
 POTENTIAL FOR PHENOTYPIC PLASTICITY IN THE HYPEROSMOTIC STRESS 

RESPONSE OF DIVERSE E. COLI 

 

 

 

 

A Thesis 

Submitted to the Graduate Faculty 

of the 

North Dakota State University 

of Agriculture and Applied Science 

By 

Madelyn Ashley Schwartz 

In Partial Fulfillment of the Requirements 

for the Degree of 

MASTER OF SCIENCE 

Major Department:  

Microbiological Sciences 

 

 

May 2021 

Fargo, North Dakota 

  



North Dakota State University 

Graduate School 
 

Title 
 

POTENTIAL FOR PHENOTYPIC PLASTICITY IN THE 

HYPEROSMOTIC STRESS RESPONSE OF DIVERSE E. COLI 

  

  

  By   

  
Madelyn Ashley Schwartz 

  

     

    

  The Supervisory Committee certifies that this disquisition complies with North Dakota 

State University’s regulations and meets the accepted standards for the degree of 

 

  MASTER OF SCIENCE  

    

    

  SUPERVISORY COMMITTEE:  

    

  
Dr. Peter Bergholz 

 

  Chair  

  
Dr. Teresa Bergholz 

 

  
Dr. John Wilkinson 

 

  
 

 

    

    

  Approved:  

   

 June 30, 2021  Dr. John McEvoy  

 Date  Department Chair  

    

 



 

iii 

ABSTRACT 

Escherichia coli inhabits multiple environments that contain varying physical stresses 

which emphasize the importance of adaptation. The large pangenome of E. coli can account for 

some strain-to-strain variances in phenotype, but phenotypic plasticity may be another key 

factor. The key behind phenotypic plasticity may be transcriptional regulators such as the sigma 

factor RpoS. The extent of phenotypic plasticity and possible mechanisms in stress conditions 

has not been heavily studied in bacteria. We looked at the presence of plasticity in the growth 

rate of E. coli under a hyperosmotic condition. RNAseq was used to explore the connection 

between RpoS and phenotypic plasticity. The conserved genes within all the isolates and their 

connection to hyperosmotic stress were also explored. Phenotypic plasticity of growth rate was 

observed among the strains on a phenotypic level. Genes associated with osmotic stress, 

fermentation, and cell envelope synthesis were found to be significantly expressed within all 

isolates. 
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1. LITERATURE REVIEW 

1.1. Adaptation of Bacteria  

Microorganisms are ubiquitous throughout nature, and each has developed adaptation 

capabilities that can confer their survival in each unique habitat. Historically, bacteria have been 

unconsciously ignored in the evolutionary sense due to their microscopic nature, inadequate 

measuring techniques, and the Great Plate Anomaly (1). Now that microbiologists have more 

advanced technology (e.g. Next-generation sequencing) and have expanded microbiological 

specialties (e.g. microbial ecology, microbial biogeography (2)) we now know that bacteria can 

inhabit a multitude of environments and that interactions with environmental conditions and 

genes play key roles in influencing the resulting bacterial phenotypes. For instance, 12 different 

bacteria were tested for tolerance in a high salt environment and there was a range of inhibitory 

salt concentrations from 330 mM NaCl to 1,500 mM NaCl (3). Bacteria from similar 

environmental backgrounds showed a variation in tolerance such as the plant-associated bacteria 

Sinorhizobium meliloti and Zymomonas mobilis which had inhibitory salt concentrations at 330 

mM NaCl to 1,500 mM, respectively. Since change is one of the few constants in life, shifting 

environmental factors , whether human-derived (4) or natural (5) can change the optimal survival 

conditions. Therefore, bacteria have two possibilities to survive: either vector-assisted 

transmission to a new secondary environment or adaptation to the changing primary 

environment.  

Bacteria are great subjects of study for adaptation due to their physical growth attributes 

and their ubiquity in natural environments. In comparison to most eukaryotes, bacteria have a 

rapid generation time which allows microbiologists to observe adaptation within a few weeks 

instead of years (6). The generation times can differ depending upon species and culture 
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conditions (7), but usually multiple generations can be observed within a few days or weeks. 

Pathways to bacterial adaptation complicate matters especially with processes such as horizontal 

gene transfer (HGT). This capability of bacteria to be affected by the genetic compositions of 

surrounding microorganisms adds another factor to consider alongside environmental stimuli and 

the original genotype of the acceptor bacterium (8). For example, a strain of Burkholderia 

cenocepacia was found to have an adhesin factor that was acquired through HGT from a non-

bacterial source, which improved the pathogenic phenotype of B. cenocepacia (9). Bacteria have 

developed adaptation mechanisms due to their lack of unassisted large-scale motility. Bacteria 

can be considered sessile, similar to plants, as they cannot physically and freely move from one 

macroenvironment to another without the aid of a vector (10, 11). Adaptation becomes a vital 

factor to maintain bacterial survival and growth as they cannot move away from non-optimal 

conditions. Therefore, studying bacterial adaptation can give insight to the impacts of various 

factors such as environmental stimuli on a bacterial cell.  

Adaptation can occur when an environmental condition acts on a phenotype. While the 

environment plays a direct role with phenotypes, there is also the genetic foundation of an 

microorganism that affects the phenotype (12). The size of a bacterial genome has been shown to 

predict some adaptation expectations, as bacteria with larger genomes adapted better to changing 

environments rather than those that possessed smaller genomes due to the possession of genes 

and mechanisms needed to combat stressful conditions (13–15). For instance, bacteria that have 

smaller genomes are often associated with hosts, where survival conditions are more stable, 

while bacteria that have larger genomes are associated in soils, where abiotic factors can 

fluctuate in presence and magnitude (15). The adaptive mechanisms of bacteria can be 

generalized into four separate categories: gene acquisition (16), gene loss (17–19), gene 
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mutation, and gene regulation (20, 21). Gene acquisition is the initial mechanism of adaptation 

that is often evoked when discussing bacterial adaptation. The acquisition of antibiotic-resistant 

genes is the most prominent documentation of gene acquisition. The resistant clindamycin gene 

was found to be transferred from resistant Acinetobacter baylyi to sensitive Escherichia coli as 

seen by the persistence of E. coli in clindamycin-treated mice after 5 days (22). Gene loss can 

result in phenotypes that are adaptive as unnecessary or costly genes are removed. In a growth 

rate comparison, 25% of deletions in mutant Salmonella strains showed improved growth 

compared to the initial wildtype (23). Mutations change gene function by generating new alleles 

with differing protein chemistry. There are other transient forms of survival that bacteria use (i.e. 

persistor cells (24)), but they do not actively confront the environment and place higher priority 

on survival than growth. 

 While most studies have focused on the first three categories, the area of phenotypic 

adaptation through gene regulation has grown especially due to the creation and improvement of 

genetic expression techniques (25, 26). Quantitative polymerase chain reaction (qPCR) assays 

and microarrays have been utilized widely and are considered gold standards for gene expression 

analysis due to their sensitivity and accuracy (27). One major limitation of both of these methods 

is that the resulting gene expression profiles are limited by the specific transcript labels that are 

known (28). The introduction of RNA-sequencing (RNA-seq) has brought further depth into 

transcriptomics as it not only provides gene expression data to known coding genes, but also to 

new or non-coding genes which ultimately provides more information to researchers. This new 

technique has also brought fewer errors and its decreasing cost over the past years has made it 

available to more clientele and research projects (28, 29). Therefore using such techniques, 
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adaptation through regulation can be observed and mechanisms such as environmental stress 

memory (30) and phenotypic plasticity can be further defined. 

1.2. Phenotypic Plasticity 

 Phenotypic plasticity is an adaptation method that involves phenotypic changes 

dependent upon environmental conditions that are specific to certain genotypes (10, 12, 31). For 

example a population of Zizeeria maha butterflies displayed different wing coloration patterns 

due to cold stress as their distribution was affected by climate change (32). Environment and 

genotype on their own can affect phenotypes, but in the absence of plasticity they generally 

portray the same trend for all environments or genotypes (Figure 1). Phenotypic plasticity is 

defined as an interaction between the environment and the genotypes thereby producing a unique 

phenotype for each strain.  The balancing of these two factors aid in the pursuit of perfect 

plasticity, which is usually obstructed due to evolutionary tradeoffs (33). As perfect plasticity is 

almost never the case in most phenotypes, there is a gradient of expressed phenotypes. 

Genotypes may react differently to an environment than others even if the environment is the 

same across all genotypes (34, 35). For example, a collection of 41 Staphylococcus aureus 

isolates were subjected to an antibiotic stress, and the growth rates of the isolates varied with six 

isolates having improved growth rates in the stress condition (36). Surprisingly, the GWAS 

analysis did not show any antibiotic resistance genes being associated with the growth phenotype 

therefore plasticity was suggested as playing a role in the resulting phenotypes. Plasticity does 

not require the addition or deletion of genes within a genome but uses regulation changes to alter 

phenotypes.  
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Figure 1. Models of phenotypic regulation based on environment (top), environment and 

genotype (middle), and the interaction of environment and genotype (i.e. phenotypic plasticity) 

(bottom). Modified figure (37).  

While the limitations and costs of phenotypic plasticity are generally understood (12, 33), 

the actual biochemical mechanisms behind it are less clear. As the phenotype is specific to each 

genotype and to each environmental influence, the mechanism incorporates aspects of both 

genetic and environmental sensing machinery (11) which is a reason for its complexity. 

Therefore, without genetic evidence phenotypic plasticity responses can be phenotypically 

observed, but the specific factors that are key to the plasticity remain unknown. To determine the 

biochemical machinery behind plastic phenotypes, stimulus-receptor relationships and the 

regulation of genes are two important areas to consider since both have indirect relationships 

with the environment and can affect phenotype.   

 Adaptation by phenotypic plasticity is important for organisms that are transmitted across 

various environments and those that inhabit shifting environments. Sessile organisms, such as 

plants and microorganisms, may benefit from plasticity as they are unable to move from a 
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changing condition without the aid of a vector (33). Plastic responses can be triggered by 

environmental cues that can indicate the best phenotype. Due to their ubiquity and exposure to 

multiple environmental stresses, bacteria can be good models for observing phenotypic 

plasticity. 

1.3. Escherichia coli Adaptation 

 Escherichia coli is a gram-negative bacterium that is a great model organism for 

adaptation as it inhabits multiple environments and has large genomic variation (38). While  E. 

coli was originally documented within the intestines of warm-blooded animals and as a transient 

bacterium through extrahost environments, more recent studies have documented its long-term 

presence in the natural environment suggesting E.coli is free-living (39). Currently the presence 

of E. coli has been observed in natural soil and water microbiomes (40–43) beyond the expected 

transient population. For instance, Brennan et al. confirmed the presence of E. coli in surface soil 

without the introduction of enteric bacteria, via domesticates and wildlife, for over eight years 

(40).   

 In terms of genetic diversity E. coli has a large pangenome. A study by Rasko et al. 

classified E. coli’s pangenome as open due to the continuous addition of new gene families with 

the inclusion of each new E. coli genome (44). This gives E. coli an endless possibility of new 

genes being incorporated into individual strain genomes. One study analyzed E. coli genomes of 

53 different strains which led the pangenome to encompass 13,296 gene families. While different 

strains can have a varying diversity of accessory genes, there are at least 1,000- 2,000 gene 

families that are part of the core genome of all Escherichia coli strains (45, 46). The genome of 

each E. coli is also rife with mobile elements and genomic islands (47) that incorporate genetic 

elements from the nearby environment and surrounding microbial populations.  
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1.4. Sigma Factors and RpoS 

  RpoS, a sigma factor, is a major player in E. coli stress responses that has effects on 

adaptation via plastic phenotypes. A sigma factor is a transcriptional regulator of genes that 

guides RNA polymerase to certain genes based on the promoters recognized by the sigma factor 

(48). RpoS is an alternative sigma factor that binds promoters of stress-resistance and stationary 

phase genes. In a single E. coli K12 genome RpoS controlled 140 out of 1,352 genes (~10%), 

either directly or indirectly (49). This study alongside others have therefore marked RpoS as one 

of the largest global regulators in E. coli (49–52). The majority of its regulon is associated with 

internal and external environment responses (53, 54) earning its title of general stress regulator.  

 There are many regulators that respond to environmental stimuli, both sigma factors and 

other regulators, but few cover the number of genes within the RpoS regulon. In total there are 

seven different sigma factors that have been identified in E.coli (55) . RpoS is not the only sigma 

factor and must therefore compete with other regulators for the limited amount of RNA 

polymerase (48, 55). For instance, RpoS exhibits an antagonistic relationship with RpoN, a 

sigma factor known for regulating nitrogen utilization genes (56). Another sigma factor, RpoE, 

regulates outer membrane stress responses within the cell envelope due to the presence of 

unfolded proteins (57). Both sigma factors, while important on their own, can be affected by 

RpoS regulation. In the case of RpoE, one of its promoters is regulated by RpoS during 

hyperosmotic conditions (58).  

The RpoS regulon is a good candidate for phenotypic plasticity due to its range of 

functions and the impact on overall phenotype. There are a multitude of stresses that can be 

linked to RpoS regulon responses such as temperature, acidity, moisture, and osmotic pressure 

(59–62). Besides combating one stress at a time, RpoS is also a multitasking regulator that assists 
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in cross-protection, where one stress induces responses to a multitude of other stresses (59, 63). 

The influence of genotype and environment has been observed in RpoS-dependent membrane 

phenotypes (64–66) where mutations of rpoS have produced dramatic phenotypes suggesting a 

role of phenotypic plasticity for its regulon. One such example has been termed as the self-

preservation and nutritional competence (SPANC) model (67). This model describes the inverse 

relationship of cell membrane permeability between nutrient-scavenging and stress tolerance 

conditions. The knockout of rpoS demonstrated low stress tolerance and high nutritional 

capability. The growth advantage at stationary phase (GASP), which describes the competitive 

advantage of growth at stationary phase caused by mutations (68), is a prime example of the 

ways in which rpoS mutations can lead to plastic phenotypes. The proportion of rpoS-containing 

isolates reduced in generations across nutrient-limiting conditions such that after 20 generations 

less than 1% of the isolates contained rpoS (69). Therefore, the presence and absence of RpoS’ 

regulon showed vast phenotypic changes and may be involved in the plasticity of stress-related 

phenotypes. 

 While RpoS has been intensively studied in laboratory and some pathogenic strains of E. 

coli due to their direct impacts on human society, research with natural strains has become more 

of an underworked issue (39). For instance Carter et al. discovered RpoS, via positive regulation 

of CsgD,  regulated curli production in  E. coli K12 strains, but that was not seen in E. coli O157 

strains (70). The use of K12 strains with RpoS, while useful in understanding basic machinery 

and genomic composition, is not indicative of the E. coli species as they have been domesticated 

for decades. Also previous research has found that older collections of commensal isolates, from 

the 1980s and 1990s, are more likely to lose their original rpoS gene due to their time in 
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insufficient storage (71). Fresher and more diverse strains of E. coli can further our 

understanding of RpoS’ role with fewer worries regarding its loss in domestication. 

1.5. Bacterial Membrane Stress 

 One of the largest systems within E. coli that is affected by environmental stresses is the 

bacterial envelope. External (i.e. temperature, osmotic, pH ) and internal (i.e. oxidative ) 

stressors impact the integrity of the bacterial membrane (21). One important stressor that is 

relevant to most environments that E. coli inhabit is osmotic stress. This stress is generally 

exerted through high salt concentrations and desiccation (72, 73). Osmotic stress causes a loss of 

water to the extracellular environment and a decrease in turgor pressure on the cell wall (Figure 

2). This stress can cause a decrease in growth rates due to effects on water potential within the 

cell and peptidoglycan expansion (74). The loss of water due to osmotic stress also impacts 

protein stabilization as proteins can become misfolded or denatured (Figure 2). The osmotic 

balance is crucial to the maintenance of biochemical processes and especially the integrity of the 

bacterial membrane envelope (75). Bacteria can protect themselves from such irregular osmotic 

conditions through external protection (i.e. biofilms and capsules) and molecular protection. For 

example, during osmotic shocks E. coli uptake potassium ions to maintain water balance, 

whereas in prolonged stress E. coli will synthesize organic osmoprotectants (aka osmolytes), 

such as trehalose, to maintain turgor pressure which affects the integrity of the cell wall (76). 

Other important osmotic tolerance and resistance mechanisms include osmolyte synthesis, cell 

membrane composition, and transcriptional regulators (73, 77). The latter has been observed 

with IrrE, a global gene regulator, which when overexpressed in E. coli under high salt 

conditions showed increased cell growth and osmolyte synthesis in comparison to the control 

(77).   
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Figure 2. Osmotic stress effects on gram-negative bacterium caused by high salt. The high 

concentration of salt (NaCl in this case) decreases the turgor pressure of a cell (red arrows) and 

causes water to be lost into the extracellular environment (blue arrows). The decrease in turgor 

pressure and water causes the cell to shrink from its original size (dotted line). Loss of water also 

causes the misfolding or denaturation of proteins (green). OM= outer membrane and IM= inner 

membrane.  

E. coli combats against internal and external membrane stress using mechanisms such as 

the Cpx system, the PhoPZ Two-Component System (TCS), and the RpoE system (57, 78, 79). 

While each system enacts many of its own responses to specific stressors, a bacterial cell can be 

cross-protected (80) due to a link (i.e. gene regulator) connecting parts of each system. For 

example, OmpR, an important factor in regulating porins within the bacterial outer membrane, is 

an important regulator for both acid and osmotic stress responses (81). Sigma factors can induce 

osmotic stress preventatives as seen with RpoS (82) and RpoE (57). Previous research has 

defined important proteins (i.e. outer membrane proteins [Omps]) and specific osmotic 
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pathways, but the implication of these and other important osmotic proteins and pathways based 

on gene regulation have not been fully explored in bacteria. 

 The lack of research on phenotypic plasticity and on its mechanisms prompts further 

understanding of its extent in bacteria. As the environment and genotype of bacteria play 

important roles on their own, it is important to determine the interaction of these two factors on 

phenotype. RpoS is known for its extensive regulation in stress-related conditions, so it is a 

prime candidate for being a keystone in phenotypic plasticity. In this thesis, our goal is to 

describe the presence and extent of phenotypic plasticity among E. coli from soil by growth 

assays. For exploration into possible factors in phenotypic plasticity we used RNA-sequencing 

(RNAseq). 
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2. POTENTIAL FOR PHENOTYPIC PLASTICITY IN THE HYPEROSMOTIC STRESS 

RESPONSE OF DIVERSE E. COLI 

2.1. Introduction 

 Bacteria, known for their ubiquity and flexible genetics, adapt to shifting environments 

but the extent and possible mechanisms are still being explored. Phenotypic plasticity is a form 

of adaptation that involves phenotypic changes dependent upon environmental conditions that 

are specific to certain genotypes (31, 33). Phenotypic plasticity accounts for the interaction of 

genotype and the environment on a resulting phenotype. For example, 41 Staphylococcus aureus 

strains displayed different growth rates in normal and vancomycin-supplemented media with six 

strains having higher growth rates in the vancomycin condition that was not due to vancomycin-

resistant genes (36).  There are a few microbial adaptation studies that define and explore 

phenotypic plasticity. Feugeas et al. found that the transcriptome profiles of four E. coli strains 

varied based on the three media conditions as well as the strains themselves (83). They observed 

genes associated with metabolic processes were linked with media and genes involved in 

environmental signaling were associated on a strain-basis. Altogether, the interaction of these 

two factors influenced the resulting gene expression profiles. While phenotypic plasticity has 

been seen in such studies, the extent and prominence of this adaptation method in bacteria has 

not been fully characterized and explained.  

 Hyperosmotic conditions, such as high salt conditions, affect the cell envelope and 

growth of bacteria. The cell promotes transport and synthesis of osmolytes to maintain turgor 

pressure. Such osmolytes include charged solutes such as potassium ions as well as compatible 

solutes such as trehalose. The concentration of trehalose was seen to be effective in growth of E. 

coli W3110 strains as a mutant strain that overproduces trehalose had higher growth under 
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increasing NaCl conditions (84). The negative effect of high salt environments on bacterial 

growth is generally associated with the cell’s additional energy expenditure and slowdown of 

translation (85). On a genetic level, a strain of E. coli K12 highly expressed genes that were 

important in osmolyte synthesis and transport (e.g. proU and kdpFABC) (86). Even further the 

gene expression resulting from osmotic stress can vary between strains, as three out of five E. 

coli strains had significant induction of betA, a gene important for glycine betaine biosynthesis 

(87).   

Sigma factors are important in gene transcription under different environmental 

conditions. These transcription factors bind with RNA polymerase and lead to the regulation of 

genes based on stress stimuli. The sigma factor RpoE is vital for the integrity of the cell envelope 

as cell growth decreased when rpoE was inhibited (88). RpoS is the general stress regulator in E. 

coli and is known to be vital in responses to stationary and environmental stresses (49–52). The 

functions of the RpoS’ regulon vary widely and many RpoS-regulated genes showed beneficial 

phenotypes in stressful conditions (62, 89). The importance of RpoS in the extensive number and 

functions of its regulon, suggests its importance in adaptation and specifically in gene regulation.   

We hypothesized that there was phenotypic plasticity of a variety of E. coli under 

hyperosmotic stress. Therefore, we expected to see differences in growth rates of each strain 

under each osmotic condition. We also hypothesized that the mechanism behind phenotypic 

plasticity may lie within sigma factors, particularly the general stress factor RpoS. To test this 

assumption, we looked at the transcriptomes of nine E. coli isolates to determine the genetic 

expression of osmotic responses amongst the isolates.  
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2.2. Materials and Methods 

2.2.1. E. coli Isolates 

The E. coli isolates used in the following experiments and assays are a part of an E. 

coli isolate collection which was obtained from surface soil samples along the Buffalo River 

of North Dakota and Minnesota (90). The collection includes 256 culturable phylogroup D 

isolates, select sets of which were used in our experiments.  

2.2.2. qPCR 

Comparing different isolates required an initial check in the baseline expression. As we 

were looking at RpoS as a factor for phenotypic plasticity it was important to determine any 

differences in baseline RpoS-regulon expression. We measured the gene expression of seven 

RpoS-regulated genes (asr, cpxP, degP, osmC, osmY, pspA, and rpoH) at three different growth 

phases (exponential, transitional, and stationary) through a qPCR assay. 

Starting with the RNA samples, eight E. coli strains were selected and grown from 

freezer stocks onto Lysogeny Broth (LB) agar. The isolates for the qPCR experiment were 

selected based on their capability to culture successfully and consistently in three passages of 

glucose-defined minimal media (GDMM) (91) based on other studies and assays performed in 

our lab. Isolates were blocked into two groups of four for culturing. To acclimate the E. coli, 16 

x 100 mm test tubes that each contained 5 mL of standard GDMM were each inoculated with 

one colony of its respective isolate from the LB agar. The cultures were grown overnight (~16 

hours) in a shaking incubator set at 37°C and 220 rpm. Cultures were passaged two more times 

with RNA sampled from the tertiary culture. At the designated time points (exponential, 

transitionary, and stationary) when optical density readings at 600 nm (OD600) reached their 

respective ranges (0.6-0.8, 0.9-1.1, and ≥1.2), 5 mL of tertiary culture was aspirated and placed 
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into sterile 16 x 100 mm tubes filled with a stop solution of 10% acid phenol in ethanol. RNA 

was extracted and isolated using phenol-chloroform and DNase methods as detailed by Tyagi et 

al. (92). The purity and concentrations of the RNA samples were initially checked with a 

spectrophotometer (Bio-Rad, Hercules, CA) and final values were verified with an RNA 

integrity assay (Agilent, Santa Clara, CA). Purity was calculated by the RNA integrity number 

(RIN) score with the Bioanalyzer 2100 v.B.02.08.SI648 (Agilent). The range of RIN scores is 1 

to 10 with the lower values being associated with degraded RNA and the higher values being 

associated with intact RNA. In our study samples were considered pure if their RIN value was 

≥7. In total, there were three biological replicates at each time point for each strain (72 RNA 

samples). 

The qPCR experiment also required plasmids to assess PCR efficiency for each RNA 

sample. We generated 8 different plasmids: seven plasmids for the respective RpoS-regulated 

target genes as well as one plasmid for the PCR efficiency and qPCR ΔΔCt calculation, arcA. 

This gene was used as our qPCR control as it is a housekeeping gene in most E. coli isolates and 

is used as one of a few housekeeping genes in E. coli gene expression (93). The plasmids were 

created by performing PCR, for gene amplification, and cloning, for inserting each target gene 

into their own pCR 2.1-TOPO plasmid (Life Technologies, Carlsbad, CA). These plasmids were 

purified via QIAprep Spin kit (Qiagen, Hilden, Germany) and verified with 1% agarose gel 

electrophoresis. 

Gene expression was determined using SYBR-green qPCR. A total of two technical 

replicates were implemented with each technical replicate including all RNA samples, three 

negative controls for each gene, and a qPCR standard dilution curve. The PCR calibration curve 

is used to account for any differences in PCR efficiency between all the target genes. PCR 
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efficiencies for the seven target genes ranged from 2.067 ± 0.076 to 2.294 ± 0.091. These values 

describe that a target gene doubles in copies after each PCR cycle, which is the expected result of 

PCR amplification. The final gene expression values (ΔΔCt) were calculated and adjusted using 

the Pfaffl equation (94) and the raw Cycle threshold (Ct) scores. The exponential phase values 

were used as the controls and the arcA values were used as the reference. A Levene’s test and a 

two-way ANOVA were used to determine gene expression significance between the isolates as 

well as phenotypic plasticity determination.  

2.2.3. Growth Curves 

Twenty-four selected E. coli isolates were inoculated onto LB agar from freezer stock 

cultures and incubated at 37°C for 24 hours. The isolates for the growth assays and RNAseq 

experiments were selected based on prior experimentation with osmotic growth conditions (0.3% 

NaCl, 3% NaCl, and 4% NaCl GDMM) in our laboratory. The 24 out of 256 isolates were 

chosen based on their growth phenotypes (growth rate and growth yield) seen in 4% NaCl 

GDMM. Twelve isolates were randomly selected from the top third of the total isolates (fast 

growth rates) and the other twelve isolates were randomly selected from the bottom third (slow 

growth rates). To acclimate the E. coli, the isolates from the LB agar were inoculated into 16 x 

100 mm test tubes that each contained 5 mL of standard (0.3% NaCl [w/v]) GDMM (91). A 

minimal media was used to limit the amount of variation of the media on the stress condition. 

The cultures were placed in a shaking incubator set at 37°C and 220 rpm. These primary (1°) 

cultures were grown for 8 hours. For the secondary (2°) cultures, 0.1 mL of the 1° cultures were 

transferred to 10 mL of sterile, pre-warmed (37°C) standard GDMM. The 2° cultures were 

incubated at 37°C at 220 rpm for overnight (~16 hours). This transfer procedure was performed 
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again, for 3° cultures, with the exception that the 3° cultures were incubated for 8 hours instead 

of 16 hours. 

In order to observe the effect of osmotic stress on these E. coli isolates, two conditions 

were used for the test cultures: a standard condition (0.3% NaCl GDMM) and a hyperosmotic 

condition (4% NaCl GDMM). The concentration of 0.3% NaCl is standard in the GDMM as it 

provides the optimal salt concentration for Escherichia coli growth at 37°C. The hyperosmotic 

condition magnitude was determined based on prior growth assays in our lab as well as through 

other E. coli osmotic growth assays in the literature (49, 82, 95). The test cultures were prepared 

by transferring 0.1 mL of each isolate’s 3° culture into both 0.3% NaCl GDMM and 4% NaCl 

GDMM (10 mL in each test condition). The initial OD600 readings were taken after the culture 

transfer and all test cultures were then incubated at 37°C and 220 rpm. Optical density readings 

were recorded until cultures reached an OD600 measurement around 0.7 indicating mid-

exponential phase. Our samples had final OD600 measurements within the range 0.688- 0.800. 

Nine of these cultures were further used in the RNAseq analysis.  

To determine the growth rate of the isolates grown at 0.3% NaCl and at 4% NaCl, the 

OD600 readings were compiled, log-transformed, and analyzed in R using the R/nlsMicrobio 

“baranyi_without_Nmax” growth model and R/vegan packages (96, 97). 

2.2.4. RNAseq  

RNAseq was implemented to determine and explore genetic factors of phenotypic 

plasticity of the E. coli growth rates under osmotic stress. Nine of the strains, and their respective 

cultures in both osmotic conditions, from the hyperosmotic growth assay were used in the 

RNAseq analysis. When these cultures reached an OD600 around 0.7 (actual OD600 range of 

0.688-0.754), 0.5 mL of each culture was transferred to 0.5 mL of sterile GDMM (0.3% or 4% 
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NaCl depending on culture) and centrifuged to form a cell pellet. The GDMM of each 

microcentrifuge tube was aspirated and the pellets were snap-frozen in liquid nitrogen. 

RNA was extracted from each sample cell pellet by using a RNeasy Mini kit (Qiagen). 

Sample purity and concentration were initially assessed by spectrophotometer (Bio-Rad) and 

then ultimately verified by an RNA IQ fluorescent assay (Thermo-Fisher, Waltham, MA). The 

quality control parameters of a pure sample were 260/230 ratio >1.7 and 260/280 ratio >1.9. 

RNA samples were considered undegraded if their RNA IQ values >7. 

RNA libraries were prepared using a total RNA library prep kit (Illumina, San Diego, 

CA). The library preparation was performed as stated by the manufacturer’s protocol except for 

additional wash steps at the end of the protocol due to bead residue. All quality assurances of the 

finished library were determined through a DNA integrity assay (Agilent) and a picogreen DNA 

concentration assay (Invitrogen, Carlsbad, CA). Sufficient library samples were characterized by 

having a high DNA peak (ranging anywhere from 200-1000 bp), low background peaks, and 

DNA concentrations of at least 5 nM. RNA samples were sequenced using pair-end 150 bp reads 

on a HiSeqX platform (Psomagen Inc., Rockville MD USA). Raw reads were initially quality-

checked by FastQC (98). Due to base bias at the beginning of each read and adapter content, the 

reads were trimmed using Trimmomatic (99). After trimming reads for each sample, FastQC was 

implemented again to ensure quality after trimming. The sequence counts per sample averaged 

around 52.7 million reads. Reads were then mapped to their respective isolate genome through 

bwa v.0.7.17 (100) and were checked with MultiQC v.1.9 (101). Due to lack of directly 

associated genomes, the samples of LGE1964 and LGE1517 were mapped to genomes LGE1946 

and LGE1527, respectively. The program featurecounts (102) counted reads per feature with an  

average of 80% of the reads per sample being mapped and assigned a feature. The sample reads 
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where then collated with gene presence and absence files from Roary (103). Microorganisms 

have a vast range of gene content and a collection of isolates can have core genes, which are 

genes shared in all isolates. As we were observing osmotic factors among all of the isolates, we 

examined the conserved genes of our isolates with edgeR (104) for differential gene expression 

analysis. Also “NA” values cannot be accepted into edgeR, therefore genes that had a “NA” 

value in at least one sample were removed from the edgeR analysis. A total of 3,234 genes were 

conserved in all nine E. coli isolates. 

Using edgeR, via R, the collated reads were first processed for gene coverage so that the 

genes that had little to no coverage, < 1 count per million in at least five samples, were removed. 

The library sizes of the count data were then normalized using the trimmed mean of M-values 

(TMM) (105). This method calculates the gene-wise log2 fold changes between samples which 

are the M-values. The observed M values are then trimmed, upper and lower 30%, prior to 

calculating the weighted average. Each sample library is then normalized by dividing the raw 

counts by the TMM-adjusted library sizes. The overall normalized libraries had a median of 70.3 

million read counts.  After normalization, the read counts were modeled according to the 

environment condition (High Salt [4% NaCl] and Standard [0.3% NaCl]) and were fitted with 

the negative binomial model. The false discovery rate (FDR) of the genes were corrected using 

the Benjamini and Hochberg method (106). Visualization of the data was performed with R (96) 

using the R/ggplot2, R/gplots and R/edgeR libraries. For functional analysis, the log2-fold change 

(logFC) and p-value of each gene from the edgeR analysis was inputted into the EcoCyc 

database (107) and was visualized with the Omics Dashboard (108). Enrichment analysis was 

performed by using a p-value < 0.01 resulting in enrichment scores, which were calculated by 
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the Grossman parent-child-union analysis (109). An enrichment value of ≥2 was considered 

significant, as the enrichment score was -log(p-value). 

2.3. Results 

2.3.1. E. coli Gene Expression of RpoS-regulated Genes 

Phenotypic plasticity relies on a difference in genotypes as well as phenotypes. 

Therefore, it was important to investigate the baseline of plasticity through the gene expression 

of RpoS-regulated genes amongst a selection of E. coli isolates. Between all eight isolates, the 

RpoS-regulated genes displayed no significant variance during transitional phase (Levene Test 

[LT] p-value= 0.795) (Figure 3). The isolate and the gene significantly influenced the expression 

levels, but their interaction was insignificant (Table 1). In contrast, at least one isolate differed 

from the others with significant variance (LT: p-value=2.48 x 10-4) in stationary phase (Figure 

4). The difference in expression during stationary phase occurred in the genes asr (LT: p-value= 

7.33 x 10-3), osmY (LT: p-value=3.50 x 10-4), and degP (LT: p-value=8.58 x 10-6) (Figure 5). The 

factors of isolate and gene were both significantly important factors in the expression levels, but 

most notable was that the interaction between these two factors which was also significant (Table 

2). Overall, we found an initial insight into phenotypic plasticity amongst the E. coli isolates 

under one condition. 
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Figure 3. Box-and-whisker plot of RpoS-regulated genes across isolates in transitional phase.  

 

Table 1. Two-way ANOVA table for gene expression in transitional phase. Significance codes:  

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Variable Df Sum Sq Mean Sq F value Significance 

Isolate 7 7.93 1.133 2.257 0.0301 * 

Gene 6 395.6 65.94 18.754 6.85 x 10-7 *** 

Isolate x 

Gene 42 16.55 0.394 0.785 0.8271 

Residuals 276 138.54 0.502   
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Figure 4. Box-and-whisker plot of RpoS-regulated genes across isolates in stationary phase. 
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Figure 5. Box-and-whisker plots of RpoS-regulated genes across isolates in stationary phase. For 

the asr gene there was insufficient data for LGE0638 hence its absence. 
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Table 2. Two-way ANOVA table for gene expression in stationary phase. Significance codes:  0 

‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Variable Df Sum Sq Mean Sq F value Significance 

Isolate 7 177 25.29 7.192 6.66 x 10-8 *** 

Gene 6 395.6 65.94 18.754 < 2.00 x 10-16 *** 

Isolate x 

Gene 42 414.7 9.87 2.808 2.72 x 10-7 *** 

Residuals 272 956.4 3.52   

 

2.3.2. Growth Rates under Hyperosmotic Stress 

Our first step in determining phenotypic plasticity was determining the variation in 

growth rates among the different isolates between two osmotic conditions. In the 0.3% NaCl 

condition, the growth rates of the E. coli isolates ranged from 0.677 ± 0.062 log10(OD600) h
-1 to 

0.841 ± 0.013 log10 (OD600) h
-1 with three replicates of each isolate (Table 3). In contrast to the 

lower salt environment, there was a larger range of growth rates in the 4% NaCl condition as 

they spanned from 0.069 ± 0.021 log10(OD600) h
-1 to 0.323 ± 0.157 log10(OD600) h

-1. The large 

range of growth rates in the 4% NaCl condition can be attributed to a few outlying strains having 

exceedingly slower growth rates such as LGE0109 and LGE1964. As expected in the 4% NaCl 

condition, the median growth rate of the isolates (0.218 log10[OD600] h
-1) was lower than the 

0.3% NaCl rates (0.746 log10[OD600] h
-1) (Figure 6). These two conditions showed a significant 

difference in growth rates (p< 2.2 x 10-16).  

Interestingly the isolates shifted their ranks according to their growth rate in the two 

osmotic conditions (Table 3). Isolates such as LGE1964 and LGE3205 showed large rank shifts 

in their growth rates from the 0.3% to 4% NaCl environments. In contrast, other isolates (e.g. 

LGE1523 and LGE2400) remained within the same ranking in both environments. Not only did 

the magnitudes of shifts occur, but the direction of the shifts also changed. For instance, some 

isolates that possessed higher growth rates in the 0.3% NaCl environment displayed lower 
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ranking growth rates in the 4% NaCl environment (e.g. LGE1576 and LGE0105). The inverse of 

this pattern was seen in isolates such as LGE3205 and LGE3262. 

Table 3. Shift in ranks for growth rates amongst selected E. coli isolates in 0.3% NaCl and 4% 

NaCl Conditions. Ranks and growth rates of 24 E. coli isolates grown in 0.3% and 4% NaCl. 

Averages and standard deviations determined by three replicates per strain and condition. 

Strain 
0.3% NaCl 

Condition 
Column1 4% NaCl Condition Column2 

Growth Rate 

Magnitude between 

Conditions 
 Growth Rate Rank Growth Rate Rank  

LGE1576 0.841 ± 0.013 1 0.214 ± 0.019 13 0.627 

LGE0733 0.804 ± 0.040 2 0.238 ± 0.014 7 0.566 

LGE3070 0.797 ± 0.015 3 0.239 ± 0.002 6 0.558 

LGE2134 0.787 ± 0.007 4 0.205 ± 0.018 16 0.583 

LGE1517 0.778 ± 0.050 5 0.323 ± 0.157 1 0.455 

LGE1523 0.776 ± 0.026 6 0.241 ± 0.016 5 0.535 

LGE1964 0.769 ± 0.021 7 0.069 ± 0.021 24 0.699 

LGE0406 0.766 ± 0.027 8 0.210 ± 0.022 14 0.556 

LGE3195 0.766 ± 0.057 9 0.254 ± 0.010 2 0.512 

LGE0105 0.763 ± 0.067 10 0.119 ± 0.083 23 0.644 

LGE2070 0.759 ± 0.017 11 0.249 ± 0.025 3 0.511 

LGE1459 0.746 ± 0.031 12 0.177 ± 0.049 18 0.569 

LGE1494 0.745 ± 0.023 13 0.126 ± 0.056 22 0.618 

LGE0359 0.739± 0.023 14 0.228 ± 0.014 8 0.512 

LGE1650 0.738 ± 0.035 15 0.223 ± 0.004 10 0.515 

LGE2400 0.731 ± 0.018 16 0.208 ± 0.026 15 0.523 

LGE0399 0.728 ± 0.035 17 0.222 ± 0.035 11 0.507 

LGE1536 0.727 ± 0.078 18 0.175 ± 0.045 19 0.552 

LGE0109 0.725± 0.006 19 0.156 ± 0.035 20 0.569 

LGE3205 0.722 ± 0.080 20 0.226 ± 0.022 9 0.496 

LGE1448 0.708 ± 0.041 21 0.192 ± 0.013 17 0.516 

LGE2761 0.7 ± 0.049 22 0.247 ± 0.010 4 0.453 

LGE3262 0.686 ± 0.046 23 0.221 ± 0.009 12 0.465 

LGE3336 0.677 ± 0.062 24 0.135 ± 0.042 21 0.542 

 

 



 

26 

 

Figure 6. Norm reaction plot for growth rates of the 24 E. coli isolates grown in 0.3% and 4% 

NaCl. All growth measurements were taken in triplicate. 

2.3.3. Conserved Gene Expression in E. coli Isolates 

We were not able to account for phenotypic plasticity in our RNAseq analysis, but we did 

analyze the effect of hyperosmotic stress among different E. coli isolates and determine 

conserved responses of genes to the stress. Nine E. coli isolates were selected and collectively 

they showed the plasticity patterns that were observed in the growth rate phenotypes under the 

two osmotic conditions (Figure 7).  
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Figure 7. Phylogenetic tree with heatmap of the selected nine E. coli isolates for gene expression analysis. Phylogenetic relations are 

based on core genes. The heatmaps represent their growth rate phenotypes under each osmotic environment. Std= standard condition 

(0.03% NaCl), HS= high salt condition (4% NaCl), Mumax=growth rate. Visual representation performed in Interactive Tree of Life 

(iTOL) v6.1.2 (110).
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The transcriptome contained reads mapping to 3,234 genes that were present in all 9 

strains in both conditions. The log2-fold change (logFC) of the genes ranged from -6.423 to 

8.093 with a median logFC of -0.631. Of those conserved genes 914 genes were downregulated 

(logFC ≤ -1), 814 genes were upregulated (logFC ≥ 1), and 1,506 genes did not differ (-1 < 

logFC < 1) (Figure 8).  Among the significant logFC genes 1,522 genes had a FDR (False 

Discovery Rate) < 0.05 and a p-value < 0.01. We then used transformed and rescaled count-per-

million (CPM) data of the conserved genes to observe differences between the two osmotic 

conditions and differences between the isolates. Genes with conserved responses to high salt in 

the isolates showed distinct clustering between the standard (0.3% NaCl) and the high salt (4% 

NaCl) conditions (Figure 9). The dendrogram above the heatmap show that the transcriptome 

profiles were initially split due to the osmotic condition of the samples. Interestingly, the 

transcriptome profiles in the high salt condition were more clustered together than profiles in the 

standard condition as seen in the heat map dendrogram as well as in a PCA plot (Figure 10). The 

importance of the osmotic condition was the biggest factor for the separation of the 

transcriptome profiles (PC1= 76.7%). A secondary factor that influenced the differentiation of 

the transcriptome profiles was the isolates themselves (PC2= 9.76%). Amongst the isolates, the 

transcriptome profiles were branched differently within each osmotic condition (Figure 9). For 

example, the transcriptome profile of LGE1946 in the standard condition clustered with 

LGE0105 and LGE3336, but that was not the case in the high salt condition. Overall, the 

transcriptome profiles displayed distinct separation based on osmotic conditions.  
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Figure 8. MA plot displaying logFC of conserved genes amongst all nine E. coli isolates, with 

default log fold-change thresholds of -1 and 1 (horizontal blue lines). Up= upregulated genes, 

Down= downregulated genes, NotSig= insignificant genes, CPM = Counts Per Million. 
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Figure 9. Clustered heatmap of conserved genes in the nine selected E. coli isolates. Map based 

on transformed and rescaled CPM data. Std=Standard condition, HS= High Salt condition. 
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Figure 10. PCA plot of E. coli isolates in high salt and standard environments. Plot based on 

transformed and rescaled CPM data. 

Delving into the significant upregulated and downregulated genes, we observed some 

clear patterns. In the upregulated genes, most of the genes were associated with osmolyte 

synthesis, exopolysaccharide synthesis, and membrane transporters (Table 4). Under high 

osmotic conditions, osmolytes are synthesized to assist the structural integrity of the cell wall 

(73). The genes of two osmolytes, glycine betaine and trehalose, were seen to be highly 

expressed. The genes proV, proW, and proX (logFC= 6.841, 8.093, and 8.047) are all part of the 

ProU operon that is known to be upregulated under osmotic conditions (76, 111). This operon 

has a high affinity for exogenous glycine betaine transport (73). The genes betA and betB 

(logFC=2.702 and 2.174, respectively) also aid in glycine betaine synthesis, but are known for 

synthesis from exogenous choline. The high levels of otsA and otsB (logFC= 3.405 and 3.880) 

indicate the synthesis of trehalose, an osmolyte, to aid the cell under the osmotic conditions. 
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In the highly downregulated genes, most of the genes were associated with carbohydrate 

transport, glutamate/glutamine transport, phage shock stress, and carbon starvation (Table 5). 

The most downregulated genes hycE and hycF play important roles in mixed-fermentation 

respiration (112). Specifically, these genes and others in its operon are important in the 

catabolism of formate to carbon dioxide and hydrogen. Therefore it is a possibility that the low 

expression of these formate dehydrogenase genes suggests an increase of formate within the cell 

that may function in some osmotic response capacity. Genes involved in maltose transport were 

also significantly downregulated. While maltose can be used as an osmolyte, it is not as efficient 

as others as it is metabolized into secondary metabolites and is not stored within the cell like 

other osmolytes (73, 113). Therefore, the high upregulation of glycine betaine and trehalose 

genes may provide more effective and long-term protection, so upregulation of maltose genes 

would be redundant and costly. 

Table 4. Top 100 upregulated genes of selected E. coli under the high salt condition. LogFC= 

log2-fold change. 

Gene/ 

Operon Product logFC  
Amino Acid Biosynthesis & Transport 

 

tauABCD taurine ABC transporter 4.617, 4.145, 3.916, 2.583 

leuABC leucine biosynthesis 2.505, 2.305, 2.063 

YgaHZ L-valine efflux transporter 2.436, 2.358 

SdaB L-serine deaminase II 2.035  
Cofactors 

 

bioBCD Biotin biosynthesis 2.062, 2.561, 2.225 

GrxB Glutaredoxin 2 2.459 

nrdIEF Ribonucleotide reductase 2.317, 2.062, 2.166  
Carbohydrate Metabolism 

 

SgrT SgrT, regulator of PtsG activity 3.076 

YidA sugar phosphatase 3.027 

talA-tktB pentose phosphate pathway 2.340, 2.556 

dkgA_2 methylglyoxal reductase [multifunctional] 2.300 
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Table 4. Top 100 upregulated genes of selected E. coli under the high salt condition (continued). 

Gene/ 

Operon Product logFC  
Exopolysaccharide Biosynthesis 

 

wzabc-

wcaAB 

Colanic acid biosynthesis 3.434, 5.279, 4.462, 4.524, 4.424 

wcaCEF-fcl-

wcaI-cpsBG-

wcaJ-wzxC 

Colanic acid biosynthesis 4.631, 4.321, 4.922, 5.392, 

5.038, 4.498, 5.019, 4.883, 4.374 

yjbEFH putative protein 4.974, 5.034, 3.735 

wcaKLM colanic acid biosynthesis 4.455, 4.018, 2.836 

rutG putative xanthine/uracil transporter 3.521 

ycfT putative transport protein 2.262 

yebA putative peptidase 2.234 

yqjF putative quinol oxidase subunit 2.053 

lpxB lipid A disaccharide synthase 2.011  
Membrane Transport 

 

kdpABC K  transporting ATPase 4.777, 4.06, 2.497 

aaeAB hydroxylated, aromatic carboxylic acid efflux 

transporter 

3.823, 3.369 

ygaY putative transporter 3.698 

phnCDFGI phosphonate ABC transporter 3.002, 2.498, 2.094, 2.285, 1.968 

ddpF YddO 2.200 

torY trimethylamine N-oxide reductase III, c-type 

cytochrome subunit 

1.955 

 
Osmolyte Synthesis & Transport 

 

proVWX glycine betaine / proline ABC transporter 6.841, 8.093, 8.047 

otsAB trehalose synthesis 3.405, 3.880 

katE heme d synthase / hydroperoxidase 3.317 

yehYXW glycine betaine ABC transporter 3.012, 2.991, 2.304 

betAB glycine betaine biosynthesis 2.702, 2.174 

osmY hyperosmotically inducible periplasmic protein 2.419  
Stress Responses 

 

ssuEDCB NAD(P)H-dependent FMN reduction (ssuED) & 

aliphatic sulfonate ABC transporter (ssuCB) 

4.369, 3.710, 3.985, 3.033 

pphA protein phosphatase 1 modulates phosphoproteins, 

signals protein misfolding 

2.423 

Bdm biofilm-dependent modulation protein 2.175 

soda superoxide dismutase (Mn) 2.070 

yhcN stress-induced protein 2.057  
Transcription 

 

sgrR SgrR DNA-binding transcriptional dual regulator 3.188 
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Table 4. Top 100 upregulated genes of selected E. coli under the high salt condition (continued). 

Gene/ 

Operon Product logFC 
 Transcription (continued)  

StpA H-NS-like DNA-binding protein with RNA 

chaperone activity 

2.922 

NemR NemR DNA-binding transcriptional repressor 2.564 

RcsA positive DNA-binding transcriptional regulator of 

capsular polysaccharide synthesis 

2.068 

 
Hypothetical 

 

group_4320 hypothetical protein 5.086 

group_11845 hypothetical protein 4.189 

YghA putative glutathionylspermidine synthase 3.487 

group_4850 hypothetical protein 3.227 

group_27307 hypothetical protein 2.956 

AaeX hypothetical protein 2.756 

group_9571 hypothetical protein 2.698 

group_9724 hypothetical protein 2.610 

group_9337 hypothetical protein 2.396 

group_2384 hypothetical protein 2.228 

YdiH putative protein 2.124 

YgdI putative lipoprotein 2.065 

YhaK bicupin-related protein 2.038 

EcpBC hypothetical proteins 1.955, 2.019 

YaeF putative lipoprotein 1.942 
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Table 5. Top 100 downregulated genes of selected E. coli under the hyperosmotic condition. 

LogFC= log2-fold change. 

Gene/ Operon Product logFC  
Amino Acid Biosynthesis & Transport 

 

yhdWXYZ YhdW/YhdX/YhdY/YhdZ ABC transporter -4.872, -3.489, -3.659, -

4.104 

sstT serine / threonine:Na  symporter -4.106 

tdcB catabolic threonine dehydratase -4.033 

puuA_1 glutamate-putrescine ligase -4.027 

yahN putative neutral amino acid efflux system -3.999 

yhaO YhaO STP transporter -3.845 

alaE L-alanine exporter -3.500 

puuD gamma-glutamyl-gamma-aminobutyrate hydrolase -3.368 

gdhA glutamate dehydrogenase -3.332 

artJ arginine ABC transporter - periplasmic binding 

protein 

-3.301 

argT lysine / arginine / ornithine ABC transporter - 

periplasmic binding protein 

-3.242 

 
Carbohydrate Metabolism 

 

rbsD ribose pyranase -4.515 

garL alpha-dehydro-beta-deoxy-D-glucarate aldolase -4.452 

fucAO L-fuculose-phosphate aldolases -3.459, -3.883 

garD galactarate dehydratase -3.666 

lsrK autoinducer-2 kinase -3.326  
Cell Wall 

 

fimFH fimbrial morphology -3.170, -3.123 

murQ N-acetylmuramic acid 6-phosphate etherase -3.865 

csgF curli assembly component -3.085  
Cellular Respiration: Anaerobic 

 

nrfABCD formate dependent nitrite reductase -3.646, -3.492, -3.583, -

3.676 

nirD nitrite reductase, small subunit -3.545 

hyaC hydrogenase 1, b-type cytochrome subunit -3.306 

fdhF_2 formate dehydrogenase H -3.157  
Cellular Respiration: Fermentation 

 

hycABCDEFGH

I 

formate hydrogenlyase complex   -3.892, -4.456, -4.855, -

5.229, -5.834, -6.423, -

4.872, -3.901, -3.609  
Lipid Metabolism 

 

fadB dodecenoyl-CoA delta-isomerase, enoyl-CoA 

hydratase, 3-hydroxybutyryl-CoA epimerase, 3-

hydroxyacyl-CoA dehydrogenase 

-4.268 

fade acyl-CoA dehydrogenase -4.045 
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Table 5. Top 100 downregulated genes of selected E. coli under the hyperosmotic condition 

(continued). 

Gene/Operon Product logFC  
Membrane Transport 

 

mglBAC galactose ABC transporter -5.830, -5.031, -4.017 

malK-lamB-

malM 

maltose ABC transporter (malKM) and porin 

(lamB) 

-5.536, -5.749, -5.371 

UhpT hexose-6-phosphate:phosphate antiporter -4.924 

DctA C4 dicarboxylate / orotate:H symporter -4.815 

malEFG maltose ABC transporter -4.690, -4.070, -3.531 

CstA peptide transporter induced by carbon starvation -4.689 

ytfQRT galactofuranose / galactopyranose ABC transporter -4.649, -3.805, -3.190 

GlpTQ GlpR DNA-binding transcriptional repressor & 

glycerophophoryl diester phosphodiesterase 

-4.432, -4.505 

YjiY putative inner membrane protein -4.350 

LsrA AI-2 ABC transporter - ATP binding subunit -4.129 

CusF copper / silver efflux transport system - periplasmic 

binding protein 

-4.094 

rbsA_2 ribose ABC transporter - putative ATP binding 

subunit 

-4.062 

GlpFK glycerol channel and kinase -4.018, -3.298 

SrlA glucitol/sorbitol PTS permease - SrlA subunit -3.964 

NupG nucleoside:H  symporter NupG -3.928 

GlpC glycerol-3-phosphate dehydrogenase (anaerobic), 

small subunit 

-3.857 

PreA NADH-dependent dihydropyrimidine 

dehydrogenase subunit 

-3.557 

UraA uracil:H  symporter -3.276 

NagE N-acetylglucosamine PTS permease -3.204 

DcuB dicarboxylate transporter DcuB -3.082  
Stress Responses 

 

PspG phage shock protein G -5.486 

pspABCDE phage shock protein  -4.959, -4.806, -4.616, -

4.580, -4.108 

YchH stress-induced protein -3.686 

Slp starvation lipoprotein -3.342  
Transcription & Translation 

 

TdcA TdcA DNA-binding transcriptional activator -4.719 

YgeV putative transcriptional regulator -4.673 

RaiA stationary phase translation inhibitor and ribosome 

stability factor 

-4.155 

CaiF CaiF-L-carnitine DNA-binding Transcriptional 

Activator 

-3.746 

YjjM putative DNA-binding transcriptional regulator -3.704 
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Table 5. Top 100 downregulated genes of selected E. coli under the hyperosmotic condition 

(continued). 

Gene/Operon Product logFC 

 Transcription & Translation (continued)  

galS GalS DNA-binding transcriptional dual regulator -3.702 

lsrR_2 LsrR DNA-binding transcriptional repressor -3.598 

melR MelR DNA-binding transcriptional dual regulator -3.533 

yidF putative DNA-binding transcriptional regulator -3.430 

mhpR MhpR transcriptional activator -3.267 

glnK Nitrogen regulatory protein P-II 2 -3.134  
Hypothetical   

 

group_4297 hypothetical protein -5.343 

group_28086 hypothetical protein -4.513 

group_4748 hypothetical protein -4.363 

ydcH putative protein -3.881 

ygjR putative NAD(P)-binding dehydrogenase -3.584 

Yahoo putative protein -3.496 

yjfN putative protein -3.356 

 

2.3.4. Characterization of Significantly Enriched Functional Groups  

 Functional groups of genes have large enrichment scores when the probability that the 

subsystem possesses upregulated or downregulated genes that are significantly differentially 

expressed. There were five functional subsystems that had significant enrichment scores: 

“Amino Acid Synthesis” (3.92), “Metabolic Regulation Synthesis” (2.31), “Sigma Regulons” 

(6.74), “Transcription Factor Regulons” (3.24), and “Osmotic Stress” (2.66). While each group is 

functionally important and can influence each other, as some genes can be categorized in 

multiple subsystems, we focused specifically on the “Sigma Regulons” and “Osmotic Stress” 

subsystems. The sigma regulons subsystem had the highest enrichment score (6.74). Among the 

detailed sigma factors, only the RpoE and RpoN regulons showed significance in their 

enrichment scores (Figure 11), 5.31 and 2.37, respectively. Other sigma regulons possessed 

genes that were highly expressed, but the consensus of expression was neither significantly 

upregulated nor downregulated.  
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Figure 11. Enrichment analysis of sigma factor regulons. Enrichment values are labeled on the y-

axis. Genes were sorted based on BioCyc database categorization. Image formatted by Ecocyc 

Omics Dashboard tool. 

 

The RpoN regulon was the most significantly enriched of the sigma factor regulons 

(enrichment value= 5.31). RpoN is a sigma factor that mostly controls nitrogen-associated 

metabolism and amino acid transport (114). Overall, many of the genes in this regulon were 

downregulated (Table 6). Most genes were associated with the catabolism and transport of the 

amino acids glutamate, glutamine, and arginine. Some stress-related genes such as the pspA and 

ibpB, were also shown to be downregulated. The few genes that were upregulated included 
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regulation genes (RpoN, RpoE, and rseBC). The downregulation of the regulon, but the 

upregulation of rpoN transcription brings into question whether RpoN is being translated.  RpoN 

is the only sigma factor that requires an additional transcriptional factor for activation, the 

transcriptional factor NtrC (115). The expression of the NtrC regulon in the subsystem of 

“Transcription Factor Regulons” was significant with an enrichment score of 5.99. Further 

investigation showed that many of the NtrC-associated genes were downregulated. The 

downregulation of both RpoN- and NtrC-regulated expression suggested that RpoN was being 

post-transcriptionally inhibited or transcribed passively by another upregulated transcription 

factor.  

Table 6. Significant differentially expressed genes in the RpoN regulon. Significant genes were 

determined on a logFC value of ≥ 1 or ≤-1. Biocyc database used for gene product annotation. 

logFC= log2-fold change. 

Gene/ Operon Product logFC  
Metabolism 

 

hycBCDEFGHI formate hydrogenlyase complex  -4.457, -4.855, -5.229, -5.835, 

-6.423, - 4.873, -3.902, -3.609 

GlpQ glycerophosphoryl diester phosphodiesterase 

GlpQ  

-4.506 

xdhABC putative xanthine dehydrogenase -1.874, -2.225, -2.436 

Pup putrescine:H+ symporter PuuP  -2.291 

astCADBE L-arginine degradation -2.000, -1.489, -1.407, -1.241, 

 -1.183 

rutABCD pyrimidine monooxygenase (rutA), 

peroxyureidoacrylate/ureidoacrylate 

amidohydrolase (rutB), aminoacrylate peracid 

reductase (rutC), aminoacrylate hydrolase (rutD)  

-1.768, -1.383, -1.196, -1.229 

NorVW anaerobic nitric oxide reductase -1.567, -1.083 

YgfK putative oxidoreductase, Fe-S subunit  -1.009 

DcuD putative transporter DcuD  1.552 

HyfA hydrogenase 4 component A  1.840  
Protein Maturation 

 

HypA hydrogenase 3 nickel incorporation protein HypA  -1.399 

HypF carbamoyl--[HypE] ligase  -1.255  
Regulation 

 

hycA regulator of the transcriptional regulator FhlA  -3.892 

flhDC DNA-binding transcriptional dual regulators -1.428, -1.904 
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Table 6. Significant differentially expressed genes in the RpoN regulon (continued). 

Gene/Operon Product logFC 

rpoN RNA polymerase, sigma 54 (sigma N factor) 1.083 

rpoE RNA polymerase sigma E factor  1.224 

rseBC anti-sigma factor (RseB) & protein (RseC)  1.244, 1.54  
Stress Responses 

 

pspG phage shock protein G  -5.486 

pspABCDE phage shock proteins -4.959, -4.807, -4.617, -4.581, 

 -4.109 

ddpX D-alanyl-D-alanine dipeptidase  -1.653 

ibpB small heat shock protein IbpB  -1.525 

yeaG protein kinase YeaG  -1.358  
Transport 

 

yhdWXYZ YhdW/YhdX/YhdY/YhdZ ABC transporter -4.873, -3.489, -3.659, -4.105 

argT lysine/arginine/ornithine ABC transporter 

periplasmic binding protein  

-3.242 

glnK-amtB ammonium transporter  -3.134, -2.963 

hydN putative electron transport protein HydN  -2.847 

gltIJKL glutamate/aspartate ABC transporter -2.527, -1.094, -1.287, -1.726 

potFGHI putrescine ABC transporter  -2.469, -1.707, -1.818, -1.626 

hisJQMP lysine/ arginine/ ornithine/ histidine ABC 

transporter 

-2.268, -1.471, -1.241, -1.406 

nikR DNA-binding transcriptional repressor NikR  -1.565 

glnH L-glutamine ABC transporter periplasmic binding 

protein  

-1.241 

ddpF putative D,D-dipeptide ABC transporter ATP-

binding subunit DdpF  

2.200 

rutG pyrimidine:H+ symporter  3.521 

 

The other significantly enriched sigma factor regulon was RpoE. This regulator is 

responsible for many genes associated with membrane stress and maintenance. Some specific 

stresses include cold shock and high osmolarity (58). Most of the genes in the RpoE regulon 

were upregulated and functioned in membrane synthesis, biofilm formation, DNA repair, 

oxidative stress, and regulation (Table 7). The rpoE gene itself was upregulated possibly due to 

its own positive feedback loop or by the regulation of other sigma factors (58). A suppressor of 

RpoE, ptsN, was significantly expressed (logFC=1.018). The upregulation of this gene may 

indicate that RpoE was overexpressed (88). 
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Table 7. Significant differentially expressed genes of the RpoE regulon. Significant genes were 

determined on a logFC value of ≥ 1 or ≤-1. Biocyc database used for gene product annotation. 

logFC= log2-fold-change. 

Gene/ Operon Product logFC  
Biofilm 

 

yggN DUF2884 domain-containing protein YggN  1.155  
DNA/RNA Repair 

 

rnhB RNase HII  1.764 

recJ ssDNA-specific exonuclease RecJ  1.291 

recR DNA repair protein RecR  1.194 

Cca fused CCA tRNA nucleotidyltransferase/phosphohydrolase  1.087 

dnaE DNA polymerase III subunit α 1.002  
Membrane Synthesis 

 

Wzabc colanic acid biosynthesis 3.434, 5.279, 4.463 

lpxB lipid A disaccharide synthase  2.011 

eptB Kdo2-lipid A phosphoethanolamine 7''-transferase  1.658 

waaFC ADP-heptose--LPS heptosyltransferases 1.486, 1.539 

yfeY DUF1131 domain-containing lipoprotein YfeY  1.362 

yfeK DUF5329 domain-containing protein YfeK  1.242 

ygiM putative signal transduction protein (SH3 domain)  1.139 

lpxP palmitoleoyl acyltransferase  1.112 

ydhI DUF1656 domain-containing protein YdhI  1.057 

bepA β-barrel assembly-enhancing protease  1.053  
Metabolism 

 

pdxA 4-hydroxythreonine-4-phosphate dehydrogenase  1.397 

malQ 4-α-glucanotransferase  -1.041 

sgbE L-ribulose-5-phosphate 4-epimerase SgbE  -1.224 

yiaK 2,3-diketo-L-gulonate reductase  -1.59 

lgoR putative DNA-binding transcriptional regulator LgoR  -3.704  
Regulation 

 

rseBC anti-sigma factor (RseB) & protein (RseC)  1.244, 1.54 

rpoE RNA polymerase sigma E factor  1.224 

rpoN RNA polymerase, sigma 54 (sigma N) factor  1.083 

ptsN PtsN-phosphorylated  1.018 

rapZ RNase adaptor protein RapZ  1.001  
Stress Responses 

 

degP periplasmic serine endoprotease DegP  1.257 

uspD universal stress protein D  -1.691  
Transport 

 

sbmA peptide antibiotic/peptide nucleic acid transporter  1.646  
Unknown 

 

yoaC DUF1889 domain-containing protein YoaC  -2.54 
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The conserved osmotic responses in all of the selected E. coli isolates show responses 

such as osmolyte synthesis and extracellular protection. The upregulation of osmolyte synthesis 

genes suggest the increase in the solutes to increase turgor pressure and stabilize proteins. The 

increased expression of extracellular synthesis genes such as the wca operon indicate external 

protection from the osmotic stress. The downregulation of the hyc operon suggest the 

accumulation of formate being a benefit to the osmotic stress response. Also, sigma factors 

RpoN and RpoE showed significant enrichment in their regulons. 

2.4. Discussion 

2.4.1. Phenotypic Plasticity is Observed in Soil E. coli Growth Rate under a Hyperosmotic 

Condition  

Our results showed plasticity in the growth phenotypes of E. coli isolates between a 

standard condition (0.3% NaCl GDMM) and a hyperosmotic condition (4% NaCl GDMM). An 

increased osmotic concentration in the environment has been documented as being a negative 

influence on E. coli growth (116–119). Cells maintain turgor pressure to maintain cell growth, 

elongation, and division (75). The increase of salts outside of the cell causes the initiation of 

osmoregulation responses to prevent plasmolysis. First, charged solutes such as potassium ions 

and glutamate are transported to counter initial loss of turgor pressure. Then compatible solutes, 

such as glycine betaine and proline, are synthesized or imported to sustain the cell against longer 

or larger magnitudes of hyperosmotic stress (73). Cell growth is negatively affected due to 

energy costs as well as the adjustment to cellular metabolism. 

Prior data has depicted the reductive effect that osmotic stress has on growth rate. Three 

enterohemorrhagic E. coli (EHEC) strains’ growth rates decreased from about 0.28 h-1 to 0.16 h-1 

between a non-supplemented to a 4.5% NaCl supplemented media, respectively (117). While 
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there was a decrease in all three, only the growth rates of STEC2 were significantly different. 

The small difference in growth rates may be due to the use of rich media (Brain Heart Infusion 

[BHI] broth) which contains more salts and minerals than defined media, thus providing some 

additional osmotic protection, as seen with the growth of E. coli MG1655 in minimal and LB 

media (120). In contrast, our study showed all the strains’ growth rates were distinctly significant 

between the two environments with rates in the range of 0.6-0.8 log10(OD600) h
-1 (0.3% NaCl) 

reduced to 0.069 – 0.323 log10(OD600) h
-1 (4% NaCl).  In a study by Zhu and Dai, E. coli K12 

NCM3722 showed a significant decrease in growth rate from 1.0 h-1 to 0.5 h-1 in 0.1 M and 0.4 

M NaCl defined media, respectively (119). This difference between osmotic conditions coincides 

with our data, but the high salt condition in the study had a concentration of about 2% NaCl 

which is lower than our high salt condition of 4% NaCl. Overall, our data between environments 

agrees with the previous studies in response to increased osmotic conditions. All isolates 

exhibited decreased growth rates in the 4% NaCl condition than in the 0.3% NaCl condition, 

which was expected. 

The growth rates vary not only between environments, but also amongst the strains 

suggesting the influence of genotype on the phenotype. Past studies have observed ranges in 

phenotypes between different strains of E. coli under a specific condition (62, 72, 89, 121). In a 

study by Somorin et al.,  six E. coli isolates from soil ranged from 3 hours of Acanthamoeba 

polyphaga predation survival to more than 30 hours (62). In a single patient, eight strains of E. 

coli had a wide range of hydrogen peroxide tolerance as 80% of Strain 52 cells survived after 5 

minutes whereas <20% of Strain 54 cells survived (121). Our data coincided with the previous 

research as growth rates within our isolates varied greatly under the hyperosmotic condition. The 

variation of growth rates suggests that the effect of genotypes played a role in the resulting 
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phenotypes. This is further supported by our qPCR work where we found that the expression 

profiles differed amongst our eight selected isolates in the same condition in the same stationary 

growth phase. 

Phenotypic plasticity describes the interaction of the environment with the genotype on a 

phenotype, and this was seen in our data at as the growth rate rankings of the isolates were not all 

parallel between the two conditions. While we did confirm plasticity on a phenotypic level, we 

could not verify it on a transcriptomic level due to the one replicate in our RNAseq study. We 

were able to distinguish the effect of the environment on the transcriptomes, but not the effect of 

the isolates and ultimately the interaction between the two. We did, however, find conserved 

elements of osmotic stress responses amongst all our isolates such as the expression of sigma 

factors RpoN and RpoE. 

2.4.2. The Downregulation of RpoN Regulon Expression and the Upregulation of RpoE 

Regulon Expression are Important for E. coli under a Hyperosmotic Condition 

Sigma factors are important in the regulation of genes especially during stress conditions. 

In our work we found RpoN and RpoE regulons were significantly downregulated and 

upregulated, respectively. RpoN is an alternative sigma factor responsible for nitrogen 

metabolism and is most active during nitrogen starvation (114). Prior studies found that the 

downregulation of RpoN-regulated genes during antibiotic stress in Salmonella enterica (122), 

where the ΔrpoN mutants had increased resistance to the antibiotic polymyxin B. In E. coli 

O157:H7, lack of RpoN resulted in increased protein expression in acid resistance and virulence 

factors (123). All of our selected isolates had a significantly downregulated RpoN regulon 

suggesting that the minimal effects of RpoN had a positive impact on cell growth rate. Therefore, 
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it seems that the downregulation or absence of RpoN-regulated genes provides advantages to 

cells under stressful conditions. 

RpoE is one of many regulators of membrane stress in E. coli. Response systems such as 

the Psp, Cpx, Bae, and Rcs systems are among the stress pathways that combat physical and 

chemical membrane stresses. Each of these systems have specific operons that they regulate, but 

there are not functionally isolated from each other as some genes are regulated by more than one 

system (124). While crosstalk can be observed, in a study against four other membrane stress 

systems, the RpoE regulon was seen to be the most upregulated and significant membrane 

system as it had the highest count of dependent genes (69 total) (88, 125). Klein et al. also found 

that rpoE transcription was increased by 2-3 fold increase induction of the rpoeP4 promoter 

under high osmolarity of 0.25 M sucrose (58). Our data showed that the RpoE regulon was 

significantly upregulated, suggesting that it played a key role in the response to the osmotic 

stress. There was an upregulation of genes associated with other membrane stress regulons 

specifically the Rcs genes, so the other membrane systems may be in effect as well. 

2.4.3. RpoS May Directly and Indirectly Affect Growth Rate Variation under a 

Hyperosmotic Condition 

RpoS is a strong transcriptional regulator and its regulon is expansive in size and in 

functions. The regulon of RpoS in our data was insignificantly enriched, but RpoS is known to 

have dual regulator properties (126). Genes such as proVWX and malBC were significantly 

expressed, of which all are regulated by RpoS (69, 86). While the expression of RpoS-regulated 

genes was promising for the presence of RpoS regulation, confirmation of RpoS significance 

requires rpos knockouts. Therefore, we can only suggest that RpoS is present and may be at 

work in gene regulation based on the expression of its regulon. 
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The two significantly enriched sigma factors that had significant regulon expression, 

RpoE and RpoN, both have regulation relationships with RpoS. In the case of RpoN, it was 

found that RpoN and RpoS had an antagonistic relationship as genes that were upregulated by 

RpoN were downregulated by RpoS (56, 127). The gene expression of rpoE is regulated by other 

sigma factors including RpoN and RpoS. In this study, RpoS was shown to aid transcription of 

rpoE under osmotic conditions (58). In Salmonella enterica Typhi, 38 genes were shown to be 

under expressed in a ΔrpoEΔrpoS mutant that was not affected by either of the single sigma 

factor mutants (128). Overall, the interplay between sigma factors and the expression of known 

regulated genes may suggest a connection between RpoS and the observed phenotypic plasticity. 

2.4.4. Conserved Osmotic Stress Response Elements are Observed Across All E. coli 

Isolates 

Escherichia coli is classified into seven phylogroups (A, B1, B2, C, D, E, and F) that are 

each associated with certain characteristics (129). The isolates used in our study were all from 

phylogroup D which is known to be the most genetically diverse phylogroup. In a study by 

Touchon et al., phylogroup D E. coli isolates had the highest genetic diversity with nucleotide 

diversity of >0.005 in contrast to the other phylogroups (<0.005) (130). The genetic diversity of 

phylogroup D may be a reason behind its variety of phenotypes. Within 35 E. coli isolates that 

stemmed from three phylogroup D strains (ST405, ST69, & ST393), there was a range of 

adherence phenotypes with 26 isolates classified as weak, 6 isolates classified as moderate, and 3 

isolates classified as strong (131). Since its genetic diversity is vast, finding conserved elements 

in all the isolates was valuable. 

 General osmotic responses were all highly expressed in the isolates. The genes 

responsible for osmolyte synthesis and transport were highly expressed. The proVWX genes 
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belong to the ProU operon, which is responsible for osmolyte transport specifically glycine 

betaine and proline. The genes otsAB are responsible for the synthesis of trehalose (75). The 

upregulation of these genes have been observed in E. coli K12 when subjected to long term 

osmotic stress (86). The wca operon, responsible for extrapolysaccharide synthesis of colanic 

acid, was also upregulated. In a study by Chen et al., they also saw the impact of colanic acid 

production to increase survival of E. coli under 1.5 M and 2.5 M NaCl stress (132). The hyc 

operon was highly downregulated which is important for formate degradation. Therefore, an 

increase in formate could be a possible osmotic response. This formate accumulation was seen to 

increase the intake of proline, an osmolyte, in potato plant cells which were subjected to drought 

stress (133). 

2.5. Conclusion 

Phenotypic plasticity in a growth rate phenotype was observed among soil E.coli isolates 

under hyperosmotic stress at a phenotypic level. The growth rate rankings of the isolates 

portrayed the interaction of the hyperosmotic environment and the genotypes on the overall 

growth rate phenotype. Conserved genes in all isolates showed upregulation of multiple osmotic 

stress genes and downregulation of nitrogen-associated genes. The sigma factors RpoE, and 

indirectly RpoS, may be important factors of observed phenotypes under osmotic stress. Our 

study suggests a role of phenotypic plasticity in E. coli adaptation to stress environments. Future 

work in other E. coli isolates and other environmental conditions can expand the significance of 

phenotypic plasticity in bacterial adaptation. 
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APPENDIX. ASSOCIATION OF LOW TEMPERATURE GROWTH PHENOTYPES 

WITH GENOMIC VARIANTS IN E. COLI ISOLATES FROM SOIL 

A.1. Introduction 

Escherichia coli is one of a few bacteria that possess a wide variation in phenotypic traits 

and therefore a large capability for adaptation. The pangenome of E. coli is open even as more 

genomes are sequenced, with core genome sizes of at least 2,000 genes (41, 45, 46). The 

inclusion of genes through horizontal gene transfer and other gene acquisition processes only 

increase the adaptive qualities of E. coli (44). Therefore E. coli has a wide range of phenotypic 

and genetic variation that is constantly being explored and explained. 

Extrahost environments such as soils have been suggested as selective pressures on stress 

and survival phenotypes for E. coli (40, 43, 89, 134).  In most cases, E. coli from natural 

environments often possess higher tolerance than host- or lab-associated strains when grown 

under stressful conditions (62, 89) which can be attributed to the multiple stresses that are 

present in their habitats (135). One important stress that is observed in soil E. coli is cold 

temperature (~15°C) (136). Commonly the cold stress responses of E. coli are induced around 

20°C (137). In soil and water environments, E. coli is known to survive and grow in low 

temperatures, some as low as 4°C as seen in Cladophora algae mats in the Great Lakes (43, 138, 

139). Past studies have observed phenotypes under suboptimal growth, but most have been in 

K12, commensal, and pathogenic strains (140, 141). Characterization of environmental E. coli 

can expand our understanding of cold stress phenotypes as well as the effects of the environment 

on adaptation. 

We strived to look at the variation of growth phenotypes among phylogroup D E. coli 

isolates at a low temperature (15°C) and determine genetic factors that are associated with this 
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variation. We observed the extent of growth rates and yields of 244 E. coli in optimal (37°C) and 

suboptimal temperatures (15°C). A GWAS analysis using TreeWAS was performed to look at 

underlying genetic variants associated with the phenotypes at low temperature. The genes of the 

significant variants were then functionally classified to aid what pathways were being affected 

most by genetic variation under low temperature. 

A.2. Materials and Methods 

The E. coli isolates used in the following experiments and assays are a part of an E. 

coli isolate collection which were obtained from surface soil samples along the Buffalo 

River of North Dakota and Minnesota (90). The collection includes 256 culturable 

phylogroup D isolates, of which 244 were used in our study. 

Isolates were inoculated onto LB agar from freezer stock cultures and incubated at 37°C 

for 24 hours. Isolates were inoculated, via a pin replicator, into wells of four 96-well plates (1° 

plates) where each well contained 150 µL of sterile GDMM. Negative control wells were present 

in each plate throughout the acclimation process. The 1° plates were sealed and incubated for 8 

hours at 37°C. After 8 hours, 3 µL of the 1° cultures were transferred to secondary plates (2° 

plates) that contained 147 µL of sterile GDMM. The 2° plates were then sealed and incubated for 

16 hours at 37°C. 

Tertiary cultures were made by transferring 20 µL of 2° cultures to 180 µL of pre-chilled 

(15°C) GDMM within 96-well microtiter plates. Wells that were used as negative controls 

received 20 µL of sterile GDMM. Plates were then sealed with optically clear sealing film. The 

OD600 was read by a plate reader (Biotek, Winnoski, VT) immediately after plates were sealed. 

After a OD600 reading, plates were incubated at 15°C so that the isolates could grow in low 

temperature conditions. Additional readings every 3 hours were taken until 56 hours was 
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reached. This time limit was set as most of the cultures reached a stable stationary phase by 56 

hours based on prior tests cultures (data not shown). For these additional readings, heating blocks 

were placed on top of the test plates for 1 minute to dissipate condensation. To determine the 

growth rate and growth yield of the isolates at 15°C, the OD600 readings were compiled, log-

transformed, and analyzed in R using the R/nlsMicrobio “baranyi” growth model and R/vegan 

packages (96, 97). 

The genomes of the 244 phylogroup D E. coli were sequenced using paired-end 150bp 

reads on an Illumina HiSeq 4000 (Macrogen Clinical Labs, Seoul, KR). Genomes were 

assembled using SPAdes v. 3.10 (142) and variants were called using kSNP v. 3.1 (143). The 

resulting variants were filtered for presence in 10% to 80% of genomes.  

The association between the growth phenotypes and variants in 15°C was performed by 

the software TreeWAS (144). This program accounted more than original GWAS methods as it 

provides a phylogeny-based process that enhances the associations between the phenotype and 

variants due to a deeper insight of population structure. The programs RAxML and 

ClonalFrameML were implemented for the associations made for this study’s isolates. The strain 

UMN026 was used as the reference sequence for the TreeWAS analysis.  

A.3. Results 

A.3.1. Growth Phenotypes of E. coli in 37°C and 15°C Conditions 

Under the 15°C condition the E. coli isolates grew at slower rates than in the 37°C condition 

(0.139 ± 0.016 and 1.123 ± 0.151 log10(OD600) h
-1, respectively.) There was a wide variability in 

the 37°C while the variability was limited in the 15°C condition. The difference in growth rates 

was significant (p< 2.2 x 10-16) between the two temperature conditions (Figure A1). In contrast, 

growth yields of the low temperature and optimal temperature were not significant as the 
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medians of the isolates were -0.519 ± 0.043 and -0.556 ± 0.054 log10 (OD600), respectively. 

These observations detail that while the growth yield was unaffected by the lower temperature, 

the growth rate decreased drastically in comparison to the normal optimal temperature. 

 

A.3.2. TreeWAS Analysis 

We implemented TreeWAS to perform a GWAS to delve into the association between 

genetic variants and the growth phenotypes at 15°C.  We observed 1,043 variants that were 

associated with growth phenotypes at 15°C in the core and accessory genome levels (Figure A2). 

A total of 454 variants within the core genomes were associated with 15°C growth rate were 

called by TreeWAS: 42 intergenic variants, 95 missense variants, and 317 synonymous variants. 

Within the missense variants, 72 variants were significantly associated with growth rate at 15°C 

(Figure A3A). A total of 589 genetic variants in the core genomes were associated with 15°C 

Appendix A1.Growth phenotypes of soil E. coli isolates at 15°C and 37°C .  A) Growth rate 

and B) growth yield. All growth measurements were taken in triplicate for each isolate. 
Figure A1. Growth phenotypes of soil phylogroup D E. coli isolates at 15°C and 37°C.  A) 

Growth rate and B) growth yield. All growth measurements were taken in triplicate for each 

isolate. 
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growth yield (Figure A3B). Further classification found that 64 variants were intergenic, 94 were 

missense, 429 were synonymous, and one was a splice region variant.  There were 64 missense 

variants that were significantly associated with growth yield at 15°C. 

In terms of the accessory genome, 9 genes were associated with growth rate and 13 genes 

were associated with growth yield at 15°C (Figure A4). 

 

Figure A2. Map of variants associated with growth rate and yield at 15ºC in MOPS minimal 

media with 0.1% glucose (PBonferroni < 0.5). Outer track:  Gene names colored by variant 
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type, Track 2: Core genome SNP variant chromosome called using the complete E. 

coli UMN026 genome as a reference (light blue), accessory gene content variants associated with 

growth rate (red), accessory gene content variants associated with growth yield 

(green).  Accessory gene tiles are lightly shaded when associated with decreased growth.  Tracks 

3 & 4: Gene positions in the complete E. coli UMN026 genome, colored by COG on the forward 

and reverse strand, respectively.  Tracks 5, 6, and 7:  Cumulative counts of variants in each gene 

for missense (red), synonymous (blue) and intergenic (green) variants, respectively.  Tracks 8 

and 9:  Variant locations, types, and associations with log-growth rate per h (purple) and growth 

yield (orange), respectively. 

 

 

Figure A3. Manhattan plots of core genome SNP variants associated with 15°C A) growth rate 

and B) growth yield. Points above the significance threshold (red line) show significant 

association. 
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Figure A4. Manhattan plots of accessory genome SNP variants associated with 15°C A) growth 

rate and B) growth yield. Points above the significance threshold (red line) show significant 

association. 

 

The missense variables that were significantly associated with both growth phenotypes 

functioned in aromatic carbon metabolism, iron acquisition, central metabolism, and 

membrane/capsule synthesis (Table A1). Most of the variants were negatively associated with 

the growth phenotypes in both temperature conditions although there were eight variants that 

showed positive associations with at least one phenotype in one condition. There were five 

genetic variants that had negative association on both phenotypes in 15°C belonging to hpaC, 

hpaB, hpaG, and adrB. There were also 19 variants that were associated with either growth rate 

or growth yield at 15°C. Some variants also showed associations based on growth phenotype: 

seven variants associated with growth rate and five variants associated with growth yield. 
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Table A1. Missense variants of core and accessory genomes with significant associations 

(subsequent scores [core] & simultaneous scores [accessory]) in 15°C growth phenotypes. 

Mumax= growth rate, Nmax= growth yield. 
    

Mumax Nmax 

Gene Product Position Variant 15°C 37°C 15°C 37°C 
 

Aromatic Carbon Metabolism 
      

hpaC 4-hydoxyphenylacetate 3-monooxygenase 

small component 

5136662     T→C; 

Thr30Ala 

-44.6 NA -49.5 NA 

hpaB 4-hydroxyphenylacetate 3-monooxygenase 

large component 

5137714 C→T; 

Val206Ile 

-45.5 NA -50.2 NA 

  
5137785 G→A; 

Thr182Ile 

-42.9 NA -47.3 NA 

  
5138307 G→A; 

Ala8Val 

NA NA -44.4 NA 

hpaG 4-hydroxyphenylacetate degradation 

bifunctional isomerase/decarboxylase 

5147983 G→C; 

Pro53Arg 

-40.8 NA -51.1 -39.1 

    5148047 C→T; 

Ala32Thr 

-41.9 NA -49.2 NA 

 
Iron Acquisition 

      

sitD Iron transport protein, inner membrane 

component 

1452588 T→A; 

Lys193Ile 

-49.0 NA NA NA 

entF Enterobactin synthase subunitF 731497 G→A; 

Gly739Ser 

39.3 NA NA NA 

fepE ferric enterobactin transport protein FepE 733310 A→T; 

Lys17Asn 

45.4 NA NA 45.7 

  
733480 A→C; 

Glu74Ala 

-44.2 NA NA NA 

entB Isochorimatase; aids in siderophore 

formation 

742794 A→C; 

Glu54Ala 

NA -34.0 -50.8 NA 

 
Central Metabolism 

      

yadE Putative exported polysaccharide deacetylase 149736 T→A; 

Phe114Tyr 

NA NA -55.0 NA 

prpE Propinoyl-CoA synthetase 412437 C→T; 

Arg575Cys 

NA NA 55.5 NA 

adrB Putative cyclic-di-GMP phosphodiesterase 2132279 T→C; 

Val141Ala 

-44.0 -36.5 -44.4 NA 

ydcM Putative transposase 2665175 A→C,T; 

Glu67Gly 

-39.8 -36.9 NA NA 

  
4913409 A→C,T; 

Glu67Ala 

-39.8 -36.9 NA NA 

pdxJ Pyridoxine 5'-phosphate synthase 2992908 G→T; 

Asp114Glu 

NA NA -52.7 -40.1 

Wag Glucosyltransferase I 4265431 T→G; 

His307Pro 

-42.2 NA NA NA 

treC Trehalose-6-phosphate hydrolase 4951024 T→C; 

Ile471Val 

NA NA 45.1 NA 

  
4951791 A→T; 

Leu215Gln 

-45.2 NA NA NA 

    4951796 T→A; 

Glu213Asp 

41.8 33.1 NA NA 

 
Membrane & Capsule Composition 

      

siiEA Adhesin for cattle intestine colonization 584893 G→A; 

Ala3803Thr 

NA NA -56.5 -38.7 

yehX Putative ABC transporter ATP-binding 

protein 

2519791 T→C; 

Asn55Ser 

NA NA -52.9 -41.1 
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Table A1. Missense variants of core and accessory genomes with significant associations 

(subsequent scores [core] & simultaneous scores [accessory]) in 15°C growth phenotypes 

(continued). 

    Mumax  Nmax  

Gene Product Position Variant 15°C 37°C 15°C 37°C 

 Membrane & Capsule Composition 

(continued) 

      

emrK EmrKY-TolC multidrug resistance efflux 

pump, membrane fusion protein component 

2775313 A→G; 

Val205Ala 

NA NA -50.1 -51.2 

yfgH Putative outer membrane lipoprotein 2909149 C→T; 

Thr13Met 

45.4 NA NA NA 

kpsD Polysialic acid transport protein 3533251 T→C; 

Ser377Pro 

-54.1 NA NA NA 

ytfB Putative cell envelope opacity-associated 

protein 

4914582 G→A; 

Pro204Ser 

-39.2 -33.6 NA NA 

 
Hypothetical proteins 

      

ybaP Hypothetical protein 566195 G→T; 

Pro109Thr 

NA NA 56.8 45.6 

ydbD Hypothetical protein 1669291 C→A; 

Ala525Glu 

-40.0 -33.7 NA NA 

yjeP Hypothetical protein 4872361 C→G; 

Trp567Ser 

45.2 34.2 NA NA 

ydfU Hypothetical protein 1873521 G→A,T; 

Pro234Ser 

39.3 NA NA NA 

 

A.4. Discussion 

A.4.1. Growth Rates Differ between 37°C and 15°C Conditions 

Under cold temperatures bacterial growth is reduced. Cold temperatures cause a decrease 

in membrane fluidity and stabilization of nucleic acids especially mRNA (145).  These two 

functions are important in downstream processes such as transcription and translation so 

ultimately cellular growth rate is dramatically decreased or even halted (146). The concentration 

of non-translating ribosomes increased in E. coli grown at 15°C suggested that the growth rate 

was affected by the lack of translating ribosomes (147, 148). Therefore, most genes are not being 

transcribed except for the small group of cold shock proteins. The negative impact of cold 

temperature on growth rate was seen in three strains of Salmonella enterica that had reduced 

growth rates from 0.32-0.44 h-1 to 0.094-0.149 h-1 in 30°C and 15°C environments (149). Our 

data agreed with this study as growth rates of our isolates reduced due to the decrease in 
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temperature. The range of growth rates in the study and in our data were similar at 15°C, but the 

range in the warmer temperatures differed. This difference may be due to our control 

temperature being at 37°C instead of the 30°C detailed in the study. Similarly, the growth of two 

E. coli strains from 30°C to 15°C saw a drastic reduction from a growth rate of ~0.80 h-1 to  < 

0.15 h-1 (150). The reduction between environments and the growth rate range showed 

similarities with our data. Overall, our E. coli isolates demonstrated a significant decrease in 

growth rate from the 37°C to the 15°C condition.  

The growth yields between the two temperature environments were insignificant between 

our isolates. A study looking at a variety of mesophiles at 10°C, showed that E. coli isolates had 

significant increased biomass when compared with the bacteria at 30°C (150). This increase was 

attributed to the cell surface area increasing to promote the influx of nutrients to increase cellular 

functionality. The insignificant growth yields of our isolates between the conditions are opposite 

of what has been noted in this study and could be attributed to the observation of large variances 

of isolates in both conditions. While the growth rate decreased significantly from 37°C to 15°C, 

there was not significance in growth yield. 

A.4.2. Variants Involved in Iron Acquisition and Membrane Composition are Associated 

with Low Temperature Phenotypes 

 Iron is a necessary element in bacterial processes such as gene regulation, metabolic 

respiration, and DNA biosynthesis (151).  The uptake and sequestration of iron allows for 

continuous bacterial growth. Prior studies have observed lowered growth when iron transport 

and storage genes are mutated (152–154). In the significant genetic variants, there were four 

genes that impacted the growth phenotypes negatively. These variants were missense mutations, 
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and likely the function of these genes was inhibited or detrimentally altered resulting in lowered 

growth. 

 Five missense mutations that affected membrane composition and functionality were 

negatively associated with the growth phenotypes at 15°C. In low temperatures, the cell 

membrane becomes rigid and therefore mutations in the composition and transport adds another 

stress. There was one gene, yfgH, that had a missense mutation that was positively associated 

with growth rate at 15°C. This gene has been shown as an important factor in membrane 

integrity as a yfgH mutant displayed lysis of the cell and increase oxidative stress (155). The 

membrane is one of the most affected systems in low temperatures, so the positive association of 

yfgH to the 15°C growth phenotypes coincide with the need for membrane stability. 

A.5. Conclusion 

Cold stress and genetic variation influenced the varying growth phenotypes of E. coli 

grown at a low temperature when compared to 37°C. There was a significant decrease in growth 

rate but not in growth yield from the 37°C to the 15°C condition among all isolates. TreeWAS 

identified 72 and 64 missense genetic variants in the core genomes that were associated to 15°C 

growth rate and yield, respectively. Additionally, 9 and 13 accessory genes were also associated 

with growth rate and yield at 15°C. A large percentage of missense variants were involved in 

iron acquisition, membrane composition, and aromatic carbon metabolism. Overall, the 

association between the observed growth phenotypes and genetic variants suggests 

environmental adaptation to soil, but future work in genome editing experiments is needed to 

ascertain causation. 


