, and 

zinc finger design requires validation to improve affinity to the desired region due to interactions 

among zinc fingers (119). The second genome editing tool TALEN, is simplified using 

customized module plasmids which uses golden gate cloning to complete the final construct.  

The ability to recognize one single nucleotide within the desired target region based on the 

protein-DNA interaction (114). The reason TALEN proteins weren’t selected was due to the high 

cost and it is time consuming.   
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 The genome editing tool that I chose to use was a CRISPR/Cas9 system that combines 

the usage of lambda Red recombineering to improve intrachromosomal recombination leaving a 

scarless edit (121).  CRISPR/Cas9 system relies on the endonuclease Cas9, which recognizes a 

20 base pair target sequence along the chromosome followed by a protospacer adjacent motif 

(PAM) that is approximately 2-6 base pairs upstream which allows for sequence recognition 

(122).  The PAM sequence limitation in CRISPR genome editing was avoided with the usage of 

a universal N20PAM sequence(123–125). In addition to PAM dependent limitation, to target 

various genomic sites, a new guide RNA (gRNA) needs to be constructed for every site desired 

to create a mutation (114). A new system that eliminates the PAM restriction was recently 

designed in combination with lambda Red recombination, which are regulated by a single 

plasmid (121). This novel system uses a universal target sequence(N20PAM), that is inserted via 

homologous recombination and a universal gRNA encoded on the plasmid which recognizing the 

N20PAM sequence leading to the double stranded break by Cas9 endonuclease. This new 

CRISPR/Cas9 system consist of a plasmid, pCAGO, which eliminates the need to generate new 

gRNA for every target site, as the target N20PAM sequence is integrated into the desired region 

via homologous recombination (121). This system can be used in genomic regions that don’t 

contain a recognized PAM sequence or CRISPR intolerant regions. This genome editing also 

does not require multiple plasmids or multiple transformations, so this simplistic approach 

eventually allowed us to genetically modify an isolate with the initial transformation and 

induction of lambda Red proteins and Cas9 endonuclease  (114, 121, 124, 126, 127).  

Rationale of research  

Biofilm formation is a complex phenotype that requires a combination of genes or 

genetic variations. E. coli is known to form biofilms and within the Peter Bergholz lab the 
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biofilm phenotype has been shown to be variable across phylogroup D environmental isolates 

with some of these isolates being closely related to the uropathogenenic E. coli strain UM026. 

Previous GWAS analysis has identified single nucleotide variants associated with biofilm 

formation in Minnesota and North Dakota E. coli soil isolates.  One of the goals of this research 

was to test the generalizability of two different GWAS results to a separate E. coli population 

from New York soil. This generalization would allow us to identify genetic variations patterns 

that can later be used as genetic markers for biofilm formation in newly sequenced E. coli 

genomes. We used ten genes that are part of the core genome with known roles in biofilm 

formation so the presence or absence of the SNV within the gene may alter the genes 

functionality and alter the biofilm phenotype. Additionally, validation of GWAS was completed 

on a SNV that was associated with increased biofilm density. The SNV was identified by 

DBGWAS analysis, so an allelic exchange between two Minnesota/ North Dakota isolates was 

conducted to validate the true effect of this genetic variant. To complete the allelic exchange, 

pCAGO a CRISPR/Cas9 system was used because it doesn’t require the design of multiple guide 

RNA for each target as it contains a universal N20PAM sequence. The pCAGO system allowed 

us to complete an allelic exchange and gene deletion with just a change in primer design. Once 

an isolate contains the pCAGO plasmid, it can be used for gene deletion, addition, and allelic 

exchange.  
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CHAPTER 2: VALIDATION OF EFFECTS OF SNV FROM GWAS ON BIOIFLM 

PHENOTYPE USING A CRISPR SYSTEM WITH UNIVERSAL GUIDE RNA 

SEQUENCE  

Introduction  

The dual lifestyle of Escherichia coli allows for survival in diverse environments within a 

host and outside of a host such as freshwater, plants and soil  (1, 6, 45, 128). The open 

pangenome of E. coli has undergone a complex process in which the environment has selected 

for genetic traits that increase survival (9, 70, 129). With the large genomic diversity of E. coli, it 

is important to focus on a single phylogroup to remove additional variable during the research. In 

this research, phylogroup D is the focus because its genetic background has shown to be very 

diverse in its ability to adapt to different environments which isolates are commonly associated 

with urinary tract infections, neonatal meningitis but can also be found in soil and water (9, 28, 

44, 130, 131). Biofilm formation is a survival mechanism that improves survival in these 

different environments and increases genetic variability (132). Biofilm formation is a sessile 

phenotype that is a complex network of genes that interact in an epistatic fashion that contributes 

to the difficulty in identifying the roles of genes or SNPs. The importance of identifying how a 

single gene or point mutation can alter the phenotype continues to be studies due to its clinical 

importance and to improve our understanding of the microbial evolution. 

 A method still in use, is transposon mutagenesis as it identifies the association between 

gene disruption and a phenotype. Transposon mutagenesis has identified intergenic regions 

importance in antimicrobial tolerance, pathoadaptive traits in E. coli-macrophage interactions 

and the cause of a single point mutation in the intergenic region of csgDEFG and csgBAC led to 

biofilm formation and invasive capability in E. coli 0157:H7 (20, 133, 134). This has led to the 
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identification of genes essential for biofilm formation, growth and invasion of epithelial cells 

(76, 135). An alternative method is the use of Genome-Wide-Associated Studies to identify 

naturally occurring variants and their associations with a phenotype. (97, 99). The ability to 

understand natural variation associations with survival and niche-specific genes has been limited 

to Campylobacter jejuni, avian E. coli and non-clinical Aspergillus fumigatus as of most recently 

(105, 106, 136). 

The first objective of the research was to test the generalizability of GWAS on a new set 

of E. coli isolates that are from New York soil. If successful, genetic variants can be used in 

clinical settings where the genomes sequence is enough information to know the isolates biofilm 

capabilities. The goal was to identify a pattern among the genetic variants that are associated 

with positively or negatively impacting biofilm formation  This would also allow for quick 

identification of good biofilm formers and allow for better treatment for patients.  

 The second goal was to validate GWAS, by creating an allelic exchange between isolates 

that contain a genetic variant that has been associated with a positive effect on biofilm formation. 

The allelic swap will be conducted using a CRISPR/Cas9 editing tool to create a mutation 

without a scar site (121).  The target gene produces a hypothetical protein, which contains a 

conserved domain of ddrB-like ParB superfamily domain (e-value =1.62e-47) and was also 

annotated as a D-serine transporter during the DBGWAS analysis (e-value 6). The allelic 

exchange between to isolates would show the impact that this specific nucleotide has on biofilm 

formation. The isolate obtaining the nucleotide from the better biofilm producer should see an 

improvement in biofilm formation. In addition, deletion of the whole gene was be conducted as 

various nucleotides may be required to see a phenotypic effect.  
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Results  

Validation of TreeWAS and DBGWAS analysis using New York isolate ability to form 

biofilm 

Biofilm formation was measured using the crystal violet assay due to the ease and ability 

to screen a large quantity of isolates. The crystal violet assay is a method that allows us to 

quantify the biomass produced during biofilm formation by measuring the optical density. Some 

of the best techniques to measure biofilm formation is confocal scanning microscopy as it can 

give a 3D view of the biofilm and allows for the least disruption of the natural biofilm.  

From a collection of 131  Phylogroup D  E. coli soil isolates from the Cornell University 

Food Safety Laboratory collection, we used 40 isolates to test the generalizability of the 

TreeWAS results from Minnesota/North Dakota E. coli isolates (130, 137) . In addition, a subset 

of 21 was used from the original 40 isolates because not all the isolates contained the variants 

identified by DBGWAS.   

Seven replicates of the crystal violet assay were completed to validate the consistency of 

results and to identify a pattern among the isolates that contain the genetic variants. Ten single 

nucleotide variants were selected from the TreeWAS analysis to assess the predictability of the 

biofilm phenotype. A positive score, such as 53.6 in the kpsS variant (figure1), indicates that the 

presence of the variant has a predicted positive effect on biofilm formation and a negative score 

indicates a negative effect on biofilm formation. If a pattern is present, the top or bottom biofilm 

formers would contain the same SNP within the gene. For example, if the alternative variant 

within the kpsS gene increased biofilm formation, the top biofilm formers would contain the 

alternative variant more often while the poor biofilm formers would have the reference variant 

regardless of the other genes. 
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Among our isolates the wide diversity within these isolates is shown as the difference in 

optical density (OD) 580 nm  between the top biofilm former and poorest biofilm former is an 

OD580 1.64 (figure 1) . The uropathogen E. coli UMN026 was used as a control as it is a good 

biofilm former and was used as a reference genome during the TreeWAS that was completed 

previously (130, 138). There is five different isolates that had a OD580 similar or higher than 

UMN026. This indicates that these five isolates have the ability to have a biomass equivalent to 

or greater than UMN026 but it does not mean that this would translate to pathogenicity or ability 

to form biofilms within the urinary tract.  The overall average OD580 of the top five biofilm 

formers is 1.47 when compared to UMN026 which had an OD580= 1.24.    

To assess the predictability of the TreeWAS variants selected, we examined SNPs 

present in genes known to cause an effect on biofilm formation (figure1). If the reference or 

alternative SNP were more prevalent in the top or worse biofilm formers it would allow us to 

state that there is a pattern that is consistent with good/poor biofilm formation. Predictability was 

based on the presence/absence of the 10 variants from the TreeWAS analysis. The ten variants 

within the ten different genes did not have any pattern to confirm any single variant influencing 

biofilm formation. The top biofilm former (Figure 2), FSL-B7-2805 and the 36th rank biofilm 

former FSL-B7-2129 contained the same profile within the 10 selected variants indicating that 

there may be a variety of different single nucleotide variants affecting biofilm formation between 

the isolates.  TreeWAS analysis had previously identified 1,089 single nucleotide variants in core 

functional genes therefore it is possible that there is a single SNV or combination of SNV that 

can be used as a biofilm predictor.  
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Figure 1: Isolates used for biofilm formation based on variant presence. Isolates are ordered from 
best biofilm former to poor biofilm former. Green shading indicates references variant TreeWAS 
analysis and red indicates alternative variant and grey indicates variant not present in isolate. 
Predicted effect on biofilm rank under each SNV. Positive predicted value indicates a predicted 
positive impact on biofilm formation and negative value indicates a predicted negative impact.  

In addition to finding a pattern among the SNP, I tried to identify a pattern indicating 

epistasis occurring as the alteration of a SNP may lead to a cascade of effects to different genes. 

This would be shown in a similar fashion where the top biofilm formers contain a combination of 

variants causing an improvement in biofilm formation, and vice versa. This was not presented as 

well among the ten variants.  

Isolate
kpsS     

(53.61)
dsdA     

(45.92)
pduT   

(46.21)
iucD 

(49.75)
yfaL               

(-44.57)
entF              

(-47.80)
fimA              

( -48.11)
evgS              

( -61.56)
dcp.               

(-44.37)
flgG.             

( -45.77)
FSL-B7-2805 C C G A T G A G A G
FSL-B7-1564 A A T T G C G T G
FSL-B7-1676 C C G A T G A G A G
FSL-B7-2676 G C G A G T G
FSL-B7-2728 C C G A C G A G T G
UMN026 C C G A T A C A T G
FSL-B7-1508 C G A C G A G T G
FSL-B7-2774 T A A T T G C A T G
FSL-B7-2788 A A T T G C G T G
FSL-B7-1620 A A T C G C G T G
FSL-B7-0711 C G A C G C A A G
FSL-B7-1107 C C G A C G A G A G
FSL-B7-2775 T A A T C G C A T G
FSL-B7-1617 A A T T G C G T G
FSL-B7-1108 C A A T C G C G A G
FSL-B7-0360 C G A T G A G A G
FSL-B7-0589 A A T T G C G T G
FSL-B7-0709 C G A C G A A A G
FSL-B7-1063 C C G A T G A G A G
FSL-B7-2800 A G A C G A G A G
FSL-B7-1109 G A C G A A A G
FSL-B7-1110 G A C G A G A G
FSL-B7-2543 A A T T G C G T G
FSL-B7-0688 C G A T A C A T G
FSL-B7-2793 G A C G A G A G
FSL-B7-1085 C G A C A C G A G
FSL-B7-2807 C C G A T G C A A G
FSL-B7-0624 C G A C G C G A G
FSL-B7-0590 G A C G A G A G
FSL-B7-0392 A A T T G C G T G
FSL-B7-0613 A A T T G C G T G
FSL-B7-2629 C C G A T G A G A G
FSL-B7-2677 T A A T C G C A T G
FSL-B7-2131 T A A T C G C A A G
FSL-B7-2129 C C G A T G A G A G
FSL-B7-1674 T A A T T G C A T G
FSL-B7-2156 A G A C G C G T G
FSL-B7-0720 G A C G A G A G
FSL-B7-0718 C G A T G A G A G
FSL-B7-1067 C G A C G C G A G
FSL-B7-2755 A G A T G C A A G
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When trying to identify variants associated with biofilm formation from the DBGWAS 

analysis, the variants showed no clear pattern among the isolates. The top ranking biofilm 

former, FSL-B7-2805 contained the same variants as the 21st rank biofilm former, FSL-B7-2755, 

except for three hypothetical proteins. The first hypothetical protein had an expected positive 

effect on biofilm formation but was present in seven different isolates ranked 1st, 4th, 6th, 10th, 

13th, 14th and 20th. The second hypothetical was expected to have a positive effect on biofilm 

formation as well and was only present in isolates ranked 1st, 6th, 10th, 13th and 14th. The third 

hypothetical protein was present in the 1st, 6th, 10th, 13th and 14th ranked isolates. These 3 

hypothetical proteins were the only difference between the top ranked and lowest ranked biofilm 

former. This may indicate that the presence of these SNP may play a small role in biofilm 

formation but not enough to alter the phenotype.  It is possible that individually, the SNPs 

influence on the isolate may not be profound and it may require a combination of variants to alter 

the biofilm phenotype if present. It also possible that the SNPs that had a positive or negative 

impact on the North Dakota/Minnesota isolates wont translate due to different mutations giving 

the same effect.  
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Figure 2: New York soil isolates crystal violet results, ranked from best biofilm formers to least. 
 
Allelic exchange effect on biofilm formation and growth  

To validate GWAS results, we used two isolates with different nucleotides in the same 

region creating a synonymous mutation. Allelic swaps were done using a CRISPR/Cas9 system, 

pCAGO(121) and primers for allelic exchange (table 4).  The target we focused on had a positive 

predicted value on biofilm formation and a hypothetical protein.  Results were confirmed via 

Sanger sequencing, with LGE0340 containing a guanine and LGE2179 containing a thymine in 

the wild type isolates. The target region was used as a template to create the swap, figure 3.  
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Figure 3: Confirmation of allelic exchange via Sanger Sequencing. Desired point mutation is 
found presented at the yellow mark with no additional edits in the surrounding area. Generated 
on Geneious 11.1.5 (https://www.geneious.com).  

 

 

Figure 4: Deletion of hypothetical protein.  The three isolates for gene deletion are LGE0181, 
LGE0340 and LGE2179 with amplification of WT LGE0340 as a control presented to the left of 
the DNA ladder.   

Given the possibility that more than one single nucleotide effects the phenotype, the 

deletion of the hypothetical protein was completed using the CRISPR/Cas9 system (121). 

Primers used for genome deletion found in Table 4, with gene deletion in figure 4, with the left 

most band, 2,988bp, being the wild type from isolate LGE0340 and deletion leaving 

approximately 200bp behind which is the L-short homologous arm and right homologous arm. A 

two way ANOVA was completed, strain and mutation as factors, on R Version 1.2.1355. When 

comparing LGE0340 and SNP variant (p-value >0.05) there was no statistical significance.  The 
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SNP exchange into LGE2179 had no statistically significant effect (p-value >0.05) on biofilm 

formation indicating that this variant had no statistically significance on these two isolates (table 

1).  There was not statistically significance between deletion mutants and wild type for biofilm 

formation, table 1. 

Table 1: Crystal violet reading at OD580 for wild type mutants 

Isolate Average Crystal 
Violet OD580 reading  

Standard 
Deviation 

Coefficient of 
Variation 

LGE0181 0.419 0.091 0.216 
LGE0181∆n505833 0.530 0.188 0.355 

LGE0340 1.141 0.232 0.203 
LGE0340∆n505833 1.216 0.367 0.302 

LGE0340SNP 0.933 0.089 0.096 
LGE2179 0.580 0.180 0.311 

LGE2179∆n505833 0.352 0.177 0.503 
LGE2179SNP 0.382 0.065 0.170 

 
Mutation effect on growth in LB broth and glucose minimal media  

Due to the multitude of genes required for biofilm formation, the alteration of one gene 

can lead to a cascade of events that may affect growth or yield. The isolates were grown on LB 

broth or GDMM to identify any effects that may have occurred. A two-way ANOVA was 

conducted, with strain and mutant as factors. Two-way ANOVA and growth rate and yield were 

completed using R version 1.2.1355. Growth yields and growth rate had no statistical 

significance (p-value >0.05)  indicating that this hypothetical protein might not play a role in 

growth rate or yield.   
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Table 2: Growth yield and growth rate of wild-type and mutants  
Growth on LB broth Growth on GDMM 

Isolate LOG10Nmax µMax LOG10Nmax µMax 
LGE0181 -0.218 1.847 -0.216 1.311 

LGE0181∆ -0.233 1.885 -0.214 1.276 
LGE0340SNP -0.273 1.985 -0.208 1.536 

LGE0340∆ -0.266 2.122 -0.282 1.481 
LGE2179wt -0.278 1.632 -0.240 0.957 

LGE2179SNP -0.301 1.787 -0.214 0.870 
LGE2179∆ -0.295 1.790 -0.265 0.937 
UMN026 -0.254 2.019 -0.191 1.345 
MC1000 -0.447 1.451 -0.376 1.010 

 

Discussion  

E. coli is known for being a versatile organism that can survive in various environments 

and occasionally lead to pathogenicity within the host(11, 14, 15). Within the GI tract, E. coli 

phylogroups A and B1 are the predominant phylogroups with phylogroup A in humans and B1 in 

animals (139). The ability to survive for prolonged periods outside of a host has led to the 

identification of environmental E. coli in soil which can act as a reservoir for E. coli and allow 

for commensal variations to be altered due to environmental factors leading to pathogenicity (9, 

128, 140, 141).  Phylogroup D are often found in soil and are one of the dominant phylogroups, 

pH during urinary tract infections and sepsis (15, 34, 42, 131, 139, 142). This study focused on 

E. coli phylogroup D for its genomic diversity, adaptation to numerous niches and ability to 

cause disease. Common virulence factors associated with extraintestinal infection such as 

adhesion (143, 144), motility (84, 145), and iron utilization (99, 146) were used as genetic 

markers containing the naturally occurring single nucleotide polymorphism that are associated 

with biofilm formation. This was an attempt to identify genetic patterns that may be consistent 
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across different E. coli isolates. With the identification of a pattern, treatment for biofilm 

associated diseases can be used to identify known biofilm formers against poor biofilm formers.  

In a study of non-domesticated E. coli, the biofilm capabilities were not dependent on 

strain origin rather growth medium. Biofilm formation was well distributed among pathogens 

and commensal E. coli (16). Biofilms are thought to play a crucial role is surviving in the 

environment, but recent report indicates the possibility of long-term persistence in soil without 

the ability of biofilm formation (147). The wide range of biofilm formers in the New York 

isolates, can indicate that our poor biofilm formers may have found a niche that doesn’t require a 

robust biofilm rather have a different niche specific advantage that hasn’t been depleted from soil 

dwelling isolates. On the other hand, the isolates that have the capability of producing a large 

amount of biomass have a niche that contributes to their survival. Therefore, the five isolates in 

this study that had similar or improved biofilm formation when compared to the uropathogen 

UMN026 may have improved survival in soil when compared to the pathogen but further 

investigation would be required. Additionally, it is possible that our poor biofilm forming E. coli 

may have improved biofilm formation when in multispecies biofilms.  It has been observed that  

E. coli have improved biofilm formation in dual species biofilm when grown with P. aeruginosa 

a opportunist pathogen commonly found in water and soil  (148). 

Previous studies have used GWAS to identify genes associated with disease with great 

success (95, 99). At times, studies have identified an association between genotype and 

phenotype but may be limited by not further validating the results on a new set isolates, 

knockouts, or allelic exchanges. Further validation via genetically modifying the vast number of 

variants associated with a phenotype allows for an efficient way to study complex traits such as 

biofilm formation or antibiotic resistance. In a recent GWAS study on non-clinical A. fumigatus, 
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one SNP was identified within Afu2g02220, which was knocked out and found to play a minor 

role in sensitivity to itraconazole (105). This identified the role of the gene in azole sensitivity, 

but the role of the SNP remained inconclusive as gene deletion eliminates the possibility of 

understanding the role that the SNP plays in non-clinical isolates. This also can aid in the 

identification of  false positives. This limitation is not due to GWAS but rather the large number 

of genes and SNPs identified in GWAS. In a recent GWAS study, when cross referencing the 

results with previous studies linking pathogenicity, both identified eae, encodes intimin, and 

ompT, cleaves colocin, as associated with pathogenicity but when comparing to a different study 

minimal overlapping occurred (136). This coincides with my results during the validation of the 

GWAS generalization to a new set of isolates as new genetic variation may be present in the new 

set of isolates, that produce the same effect therefore the variants I used may not be as useful.  In 

our study, the SNPs expected to influence the biofilm phenotype did not consistently correspond 

to the biofilm phenotype. Further computation analysis would be needed to be completed to 

identify any single nucleotide variant within the new set of E .coli and the previous GWAS data 

such as a random forest analysis. Improvements can be made in generalization of GWAS 

analysis to a new set of data, there is always the chance that the variants identified in one study 

won’t be identified as significant in another.  

A recent study was conducted to identify prediction of disease severity but led to no 

known genetic markers. This led to inconclusive results as Hendriks et al., couldn’t identify a 

single gene or combination of genes statistically associated with symptoms or severity of disease 

(98). Within this same study, multiple genes couldn’t be statistically associated with specific 

symptoms or severity and a multitude of associated k-mers that led to a 100bp sequence 

identified as significant was later considered a false positive upon further analysis (98).  The 
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results presented in this study demonstrate a problem inherent to bacterial GWAS as it may not 

always lead to positive results rather inconclusive results that need further investigation.  

The difference from my research was that I focused on a SNPs present in a set of ten 

genes associated with biofilm formation or adaptation to nutrient depleted environments. 

Although the genes may be present on all isolates, the variants will not be present in all isolates. 

The difficulty of identifying a pattern within a different set of isolates is likely due to epistatic 

interactions among SNPs or genes cause a change in the phenotype. The possibility of one single 

nucleotide variant shifting how a single strain acts has previously been shown in the Long Term 

Evolution Experiment on E. coli. They identified nonsynonymous mutations occurring within 

spoT which increased fitness when compared against the ancestor strain and led to gene 

expression changes which were shown in 8 of the 12 evolved lines. This same mutation didn’t 

have any effect on fitness when it was introduced to a different evolved E. coli population, 

indicating that other mutations in the other population likely had the same effect as this single 

nucleotide polymorphism (11). It is possible that the selected set of variants to predict the biofilm 

phenotype shouldn’t be based on the literature rather machine learning should be implemented to 

identify patterns.  

Previous research on Campylobacter jejuni has led to the verification of genetic markers 

based on the presence of specific accessory genes, and some of these can be used in combination 

to detect clinically significant isolates (149). Our results didn’t end up with results that would 

allow us to verify the association between genetic variants and biofilm formation, but it allows us 

to remove them from the list of variants that would be considered as significant independently in 

a different set of isolates.  
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A common theme among GWAS, is the identification of hypothetical proteins as having 

a statistically significant association with the phenotype being studied. In this research, a 

hypothetical protein was identified containing a conserved domain of ddrB-like ParB 

superfamily domain and was originally annotated as a hypothetical protein but also annotated as 

a D-serine transporter (e-value 6).  Previous research on genes containing a parAB like nuclease 

domain, were linked to the formation of mesh-like structures in Actinomyces oris K20 (150). In 

addition, parAB in Pseudomonas aeruginosa, are important for cell division and motility, so 

deletion of parB led to various changes in gene expression (150, 151).  The importance of the 

parB in gene regulation, may have led to the increased coefficient of variation within our isolate 

that had the gene deleted but no major effects when an allelic exchange was made. 

Overall, we can state that genetic variants causing increased biofilm formation in one set 

of E. coli may not be representative of a new set. The ability to predict the biofilm capabilities of 

a microbe based on their genome sequence improve the point-of-care for patients that are dealing 

with chronic infections. Additionally, CRISPR systems can be incorporated in the future to target 

these specific genetic variants and disrupt biofilm formation. 

We were not able to identify a pattern from the ten genetic variants from the TreeWAS 

analysis but machine learning can be implemented to find patterns among the new set of E. coli 

isolates associated with biofilm formation. The deletion of the hypothetical protein didn’t make a 

statistical significance in biofilm formation nor in growth. It did have an impact on the variability 

of biofilm formation indicating that the role of this gene may play some sort of role in biofilm 

formation, but the large network of genes required for biofilm formation may be 

upregulated/downregulated when the hypothetical protein was deleted. Further analysis on the 

mutants would be required to identify the exact effects that they are causing on the isolate 
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overall. Moving forward, given the flexibility of pCAGO we can continue to add make allelic 

exchanges among similar isolates that contain statistically significant SNV.  These additional 

edits would allow us to understand the role of a single nucleotide variant and multitude of SNV.  

Material and methods  

E. coli strains used in this study 

To demonstrate the genomic diversity of E. coli, a collection of Phylogroup D from the 

Cornell University Food Safety Laboratory collection was used (137).  Forty isolates were used 

to conduct the prediction study among the new set of E. coli isolates. This new set of E. coli 

isolates had not yet been tested for their ability to form a biofilm .  DBGWAS(102) analysis was 

performed previously  by Manoj Kumar (manuscript in preparation), and TreeWAS analysis was 

performed by (130). The DBGWAS variants are used for comparison on a subset of 21 isolates 

from the original 40 isolates. The present experiment was designed to compare the predictive 

value of DBGWAS and TreeWAS  on a new set of isolates but occasionally variants were not 

present in the selected isolates.  The isolates used for prediction of the biofilm phenotype are 

found in table 3. The uropathogen E. coli UMN026 was used as a positive control since it is part 

of phylogroup D and was used as the reference genome for TreeWAS analysis. E. coli K-12 

MC1000 was used as a control due to it being a poor biofilm former since it contains an IS5 in 

the flhD promoter making it highly motile with reduced biofilm production (72, 152). For 

genome editing, pCAGO plasmid was purified using QIAprep Spin Miniprep kit and was 

transformed into desired cells for genome editing.  Two isolates were used to produce an allelic 

exchange and three isolates were used for deletion of the entire gene. Isolates used for genome 

editing were LGE0181, LGE0340 and LGE2179.  
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Table 3: E. coli isolates for this study 
Isolate Phylogroup/Source/Characteristic  

FSL-B7-2805* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1564* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1676* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2676* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2728* Phylogroup D/New York Soil/ Extraintestinal E. coli  
UMN026 Phylogroup D/Uncomplicated acute cystitis/Good 

biofilm former  
FSL-B7-1508 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2774* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2788* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1620* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0711 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1107 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2775* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1617* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1108 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0360 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0589 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0709 Phylogroup D/New York Soil/ Extraintestinal E. coli  
K-12 MC1000 Phylogroup A/Lab strain/Poor Biofilm former 
FSL-B7-1063 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2800* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1109 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1110 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2543* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0688 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2793* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1085 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2807* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0624 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0590 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0392 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0613 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2629* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2677* Phylogroup D/New York Soil/ Extraintestinal E. coli  
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Table 3: E. coli isolates for this study (Continued) 

Note: E. coli K-12 strain MG1655 was used to store pCAGO(121) plasmid. E.coli DH5-alpha 
pBMT-3 was a gift from Ryan Gill (Addgene plasmid # 22838 ; http://n2t.net/addgene:22838 ; 
RRID:Addgene_22838). Isolates containing “*” were used for prediction study using DBGWAS 
analysis. All FSL-B7-#### were used  for prediction study using TreeWAS analysis. Isolates 
labeled with a “*” after the identification number were used for prediction analysis of 
DBGWAS. Isolates labeled with LGE#### were used for genome editing.  

Prediction of biofilm phenotype based on GWAS analysis   

To assess the predictive value of the GWAS results, a set of E. coli isolates from New 

York soil (Figure 2) were selected to validate the two GWAS tools used: TreeWAS and 

DBGWAS. TreeWAS analysis was completed by Morgan Petersen (130) and DBGWAS by 

Isolate Phylogroup/Source/Characteristic  

FSL-B7-2131* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2129* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1674* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2156* Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0720 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-0718 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-1067 Phylogroup D/New York Soil/ Extraintestinal E. coli  
FSL-B7-2755* Phylogroup D/New York Soil/ Extraintestinal E. coli  
LGE0181  Phylogroup D/Minnesota and North Dakota 

soil/Extraintestinal E. coli  
LGE0181∆n505833 This study  
LGE0340 Phylogroup D/Minnesota and North Dakota 

soil/Extraintestinal E. coli  
LGE0340∆n505833 This study  
LGE0340_SNP This study  
LGE2179 Phylogroup D/Minnesota and North Dakota 

soil/Extraintestinal E. coli  
LGE2179∆n505833 This study  
LGE2179_SNP This study  
E.coli K-12 MG1655 Phylogroup A/Lab Strain/pCAGO_Ampicillin 

resistance_CRISPR/Lambda Red system 
E.coli DH5-alpha Phylogroup A/ Lab strain/pBMT-

3_Chloramphenicol resistance  
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Manoj Kumar (manuscript in preparation), TreeWAS was used as the main prediction model due 

to its use of a reference genome, which identified 1,089 single nucleotide variants (130). We 

selected ten variants based on current literature and score from the analysis, kpsS, dsdA, pduT, 

iucD, yfaL, entF, fimA, evgS, dcp, and flgG  (130). TreeWAS analysis found association between 

variants and biofilm formation which were found within these ten genes. The ability to use 

universal genetic markers to identify biofilm formation would allow for improved diagnostics. 

Using the predictive values from TreeWAS, we wanted to validate if we can use it as a 

prediction model on a new set of E. coli.  

Genes associated with adaptative advantages were selected due to the importance in 

surviving within a host or in nutrient limited environments. D-serine utilization (dsdA) has 

shown to have a growth advantage in uropathogenic E. coli within the urinary tract and dsdA 

mutants had a prolonged lag phase (15, 35, 153). In a study to identify the importance of the pdu 

operon during anaerobic growth in S. enterica, the genes within the pdu operon are required to 

form polyhedral bodies involved with the degradation of 1,2- propanediol so 

ECUMN_2350/PduT was selected (154). Iron acquisition systems association with virulence has 

been determined previously as iucD mutants led to reduced colonization in internal organs within 

chickens (155).  In E. coli with a reduced genome, enterobactin was required for biofilm 

development (156), and entF mutants showed increased sensitivity to oxidative stress response 

required for colony development (157). The evgS, sensor kinase, senses external and internal pH, 

so mutations within this gene can lead to a slow/quicker response in low pH and alkali conditions 

(158). KpsS encodes for capsule polysaccharide export, which are essential for evasion of host 

neutrophil attack and polysaccharide capsule promote intracellular biofilm structure (153, 159, 

160). The ability to adhere or swim to a surface is critical for biofilm formation, but 
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overproduction of such genes may lead to detrimental effects as well. Over expression of flgG, 

flagellar basal body rod protein, leads to no flagella production which would make the cells 

immobilized thus not allowing for colonization of new locations (161). Two different adhesion 

genes were selected fimA (major type 1 fimbrial subunit) being the first as previous a deletion 

study showed delay biofilm formation (162). The second adhesion gene selected yfaL, was 

selected as expression led to increased adhesion in E. coli K-12 MG1655 (163).  Lastly, 

dipeptidyl carboxypeptidase II (dcp) a C-terminal zinc-dependent metallopeptidase, was selected 

as matrix metalloproteinases disruption can lead to inhibition of microbial cell growth and effect 

homeostasis (164–166).  

DBGWAS analysis was used to identify potential trends in biofilm-affecting SNPs and 

for genome editing. DBGWAS doesn’t use a reference genome, so it can identify novel variants 

that may not be present within the reference genome (102).  A total of 56 variants were identified 

within the 21 isolates, with no presence being found in 19 of the 40. The variants identified as 

negative effect on biofilm formation were nine pangenome products of CPS-53 (KpLE1) 

prophage, six e14 prophage, two  exonucleases VII, 37 hypothetical proteins Manoj Kumar 

(manuscript in preparation). 

Genome editing was conducted on node 505833, a variably present k-mer  within a gene 

that was annotated as a hypothetical protein on. It was additionally annotated as a D-serine 

transporter (e-value 6). The hypothetical protein contained a conserved domain of ddrB-like 

ParB superfamily domain (e-value =1.62e-47). Previous research on genes containing a ParB 

like nuclease domain, were linked to the formation of mesh-like structures in Actinomyces oris 

K20 (150). In addition, parAB in Pseudomonas aeruginosa, are important for cell division and 

motility, so deletion of parB led to various changes in gene expression (150, 151).  The 
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identification of this target region was focused on the possibility as a D-serine transporter, but 

conserved domain may have a small role in the proteins structure which led to this selection in 

addition to the positive estimated effect on biofilm formation Manoj Kumar (manuscript in 

preparation).  

Preparation of electrocompetent cells for pCAGO insertion or edit cassette insertion  

Electrocompetent cells were prepared following the protocol rom Datsenk and Wanner, 

with some modification to adjust for volume needed (109). When cells harbored the pCAGO 

plasmid a final concentration of 100ug/mL ampicillin was added to the media. If cells contain the 

pCAGO plasmid, a 5% inoculation was done instead of a 1% inoculum, with a final 

concentration of 100ug/mL of ampicillin was added to the media and induction of lambda Red 

recombination proteins was done from the start of this incubation with a final concentration of 

0.1mM of Isopropyl β- d-1-thiogalactopyranoside (IPTG) (121). From this step forward, the cells 

were kept on ice as much as possible as centrifugation will make the cells very fragile and lead to 

cell lysis if not kept chilled. After the 30 minutes, 50mL of the cells were aliquoted into a 50mL 

conical tube as this made it convenient for the lab. All the centrifugation steps were completed 

on a Allegra X-22R benchtop centrifuge, Rotor SX4250 Swinging Bucket was used, at 3,901 

RCF x G  for 15 minutes at 4˚C. The cells can be used for electroporation immediately or placed 

in the -80˚C freezer (109, 121). 

Electroporation of pCAGO into desired cells  

Electroporation was completed using a Biorad MicroPulser, with setting following Ec1 

protocol which indicated 1.8kV for 5.8ms with a 1mm gapped electroporation cuvette. Before 

electroporation of pCAGO plasmid (121),1 liter of Super Optimal Broth was made or  Sigma 

Aldrich SOB powder was used. Super Optimal broth with Catabolite repression (SOC) was 
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necessary for the recovery stage of transformation, so 20mM glucose was added. The SOC 

media was prepared the day it was going to be used, and chilled for at least an hour in a ice bath 

to keep cool with electroporation cuvettes in the ice bath to chill for at least an hour. After the 

SOC and cuvettes were chilled, the cells were thawed out for 5-10 minutes in an ice bath. When 

transforming the pCAGO plasmid into cells, at least 50ng was required for efficient 

transformation which usually was about 2ul of plasmid DNA. The 50 ng of plasmid were 

resuspended into the 50 µl thawed cells and 52 µl were transferred into the center of the chilled 

electroporation cuvette. Immediately after electroporation 1 mL of chilled SOC media is added 

directly into the electroporation cuvette to help with recovery. The cells are resuspended gently 

in the SOC media and 1mL of this culture is transferred into a glass culture tube, incubated at 

30˚C at 230rpm for 2 hours.  After the 2 hour recovery of the cells, 200ul of culture are spread 

onto five different LB agar plates containing 100ug/mL of ampicillin as electroporation has a 

high cell death rate with best transformation occurring when 40-50% of cells survive the pulse 

(167).  The cells are grown overnight in the LB + ampicillin agar plates and isolated colony is 

grown in LB broth containing 15% glycerol plus 100ug/mL of ampicillin to retain the cells under 

antibiotic selection. (109, 121, 167, 168) 

Constructing editing cassette for genome editing  

All genome editing was done on isolates LGE0181, LGE0340 and LGE2179 which were 

originally isolated from soil across North Dakota and Minnesota (41).  The genomes of these 

three isolates have previously been sequenced and we selected them based on unpublished work 

by Manoj Kumar, in which a statistically significant variant was identified. This variant is found 

in node 505833 which is a hypothetical protein but an e-value of 6 for D-serine transporter.  

Primers were designed on Geneious using Primer3 function (169). All primers had a similar 
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melting temperature, so all Polymerase Chain Reaction (PCR) were completed with the 

following conditions: 1 cycle at 95˚C for 5 minutes, 30 cycles for the PCR reaction 95˚C for 45 

seconds, 55.8˚C for 1 minute and 30 seconds and 72˚C for 1 min and lastly a 5 minute extension 

at 72˚C. 

The editing cassette was constructed using golden gate cloning to have a four part 

construct similar to figure 5a (121, 170). The editing cassette consisted of three homologous 

regions during the allelic exchange which are present on, figure 5b for reference to regions 

amplified.  

 

Figure 5: Editing cassette constructs. a: Editing cassette after golden gate cloning. Figure 5b. 
Homologous arms used for amplification withing desired target region for allelic swap with grey 
regions indicating the rest of the gene. The 3’ end of L-short is also the end of the L-arm with R-
arm beginning immediately afterwards. The only region not homologous is L-short which 
contains the desired mutation to be swapped. Figure 5c is homologous arms design for editing 
cassette when genomic deletion is desired, with the L-short flanking the L-arm. Figure 5d. Final 
product from genome deletion.  Modified from source (121). 
 

A left homologous arm (260bp) contained the desired target towards the 3’ region, a 

small homologous arm, L-short (76bp) at the 3’ end of the left homologous which contained the 

desired target region and a right homologous arm (269bp), immediately flanking the end of the 

E.coli gene of interest

5’ 3’
L-short           L-arm R-arm  

Chloramphenicol N20PAM L-short R-armL-arm

E.coli gene deletion 

5’ 3’
L-short                R-arm  

E.coli gene of interest

GßàT

Left arm       L-short           R-arm  

A.

B.

C.

D.

5’ 3’

5’ 3’
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3’ end of the left homologous arm. Each module contained a recognition region  ‘GAAGAC’ for 

the type IIS restriction enzyme BbsI (171). The fourth modular part consisted of the antibiotic 

selection marker, chloramphenicol(873bp). The selection marker was amplified from the pBMT-

3 plasmid. The pBMT-3 plasmid was a gift from Ryan Gill (Addgene plasmid # 22838(172). The 

reverse primer for the chloramphenicol cassette contained the universal N20PAM sequence 5′-

TAGTCCATCGAACCGAAGTA-3′ in addition to the BbsI extensions (121). The final 

construct, figure 5a, was designed to increase intrachromosomal recombination once Cas9 was 

induced. All modules were amplified via PCR from the original isolate to keep 100 % homology 

with the exception of the L-short containing the desired single nucleotide variant that will be 

swapped, figure 5b indicating that our desired target region contains the desired variant .When 

the editing cassette is constructed for gene deletion Fig 5c, the L-short  and R-arm were designed 

to not overlap with neighboring genes to ensure no accidental frameshifts were created.  With the 

design, Fig 5c, our final product was truncated to about 200bp as seen on Fig 5d. All PCR 

products were purified using the  AccuPrep® PCR/Gel Purification Kit and followed the 

protocol with DNA concentrations checked with NanoDrop and visualized on 2.5 % agarose gel 

(168). Following a similar protocol from the original pCAGO paper, in a 15 µl reaction, 100ng 

of chloramphenicol PCR product was added which is the equivalent of 0.174 pmol of DNA. 

Each modular part consisted of 0.174 pmol, in addition to 5 units of BbsI, 20units of T4 ligase, 

1.5 µl of ligase buffer containing ATP, and 1.5 µl of cut smart buffer and the remaining amount 

was H2O for a final volume of 15 µl (121, 170, 171). The golden gate reaction was extended to 

60 cycles at 37˚C and 16˚C for 5 minutes intervals as shorter time periods (2-4 minutes) led to 

incomplete digestion/ligation. A final enzyme inactivation step was conducted at 65˚C for 20 

minutes.  Golden gate products were then PCR amplified in two separate 50 µl reactions to 
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increase DNA concentration with the left homologous arm forward primer and right homologous 

arm reverse primer used for PCR. Products were visualized on 2.5 % agar to verify desired 

product size, with the remaining PCR products pooled, purified using the AccuPrep PCR/Gel 

purification kit and eluted into a 1.5mL microcentrifuge tube with 100 µL of purified H2O (168). 

The 1.5mL microcentrifuge tube was placed into the SpeedVac at 45˚C for approximately 20 

minutes to increase the concentration of the DNA. The DNA editing cassette was lastly checked 

on the NanoDrop to verify DNA concentration, and purity of samples (121, 167–172). 

Table 4: Primers used for allelic swap between LGE0340 and LGE2179 
Name Sequence 

Cmr_F CACCACAGAAGACGACGCATGTTTTCTGGACGATGGCGA 
L-arm_F CGATGCCTCAGCTCTTTTGG 
R-arm_F CACCACAGAAGACGACGGCGTCTTCCGACCAACACGGCAACTTG 
L-short_F CACCACAGAAGACGAACTAATTGGTGAGGACAATGCCGT 
CmrR_N

20 
CACCACAGAAGACGATAGTCCATCGAACCGAAGTAAGGCTTTTGACTT

GAGGGGG 
L-arm_R CACCACAGAAGACGATGCGGCTAAGCAGATCTCC 
R-arm_R AAAAGACCGCCGGATATCCC 

L-
short_R 

CACCACAGAAGACGAGCCGTCCTGATAGGCTTTGA 

Note: Forward primers consist of a F at the end of the name and reverse primers include an R at 
the end of the primer. Product size: Left arm= 260bp, Chloramphenicol insert with N20PAM = 
873bp, L-short(TR)= 76bp, Right arm= 269bp 

Table 5: Primers used for deletion of n505833 
Name Sequence 

R-arm_F CACCACAGAAGACGATCGAGACTATTTCCAAAACGTCAGCA 
L-short_F CACCACAGAAGACGAACTATCGTATGTGGTGACAGCGAA 
L-arm_R CACCACAGAAGACGATGCGCCTGAAGAAGGCTGGATGCG 
L-short_R CACCACAGAAGACGATCGACGATATCAAACGCTGT 
L-arm_F TGCCTCAGCTCTTTTGGTATCC 
R-arm_R GTTCCAGCAATCCGTCACCA 

Note: Primers used for deletion Forward primers are marked with an F at the end of the name 
and reverse primers with an R at the end of the name. Antibiotic marker primers were the same 
as the allelic swap as the overhang left were used as a template for the deletion. Product size: 
Left arm= 107bp, L-short= 60bp, R-arm= 114bp 
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Transformation of editing cassette into desired isolate  

Electrocompetent cells expressing lambda Red proteins were thawed for 5-10 minutes in 

an ice bath and electroporation procedure was followed as stated above. A concentration of 

approximately 450 ng-500ng of double stranded(ds) DNA or 0.54 pmol was resuspended in E. 

coli electrocompetent cells expressing lambda Red proteins and electroporated. The cells 

recovered in ice cold SOC media for two hours at 30˚C with 230 rpm. After the incubation 

period, 200 µl of culture were spread onto different LB agar plates containing 30ug/mL 

chloramphenicol, 100ug/mL ampicillin, and 1% glucose. Plates were then incubated at 30˚C for 

16-20 hours. Colony formation were often too small, so colonies were propagated onto a new LB 

plate containing ampicillin, chloramphenicol and 1% glucose and incubated at 30˚C for 12-16 

hours.  

Colony PCR verification of correct insert orientation  

Colony PCR was performed with the forward primer binding to the chloramphenicol 

cassette (CmrF) and reverse primer binding to the 3’ end of the right homologous arm with PCR. 

Following PCR amplification, products were visualized on 2.5 % agarose gel. PCR conditions 

were as followed: Initial denature step at 95˚C for 5 minutes, 30 cycles at 95˚C for 45 seconds, 

55.8˚C for 2 minutes 72˚C for 1 min and a final extension step for five minutes at 72˚C.  

CRISPR/Lambda Red induction  

Once an isolate with the desired insert was identified, the cells are placed in conditions to 

promote intrachromosomal recombination. The positive colony is inoculated onto 10mL of LB 

media containing 100ug/mL of ampicillin and incubated at 30˚C with 230rpm. Culture was 

incubated until the cells reached an OD600 reading of 0.2-0.4. Once the cells reached the desired 

optical density, a final concentration of 0.1mM (IPTG) to induce lambda Red proteins and a final 
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concentration of 0.2% arabinose to induce Cas9 expression (121). Cells were thoroughly 

resuspended before incubation for at least 8 hours and no longer then 10 hours. After the 

incubation period, cells were diluted to a final concentration of  10-4,10-5, 10-6 in 1x Phosphate 

Buffered Saline(PBS). The cells were spread onto plates containing LB agar and 100ug/mL 

ampicillin where positive mutants should grow after editing cassette removal. Additionally, 

diluted cells were also spread onto LB agar containing 100ug/mL ampicillin, 30ug/mL 

chloramphenicol and 1 % glucose to verify cassette has been removed. Cells were then incubated 

overnight at 30˚C. When cassette removal wasn’t successful, >50 colonies were found on plates 

containing both antibiotics so a new colony from the previous step was selected to induce the 

following day. If cassette removal was successful, 0 colonies should be found on plates 

containing both antibiotics but if there was a presence of 1-20 abnormally small E. coli colonies 

after overnight incubation, additional colonies were screened to verify absence of 

chloramphenicol cassette insertion. Colony PCR was completed to verify removal using the L-

arm forward primer and R-arm reverse primer. The pCAGO plasmid contains a temperature 

sensitive replicon which allows for removal of the plasmid when grown at 42˚C, which removed 

the plasmid makes the isolate sensitive to ampicillin once again (121). Upon verification of 

removal of cassette, a positive colony was grown on LB media containing 15% glycerol and 

incubated overnight at 42˚C for pCAGO plasmid curing. If pCAGO plasmid was retained, cells 

were grown on LB media containing 15 % glycerol and 100µg/mL ampicillin and can be used 

for additional editing. Upon curing of pCAGO plasmid, PCR amplification of target region was 

conducted to verify allelic swap via Sanger sequencing at MCLabs in San Francisco, California. 

Sequencing results were checked for quality and desired allelic exchange. If deletion was 
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completed, gel electrophoresis was conducted to verify deletion of desired target. Confirmed 

mutants were stored in -80˚C (121). 

Crystal violet assay for measuring biofilm formation  

To analyze the capabilities of an isolates form biofilm formation, the crystal violet assay 

was conducted. Glucose defined minimal media (GDMM) containing 0.1 % glucose from 

Teknova (173) was used and supplemented with 0.5% casamino acids(CAA) to produce visible 

biofilms.  A study showed that without the addition of CAA to the media, there was no visibly 

stained biofilm formation (66). This was further verified by Morgan Petersen in her thesis work 

in the P. Bergholz lab (130) so the same protocol will be used. The crystal violet assay was 

conducted six times to verify consistency as it is known to error prone (174).  

Isolates used were stored in the -80˚C freezer, so they were plated on LB agar the day 

prior to the start of the experiment.  All incubation steps were done at 37˚C. In the morning of 

day 1, isolates were inoculated into 200 µL of LB broth into the designated well in a 96-well 

plate. Culture were grown to stationary phase for 8 hours or 16 hours(overnight). Once the cells 

reached stationary phase, 2 µL of culture were transferred into 198 µL of GDMM + 0.5 % CAA 

and incubated overnight. The cells were then transferred into fresh GDMM + 0.5 % CAA on day 

2 in the morning and evening, and on the third day the cultures were incubated for 48 hours to 

allow for biofilm maturation. The various transfers from the initial nutrient rich media to nutrient 

limited media ensures that there is no residual LB broth to be metabolized during the final 48 

hours and cells are acclimated to the GDMM, so they aren’t shocked into a starvation state. This 

allows for cultures to acclimate to the limited nutrients. Additionally, the various transfers 

eliminate isolates that are not able to make it past the third or fourth transfer, thus making them 

not ideal for studying biofilm formation (77, 130).  
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On day 5 after 48 hours of incubation, the cultures have formed their biofilm and can be 

stained. Excess media is removed from the plate using a multi-channel pipette. The wells are 

carefully washed three times with 200 µL of 1X PBS to avoid disrupting biofilm. The three 

washes ensure the removal of non-surface attached cells and any residual media to allow for 

proper staining. The wells were air dried for an hour to ensure proper drying. Once the wells 

were completely dried, the cells were stained with 200 µL of 0.1% crystal violet and incubated 

for 15 minutes at room temperature. The 200 µL of crystal violet solution is removed from wells 

and three washes with 200 µL of 1X PBS to removal excess crystal violet is done. The wells are 

air dried for an hour. Once the stained cells have been air dried, a 200 µL of fresh 80:20 ethanol 

solution is aliquoted into the wells and incubated for 15 minutes. 150 µL of the solution is 

transferred to a new 96-well plate and optical density at 580 nm was measured using the 

BioTek® Synergy H1 Hybrid Reader spectrophotometer. Empty wells were used as blanks with  

150 µL of pure 80:20 ethanol: acetone solution used (130, 145, 175). 
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