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         ABSTRACT 

        The studies presented in this dissertation show the interacting effects of 

agriculturally derived DOM, sunlight, and reactive oxygen species (ROS) on Escherichia 

coli (C3000) and Enterococcus faecalis (ATCC 29212) survival. Cattle feces was 

collected from a commercial farm in northeast Georgia and made into a filter-sterilized 

extract referred to as “cattle fecal extract (CFE)”. CFE was diluted to represent DOM 

concentrations in water resulting from low to high fecal input, and exposed to artificial 

sunlight for 12 h. Irradiated spiked water (I-DOMW), non-irradiated spiked water (N-

DOMW) and phosphate buffered water microcosms were inoculated with mid-logarithmic 

phase aliquots of individual bacterial strain cultures (~103 - 106 colony forming unit (CFU) 

mL-1), in monoculture or as co-culture. Microcosms were monitored periodically in the 

dark for bacterial concentration, nutrient loss/uptake, ROS, transcriptomic changes and 

metabolite production.   



         Singlet oxygen, hydrogen peroxide (HOOH) and superoxide radicals were detected 

during 12 h of irradiation. In the presence of E. coli only, extracellular HOOH dropped 

from ~15µM to <MDL (500nM) after 6 h of dark incubation. However, in the presence of 

Ent. faecalis, extracellular HOOH increased significantly, with a 140% increase after 6 h 

of dark incubation. DOM irradiation resulted in a 1-log reduction in Ent. faecalis 

concentrations.  

         When E. coli and Ent. faecalis were incubated as co-culture in I-DOMW and N-

DOMW, the growth rate of Ent. faecalis significantly increased. Further, extracellular 

HOOH in I-DOMW decreased gradually for 24 h while the expression of catalase and 

peroxidase genes increased for up to 12 h for E. coli.  However, in N-DOMW, Ent. faecalis 

showed a ~3-log die-off within 3 h of incubation. In addition, there was an increase in 

production of HOOH and a significant increase in expression of the peroxidase and 

thioredoxin transcripts for Ent. faecalis (>3-FC). 

       Most importantly, we observed a form of “exploitative competition” between these 

strains in DOMW microcosms, where chorismate and arginine/ornithine served as shared 

public goods for the biosynthesis of enterobactin and polyamines. For this cooperative 

competition to be efficient, both bacteria increased the expression of genetic networks 

associated with oxidative stress, bacteriophage activation, non-ribosomal peptide 

production, plasmid loss and virulence, toxin-antitoxin systems, quorum sensing, biofilm 

formation and antimicrobial resistance. We provide for the first time evidence of such 

cooperation between two distantly related species of bacteria.  

KEY WORDS: Sunlight, Dissolved organic matter, Reactive oxygen species, Hydrogen 
peroxide, Escherichia coli, Enterococcus faecalis	
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CHAPTER 1 

INTRODUCTION 

           The major cause of stream impairment in the United States is due to elevated 

levels of fecal indicator bacteria (FIB) with agriculture as the primary source of 

contamination1-3 (Oladeinde, McCrary and USEPA). Manure run-off from land 

application and pasture during storm events have been reported as a significant source 

of these high concentrations of FIB4-6. FIB were selected as water quality standards due 

to their correlation with incidence of gastrointestinal illnesses in epidemiological studies 

conducted at recreational beaches in the early 1980’s7, 8.  However, one of the 

shortcomings of FIB is that all warm-blooded animals carry them, thus one cannot 

differentiate bacteria coming from humans or animals including birds9. Further, 

observed increases have been associated with the ability of FIB to grow extra-

intestinally3, 10, 11. Consequently, regulators and water resource managers are left to 

consider the risk of illness to be the same for all water bodies regardless of the source 

of contamination9.   

         Despite these confounding factors that hinders our ability to adequately quantify 

the relationship between FIB, zoonotic pathogens and the risk of illness, an 

understanding of the factors that influence bacteria fate in the environment is needed 

and is critical in developing control/adaptation strategies to minimize pathogen 

transfer12, 13. Moreover, the health risks these pathogens pose to water and food 

resources are highly dependent on their fate and transport in the environment.   
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           A significant amount of work has been done to elucidate the environmental 

factors that determine the survival of zoonotic microorganisms. Most of these studies 

have focused on the die-off of pathogens in water microcosms, irrigation water, manure 

amended soils/compost manure and intact cattle feces14-16. However, no study has 

investigated the effect of the interaction between dissolved organic matter (DOM), 

reactive oxygen species (ROS) and competition on FIB survival. DOM represents a vital 

source of nutrients for bacteria in diverse environments and DOM transformations 

mediated by biotic and abiotic processes controls the bioavailability of these nutrients17. 

For example, high molecular weight compounds in DOM can be degraded by sunlight to 

low molecular labile compounds such as ammonium which can then be used as a 

nitrogen source. In addition, DOM can also be photo-degraded to produce sub-lethal 

concentrations of ROS such as hydrogen peroxide (HOOH) which have the potential to 

cause bacterial DNA damage18, 19.  

        To understand the role of photo-produced ROS and competition on the survival of 

E. coli and Ent. faecalis, we attempted to isolate the effect of ROS using controlled 

microcosms of phosphate buffered water and natural stream water spiked with extracts 

derived from cattle feces that were irradiated prior to inoculation with bacteria.  

In the third chapter of this dissertation I demonstrate that HOOH is the most important 

ROS affecting fecal bacteria growth dynamics. The fourth chapter investigates the 

transcriptomic response of fecal bacteria to DOM photo-degradation, showing E. coli 

uses oxy-R controlled genes to efficiently scavenge exogenous HOOH, while E. faecalis 

produces HOOH from glycerol metabolism. In the fifth chapter, I used metabolomics 

and RNA-seq to investigate the role of competition on the survival of E. coli and Ent. 
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faecalis in co-culture experiments. I show that Ent. faecalis growth increases in the 

presence of E. coli and photo-produced HOOH, and overall survival was dependent on 

exploitative and cooperative competition between the two of them. Together, these 

findings suggest that E. coli has a greater capability to remove photo-produced HOOH 

and overall, a higher regrowth potential than Ent. faecalis.  
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CHAPTER 2 

LITERATURE REVIEW 

OVERVIEW 

         Fecal indicator bacteria are a group of coliform bacteria once thought to only 

inhabit the gastrointestinal tracts of warm-blooded animals. Initially, FIB included the 4 

genera of Gram-negative bacteria belonging to the family Enterobacteriaceae and were 

called total coliforms. The total coliform limit was developed from two studies published 

in 1951, showing the predictability of salmonellosis from Salmonella population in 

bathing waters and microbiological surveys conducted at Connecticut beaches 1-3. 

Based on these studies, a guideline of 1000/100mL was set for recreational waters. 

However, in 1951 Stevenson’s et al. conducted a series of epidemiological studies at 

the Great Lakes (Michigan) and the Inland River (Ohio) and showed an 

epidemiologically detectable health effect at levels of 2300 to 2400 coliforms /100mL 4, 5. 

Based on this result and sanitary surveys completed along the Ohio lakes, 18% of total 

coliforms were found to be fecal derived. Therefore, the National Technical Advisory 

Committee (NTAC) recommended a fecal coliform guideline of 200 coliforms per 

100mL. Several stakeholders argued that the rationale for using the Stevenson’s 

studies, as a guideline was not justified citing deficiencies in the analysis of the data, 

and in the interpretation of the results 2, 4.  

           In response to the suggested weaknesses in the existing health effects 

guidelines and standards for recreational waters, EPA initiated a program to re-examine 
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the entire question of health effects associated with swimming in wastewater-polluted 

waters.  A series of epidemiological studies were conducted in marine beaches in New 

York, Massachusetts and Louisiana to investigate the health effects of participants to 

recreational water exposure 4, 6, 7. Several potential indicator bacteria were measured 

including E. coli, enterococci, fecal coliforms, total coliforms and Clostridrium 

perfringens. The results showed that Enterococci was the best predictor of 

gastrointestinal illnesses in participants with high credible gastrointestinal illness 

(HCGI), while E. coli was the second-best predictor and fecal coliforms had the weakest 

correlation. Based on these studies, the current standards require the geometric mean 

of 4 samplings in one month not to exceed:  126 CFU /100ml of E. coli or 33 CFU 

/100mL of enterococci in fresh water and 35 CFU /100mL enterococci in marine waters. 

EPA estimated in 1986 that the predicted level of illness associated with the criteria was 

8 HCGI per 1,000 primary contact recreators in fresh water and 19 HCGI per 1,000 

primary contact recreators in marine waters 8.  

           E. coli are gram negative, rod-shaped, facultative anaerobes of the genus 

Escherichia. They are versatile microorganisms, having the capability to withstand 

several adverse environmental conditions, and survive on a wide variety of substrates. 

Their optimum growth is at 37oC but growth can still be achieved under a wide range of 

temperatures. They are mostly non-pathogenic but several serotypes with pathogenicity 

islands have been isolated. They are bounded by a cell wall and a lipid outer membrane 

which is its major structural defense. Recommended methods for measuring E. coli are 

culture based including EPA Method 1603 9 that uses membrane filtration on a selective 

media to grow the bacteria. The methods are based on the use of bacterial specific 
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substrate which results in a color change at a set temperature. Most probable number 

(MPN) methods like Colilert have also been adopted for quantifying E. coli 10.  

          Enterococcus represents a large group of lactic-acid bacteria. They are gram-

positive, cocci, facultative anaerobes and can tolerate a wide range of environmental 

conditions. There are several species represented in this genus, however only 5 are 

often reported in water or environmental matrices 11. They include E. faecalis, E. 

casseliflavus, E. gallinarum, E. hirae and E. faecium. They possess a cell wall 

composed of >90% peptidoglycan that constitutes their major structural barrier from 

unwanted compounds or metabolites. They are measured via culture (EPA method 

1600) and MPN (Enterolert) based techniques 12.  

          The adoption of these two groups of bacteria as fecal indicators poses several 

unaddressed shortcomings. First, FIB are harbored by all warm-blooded animals, thus 

one cannot differentiate bacteria coming from humans or animals including birds 13, 14. 

As a consequence, regulators and water resource managers are left to consider the risk 

of illness to be the same for all water bodies regardless of the source of contamination 

15.  A few epidemiological studies that have tried to investigate the risk of illness 

associated with recreational waters contaminated with animal and bird fecal wastes 

have reported little or no association between FIB and risk of GI illness 13, 15-19. In a 

review 15, the authors suggested that the reported lack of association in these studies 

could be attributed to the water quality standard in use. The water quality standards at 

the selected sites were based on data gathered from the 1980’s human epidemiological 

studies - at sites impacted by human sewage. In the 2012 revised EPA recreational 

criteria, section 6.2.2. was included to serve as a guidance for stakeholders interested 
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in adopting an alternative indicator that are site-specific to address non-point sources of 

pollutants 20, 21. 

          More recently, DNA/RNA based source tracking technologies have been 

developed to identify the fecal source of contamination and to make quantitative 

designations to different sources 22-24. However, none of the methods developed so far 

have been shown to be 100% specific. Moreover, the methods are not sensitive enough 

to adequately characterize the source of fecal contamination in recreational and surface 

waters 25-28.     

         Despite the confounding factors that hinders our ability to adequately quantify the 

relationship between zoonotic pathogens and the risk of illness, an understanding of the 

factors that influence pathogen fate in agricultural settings is needed and is critical in 

developing control/adaptation strategies to minimize pathogen transfer. Moreover, the 

health risks these pathogens pose to water and food resources are highly dependent on 

their fate in the environment 29.   

FACTORS CONTRIBUTING TO FIB SURVIVAL 

Sunlight. The role of sunlight as an inactivating agent has been well documented. 

Ultraviolet radiation from sunlight causes DNA lesions in bacteria, thereby killing them. 

Sunlight mediated inactivation of FIB has been reported in water, soil and fecal matrices 

30-34. However, die-off rates typically differ between E. coli and Enterococci. In studies 

that have investigated the impact of the different wavelengths of UV on FIB, E. coli 

always showed a faster die-off than Enterococci under UV-B exposure 35-38. 

Enterococcus ability to survive longer has been attributed to its thick peptidoglycan cell 
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wall 39, 40. In addition, strains that carry carotenoid pigments (e.g. E. casseliflavus), have 

been shown to be more prevalent during sunlit conditions 41. 

         Furthermore, the potential for sunlight inactivation is controlled by several factors 

including depth and turbidity of the water column 42, 43. For example, in highly turbid or 

high absorbance water, one would expect a very limited penetration of UV and thus a 

lower inactivation of FIB. On the hand, in clear waters, UVR can penetrate up 30 

meters, thus allowing for a higher potential for FIB inactivation 43.  

Dissolved Organic Matter (DOM). The survival or growth of fecal bacteria in extra-

intestinal environments is determined by the availability of nutrients or substrates for 

uptake. DOM represents a major resource for all forms of life in surface waters. The 

sources of DOM in aquatic ecosystems are diverse and spatially variable. More 

importantly, in watersheds dominated by agriculture, livestock farms or lagoon ponds 

are a major non-point source of DOM via runoff related processes 44-46. This form of 

DOM is of fecal origin and has been broken down by the gut microbiome of warm 

blooded animals, making them bioavailable for use by extra-intestinal microbes. Dead 

microbiota can also serve as a new pool of bioavailable DOM 47-49. Microorganisms that 

can readily utilize this source of nutrients for growth maybe at an advantage. Moreover, 

elevated levels of FIB in streams and rivers have been attributed to these non-point 

sources of pollution (USEPA, 2014).  

Sunlight DOM interaction. The colored fraction of DOM (CDOM) is primarily 

responsible for the absorption of UV-R 50. CDOM can be degraded into a variety of 

photoproducts that stimulate the growth and activity of microorganisms in aquatic 

environments. Bushaw and Zepp 51 demonstrated that ammonium is among the 
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nitrogenous compounds released and is produced most efficiently by ultraviolet 

wavelengths. Other studies have demonstrated an increase in total bacterial population 

after amending unfiltered stream or lake water samples with sunlight irradiated filtered 

water 52-54. Photo-degradation and biodegradation of DOM can lead to the conversion of 

DOM to inorganic compounds and its subsequent loss from the water column, and to 

the alteration of DOM chemical composition 48. No study to date has demonstrated the 

effect of photodegraded DOM on FIB.  

            Photodegradation of DOM has also been observed to elicit an inhibitory 

response in bacterial populations exposed to them 32, 52, 55-57. This response has been 

attributed to the photoproduction of reactive oxygen species (ROS) from DOM photo-

sensitization52. ROS are reactive molecules and free radicals derived from reactions 

with molecular oxygen. They include singlet oxygen (1O2), hydroxyl radicals (OH.), 

superoxide radicals (O2
-) and hydrogen peroxide (HOOH), which all have the potential 

to cause bacterial DNA lesions 58, 59. Singlet oxygen has a half-life on the order of 

microseconds, making its diffusion to potential cellular targets highly restricted 60, 61. 

Gram-positive bacteria have been reported to be more sensitive to 1O2 than gram-

negative bacteria 62, 63. However, studies that have shown an increase in FIB 

inactivation rate from 1O2 exposure have used high steady states concentration that are 

not environmentally relevant or representative 38, 57.  

         On the other hand, the high reactivity and charge of the radicals limit their 

potential to cross cell barriers and affect vital cell functions 64. Superoxide radicals 

cannot cross the lipid bilayers at neutral pH, moreover they are immediately scavenged 

by superoxide dismutase and reductase enzymes produced by many species of 
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bacteria and cyanobacteria 58. Hydroxyl radicals is the neutral form of hydroxide ion and 

it is short-lived. They are formed in a series of fenton reactions involving iron, HOOH 

and O2
- as reactants. Hydroxyl radicals are the most damaging of all ROS, and can 

cause nucleic acid mutations, lipid peroxidation and amino-acid and protein oxidative 

damage 65-67. However, the low concentrations (10-19 – 10-16 M) observed in surface 

waters suggest they may not play a direct role in fecal bacteria survival 68. For example, 

Maraccini, Wenk and Boehm 57 reported no correlation between measured exogenous 

OH. and fecal bacteria inactivation rates in a laboratory controlled experiment. Further, 

the lack of an ideal method of measurement in-situ has hampered our success in 

understanding the role of OH.. 

          Hydrogen peroxide (unlike the radicals) is an uncharged species that can 

penetrate the bacterial membrane. In addition, the lifetime of HOOH in natural waters 

have been reported to range from several hours to days 69, 70. Hydrogen peroxide is 

mutagenic and can directly oxidize unincorporated intracellular ferrous iron in bacteria, 

some of which are associated with DNA. This series of reactions with iron (fenton 

reaction) generates the more damaging OH. and also inactivates a family of 

dehydratases 65, 67. Approximately, one micromolar of intracellular HOOH is sufficient to 

cause crippling levels of DNA damage in E. coli 58. Anesio, Granéli, Aiken, Kieber and 

Mopper 52 showed that the suppression of bacterial carbon production was highly 

correlated with the concentration of photochemically formed HOOH and concluded that 

extracellular HOOH concentrations of about 2µM to 3µM were inhibitory for bacteria. 

The concentration of HOOH varies on a diel cycle, with peak concentrations at 

noontime and low concentrations at night 71, 72. This day light increase was recently 
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shown to correlate with significant expression of bacterial genes encoding HOOH 

degrading enzymes including catalases and peroxidases 73.  

         It is important to note that ROS can also be produced endogenously by bacteria 

(Figure. 2.1). For example, E. coli produces HOOH at 15µM/s when saturated with 

oxygen in Luria Bertani media  74. Enterococci on the other hand, excretes large doses 

of HOOH from the metabolism of glycerol and lactic acid via glycerol, pyruvate and 

lactate oxidases 58. This form of dark production is quite dominant in surface waters 69, 

75.  

 

 

Figure 2.1. Schematic for intracellular and extracellular production of reactive 

oxygen species (ROS). Figure adopted from Imlay 58. 

Competition. Bacteria do not live in isolation but communicate with other strains and 

species as a community. This interaction can lead to competition for scarce resources 

and limited space, a bottom up control of bacterial populations. A bacterial strain is 

defined to be competitive if they cause a decrease in fitness of another competitor 
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strain, and if the observed interaction evolved as a result of a biotic process rather than 

predation or parasitism 49.  

         Bacteria can compete indirectly by consuming the limited nutrients and restricting 

its availability to other competitors. This form of competition is called exploitative or 

passive competition 49. This could occur by increasing the uptake of nutrients, 

consequently generating higher growth rates than their competitors 76. In contrast, direct 

or interference competition occurs when individual bacteria cells damage one another – 

a form of chemical warfare. This could occur via the secretion of secondary metabolites, 

toxins, bacteriocins, antibiotics or siderophores (iron-scavenging molecules).  

         Competition is widespread in natural environments and it has been suggested to 

be a favored survival mechanism for bacteria under three scenarios: (i) when strains or 

species of bacteria coexisting have similar or overlapping resource requirements (ii) 

when cells of different strains are spatially mixed, and where resources and secretions 

are shared, and (iii) when bacterial population density is high relative to available 

nutrients 49. These three different scenarios are influenced by several environmental 

conditions including nutrient complexity, microbial diversity, environmental disturbances, 

and cell motility. For example, species of bacteria that are distantly related (e.g. Gram-

positive vs Gram-negative) and with no overlap in nutrient requirement will be weak 

competitors of one another and possibly coexist with minimal negative consequences 77. 

In contrast, strains with similar metabolic niches and low nutrient complexity are more 

likely to compete for resources and space. Although there is a wide consensus on the 

importance of competition on FIB survival, the estimated effect seems to vary by 

bacteria or habitat 78, 79. For instance, Wanjugi and Harwood 79 reported that competition 
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had much greater effect on E. coli than E. faecalis in water and sediment micro and 

mesocosms .  

          Understanding the role of competition in the structuring of FIB communities will 

require more studies on an ecological and evolutionary time scale. Competition is 

predicted to result in ecological stability – a situation where less competitive strains 

could go extinct while others dominate the community, or strains can continue to coexist 

by cooperation (e.g. occupying different metabolic roles) 49, 77. However, the question on 

the time scale and microbial diversity required to drive such stable communities or 

environment warrants more studies. 

Predation. Bacteria do not only interact with one another but also with other micro and 

macro-organisms such as bacteriophages and protists. This form of interaction results 

in a top down control of bacterial populations below levels supportable by resources 

alone 80. Predation is an important evolutionary force, favoring the selection of more 

effective predators and more resistant prey. The predator-prey theory predicts that 

when prey are numerous, the numbers of predators will increase and vice- versa 81. In 

laboratory studies, it has been shown that such predator-prey systems might be 

unstable - as predator runs out of prey or become selective of their prey 82. 

Nevertheless, in aquatic ecosystems where spatial heterogeneity is a controlling factor, 

one will expect some prey to persist in niches or pockets (e.g. sediments) where they 

escape predation 83. Prey can fuel a new population of bacteria once predators decline 

and upon nutrient availability. It has been suggested that such relationships stabilize 

predator-prey systems in nature 84 .  



	 16	

         Bacteriophages and ciliates differ in their mechanism used for predation. While 

phages are typically host – specific, ciliate grazers select their preys based on relatively 

non-specific features 85, 86. In addition, a single protist can consume multiple prey 

bacteria before reproducing, whereas a single infection of a bacterium by a lytic 

bacteriophage can produce millions of progenies 85. That said, bacteria have developed 

several mechanisms to ward of predators including phage resistance for bacteriophages 

and oversized morphology and toxin secretion for protozoans 85, 87.  

         The effects of predation on FIB population is an area of current research interest. 

Recent studies have shown predation to be a significant factor in controlling E. coli and 

E. faecalis population in outdoor mesocosm studies 33, 79, 88, 89. However, the fraction of 

observed die-off attributable to predation or competition is still an open question. 

Moreover, most of these studies use Cylcoheximide (CHM) to stop protein synthesis in 

ciliates/protozoans. The use of this compound may confound the results reported in 

these studies, since CHM has been observed to inhibit bacterial growth at a dose of 

50mg liter -1 90. Tremaine and Mills 90 concluded that using CHM in grazing experiments 

violated the assumption of selective inhibition of heterotrophic eukaryotes and 

suggested its use should be avoided. In another experiment, CHM was found to be 

effective in eliminating fungi from sheep and goat dry matter but also resulted in an 

increase in bacterial population after 72 h of incubation 91.  

       Collectively, untangling the effects of predation or competition on FIB survival 

dynamics still poses several challenges and requires further study.  

Temperature, pH and salinity. Numerous abiotic factors influence the survival of FIB in 

secondary habitats in addition to the ones described previously. Temperature has been 
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documented to lower bacteria survival as it increases 92-96, while the effect of salinity 

has been described to be bacteria dependent 97-99. In addition, these variables can have 

an interacting role on other biotic and abiotic processes. For example, ROS steady state 

concentrations measured in surface waters is pH dependent and HOOH seem to 

increase as salinity increases 100. On the other hand, several studies have suggested a 

positive correlation between predation and temperature. As temperature increases, so 

does protozoan grazing rates 101, 102.  

RESEARCH GOALS AND OBJECTIVES 

        The goal of this dissertation is to provide a better understanding on the role of 

sunlight and agriculturally derived DOM on fecal bacteria survival dynamics. To achieve 

this goal, I had 4 objectives: (1) Determine if HOOH production from photo-degradation 

of cattle derived DOM will have any significant negative effect on fecal bacteria survival 

(2) provide an understanding on the mechanism used by fecal bacteria for the removal 

and production of HOOH (3) Determine the role of competition in HOOH production and 

(4) determine the synergistic effect of direct sunlight, HOOH photoproduction and 

competition on FIB survival dynamics. 
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ABSTRACT 

        The response of fecal bacteria to the presence of metabolites derived from the 

photodegradation of organic matter is not well characterized. In this study, we investigated 

the effect of photochemical production of reactive oxygen species (ROS) on the survival of 

fecal bacteria. We compared the survival dynamics of Enterococcus faecalis, Escherichia 

coli and Escherichia coli O157:H7 after inoculation into aqueous treatments containing 

sunlight-irradiated dissolved organic matter (DOM) derived from cattle feces. Fecal 

bacteria population grew by several orders of magnitude in the dark following addition into 

irradiated and non-irradiated spiked water. At low dissolved organic carbon (~2- 3 mg L-1 

C), E. faecalis showed no signs of growth, while E. coli and E. coli O157:H7 exhibited ~ 2-

log increase in concentration after 24 h of incubation at 25oC. Sunlight irradiation of DOM 

before bacterial inoculation resulted in a significant decrease in E. faecalis concentration 

(1-log reduction) and in limited expression in genes associated with peroxidase and 

catalase activity (<2-fold change (FC)). Further, in the presence of E. faecalis, extracellular 

peroxide (HOOH) increased 170% after 6 h of dark incubation. In treatments containing E. 

coli or E. coli O157:H7, irradiation of DOM resulted in an increase in expression of HOOH 

scavenging genes (3.65 - 5.62 FC) and >95% reduction in extracellular HOOH. Our study 

suggests that fecal bacteria differ in their response to the presence of HOOH produced 

from the photodegradation of DOM. While E. coli is able to quickly activate an efficient 

HOOH scavenging mechanisms, E. faecalis struggles to grow under high HOOH 

concentrations, which may result in limiting regrowth potential in environments with high 

ROS production. 
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IMPORTANCE 

       Hydrogen peroxide (HOOH) is an uncharged form of reactive oxygen species that is 

omnipresent in surface waters. The concentration and mechanism of production of HOOH 

present in water resources is determined by microbial metabolism of dissolved organic 

matter (DOM) and DOM degradation by sunlight. Here, we show that HOOH generated 

from sunlight degradation of cattle manure derived DOM can cause significant inhibition of 

growth in fecal bacterial populations. We also demonstrate that the removal of exogenous 

HOOH by catalase and peroxidase genes was critical for efficient fecal bacterial growth. 

 

Keywords: Cattle Fecal Extract, Dissolved Organic Matter, Sunlight, Hydrogen Peroxide, 

Oxidative Stress, Fecal Indicator Bacteria, E. coli O157:H7 

 

INTRODUCTION 

          Elevated levels of fecal bacteria is one of the major causes of stream impairment in 

the United States, with agricultural activities considered the primary source of 

contamination 1, 2. The attributable increase from agriculture stems from runoff 

contaminated with fecal microorganisms originating from crop and pastureland receiving 

manure applications 3. In addition, An FIB increase in environmental matrices could occur 

due to regrowth. Recent studies have shown that commensal E. coli has the capacity to 

grow and flourish in surface waters under diverse environmental conditions 4-6. Bradford, et 

al. 7 termed such behavior “regrowth” - the growth in the environment of nonindigenous 

bacteria of public health interest when optimal growth conditions are met.  

          The potential for regrowth is dependent on several environmental factors, 

particularly, resource availability 7-9. Dissolved organic matter (DOM) represents a major 
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resource for all forms of life in surface waters. The sources of DOM are diverse and 

spatially variable 10-12. One important fraction of DOM is the colored fraction (CDOM), 

which is responsible for absorbing UV light, and can lead to the photo-production of labile 

nutrients and/or reactive oxygen species (ROS) 13-17.  

         We have previously reported significant regrowth of E. coli under sunlight exposure 

compared to the growth dynamic observed in shaded controls in a study investigating the 

die-off of FIB in cattle feces under sunlight exposure 1. A follow-up controlled experiment 

was conducted (unpublished data) in which a cattle fecal slurry was irradiated under a 

solar simulator for 9 h. To our surprise, we observed a 3-log increase in the E. coli 

population, while enterococci experienced a significant die-off. The results from the two 

studies suggested that while photo-production of labile nutrients could stimulate some 

bacterial growth, it could also result in the production of inhibitory agents responsible for 

bacterial die-off. We hypothesized that the latter could be attributed to the photo-

production of ROS including, hydrogen peroxide (HOOH), hydroxyl radicals (.OH) and/or 

singlet oxygen (1O2), which have been shown to cause bacterial DNA damage 18, 19. 

        Our objective in the current study was to understand the dynamic between 

photodegradation of DOM derived from agricultural sources and fecal bacteria survival. We 

used cattle fecal extract (CFE) as a DOM source to investigate the growth and survival of 

Escherichia coli O157:H7 strain B6914 (a surrogate pathogen that does not produce shiga-

like toxins I or II) 20, and FIB including Escherichia coli C3000 (American Type Culture 

Collection (ATCC) strain 15597) and Enterococcus faecalis (ATCC 29212).  We show that 

the production of HOOH from DOM photodegradation inhibited FIB growth. Removal of 

extracellular HOOH and expression of catalase and peroxidase genes were required for 

optimal growth.  
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MATERIALS AND METHODS 

Cattle Fecal Extract Preparation. Fresh fecal samples were collected from 5 individual 

cows from a commercial farm in northeast Georgia on July 13, 2013. Fecal samples were 

composited, homogenized and made into 1:10 fecal slurry in 0.85% KCl and mixed for 1 h 

in a hand wrist shaker. The resulting fecal slurry was then centrifuged twice at 4000 x g for 

10 min and the resulting supernatant was saved and referred to as cattle fecal extract 

(CFE). CFE was sequentially filtered through 1.2μm, 0.45μm and 0.2μm pore –sized 

polycarbonate membrane filters. CFE was then spiked into autoclaved phosphate buffered 

water (PBW) to concentrations mimicking high (1:10) and low (1:140) DOM inputs from 

agricultural runoff into streams. The absence of bacteria and lytic phages in CFE was 

confirmed by culturing 100μl of CFE in Brain Heart Infusion (BHI) broth and phage double 

agar overlay assay 21, respectively. For the overlay assay, bacteria strains used in the 

present study were used as phage hosts. Thereafter, CFE spiked water was divided into 

two volumes with one receiving solar radiation (Irradiated DOM-Spiked Water (I-DOMW)) 

and the other as a dark control (Non-irradiated DOM-Spiked Water (N-DOMW)). 

Solar Irradiation. Sunlight irradiations were performed in an Atlas SunTest CPS/CPS+ 

solar simulator (Atlas Materials Testing Technology, Chicago, IL) equipped with a 1kW 

xenon arc lamp. Irradiance of the simulator in the UV spectral region was similar to mid-

summer, midday natural sunlight at 33.95oN, 83.33oW (Athens, GA, USA) (Supp. Mat. Fig 

3S1). Irradiation was carried out in 25ml quartz tubes for 12 h. Throughout irradiation, 

tubes were maintained at 20oC in a NESLAB recirculating water bath. Spectral irradiance 

at the surface of the tubes was measured using an Optronic Laboratories OL756 

Spectroradiometer. Incident irradiance at the tube surface, summed from 290 to 700 nm, 
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was 0.065 Wcm-2 22. After irradiation, the content of individual quartz tubes containing I-

DOMW was combined and homogenized in a sterile beaker.  

Inoculum Preparation. Overnight cultures of E. coli C3000 (ATCC 15597) - hereafter 

referred to as E. coli, Enterococcus faecalis (ATCC 29212) and Escherichia coli O157:H7 

B6914-hereafter referred to as E. coli O157:H7 were harvested, washed and grown for an 

additional1.5 h to mid-logarithm phase (OD600 of 0.1) in BHI broth. Each culture was 

centrifuged at 4000 x g for 5 min and washed twice in phosphate buffered water (PBW). 

Thereafter, serial dilutions were made to the desired concentrations. 

Microbiological Analysis. Following irradiation, I-DOMW, N-DOMW and PBW controls 

were separately inoculated with mid-logarithmic phase of each bacterium to a final 

concentration of 102-103 colony forming unit (CFU) ml-1. Twenty milliliters of each 

treatment were dispensed into sterile 50ml centrifuge tubes and incubated in the dark at 

25oC in a refrigerated incubator shaker (150 rpm) (Innova 4230, New Brunswick Scientific, 

Edison, NJ). Triplicate samples per bacterium and treatment (18 biological replicates per 

treatment) were selected at random for analysis at 0.5, 6, 12, 24, 48 and 72 h (Fig. 3.1). E. 

coli, E. faecalis and E. coli O157:H7 were quantified by culture method using modified 

mTEC agar (EPA method 1603), mEI agar (EPA method 1600) and MUG E. coli O157:H7 

agar supplemented with 100µg ml-1 ampicillin (Sigma Aldrich), respectively (Fig. 3.1).  

Reactive Oxygen Species (ROS) Measurement. The production and concentration of 

singlet oxygen (1O2) and hydroxyl radicals (.OH) were determined separately as described 

by Chen and Jafvert 23. 1O2 was monitored via the loss of furfuryl alcohol (FFA) and the 

pseudo-state concentration of 1O2 was determined. To detect OH, p-chlorobenzoic acid 

(pCBA), an OH scavenger, was added. pCBA was added at a low concentration (2μM) 
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allowing the pseudo-steady-state concentration of OH to be calculated. HOOH production 

was measured by the copper-DMP (2,9 –dimethyl-1, 10-phenanthroline) 

spectrophotometric method. A more complete description of the methods used to detect 

and quantify ROS is provided in the Supplemental Material.  

RNA Isolation. For transcriptional studies, a similar experimental design (Fig. 3.1) was 

adopted but with an increase in the starting concentration of bacteria (106 CFU mL-1) and 

volume (50mL) to aid in recovery of adequate concentrations for RT-qPCR. For more 

information on the modified experimental design and RNA isolation method, see the 

Supplemental Material.  

RT-qPCR. Total RNA (100ng) from each bacterial culture was reverse transcribed with 

100U of high capacity cDNA reverse transcription kit (Life Technologies, Grand Island, NY) 

per manufacturer’s instructions. Primers were synthesized by Integrated DNA 

Technologies (Coralville, IA) (Suppl. Mat. Table 3S1). Real-time qPCR was performed on 

an ABI Prism 7500HT Fast Sequence Detection System (Applied Biosystems, Foster City, 

CA) with 40 amplification cycles using Fast SYBR Green PCR Master Mix as signal 

reporter. Each reaction was composed of 2μl of cDNA, 1μM sense and antisense primers 

for a total volume of 20μl. RT-qPCR was run in a Fast 96-well microtiter PCR plate using 

the following amplification conditions: 1 cycle for 10 min at 95°C; and 40 two-step cycles at 

95°C for 15 seconds and 60°C for 60 seconds. Specificity of primer pairs was verified by 

melting curve analysis. qPCR efficiency was tested with serial dilutions of cDNA samples, 

and all ranged between 72% and 107%. To assess for reagent and genomic DNA 

contamination, no-template and no-reverse-transcriptase controls were included.  

Expression of HOOH Scavenging Genes. Expression levels of idnT, cysG, hcaT, gyrB 

and gapA 24-26 were evaluated as possible reference controls for the normalization of E. 
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coli HOOH scavenging gene expression. The constitutive genes were carefully considered 

to identify the optimal normalization gene among the set of candidates by geNorm finder 

algorithm available under the Python library-Eleven 27. Data were analyzed using the 2-

ΔΔCT method described by Livak and Schmittgen 28. For each gene, the ratio of expression 

in I-DOMW compared to that in N-DOMW was normalized to the expression of the top two 

ranked constitutive genes in E. coli (gapA and gyrB). For E. faecalis, this ratio was 

normalized to the expression of rpoB and gyrB 29.  

Nutrient Analysis. To determine the rate of removal of nutrients between bacteria in I-

DOMW and N-DOMW, samples collected at each time point were filtered through 0.2μm 

pore size filters and the filtrates were analyzed for nitrate (NO3), ammonium (NH4), 

orthophosphate (PO4
3) and dissolved organic carbon (DOC).  [NH4

+] and [PO4
3-] were 

determined by colorimetric methods and [NO3
-] was analyzed as described by Crumpton, 

et al. 30 using the second-derivative spectroscopy method. DOC was determined using a 

total organic carbon analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan) equipped with auto 

samplers. Due to the low concentration of nutrients (below methods limit of detection) in 

1:140 DOM dilution, nutrient concentrations were not determined. 

Statistical Analysis. The growth curve for each pathogen under the two conditions tested 

was fitted using the Gompertz growth model 31 (equation 1). The model is available under 

the grofit package in R 32. The model describes the number of organisms (N) or the 

logarithm of the number of organisms [log (N)] as a function of time. 

                                      Equation 1     Y = A exp {-exp [µe/A (λ-t) +1]                                         

       Where the maximum specific growth rate, μ, is defined as the tangent in the inflection 

point; the lag time, λ, is defined as the x-axis intercept of this tangent; and the asymptote 
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[A = ln (N∞/NO)] is the maximal value reached. Since bacteria grow exponentially, it is 

useful to plot the logarithm of the relative population size [y = ln (N/N0)] against time (t).  

       A profile analysis was performed to compare bacteria growth rates (µ6 vs. µ 0.5, µ 12 vs. 

µ 6, µ 24 vs. µ 12, µ48 vs. µ24, µ72 vs. µ48) between treatments, after which a multivariate 

analysis of variance (MANOVA) was used to test for significant differences between 

bacteria incubated in I-DOMW and N-DOMW microcosm. We do recognize that low 

sample size can affect the power and the homogeneity of the variance test, however, 

profile analysis still provides us more power than univariate tests33. Graphs were plotted in 

SigmaPlot (Systat Software, San Jose, CA) 

RESULTS  

Bacterial Regrowth Potential. The regrowth potential of E. coli, E. coli O157:H7 and E. 

faecalis was monitored for 72 h in the dark at two levels of dilution. In addition, the effect of 

DOM photodegradation on overall bacterial growth was investigated. All three bacteria 

showed a faster growth rate and higher yield in 1:10 DOM dilutions than 1:140 (P< 0.05), 

with E. faecalis showing no signs of growth in 1:140 (Table 3.1, Fig. 3.2). E. coli and E. coli 

O157:H7 showed similar growth rates at all conditions with maximum growth rates after 12 

h; however, E. coli consistently had a higher final concentration. Sunlight irradiation of 

DOM spiked water before inoculation did not result in a significant higher growth rate for 

any of the bacteria tested, however we observed a significantly lower growth rate after 6 

and 12 h of incubation in 1:10 I-DOMW for E. coli O157:H7 (P<0.01) (Fig. 3.2c). For E. 

faecalis, maximum growth rate in I-DOMW was not possible until 24 h while in N-DOMW 

maximum growth rate was achieved after 6 h. Our results suggest that photodegradation 

of DOM resulted in a significantly reduced growth rate for E. faecalis after 6, 12, 24, 48 h of 

dark incubation (P<0.05) (Fig. 3.2a).        
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Nutrient Loss. The average (± standard error (SE)) starting concentration of ammonium, 

nitrate, DOC and orthophosphate were 0.68 ± 0.07 mg L-1, 0.55 ± 0.04 mg L-1, 32.48±1.52 

mg L-1 and 8.14 ± 0.48 mg L-1, respectively, for I-DOMW, and 0.73 ± 0.07 mg L-1, 0.44 ± 

0.03 mg L-1, 41 ± 4.53 mg L-1, 8.50 ± 0.72 mg L-1, respectively, for N-DOMW. Nutrient loss 

differed between bacteria but overall, there was a decline in nutrient concentration with 

time, except for orthophosphate which did not change during the length of the study (Supp. 

Mat. Fig. 3S4-7). There were gains and losses relative to the starting nutrient 

concentrations before bacteria inoculation, suggesting immobilization and mineralization 

between the two-nitrogen species (NH4-N, NO3-N) and DOC. For more on nutrient results 

see supplemental material.   

ROS Production from DOM Photo-degradation. ROS production including 1O2 and 

HOOH was observed during 12 h of irradiation previous to bacterial inoculation. No 

hydroxyl radicals (.OH) were detected. Sunlight irradiation of 1:10 I-DOMW resulted in the 

photo-production of 1O2 at a steady state of 2.32-13M and HOOH at a concentration of 

15.38±0.81µM.  

Extracellular HOOH Concentrations during Dark Incubation. In a separate experiment, 

we monitored the removal of extracellular HOOH during dark incubation in 1:10 I-DOMW 

using higher starting bacterium inoculum. E. coli and E. coli O157:H7 had HOOH 

concentrations below our method’s limit of detection (<0.5µM) after 6 h of dark incubation 

(Fig. 3.3 b and c). In contrast, HOOH concentrations increased by 170% in E. faecalis after 

6 h and by the end of the experiment, the overall concentration had increased by 140%. 

There was no noticeable overall decline in HOOH concentrations in I-DOMW controls (no 

bacteria inoculated) during the experiment (Fig. 3S2).  
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Expression of Oxidative Stress Genes during Dark Incubation. Bacterial cells 

recovered at 0.5, 6, 12, 24 and 48 h in I-DOMW showed an increase in expression of 

selected oxidative stress genes in comparison with N-DOMW grown cells (Fig. 3.4a-c) and 

the expression of these genes varied between bacteria.  

         E. coli showed an immediate increase in expression in 3 of 4 oxidative stress genes 

following inoculation into I-DOMW (3.65 - 5.62-fold change (FC)). These genes remained 

upregulated for up to 48 h (0.01- 2.11-FC) except katG which was downregulated at 12 

and 24 h (0.12- 0.22-FC) and ahpF which was downregulated at 24 h (0.8-FC) (Fig. 3.4c). 

In contrast, E. coli O157:H7 showed an immediate increase in all 4 genes following 

inoculation (0.2 - 6.35-FC); however, after 6 h of incubation there was a downregulation in 

3 of 4 genes (0.08 - 1.17-FC) except oxyS, which remained upregulated for 48 h (0.53 - 

1.64-FC) (Fig. 3.4c).  

          In contrast to E. coli, E. faecalis showed minimal expression of oxidative stress 

genes following inoculation into I-DOMW (0.15 -1.55-FC) (Fig. 4a). NADH peroxidase (npr) 

and thiol peroxidase (tpx) genes were upregulated and downregulated, respectively, at 

each time point investigated (0.15 -1.09-FC). Catalase (katA) gene was only upregulated 

after 6 h while ahpC gene was upregulated at time point 6, 12, and 24 h (0.12 - 0.63-FC). 

The oxyR and fur regulator was upregulated and downregulated, respectively, (0.22 – 

1.55-FC) except at 6 h when oxyR was downregulated (Fig. 3.4a).  

          Although these results represent the expression of genes at a high bacterial starting 

concentration (~106 CFU mL-1; see supplemental material), a similar expression pattern 

was seen with lower inocula (~103 CFU mL-1). For example, upregulation of HOOH 

scavenging genes in E. coli and E. coli O157:H7 was observed for up to 12 h (0.27- 4.37- 

FC), while the expression of these genes was only observed for up to 6 h for E. faecalis 
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(0.2 - 0.86- FC) (data not shown). However, due to poor RNA recovery at lower inocula, 

genomic RNA was pooled from triplicate samples and normalized, resulting in a sample 

size (n) of 1, and precluding us from conducting further statistical analysis. 

Significant Factors for Regrowth. The effects of nutrients and sunlight irradiation of 

DOM on culturable bacterial concentrations (CFU) were determined by univariate analysis 

of variance (GLM model) with sunlight irradiation of DOM and nutrient as fixed factors. 

There was no significant interaction between irradiation of DOM and nutrient 

concentrations. Overall, irradiation of DOM before bacterial inoculation did not result in a 

significant higher growth rate for any of the fecal bacteria. However, we observed 

significant effects on bacterial concentrations at different time points. For example, 

irradiation resulted in a significantly lower E. coli O157:H7 concentration after 6 h of 

incubation (p<0.01) (Fig. 3.2c) but significantly higher concentrations of E. coli after 48 and 

72 h of incubation (P<0.01) (Fig. 3.2b). On the other hand, irradiation of DOM resulted in a 

significantly lower E. faecalis concentrations at all time points except 0.5 h (Fig. 3.2a).  

DISCUSSION 

          The survival of bacteria is dependent not only on DOM availability but also on the 

effect of potential DOM transformations in the environment, In this study, we are 

particularly interested in DOM transformations mediated by abiotic factors, such as 

sunlight 34, 35.  We determined the growth potential of E. coli and E. faecalis, commensal 

bacteria in warm-blooded animals and E. coli O157: H7, a pathogen of public health 

importance, using cattle fecal extracts as DOM source. Our aim was to gain a better 

understanding of the indirect role of sunlight by measuring the photochemical release of 

nitrogen-rich compounds and ROS from CDOM. Our results show that all three bacteria 

can grow up to several logs in water spiked with DOM derived from cattle manure. Both E. 
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coli and E. coli O157: H7 showed a dose response where the higher the concentration of 

DOM, the higher the growth potential and yield. Similar results, where E. coli concentration 

in the water column increased by two orders of magnitude in response to nutrient spikes 

from cow manure slurries have been observed 36. The lower growth potential shown by E. 

faecalis in our study suggests that E. faecalis may have a higher or different nutrient 

requirement compared to E. coli 4, 37. For instance, del Mar Lleo et al.37 showed that 

oligotrophy was the main parameter inhibiting divisional capability and activating survival 

strategies in E. faecalis, E. faecium and E. hirae.  

         Further, many studies have demonstrated enhanced microbial production after 

amending filtered stream or lake water samples with sunlight irradiated DOM substrates 38-

41. These studies focused on the total bacterial concentration increase and not a 

bacterium-specific response. At high DOM (1:10; 31- 45 mg L-1 C), photodegraded DOM 

did not result in significant bacterial growth for any of the bacteria used in this study. This 

suggests that the majority of the DOM extracted from cattle manure used in our study is 

readily bioavailable for uptake by bacteria and photodegradration did not significantly 

increase the labile pool 42, 43. Furthermore, an inhibitory effect was observed on E. faecalis 

population where photodegraded DOM resulted in both significantly lower growth rate (μ) 

and maximum growth (A). In addition, there was a differential response between E. coli 

and E. coli O157:H7 at lower DOM concentrations (1:140; ~2 - 3mg L-1 C). E. coli O157:H7 

showed a 6 h lag phase and lower maximum growth in I-DOMW compared to N-DOMW 

while E. coli, showed no noticeable inhibitory effect in response to the presence of 

metabolites produced from DOM photodegradation.  

          Inhibitory response has been reported by others investigating total heterotrophic 

bacterial growth in photodegraded DOM 40, 41. We detected 1O2 and HOOH during DOM 
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irradiation for 12 h; which has been shown to cause oxidative stress in bacteria, bacterial 

DNA damage, and increased resistance to ROS and antibiotics 18, 19, 44. However, the 

inhibitory role of singlet oxygen may be limited by its low concentration and short half-life. 

In a controlled laboratory study (see supplemental material), we used sunlight irradiated 

rose bengal to generate 1O2 at the same steady state as produced from DOM in this study 

(7.38-13M), after which bacteria was immediately inoculated and monitored in the dark for 3 

h. We observed no decline in bacterial concentrations for E. coli, E. faecalis, or E. coli 

O157:H7 (Fig. 3S3).  Maraccini, et al. 45 also reported no correlation between bulk-phase 

steady state concentrations of 1O2 and exogenous indirect photo-inactivation rate 

constants. 

          Hydrogen peroxide is an uncharged ROS that can penetrate the bacterial 

membrane. In addition, the lifetime of HOOH in natural waters have been reported to 

range from several hours to days 46, 47. Hydrogen peroxide is mutagenic and can directly 

oxidize unincorporated intracellular ferrous iron in bacteria, some of which is associated 

with DNA. This series of reactions with iron (fenton reaction) generates the more damaging 

OH. and also inactivates a family of dehydratases 18, 48. Approximately, one micromolar of 

intracellular HOOH is sufficient to cause crippling levels of DNA damage in E. coli 49. 

Anesio et al.38 showed that the suppression of bacterial carbon production was highly 

correlated with the concentration of photochemically formed HOOH and concluded that 

extracellular HOOH concentrations of about 2µM to 3µM were inhibitory for bacteria. That 

said, bacteria have developed systems to help scavenge HOOH and minimize DNA 

damage 19, mostly by converting HOOH to water. This mechanism of defense differs by 

bacteria. For example, E. coli has developed three important scavenging enzymes for 

HOOH removal: alkyl hydroperoxide reductase (ahpCF), catalase G (katG) and catalase E 
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(katE) 18, 26, 50. These genes belong to the OxyR system, which is the regulon responsible 

for sensing oxidative stress. E. faecalis also possesses HOOH scavenging enzymes with 

similar functions as E. coli. Three E. faecalis peroxidases, NADH peroxidase (npr), alkyl 

hydroperoxide reductase (ahp), and thiol peroxidase (tpx), have specialized roles in 

oxidative defense 51. Further, the hydrogen peroxide regulon (HypR), an OxyR type 

regulon now known to regulate the ahpCF genes 52 and the Fur regulon, an oxidative 

stress transcription regulator have both been shown to have specialized roles in oxidative 

stress resistance in E. faecalis 29. Upon detection of HOOH, the oxyR gene serves as a 

positive transcription factor for the OxyR regulon members. In our study, there was an 

immediate increase in expression in 7 of 8 genes studied (0.2 -6.4 -FC) from the OxyR 

regulon at 0.5 h (post inoculation) in E. coli and E. coli O157:H7; in contrast, for E. faecalis 

there was only minimal induction in 2 of 6 genes at 0.5 h.  

           The observed low expression of HOOH scavenging genes for E. faecalis was 

unexpected. E. faecalis encodes an NADH peroxidase (npr) that uses NADH to directly 

reduce HOOH to water; and has been shown to be an important defense against both 

exogenously added and endogenously produced HOOH under a variety of growth 

conditions 53. Mutants lacking npr were observed to accumulate HOOH in the growth 

medium at an enhanced rate 51, 54. One of these studies also showed that Δnpr exhibited 

enhanced resistance to ceftriaxone, a β-lactam antibiotic 54. We observed no substantial 

expression of the npr gene (< 2- FC), however the npr gene was the only gene 

upregulated at each time point (Fig. 4a). It should be noted that E. faecalis growth rate and 

maximum growth was also significantly lower in I-DOMW compared to N-DOMW control. 

More importantly, HOOH concentration increased significantly in the I-DOMW treatment, 
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suggesting E. faecalis may be accumulating HOOH from the aerobic metabolism of 

glycerol 55.   

         Ambient concentrations of HOOH (nM-µM) as produced from DOM in our study have 

been reported in surface waters, suggesting that peroxide induced biological responses 

may be a predominant process in aquatic ecosystems 46. Our results suggest that the 

inhibitory effect observed on these bacteria was more likely to be due to the presence of 

HOOH in the DOM-spiked treatments. In our study, HOOH measured in I-DOMW before 

bacterial inoculation was > 10 µM; with more than 95% reduction observed after E. coli 

and E. coli O157:H7 inoculation. On the other hand, HOOH kept increasing in I-DOMW 

after inoculation of E. faecalis. The sensitivity of E. faecalis to ROS compared to E. coli 

has been reported 45, 56-58. Our result provides supporting evidence that under exogenous 

ROS exposure from photodegraded DOM, E. faecalis potential for regrowth may be limited 

due to the accumulation of deleterious amounts of HOOH in the growing medium. In 

contrast, E. coli and E. coli O157: H7 can remove up to 15µM concentrations of 

exogenous HOOH. 

         It should be noted that the growth dynamics shown by pure cultures of bacteria under 

controlled and sterile conditions could differ in the environment owing to other abiotic 

factors (e.g. temperature) and biotic factors including predation (“top-down control”) and/or 

competition (“bottom-up control”) 59, 60. Several studies have suggested that antagonistic 

agents and indigenous microbiota play important roles in the survival of FIB 61-63. Our 

results suggest that these factors concomitantly with the abiotic factor discussed above 

help control FIB concentrations in environmental systems.   
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CONCLUSION 

       This study provides, for the first time, information on the interaction of agriculturally 

derived DOM, sunlight and HOOH on the growth and survival dynamics of fecal bacteria. 

Moreover, from a water quality monitoring perspective there are several important 

implications. Our findings suggest that the behavior of E. coli and Enterococci could differ 

in surface waters depending on the concentration of DOM present and its potential 

transformations in the presence of sunlight. E. coli demonstrated that it can grow under 

both high and low DOM inputs, which may suggest a potential for regrowth upon entry into 

eutrophic or meso-oligotrophic surface waters. On the other hand, E. faecalis regrowth 

potential may be limited to only eutrophic environments. More importantly, the indirect role 

of sunlight from the production of exogenous HOOH from DOM photodegradation may 

further confound this dynamic. Our results suggests that while E. coli has a mechanism to 

efficiently scavenge exogenous HOOH, E. faecalis seems to struggle under high 

exposures, which could result in a overall limited regrowth potential in environments with 

high concentrations of ROS.  
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Figure 3.1. Schematic of experimental design. Fresh fecal samples were collected from 

5 individual cattle from a commercial farm in Northeast Georgia. Fecal samples were 

composited, homogenized and made into 1:10 fecal slurry in 0.85% KCl and shook for 1hr 

in a hand wrist shaker. Fecal slurry was then centrifuged twice at 6000 rpm for 10 min and 

the resulting supernatant was termed cattle fecal extract (CFE). CFE was sequentially 

filtered through 1.2μm, 0.45μm and 0.2μm membrane filters. CFE was used as source of 

DOM throughout the experiment. Solar irradiation was performed in an Atlas SunTest 

CPS/CPS+ solar simulator (Atlas Materials Testing Technology, Chicago, IL) equipped 
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with a 1kW xenon arc lamp. Irradiance of the simulator in the UV spectral region was very 

similar to mid-summer, midday natural sunlight at 33.95oN, 83.33oW (Athens, GA). 

Laboratory strains of E. coli, E. faecalis and E. coli O157:H7 grown to mid-logarithm phase 

were separately inoculated into DOM after 12 h sunlight irradiation and incubated in the 

dark at 25oC for 72 h. 
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Figure 3.2: Irradiation of DOM had significant effect on bacteria growth. Triplicate 

samples per bacterium (18 tubes per treatment) were selected for analysis after 0.5, 6, 12, 

24, 48 and 72 h of dark incubation. Bacteria was cultured on a selective medium. 

Concentrations are reported in colony forming units (CFU) per ml. Growth curve of (A) E. 

faecalis (B) E. coli (C) E. coli O157:H7 in 1:10 DOMW and (D) E. faecalis (E) E. coli (F) E. 

coli O157:H7 in 1:140 DOMW. Error bars represent standard errors. *denotes significance 

at P <0.05 level. 

 

 

 

 

 

 

 

 

 



	 54	

 

 

 

 

 

 

 

 

 

 

 

 

 

     

A 

B 

* * 

** 

C 



	 55	

   

Figure 3.3. Irradiation of DOM (I-DOMW) prior to bacteria inoculation produces 

exogenous HOOH. Triangles represent extracellular HOOH concentration during dark 

incubation in I-DOMW and N-DOMW in the presence of (A) E. faecalis (B) E. coli (C) E. 

coli O157:H7. Bacteria were collected at 0.5, 6, 12, and 24 h during dark incubation and 

filter sterilized with a 0.22µm syringe filter. Filtrate (n = 3 per group) was quantified for 

HOOH using the copper-DMP method. Horizontal short dash lines represent method 

detection limit (0.5μM of pure HOOH). Growth rate per time point are plotted on right y-axis 

(circles). Growth rate was derived from the following equation: dN/dt =kN, where N is the 

concentration of cells, t is the time and k is the growth rate constant. Error bars represent 

standard errors. *denotes level of significance for the effect of sunlight irradiation of DOM 

on bacteria growth rate per time point (*<0.05, **<0.01). 
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Figure 3.4:  Irradiation of DOM alters oxidative stress genes expression profile in 

FIB and E. coli O157:H7. Fold changes (2-ddct) in oxidative stress genes in (A) E. faecalis 

(B) E. coli and (C) E. coli O157:H7 grown in 1:10 I-DOMW compared to N-DOMW. Total 

RNA was extracted from bacterial cultures collected at time 0.5, 6, 12, 24 and 48 h. RT-

qPCR was performed on duplicate samples per treatment per bacteria. Samples were 

normalized by the geometric mean of constitutive genes. Short dash lines represent level 

of significance of ≥ 2- fold change. Error bars represent standard deviation. 
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Table 3.1: Overall growth rate of FIB and E. coli O157:H7 in DOMW was determined 
using the Gompertz growth model (Zwietering et al., 1990). 

Bacteria 
CFE 
concentration 

Treatment 
Growth 
rate ( h-1) 

Maximum growth 
(LogCFU mL-1) 

E. coli  1:10 I-DOMW 0.293 7.49 

 
 

N-DOMW 0.235 7.3 

 
1:140 I-DOMW 0.107 5.84 

 
 

N-DOMW 0.0993 5.88 

E. coli 
O157:H7 1:10 I-DOMW 0.257 7.27 

 
 

N-DOMW 0.255 7.18 

 
1:140 I-DOMW 0.115 5.03 

 
 

N-DOMW 0.126 5.16 

E. faecalis 1:10 I-DOMW 0.089 5.31 

 
 

N-DOMW 0.279 6.29 

 
1:140 I-DOMW ND ND 

 
 

N-DOMW ND ND 

Boldness denotes significant differences between irradiated and non-irradiated CFE 
(P<0.05). ND, not determined. 
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Supplemental Material and Methods 

Reactive oxygen species measurement 

Singlet oxygen Measurement   

          The production of 1O2 during irradiation of DOMW in the solar simulator was 

monitored by measuring loss of furfuryl alcohol (FFA). The reaction stoichiometry and 

steady state concentration calculation has been described in Haag and Hoigne 1  and 

Chen and Jafvert 2. During irradiation, DOMW samples were periodically removed for up to 

12 h from light source and analyzed for FFA using high performance liquid 

chromatography (HPLC).  

Hydroxyl radical Measurement 

        p-chlorobenzoic acid (pCBA) was used as a hydroxyl radical scavenger.  The reaction 

stoichiometry and steady state concentration calculation are described in Haag and 

Hoigné 3 and Chen and Jafvert 2. To measure pCBA, filter sterilized DOMW was treated 

with very low initial pCBA concentration (2μM) prior to irradiation. Residual pCBA was 

measured periodically for up to 12 h by HPLC with UV/Vis detector set at 230nm.   

Extracellular HOOH measurement during dark incubation 

         Extracellular HOOH concentration during dark incubation in I-DOMW was quantified 

using the copper-DMP spectrophotometric method 4. HOOH reduces copper (II) ions to 

copper (I) ions in the presence of excess 2, 9- diemethyl-1, 10-phenanthroline (DMP). The 

copper (I) forms a bright yellow cationic complex with DMP at a maximum absorbance of 

454nm. Samples were filter sterilized using 0.22μm syringe filter to get rid of all bacteria 

prior to measuring HOOH. Absorbance reading in I-DOMW were normalized against N-

DOMW samples with no bacteria inoculation. A calibration curve was constructed by 

plotting concentration of known ACS grade HOOH (Sigma Aldrich) solution versus the 
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absorbance at 454nm of the product formed by the reaction of the solutions with copper 

sulphate and DMP. Two separate calibration curves were used throughout the experiment.  

RNA extraction and purification 

           Similar experimental design (Figure 3.1) was adopted with an increase in bacteria 

starting concentration (106 CFU mL-1) and volume (50mL) to aid in recovery of adequate 

RNA for RT-qPCR. Further, irradiation of DOM was performed using a 1L jacketed Pyrex 

beaker (Ace glass, Vineland, NJ). Following irradiation, bacteria in mid-logarithmic phase 

of growth were inoculated into I-DOMW and N-DOMW for a final concentration of ~106 

CFU mL-1. Fifty milliliters of each treatment was dispensed into sterile 250ml Erlenmeyer 

flasks and incubated in the dark at 25oC in an incubator shaker at 150 rpm (Innova 4230, 

New Brunswick Scientific, Edison, NJ). Triplicate samples (3 biological replicates) were 

selected randomly at 0.5, 6, 12, 24 and 48h and filtered through 0.45μm pore size isopore 

filter (EMD Millipore, Billerica, MA). Filters were folded inwards and saved in lysing matrix 

B tube (MP Biomedical, Solon, OH) containing 600μL RNAlater (Life Technologies, Grand 

Island, NY). Tubes were kept at -80oC for 2 weeks prior to total RNA extraction.  

            Duplicate filters per time point were removed with sterile forceps and carefully 

opened to expose filter surface. Filter was rinsed twice in cold 1X PBS to remove 

RNAlater, after which 170μL of 8mg/mL lysozyme was dispensed onto filter surface. Filter 

containing lysozyme was incubated at 37oC for 5min prior to extraction. RNA extraction 

was performed with the FastRNA spin kit for microbes (MP Biomedical, Solon, OH) 

according to the manufacturer’s instructions, except that the bead-beating step was 

repeated twice at 6.5m/s for 60s. Total RNA was eluted twice in 25μL nuclease free water 

for a final volume of 50μl. Total RNA was quantified with a Nanodrop ND 1000 

spectrophotometer (Thermo Scientific, Waltham, MA), examined for quality on an Agilent 



	 70	

Bioanalyzer, and stored at -80oC until used for RT-qPCR. Before RT-qPCR, total bacterial 

RNA was treated with 8U Turbo DNA-free kit (Life Technologies, Grand Island, NY) to 

remove genomic DNA contamination.  

Rose bengal photo-sensitization experiment 
 
         Rose bengal (RB) was added to sterilized phosphate buffered water (PBW) to a final 

concentration of 0.05µM and irradiated under a solar simulator. The production of 1O2 

during irradiation was monitored by measuring the loss of furfuryl alcohol (FFA) - see 1O2 

measurement. During irradiation, irradiated RB were periodically removed for 1 h from light 

source and analyzed for FFA using high performance liquid chromatography (HPLC) (Fig. 

3S1).  

         Following irradiation, irradiated RB, non-irradiated RB and PBW controls were 

separately inoculated with mid-logarithmic phase of each bacterium to a final concentration 

of 102-103 cells ml-1. Twenty milliliters of each treatment was dispensed into sterile 50ml 

centrifuge tubes and incubated at 25oC in a refrigerated incubator shaker (150 rpm) 

(Innova 4230, New Brunswick Scientific, Edison, NJ). Duplicate samples per bacterium 

and treatment were randomly selected for analysis at 0, 0.3, 0.6, 1, 1.3, 1.6, 2, and 3 h. 

 

Supplemental Results 

Starting inocula concentration effect on growth potential 

         Increase in bacteria starting concentration (106 CFU mL-1) resulted in a decrease in 

growth rate but no change in E. coli final population when compared to the lower inoculum 

population (103 CFU mL-1) (Table 3S2). There was no noticeable growth in E. faecalis, 

which suggests that it’s maximum achievable growth in 1:10 DOMW was ~106 CFU mL-1. 
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Moreover, E. faecalis seem to show a periodic steady state at this concentration (Table 

3S3).  

Constitutive gene candidates for RT- qPCR measurements 

        We determined the expression profile of idnT, cysG, hcaT, gyrB and gapA in E. coli 

under the growth conditions studied here. In silico analysis of these candidate constitutive 

genes using the algorithms geNorm predicted gapA and gyrB to be the most stably 

expressed genes for data normalization (Supp. Table 3S2). These two housekeeping 

genes were further used in this study for the normalization of oxyR-regulated genes in both 

E. coli and E. coli O157:H7. 

Nutrient loss in 1:10 DOM dilution 

          There was no noticeable decline in [NH4
+] during 24 h incubation for E. coli, followed 

by a 50% loss observed after 48 h of incubation (Fig. 3S4). A similar trend was observed 

for [NO3
-] but final loss at 72 h was not more than 45% (Fig. 3S5). Also, during growth, 

there was a gradual decline in DOC concentration in N-DOMW, with up to 70% loss after 

72 h incubation. In contrast, there was an overall increase in DOC concentration in I-

DOMW (Fig. 3S6). E. coli O157:H7 showed a gradual decline in [NH4
+] for up to 12 h and 

sharply declined afterwards resulting in a total loss of ~ 92% after 72 h incubation. Nitrate 

showed an overall decline in concentration but total loss was not more than 33%. There 

was a 33% loss in DOC after 24 h but there was 25% and 100% gain in DOC at 48 h for I-

DOMW and N-DOMW respectively. For E. faecalis, [NH4
+] increased steadily for up to 24 h 

before a steep decline after 48 h of incubation. Overall gain in [NH4
+] was 33% and loss 

differed by treatment, with 60% for I-DOMW and 30% for N-DOMW. Nitrate showed a 

steady decline in concentration, with a 28% loss for I-DOMW and 18% in N-DOMW 

observed. There was a 60% gain in DOC after 6 h of incubation before decreasing to 
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levels below the starting concentration. There was no noticeable decline in orthophosphate 

concentration for any of the bacteria (Figure 3S7).    
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Supplemental Figures 

 

 
 
Figure 3.S1: Spectra of natural sunlight and light emitted by the Xenon lamp in solar 
simulator in this study. 
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Figure 3.S2: Extracellular HOOH concentration in I-DOMW controls (n =3, 1 per 

bacterium) with no bacteria inoculation.  
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Figure 3.S3: Photo-production of singlet oxygen from rose bengal (RB) had no 

inactivation effect on FIB and E. coli O157:H7. Singlet oxygen was produced at a 

steady state of 7.38-13M after 1 h of sunlight irradiation. Bacteria was cultured on a 

selective medium. Concentrations are reported in colony forming units (CFU) per ml. 

Inactivation of (A) E. faecalis (B) E. coli (C) E. coli O157:H7 in photo-sensitized RB. Error 

bars represent standard deviation. 
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Figure 3.S4: Extracellular ammonium concentration in (A) E. faecalis (B) E. coli and (C) E. 

coli O157:H7 during growth 1:10 DOMW and their corresponding controls (D, E, F) with no 

bacteria inoculated. Error bars represent standard errors (N=3) for treatment and standard 

deviation (N=2) for controls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 80	

 

           

           

           

 

A 

B 

C 



	 81	

 

           

            

             

D 

E 

F 



	 82	

Figure 3S5: Extracellular nitrate concentration in (A) E. faecalis (B) E. coli and (C) E. coli 

O157:H7 during growth 1:10 DOMW and their corresponding controls (D, E, F) with no 

bacteria inoculated. Error bars represent standard errors (N=3) for treatment and standard 

deviation (N=2) for controls.  
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Figure 3S6: Extracellular dissolved organic carbon (DOC) concentration in (A) E. faecalis 

(B) E. coli and (C) E. coli O157:H7 during growth 1:10 DOMW and their corresponding 

controls (D, E, F) with no bacteria inoculated. Error bars represent standard errors (N=3) 

for treatment and standard deviation (N=2) for controls.  
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Figure 3S7: Extracellular orthophosphate concentration in (A) E. faecalis (B) E. coli and 

(C) E. coli O157:H7 during growth 1:10 DOMW and their corresponding controls (D, E, F) 

with no bacteria inoculated. Error bars represent standard errors (N=3) for treatment and 

standard deviation (N=2) for controls. 
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Table 3.S1: Primers used for RT-qpCR 

Gene  Primers (5’-3’)  Gene 
product 
name 

Base 
pair 
(bp) 

Reference 

cysG F: ATGCGGTGAACTGTGGAATAAACG  
R: TTGTCGGCGGTGGTGATGTC 

Siroheme 
synthase 

105 5 

idnT F:  CTGTTTAGCGAAGAGGAGATGC 
R: ACAAACGGCGGCGATAGC 

Gluconate 
permease 

90 5 

hcaT F:  GGGCATTATGGGAGCAACTA  
R: GGCAGAGTAAACCGCCTGTA 

3-phenyl 
propionic 
acid 
transporter 

154 This study 

gapA F:  GTCGCTGAAGCAACTGGTCT  
R: AAGTTAGCGCCTTTAACGAACAT 

Glyceralde
hyde-3-
phosphate 
dehydroge
nase 
 

131 6 

gyrB F: GCAAGCCACGCAGTTTCTC 
R: GGAAGCCGACCTCTCTGATG 

DNA 
gyrase 
subunit B 

254 7 

katG F: CTGCGTTTTGATCCTGAGTTC  
R: GGCCCGATGTAGCGAGATT 

Catalase 
peroxidase 

137 6 

ahpF F: GCCCTGACCAAACTCTTTCC 
R: GCAGATTCGCCATATTGACG 

Alkyl 
hydroperox
ide 
reductase 
subunit F 

204 7 

oxyS F: GAGCGGCACCTCTTTTAACCCTTG 
R: CCTGGAGATCCGCAAAAGTTCACG 

Oxidative 
stress 
regulator 

97 7 

oxyR F: CGCGATCAGGCAATGG  
R: CAGCGCTGGCAGTAAAGTGAT 

Hydrogen 
peroxide 
transcriptio
n regulator 

129 6 

gyrBa  F: ACACGGGTTCGTGAATTAGC  
R: TTGGCTCTGGGAAAATAACG 

DNA 
gyrase 
subunit B 

163 This study 

rpoBa F: CCTGTACCTACCCACGGAGA 
R: TGGACGTTTCACCAAAACAA 

RNA 
polymeras
e subunit B 

150 This study 

katAa F: TCTCATTCACCGGAAAGTCTTC  
R: CAGCAGCATTGACCCATTTG 

Catalase/P
eroxidase 

121 This study 

ahpCa F: CCAATTGGCTGGACAAACTT  
R: ACGGTCAACTTGCTCGTTTC 

Peroxiredo
xin 

209 This study 
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Npra F: GGCCTAATCAAGACGGATGA  
R: TCCTTGAACACCAGGGAAAG 

NADH 
peroxidase 

195 This study 

Tpxa F: GGTTCCGACGAAACTTCTGA  
R: GGTGTCGAAATGGAAATGCT 

Thiol 
peroxidase 

161 This study 

Fura F: CCAAACACTTTCACCACCAT  
R: TTTGCTCTACTTCACCAAGCA 

Ferric 
uptake 
regulation 
protein 

87 8 

hypRa F: TCTCGACAAGCACAAGTTCC 
R: ACCTAGCCCAGCTTCTACCA 

Hydrogen 
peroxide 
regulator-
arsR family 
protein 

126 8 

a Primers for E. faecalis  
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Table 3S2: Stability analysis of five commonly used reference genes in E. coli by geNorm 

9 

Target M value 

gapA 0.900 

gyrB 0.900 

cysG 1.542 

hcaT 1.904 

idnT 4.843 

A lower ‘M-value’ correlates to higher gene expression stability.  
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Table 3S3: Growth rate comparison at low and high starting inocula of FIB and E. coli 

O157:H7 

Bacteria 
Inocula
concent
ration 

Treatment 
Growth 
rate (hr-
1) 

Maximum growth  
(LogCFU mL-1) 

E. coli  High I-DOMW 0.135 7.56 

 
 

N-DOMW 0.167 7.49 

 
Low I-DOMW 0.293 7.49 

 
 

N-DOMW 0.235 7.3 

E. coli O157:H7 High I-DOMW 0.266 7.62 

 
 

N-DOMW 0.242 7.72 

 
Low I-DOMW 0.257 7.27 

 
 

N-DOMW 0.255 7.18 

E. faecalis High I-DOMW SS ND 

 
 

N-DOMW SS ND 

 
Low I-DOMW     0.089 5.31 

 
 

N-DOMW     0.279 6.29 

High and low inocula concentration represents ~106 and ~103 CFU mL-1 of starting 

bacteria concentration respectively. SS, Periodic steady state; ND, not determined. 
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PEROXIDE RESPONSE MECHANISM OF ESCHERICHIA COLI, ENTEROCOCCUS 

FAECALIS AND E. COLI O157:H7 
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ABSTRACT 

Hydrogen peroxide (HOOH) is the most environmentally stable reactive oxygen species. In 

nature, HOOH originates from photo-chemical reactions involving dissolved organic matter 

(DOM) and as a by-product of microbial metabolism. In this study, we produced ~15µM of 

HOOH from sunlight irradiation of water spiked with filter sterilized cow fecal extract. We 

employed whole transcriptome sequencing (WTS) to identify differentially expressed 

temporal transcripts between fecal bacteria (E. coli, E. coli O157:H7, and Enterococcus 

faecalis) incubated in irradiated spiked water microcosms and non-irradiated spiked 

microcosm for up to 24 h. The number of differentially expressed genes (DEG) differed 

between bacteria and duration of dark incubation. For E. coli and E. coli O157:H7, the 

majority of DEG were observed immediately following inoculation (< 30 min), while for E. 

faecalis, expression took at least 6 h. Incubation of E. faecalis in irradiated spiked water 

resulted in an increase in expression of genes encoding oligopeptide transport, beta-

lactam resistance and ABC transporters. In non-irradiated spiked microcosms, there was 

an increase in transcripts associated with phosphoenolpyruvate: phophotransferase 

system and glycerol metabolism. E. coli and E. coli O157:H7 showed an increase in the 

expression of Oxy-R regulated genes, including transcripts for catalase-peroxidase, iron-

sulfur cluster, siderophore transport, iron uptake, quorum sensing, and biofilm formation. 

These results indicate that E. coli and E. faecalis have different mechanisms for removal 

and production of HOOH and differ in their overall survival dynamics. Furthermore, our 

results also indicate that photo-degradation and microbial metabolism of manure derived 

DOM can produce micromolar concentrations of HOOH that may be detrimental to the 

presence of specific types of fecal indicator bacteria.  
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INTRODUCTION 

      The survival of bacteria in the environment is dictated by their ability to grow or persist 

under diverse abiotic and biotic stressors. In aquatic ecosystems, resource availability, 

sunlight, temperature, pH and competition have been shown to be important drivers of 

bacterial population dynamics 1-3. Of these factors, substrate availability in the form of 

dissolved organic matter (DOM) is key for bacteria to proliferate in surface waters 4, 5. 

Further, DOM transformations mediated by sunlight and microbes can have an interacting 

effect on bacterial survival 6, 7.  

       The colored fraction of DOM (CDOM) is primarily responsible for the absorbance of 

UV light and for the production of labile nutrients from refractive fractions of DOM, which 

can be subsequently used for growth or survival 8-10. Another important transient product of 

absorption of UV/visible light by CDOM is the formation of reactive oxygen species (ROS) 

from photochemical reactions involving oxygen 11. ROS including hydrogen peroxide 

(HOOH), hydroxyl radical (.OH) and super oxide radicals (O2
-) are intermediates formed 

during photo-oxidation of CDOM. Hydrogen peroxide is uncharged, and unlike other ROS, 

it can easily permeate the bacterial cell surface. It can also persist in natural waters for 

long periods of time, from several hours to days 12, 13. More importantly, its concentration 

has been shown to have a diel cycle, with peak concentrations typically noted at noontime 

during summer months 14.  

      At steady state concentrations, hydrogen peroxide concentrations are reported to 

range from 6nM in marine waters to as high as 3.2µM in rivers and streams 15. The 

concentration of photo-produced HOOH in surface water is dependent on the source/type 

of DOM, DOM concentration, and sunlight irradiance. At high extracellular HOOH 

concentrations, microbes can experience toxicity from significant changes in their cell 



	 98	

redox homeostasis. Nevertheless, bacteria have developed elegant systems to help 

alleviate themselves of HOOH induced oxidative stress 16.   

        To understand the role of photo-produced HOOH on survival of specific fecal 

bacteria, we attempted to isolate the effect of HOOH using controlled microcosms of 

natural water spiked with cattle fecal extract that were irradiated prior to inoculation with 

bacteria. Following bacterial inoculation, microcosms were incubated in the dark for 24 h. 

We employed high throughput RNA-Seq to investigate the expression of transcripts that 

are required for HOOH detoxification and oxidative stress. We provide valuable insights 

into the differential survival mechanism used by two important FIB for water quality 

monitoring and a zoonotic pathogen of public health interest.  

MATERIALS AND METHODS 

Cattle Fecal Extract Preparation. Fresh fecal samples were collected from 5 individual 

cows from a commercial farm in northeast Georgia on July 13, 2013. Fecal samples were 

composited, homogenized and made into 1:10 fecal slurry in 0.85% KCl and mixed for 1 h 

in a hand wrist shaker. The fecal slurry was then centrifuged twice at 4000 x g for 10 min 

and the resulting supernatant was saved and referred to as cattle fecal extract (CFE). CFE 

was sequentially filtered through 1.2μm, 0.45μm and 0.2μm pore –sized polycarbonate 

membrane filters. Dissolved organic carbon (DOC) concentration in CFE was determined 

using a total organic carbon analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan) equipped with 

auto samplers. CFE was spiked into autoclaved phosphate buffered water (PBW) 

microcosms to concentrations mimicking nutrient inputs from direct fecal deposition into 

streams (i.e., final DOC concentration of 32.48±1.52 mg L-1). The absence of bacteria and 

relevant lytic phages in CFE was confirmed by culturing 100μl of CFE in Brain Heart 

Infusion (BHI) broth and by performing phage double agar overlay assay 17, respectively. 
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For the overlay assay, bacterial strains used in the present study were used as phage 

hosts. Thereafter, CFE/DOM spiked water was divided into two volumes with one exposed 

to solar radiation (Irradiated DOM-Spiked Water (I-DOMW)) and the other as a dark control 

(Non-irradiated DOM Spiked Water (N-DOMW)). 

Inoculum Preparation. Overnight cultures of E. coli C3000 (ATCC 15597), hereafter 

referred to as E. coli, Enterococcus faecalis (ATCC 29212) and Escherichia coli O157:H7 

B6914, hereafter referred to as E. coli O157:H7, were grown for 1.5 h to mid-logarithm 

phase (OD600 of 0.1) in BHI broth. Each culture was centrifuged at 4000 x g for 5 min and 

washed twice in phosphate buffered water (PBW) before preparing serial dilutions to the 

desired concentrations. 

Irradiation of DOM spiked water. Solar irradiation was performed in an Atlas SunTest 

CPS/CPS+ solar simulator (Atlas Materials Testing Technology, Chicago, IL) equipped 

with a 1kW xenon arc lamp. Samples were irradiated for 12 h using a 1L jacketed Pyrex 

beaker (Ace glass, Vineland, NJ). Following irradiation, bacteria in mid-logarithmic phase 

of growth were separately inoculated into I-DOMW, N-DOMW and PBW for a final 

concentration of ~106 CFU mL-1. Fifty milliliter aliquots of each treatment were dispensed 

into sterile 250ml Erlenmeyer flasks (12 per treatment) and incubated in the dark at 25oC 

in an incubator shaker at 150 rpm (Innova 4230, New Brunswick Scientific, Edison, NJ). 

Individual flasks were randomly selected at ~ 0.5, 6, 12 and 24 h for microbiological 

analysis, measurement of exogenous HOOH and for RNA-Seq (Fig. 4.1).  

Microbiological Analysis. One ml of each duplicate sample was serially diluted in PBW 

and quantified on selective agar media.  E. coli, E. faecalis and E. coli O157:H7 were 

quantified using modified mTEC agar (EPA method 1603), mEI agar (EPA method 1600) 
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and MUG E. coli O157:H7 agar supplemented with 100µg ml-1 ampicillin (Sigma Aldrich), 

respectively.  

Extracellular HOOH measurement. Extracellular HOOH concentration before and after 

bacterial inoculation were quantified using the copper-DMP spectrophotometric method 18. 

HOOH reduces copper (II) ions to copper (I) ions in the presence of excess 2, 9- 

diemethyl-1, 10-phenanthroline (DMP). The copper (I) forms a bright yellow cationic 

complex with DMP at a maximum absorbance of 454nm. Samples were filter sterilized 

using 0.22μm syringe filter to remove bacteria prior to measuring HOOH. Absorbance 

readings in I-DOMW and N-DOMW were normalized against N-DOMW controls (no 

bacteria inoculation). A calibration curve was constructed by plotting concentration of 

known ACS grade HOOH (Sigma Aldrich) solution versus the absorbance at 454nm of the 

product formed by the reaction of the solutions with copper sulphate and DMP. Two 

separate calibration curves were used throughout the experiment for quality control 

purposes and ensure reproducibility of results.  

RNA isolation. Samples were selected randomly at 0.5, 6, 12, and 24 h and ~ 45ml was 

filtered through 0.45μm pore size isopore membrane (EMD Millipore, Billerica, MA). Filters 

were folded inwards and saved in a lysing matrix B tube (MP Biomedical, Solon, OH) 

containing 600μL RNAlater (Life Technologies, Grand Island, NY). Tubes were kept at -

80oC for 2 weeks prior to total RNA extraction. Duplicate filters per time point were 

removed with sterile forceps and carefully opened to expose the filter surface. Filters were 

rinsed twice in cold 1X phosphate buffer saline to remove RNAlater, after which 170μL of 

8mg mL-1 lysozyme were dispensed onto the filter surface. Filters containing lysozyme 

were incubated at 37oC for 5 min prior to extraction. RNA extraction was performed with 

the FastRNA spin kit for microbes (MP Biomedical, Solon, OH) according to the 
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manufacturer’s instructions, except that the bead-beating step was repeated twice at 6.5m 

s-1 for 60s. Total RNA was eluted twice in 25μL DEPC treated water for a final volume of 

50μl. Total RNA was concentrated using a vacufuge (Eppendorf, NY, USA) with no heat 

treatment for 2.5 h. RNA pellets were rehydrated with 20µl DEPC treated water and 

treated with 8U Turbo DNA-free kit (Life Technologies, Grand Island, NY) to remove 

genomic DNA contamination. Recovered RNA was quantified with a Nanodrop ND 1000 

spectrophotometer (Thermo Fisher Scientific, MA, USA), examined for quality on an 

Agilent Bioanalyzer, and stored at -80oC until used for RNA-seq (between 2 – 3 months).  

mRNA enrichment. Twenty microliters of DNASE treated RNA was pelleted as described 

earlier and reconstituted in 15µl (75ng to 2.5µg) 1X TE buffer. Bacterial 16S and 23S 

ribosomal RNA removal was completed using MICROBExpress Bacterial mRNA 

Enrichment Kit (Life Technologies, Grand Island, NY) according to manufacturer’s 

instruction but with half of the suggested reaction volumes. The recovered mRNA was 

quantified using Nanodrop ND 1000 spectrophotometer (Thermo Scientific, Waltham, MA).  

cDNA library preparation. cDNA synthesis was performed on enriched mRNA (~2 -

160ng) using the KAPA stranded RNA-seq library preparation kit (Kapa Biosystems, Inc. 

MA, USA) with a few modifications. Half the suggested reaction volumes were used 

throughout. RNA fragmentation was completed in a thermocycler at 87.5oC for 6 min. 

Adapterama I adapters and primers 19 were used for ligation and PCR amplification 

reactions at a final reaction concentration of 357nM and 250nM, respectively. For PCR 

amplification, iTru5 forward and iTru7 reverse primers with unique indexes for sample 

multiplexing were employed 19. The concentrations of amplicons from different samples 

were quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, USA). 

The libraries were pooled in equimolar concentrations and sequenced at the Georgia 



	 102	

Genomics Facility using an Illumina NextSeq (150 cycles) Mid Output Flow Cell. A 75 bp 

paired-end sequencing reaction was performed on a NextSeq platform (Illumina, San 

Diego, CA, USA). cDNA fragments (~339bp) were obtained for all 24 biosamples. Reads 

were submitted to NCBI SRA under submission ID SUB1913975 and bioproject 

PRJNA341849. 

Bioinformatics analysis. Forward and reverse barcode combinations were used to 

identify each sample for de-multiplexing. Unfiltered fastq sequences of each bacterium 

were aligned to available bacteria reference genomes using BWA 20 with default 

parameters. SAM alignment was converted to BAM (samtools view –bS), sorted by 

coordinates (samtools sort) and PCR duplicates removed (samtools rmdup) using 

SAMtools 21. Mapped reads were counted using BEDTools (multiBamCov –bams) 22. Read 

counts were exported in a tab delimited file for normalization and differential gene 

expression (DGE) (see Supp. Mat.) in R 23. DGE analysis was completed with DESeq2 

package 24. Reads with 0 or 1 count were removed before DGE was performed (see 

supporting information). For each RNAseq data set, genes with an absolute fold change ≥ 

2 and adjusted p-value of <0.01 were used for further analysis. The proteins corresponding 

to the obtained gene sets were searched against the version 10 of the STRING database 

25 to display functional protein-association networks. Interactions were considered with a 

STRING confidence ≥0.4 (medium and high confidence). A markov cluster algorithim 

(MCL) 26 of 2 was used for clustering.  

Statistical analysis.  Bacteria growth rate was derived from the equation below, where N 

is the concentration of cells, t is the time and k is the growth rate constant. 

(1) dN/dt =kN 



	 103	

         A profile analysis was performed to compare bacterial growth rates (µ6 vs. µ 0.5, µ 12 

vs. µ 6, µ 24 vs. µ 12) between treatments, after which a multivariate analysis of variance 

(MANOVA) was used to test for significant differences in growth rate between bacteria 

incubated in I-DOMW and N-DOMW microcosms. Although small sample size can affect 

the power and the homogeneity of the variance test, profile analysis still provides more 

power than univariate tests 27. Graphs were plotted in SigmaPlot (Systat Software, San 

Jose, CA). A linear regression analysis was used to model the relationship between 

bacterial concentration (Log CFUmL-1) and extracellular HOOH concentration (µM).  

RESULTS AND DISCUSSION 

RNA sequencing. The quality and number of reads were documented and all reads were 

mapped to their corresponding genome (>90%) using BWA (see Supp. Mat.). The average 

number of reads mapped per sample for E. coli, E. feacalis and E. coli O157:H7 were 

1,806,326 ± 144,075 (SE), 1,529,044 ± 124,201(SE) and 1,962,671 ± 446,418 (SE), 

respectively. The number of genes differentially expressed differed as a function of the 

type of bacteria and the dark incubation time (P. adjusted < 0.05) (Table 4.1).  

Bacteria growth potential differed in water spiked with DOM. All three bacteria differed 

in their growth dynamics following inoculation into I-DOMW and N-DOMW. E. coli and E. 

coli O157:H7 grew by 1-log after 6 h of dark incubation in I-DOMW and N-DOMW, (data 

not shown) but growth rate was significantly higher for E. coli in N-DOMW than I-DOMW 

(P.value < 0.01). (Fig. 4.1). E. faecalis showed no significant increase in concentration 

after 24 h of dark incubation, but decreased in concentration after 6 and 24 h of incubation 

in I-DOMW. These results suggest that E. coli may have a greater potential than E. 

faecalis to grow in the environment under highly bioavailable DOC (concentrations >30mg 

L-1 C). In contrast, E. faecalis exhibited a steady state with no significant growth, 
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suggesting very different growth requirements when compared to E. coli. It is noteworthy to 

mention that E. faecalis was able to grow when inoculum concentration was reduced to 

103 CFU ml-1; however, the final concentration did not surpass 106 CFU ml-1 (submitted). 

Further, multivariate analysis of variance (MANOVA) showed that sunlight irradiation of 

DOM had a small but significant negative effect (P. value < 0.05) on E. coli and E. faecalis 

growth during dark incubation, suggesting that photo-degradation of DOM might play an 

inhibitory role (Table 4S1).  

        Re-growth of E. coli in diverse environmental matrices has been reported previously 

28-33. Overnight growth has been implicated in high counts of E. coli in surface waters 

reported in early morning 34, 35. Few studies have reported re-growth in E. faecalis 36-38, 

implying that these bacteria might have different nutrient requirements in the environment. 

More importantly, the potential for re-growth may be further limited by the inhibitory role of 

direct sunlight and production of ROS from DOM 11.  

Extracellular HOOH influences bacteria growth dynamics. The concentration of photo-

produced HOOH was negatively correlated with E. coli (Adj. R2 = 0.74; P-value = 0.004) 

and E. coli O157:H7 concentrations (Adj. R2= 0.93; P-value < 0.001) (Fig. 4S1), with 

extracellular HOOH decreasing, and bacterial populations increasing in I-DOMW during 

the first 6 h of dark incubation (Fig 4.1). On the other hand, extracellular HOOH increased 

significantly in the presence of E. faecalis. Further, extracellular HOOH was measured in 

µM concentrations with all three types of bacteria during dark incubation in N-DOMW 

microcosms, suggesting that HOOH was produced by bacteria (Fig 4.1). However, 

bacterial produced HOOH showed no significant correlation with bacterial concentration (P-

value > 0.05) (Fig. 4S1). There was no significant decline in HOOH concentration for I-

DOMW controls with no bacteria inoculated (Fig. 4S2).  
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         Light and dark production of peroxides from DOM photo-degradation and microbial 

processes play a significant role in controlling bacterial survival dynamics in environmental 

waters 15, 39, 40. Peroxides have the potential to cross bacterial cell membranes and can 

persist in surface waters for several hours 15, 41. More importantly, upon entering the cell, 

HOOH reacts with ferrous iron to form reactive OH. which causes DNA lesions via fenton 

reactions 42. Facultative anaerobes including E. coli and E. faecalis, have developed 

robust systems, that are capable of detoxifying HOOH and can also alleviate damage 

caused by OH..  

          In the present study, E. coli efficiently scavenged 95% of photo-produced HOOH 

within 6 h of dark incubation, while there was an accumulation of HOOH in the E. faecalis 

treatment. The observed buildup of HOOH in E. faecalis suggests that bacteria likely differ 

in their production and detoxification of HOOH 43. Moreover, E. faecalis produces HOOH 

as a by-product of aerobic glycerol metabolism, which could have contributed to the 

observed increase in I-DOMW treatment. 44.  

HOOH photo-production induces OxyR responsive genes in E. coli and E. coli 

O157:H7. The OxyR regulon in E. coli is responsible for sensing oxidative stress and 

positively regulates the induction of several genes 45. Unsupervised analysis of RNA-Seq 

on bacterial mRNA recovered at ~0.5, 6, 12 and 24 h showed consistent transcriptional 

changes in bacteria incubated in I-DOMW compared to N-DOMW controls (Fig. 4.2a and 

c). The genetic and protein interactions inferred from differentially expressed transcripts 

(Szklarczyk et al. 2014) included up-regulated gene networks for oxidative stress, HOOH 

detoxification and an iron-sulfur cluster.        

         Following inoculation in I-DOMW, a significant increase in expression of oxyR 

regulated genes in both E. coli and E. coli O157:H7 was observed (Fig. 4.2a and c). Many 
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of these genes play a central role in the detoxification of HOOH and its conversion to 

water. Catalase (katG) and peroxidase (ahpCF) genes were among the most highly 

expressed (>2- Fold change) after 0.5 h (Fig. 4.2 and 4.3). Further, genes involved in iron 

sequestration (dps and Fe-S cluster) and fenton reactions during oxidative stress were 

also highly expressed immediately after inoculation. In addition, there was increased 

expression in transcripts involved in iron uptake and siderophore transport in E. coli O157: 

H7 (Fig. 4.2 and 4.3).  

        On the other hand, peroxidase (npr, ahpC, tpx), heme-dependent catalase (katA) and 

thioredoxin (trx) genes in E. faecalis did not show significant differential expression 

following inoculation (Fig. 4.3b) despite the relevant role of these genes in peroxide 

metabolism as demonstrated by prior work showing that mutations in these genes can limit 

the survival of E. faecalis exposed to exogenously added HOOH 
46

. A possible explanation 

could be a requirement for an endogenous peroxide concentration threshold before these 

genes are activated or turned on.  In the study by La Carbona et al. (2007), the authors 

used >5mM concentration of HOOH while µM concentrations were produced in our study. 

Yan, et al. 47 also reported less than two-fold change in these genes when exposed to low 

levels of HOOH (1.5-2mM). Therefore, it is plausible that in our study, HOOH generated 

inside E. faecalis cells (endogenous) is more deleterious than the low concentrations 

produced exogenously following DOM irradiation. Although a small decrease in growth rate 

was observed in I-DOMW treatments, E. faecalis was able to rebound quickly to achieve 

the same growth rate observed in N-DOMW.  

        The ability for E. coli and E. coli O157:H7 to efficiently induce oxidative stress genes 

in response to ambient levels of HOOH may offer them an advantage in the environment. 

Upon exposure to photo-produced HOOH, these bacteria have the ability to remove 
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significant concentrations of HOOH and repair DNA lesions within hours, with a potential to 

grow overnight if required substrates are available. Morris, et al. 48, using diel 

metatranscriptomic data from five published marine studies spanning a variety of open 

ocean sites showed that the abundance of transcripts with catalase and peroxidase activity 

peaked in the late afternoon, coinciding with the highest concentration of HOOH. This 

might not be the case for E. faecalis, as its inability to scavenge exogenously produced 

HOOH and its accumulation during growth may further limit its proliferation in the 

environment. Consequently, E. faecalis’s role in HOOH fluctuation in surface waters may 

be restricted to production. 

Glycerol metabolism is important for E. faecalis survival. The major structural barrier 

in E. faecalis is its peptidoglycan wall which is anchored by teichoic acids (TA) and 

lipotechoic acids (LTA). TA and LTA are polymers of poly- glycerol phosphate which are 

joined together by phosphodiester linkages 49. They provide several functions including 

scavenging of cations, phosphate reservoir, cell envelope adhesiveness, and 

immunogenicity. Glycerol metabolism is important for the synthesis of glycerol phosphate 

in a reaction involving glycerol facilitator protein (glpF) and phosphorylated glycerol kinase 

(glpK). The phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system (PTS) 

is responsible for the phosphorylation of glpK 44, 50. Immediately after inoculation, these 

genes were significantly upregulated in N-DOMW for up to 12 h (P. value < 0.05) (Fig. 4.2b 

and 4.3b). The majority of the proteins in the PEP: PTS are involved with the transport of 

sugars including lactose, sorbose, mannose, sucrose, cellobiose and fructose across the 

cell membrane. The PTS in E. faecalis is also involved in inducer expulsion, inducer 

exclusion, and catabolite repression 51. Phosphorylation of glpK by PTS is ATP-dependent 

and it is important for catabolism of glycerol, suggesting E. faecalis may have limited the 



	 108	

expression of these genes to conserve ATP by limiting the active transport of 

carbohydrates into the cell. As a consequence, E. faecalis appears to be unable to achieve 

maximum growth and its survival dynamics maybe compromised.  

Extracellular HOOH signaling contributes to adaptive response. Environmental cues 

including non-lethal doses of ROS, antimicrobials, nutrient limitation, and temperature can 

make bacteria alter their transcriptome rapidly 52-54. Such responses can prolong their 

survival and, more importantly, enhance resistance to higher doses of the same stressor or 

other stressors 55, 56. This form of adaptive resistance is believed to be transient and 

usually reverts upon removal of the inducing agent 54. 

         In our study, multiple genetic networks associated with virulence, quorum sensing, 

and antibiotic resistance were up-regulated in I-DOMW. These differentially expressed 

genes included significant increases in genes for outer membrane receptors that facilitate 

the import of iron-chelating siderophores and iron from host organisms (Fig. 4.2c) which 

are important for E. coli O157:H7 pathogenicity 57. The tryptophan operon is a repressor 

operon that is turned-on or turned-off based on the levels of tryptophan in the environment. 

In addition, tryptophan is the primary source of indole production in E. coli, an organic 

compound that plays a role in quorum sensing, biofilm formation and antibiotic resistance 

58, 59. 59 Kuczynska-Wisnik et al.  showed that the addition of dimethyl sulfoxide (HOOH 

scavenger) partly restored E. coli biofilm formation in the presence of antibiotics and 

decreased indole production. Transcripts for tryptophan biosynthesis (trpEDCBA) 

increased significantly following inoculation (0.5 h) into I-DOMW and after 6 h in N-DOMW 

(Fig. 4.2c and 4S2). In addition, extracellular HOOH concentration in I-DOMW and N-

DOMW at 0.5 h and 6 h was 15.4 ± 0.81 and 2.59 ± 1.26 (SE) µM respectively (Fig. 4.1). 

Results from this study indicate that indole production may be required for E. coli O157: H7 
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survival under increased extracellular peroxide concentration and consequently, may be 

enhancing this pathogen’s biofilm formation and antibiotic resistance capability.  

         Curli is a proteinaceous extracellular matrix associated with attachment and biofilm 

formation, and it plays a major role in bacterial pathogenesis 60. Moreover, biofilm 

formation has been associated with oxidative stress including HOOH exposure 61-63. 

Extracellular HOOH measured at 6 h was higher in N-DOMW than I-DOMW (4.58 ± 

0.71µM vs < LOQ) (Fig. 4.1a). Further, the expression of csgAB genes encoding 

curli/amyloid fibers increased significantly in N-DOMW after 6 h of dark incubation (Fig. 

4S4). This provides supporting evidence that E. coli may increase biofilm formation in 

response to endogenously produced HOOH 64.  

          The expression of genes coding for porins and efflux pumps play important roles in 

adaptive resistant development 54, 65. They are efficiently regulated in order to respond to 

specific cues, thereby changing the resistance of a bacterium based on growth conditions. 

For example, Suzuki, Horinouchi and Furusawa 53 demonstrated that antibiotic resistance 

development in E. coli could be quantitatively predicted by the expression changes of a 

small number of genes. Oligopeptide (opp) genes encoding sex pheromones (EF0063, 

EF1513) and peptide transport (EF0909) significantly increased in E. faecalis after 6 h of 

dark incubation in I-DOMW (Fig. 4.2b). These genes play important roles in beta-

lactamase resistance and quorum sensing in E. faecalis, and their induction in response to 

HOOH and growth in urine has been reported 47, 66. In the present study, time point 6 h 

corresponded with 170% increase in extracellular HOOH (Fig. 4.1b), suggesting 

oligopeptide genes may be responsive to oxidative stress.  

           The potential for sublethal levels of ROS to increase bacterial minimum inhibitory 

concentration (MIC) to antibiotics requires more research. Dwyer, et al. 67 reported that 
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pretreatment of E. coli cells with 1 or 5mM HOOH for 15 min did not induce any lethality or 

growth inhibition; however, it resulted in a transient 1-log protection of cells from antibiotic 

killing. 

           Genes associated with quorum sensing were significantly upregulated in E. coli 

(Fig. 4.2a and 4S3). Quorum sensing (QS) is a form of regulation of gene expression used 

by the majority of bacteria in response to fluctuations in cell population density. Quorum 

sensing bacteria produce and release chemical signal molecules called autoinducers that 

increase in concentration as a function of cell density. Gram-positive and Gram-negative 

bacteria use QS communication signals to regulate a diverse array of physiological 

activities 68. The level of auto-inducer -2 (AI-2) produced extracellularly varies depending 

upon the growth conditions, and its transport is mediated by lsrACDBFGE operon. In E. 

coli, expression of lsrBFG transcripts significantly increased in I-DOMW after 6 h (Fig. 

4S3), which corresponds to the time point with the highest growth rate (Fig. 4.1a). Further, 

the upregulation of QS genes may be influenced by HOOH exposure. For instance, Yu, et 

al. 69 showed that ∆LuxS Yersinia pestis mutants (LuxS regulates lsr) were more sensitive 

to killing by HOOH than their wildtype.  

CONCLUSION 

           Hydrogen peroxide is omnipresent in surface waters. Its prevalence in water bodies 

is determined by several factors including sunlight, DOM, temperature and the microbial 

communities present. These interconnected processes all play a vital role in the survival 

and growth of bacteria in the environment. We provide for the first time valuable insights 

on the dynamics of survival in two widely used indicator bacteria and a zoonotic pathogen 

of public health importance, under environmentally relevant concentrations of peroxides. 

Upon exposure to photo-produced HOOH, E. coli and E. coli O157:H7 immediately 
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increased the expression of catalase, peroxidase, and iron sequestering proteins. These 

proteins protect and alleviate bacteria from DNA damaging hydroxyl radicals and provides 

them with an advantage to survive and potentially proliferate in the presence of ambient 

concentration of exogenous peroxides. The sensitivity of E. faecalis to light-produced ROS 

has been reported 70-72, but its mechanism of survival warrants further study. In our study, 

E. faecalis did not demonstrate an increased expression of peroxidase or catalase genes, 

suggesting its survival mechanism differs from that of E. coli. In contrast, following 

exposure to micromolar exogenous HOOH concentrations, E. faecalis decreased the 

expression of several proteins involved in glycerol metabolism and transport of 

carbohydrates, for up to 6 h. A consequence of such response was limited growth and 

accumulation of HOOH in the growth medium. Although, E. faecalis represents only a 

species of the genus Enterococcus, our results provide evidence supporting the notion that 

enterococci have a low re-growth potential in environmental waters.  

         Dark production of HOOH, presumably through the accidental autoxidation of redox 

enzymes, was observed among all three bacteria investigated. Studies have shown that E. 

coli generates about 10 to 15µM s-1 of endogenous HOOH during growth in air-saturated 

glucose medium 73. Intracellular HOOH will accumulate in a closed system by flowing out 

of the cell rather than into the cytoplasm 45. For E. faecalis, HOOH dark production is 

controlled by glycerol-3-P oxidase (glpO) via oxidation to dihydroxyacetone phosphate, an 

intermediate of glycolytic pathway 50. This enzyme uses molecular oxygen as the electron 

sink, which leads to the formation of HOOH. In natural oxic ecosystems (e.g., streams, 

rivers and ponds), the excreted HOOH would not build up but would be lost to the 

environment.  
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         Our results showed that E. coli and E. faecalis respond to ambient levels of 

exogenous HOOH via different mechanisms. Consequently, their survival dynamics in 

surface waters containing peroxides are expected to differ. Moreover, E. faecalis may 

depend on efficient peroxidase and catalase producers like E. coli for survival. Overall, 

HOOH signaling seems to play a significant role in altering the bacterial transcriptome, 

including transcripts associated with virulence, biofilm formation, quorum sensing and 

antibiotic resistance.   
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Figure 4.1. Irradiation of water spiked (I-DOMW) with CFE prior to bacteria 
inoculation produces exogenous HOOH and inhibits growth of FIB. Triangles 
represent extracellular HOOH concentration during dark incubation in I-DOMW and N-
DOMW in the presence of (A) E. coli (B) E. faecalis (C) E. coli O157:H7. Bacteria were 
collected 0.5, 6, 12, and 24 h during dark incubation and filter sterilized with a 0.22µm 
syringe filter. Filtrate (n = 3 per group) was quantified for HOOH using the copper-DMP 
method. Horizontal short dash lines represent method detection limit (0.5μM of pure 
HOOH). Growth rates per time point per group were plotted on the right y-axis (circles). 
Error bars represent standard errors. *denotes level of significance for the effect of sunlight 
irradiation on bacteria growth rate per time point (*P<0.05, **P<0.01). Figure modified from 
Oladeinde et al. 201774. 
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Figure 4.2. Exposure to photo-produced hydrogen peroxide causes extensive 
changes in bacterial gene expression profile during dark incubation. Center: Volcano 
plot showing fold-change of gene expression in I-DOMW compared to N-DOMW. 
Transcripts with significantly increase in expression between the groups (P.adj < 0.01; 
fold- change ≥ 2) are highlighted in red; lower: STRING analysis for significantly altered 
genes in each case for (A) E. coli (B) E. faecalis and (C) E. coli O157:H7. Total RNA was 
extracted from bacterial cultures collected at 0.5, 6, 12 and 24 h and used for WTS (n=2 
per group).  
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Figure 4.3. Peroxidase and catalase producing enzymes are significantly 
upregulated in E. coli upon exposure to photo-produced HOOH. Fold-change of 
selected transcripts for oxidative stress between I-DOMW and N-DOMW for (A) E. coli (B) 
E. faecalis and (C) E. coli O157:H7. (*P value <0.05, **<0.01, **<0.001) 
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Figure 4.4. Glycerol metabolism contributes to dark production of HOOH. Fold-
change of genes involved in the aerobic metabolism of glycerol via the glpK pathway 
between I-DOMW and N-DOMW for E. faecalis (*P value <0.05, **<0.01, **<0.001 
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Table 4.1: Number of differentially expressed genes (DEG) (P.adj <0.05) between 
bacteria incubated in I-DOMW and N-DOMW 

Bacteria Time (h)  
Upregulated 
genes in I-DOMW 

Upregulated genes in 
N-DOMW 

E. coli 0.5 76 88 
  6 10 5 
  12 3 4 
  24 0 0 
        
E. faecalis # 0.5 22 36 
  6 130 143 
  12 25 23 
  24 2 19 
        
E. coli 
O157:H7 0.5 47 6 
  6 21 7 
  12 0 0 
  24 1 0 

# p. value reported instead of p. adjusted due to low sample size (n=1) at 0.5 h for E. 
faecalis. 
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Figure 4S1. Linear regression of HOOH concentration on fecal bacteria 
concentration for (A) E. coli (B) E. faecalis and (C) E. coli O157: H7 (n=2 per group).  
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Figure 4S2: Extracellular HOOH concentration in irradiated spiked CFE (I-DOMW) 
controls (n =3, 1 per experiment) with no bacteria inoculation.  
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Figure 4S3. Exposure to HOOH contributes to indole production. Fold change in 
expression of tryptophan operon genes for E. coli O157:H7 in I-DOMW relative to N-
DOMW. Horizontal dash lines represent 2- fold change (***p.adj < 0.001).  
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Figure 4S4. Quorum sensing genes expression during dark incubation. Fold change 
in expression of LuxS regulated lsr operon for E. coli in I-DOMW relative to N-DOM. 
Horizontal dash lines represent 2- fold change (***p.adj < 0.001).  
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Figure 4S5. Expression of biofilm forming genes. Fold change in expression of csgBA 
operon (encoding curli) for E. coli in I-DOMW relative to N-DOMW. Horizontal dash lines 
represent 2- fold change (***p.adj < 0.001).  
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Table 4S1: Multivariate analysis of variance between bacteria incubated in I-DOMW 
and N-DOMW 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Bacteria 
Treatment 

effect F -  value 

Degrees of 
freedom 

(treatment, 
error) 

 

P. 
value 

E. coli µ 6 - µ 0.5 121 1, 2 0.0081 

  µ 12 - µ 6 13 1, 2 0.069 

  µ 24 - µ 12 0.4 1, 2 0.58 

     

E. faecalis µ 6 - µ 0.5 21.3 1, 2 0.043 

  µ 12 - µ 6 3.6 1, 2 0.19 

  µ 24 - µ 12 20.6 1, 2 0.045 

     

E. coli 
O157:H7 µ 6 - µ 0.5 1.1 1, 2 

0.40 

  µ 12 - µ 6 1.0 1, 2 0.42 

  µ 24 - µ 12 0.4 1, 2 0.57 
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ABSTRACT 

        Bacterial survival in aquatic ecosystems is dependent on the availability of resources 

such as dissolved organic matter (DOM) and the transformations that DOM undergoes by 

both by biotic and abiotic processes. Recent studies have shown that photo-degradation 

and microbial metabolism of DOM are the major sources of hydrogen peroxide (HOOH) in 

surface waters. Here we show that the removal and production of HOOH is critical for the 

survival or growth of laboratory strains of E. coli and Ent. faecalis. Most importantly, we 

observed a form of “exploitative competition” between these strains in co-culture 

microcosm experiments, where chorismate and arginine/ornithine served as shared public 

goods for the biosynthesis of enterobactin and polyamines. For this cooperative 

competition to be efficient, both bacteria increased the expression of genetic networks 

associated with oxidative stress, bacteriophage activation, non-ribosomal peptide 

production, plasmid virulence, toxin-antitoxin systems, quorum sensing, biofilm formation 

and antimicrobial resistance. We provide first time evidence of such cooperation between 

two distantly related species of bacteria.  
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INTRODUCTION 

        Fecal indicator bacteria (FIB) such as E. coli and enterococci are employed as 

indicators of water quality worldwide 1. Their use as surrogates for fecal contamination is 

based on several assumptions including their inability to proliferate in environments 

outside their primary hosts 2. However, several studies have reported FIB’s ability to grow 

and survive over a long period in secondary habitats 3-5. This poses a great challenge from 

a water quality monitoring stand-point, as observed increases in FIB concentration may 

stem from bacterial regrowth and not from a recent fecal contamination event 6.  

        The potential for FIB to grow or survive in extra-intestinal environments is dependent 

on several factors including resource availability in the form of dissolved organic matter 

(DOM) and DOM transformations mediated by sunlight. DOM represents a major source of 

nutrients in aquatic ecosystems and plays a major role in bacterial survival 7, 8. Further, 

exposure of DOM to solar radiation can lead to the formation of reactive oxygen species 

(ROS), which can alter bacterial cell redox homeostasis via oxidative stress  9, 10. We have 

previously shown that photo-produced hydrogen peroxide (HOOH) can limit the growth 

potential of Enterococcus faecalis, while E. coli has a robust mechanism to detoxify photo-

produced HOOH in microcosms11, 12.  

         HOOH is also produced via various pathways not involving sunlight 13. For example, 

Gram positive bacteria like Ent. faecalis metabolize glycerol aerobically through the 

oxidation of dihydroxyacetone phosphate by glycerol-3-P oxidase (glpO) 14. This enzyme 

uses molecular oxygen as the electron sink, which leads to the formation of HOOH. This 

form of dark production can be used by Ent. faecalis to gain a competitive advantage over 

other bacterial populations in aquatic habitats 15. The difference in survival strategy 

mechanisms suggests that the removal of high concentrations of exogenous HOOH may 
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be critical for survival and growth in the environment. More importantly, Enterococci may 

be reliant on efficient HOOH scavengers like E. coli12 to survive in the presence of photo-

produced HOOH. Therefore, we sought to determine whether E. coli HOOH scavenging 

ability enhances the growth potential of E. faecalis in the presence of exogenous HOOH, 

and to identify ways in which such an interaction may drive competition.   

       To understand the role of photo-produced HOOH and competition on the survival of E. 

coli and Ent. faecalis, we attempted to isolate the effect of HOOH using controlled 

microcosms of phosphate buffered water and natural stream water water spiked with 

extracts derived from cattle feces that were irradiated prior to inoculation with bacteria. 

Following bacterial inoculation, microcosms were incubated in the dark for 24 h. We 

employed high throughput RNA-Seq to investigate bacteria transcriptional changes after 

0.5, 3, 6 and 12 h of dark incubation, and NMR and GC/MS for untargeted analysis of 

intracellular and extracellular metabolites.  We show that E. coli can indeed increase the 

tolerance of Ent. faecalis in the presence of photo-produced HOOH and overall survival 

was dependent on exploitative and cooperative competition between the two of them. Our 

data suggest that E. coli has a greater capability to remove photo-produced HOOH and 

overall higher regrowth potential than Ent. faecalis.  

 

RESULTS AND DISCUSSION 

Extracellular HOOH is removed by different mechanisms in E. coli and Ent. faecalis. 

HOOH produced from (I-DOMW) decreased gradually for up to 12 h in the dark while 

measured FIB concentrations increased (Fig. 5.1A-C). Whole transcriptome analysis of 

RNA extracted from co-culture at 0.5, 3, 6 and 12 h indicated consistent transcriptional 

changes in both bacteria incubated in I-DOMW and N-DOMW compared to PBW (Table 
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5S1 and 5S2). Following inoculation into I-DOMW, there was a significant increase in 

expression of multiple transcripts associated with bacterial SOS response in E. coli and 

general stress response in Ent. faecalis (Fig. 5.1D). Bacterial SOS response is induced as 

a global response to DNA damage in which the bacterial growth cycle is halted and DNA 

repair and mutagenesis is activated. Among the genetic networks upregulated in I-DOMW 

compared to N-DOMW were genes important for oxidative stress in E. coli (Fig. 5.1E). 

These transcripts are under the control of an OxyR transcriptional regulator. Upon 

detection of deleterious concentrations of endogenous or exogenous HOOH, the oxyR 

gene induces the expression of multiple genes capable of removing HOOH (katG, ahpCF, 

trxC), sequestering free iron (dps) and replenishing iron-sulfur (Fe-S) clusters (sufABCD)10, 

15, 31. These genes were significantly upregulated for 12 h (>2-fold change [FC], P. adj < 

0.01) in I-DOMW compared to N-DOMW for E. coli (Fig. 5.1E). However, in Ent. faecalis 

transcripts associated with HOOH response were not significantly expressed in I-DOMW 

compared to N-DOMW (Fig. 5.1F), except the NADH oxidase (nox) gene, which suggested 

that E. coli was mostly responsible for the removal of exogenous HOOH.  

           To address this, we compared the growth of Ent. faecalis in a separate mono-

culture experiment to the co-culture experiments reported here. The growth rate of Ent. 

faecalis in co-culture doubled compared to that in mono-culture (Fig. 5S2, Table 5S3), 

suggesting E. coli may have played a beneficial role. Furthermore, in the absence of E. 

coli, HOOH accumulated in the growth medium of Ent. faecalis12. There was no difference 

in growth rate between E. coli incubated in mono-culture or co-culture. More importantly, 

photo-produced HOOH was below the limit of detection after 6 h of dark incubation in 

mono-culture12. In addition, there was also a significant increase in expression of oxyR 

regulated transcripts in I-DOMW compared to N-DOMW at 0.5 h in mono-culture of E. coli 
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(Fig. 5S4)11, 12. These results imply that E. coli has a greater ability to remove exogenous 

HOOH concentrations from their surrounding environment than Ent. faecalis.  

           In dark controls (no prior sunlight irradiation) we also measured micromolar levels of 

extracellular HOOH immediately upon inoculation of co-culture into N-DOMW or PBW, with 

a gradual decrease for 12 h (Fig. 5.1B and 5.1C). Dark production of HOOH could be 

related to glycerol metabolism by Ent. faecalis which is important for the synthesis of 

glycerol phosphate, an essential precursor for peptidoglycan formation32. This reaction 

involves glycerol facilitator protein (glpF), phosphorylated glycerol kinase (glpK), and 

phosphoenolpyruvate (PEP): a carbohydrate phosphotransferase system (PTS) for the 

phosphorylation of glpK 14, 33. This pathway uses molecular oxygen as the electron sink, 

which leads to the formation of HOOH as a by-product. We observed a significant increase 

in all 3 transcripts (glpF, glpO and glpK) involved in Ent. faecalis glycerol metabolism 

following bacterial inoculation (Fig. 5.1G; Fig. 5S6). Further, there was a significant 

increase in expression of thioredoxin reductase (trx) and peroxidase encoding transcripts 

(npr and ahpC) in N-DOMW and PBW compared to I-DOMW after 3, 6, and 12 h of dark 

incubation (Fig. 5.1F, Fig. 5S5). In comparison, an increase in expression of catalase 

(katG) and peroxidase (ahpCF) genes were only observed in PBW for E. coli (Fig. 

5S5A2).). In addition, transcripts belonging to the cytochrome (cydAB and appBAC) and 

hydrogenase family were significantly upregulated in N-DOM and PBW compared to I-

DOM for E. coli (Fig, 5.1H). Cytochrome systems play significant roles in oxidative stress 

and have been shown to exhibit strong catalase activity in E. coli 34, 35. 

          Given that there was no increase in expression of transcripts with peroxidase activity 

or concomitant decrease in extracellular HOOH for Ent. faecalis in mono-culture 
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experiments, we concluded that the observed upregulation of oxidative stress genes in N-

DOMW and PBW was driven by the presence of E. coli.   

          No study to our knowledge has reported on the mechanism of survival used by E. 

coli or enterococci under exposure to environmentally relevant HOOH concentrations. 

Nevertheless, studies that have investigated the transcriptomic response of E. coli or Ent. 

faecalis to exogenously added HOOH, have used millimolar concentrations in experiments 

done using single cultures36, 37. Our data implies that fecal bacteria growth is dependent on 

the efficient removal of exogenous HOOH from the surrounding environment via the 

induction of oxyR regulated genes.  

Competition controls E. coli and Ent. faecalis population dynamics. A competitive 

interaction between E. coli and Ent. faecalis was observed during dark incubation in 

DOMW. The concentration of Ent. faecalis decreased by ~3-log while E. coli decreased by 

< 1-log in N-DOMW (Fig. 5.1B). In I-DOMW, there was a ~3 h lag phase of no growth in 

Ent. faecalis, while E. coli showed ~0.5-log decrease in concentration (Fig. 5.1A). Our 

results were unexpected since such declines in growth was not observed in mono-culture 

experiments or PBW treatments with either E. coli or Ent. faecalis (Fig. 5S2). Further, in 

co-culture both bacteria could regrow after this short phase of decline or steady state. 

Consequently, we hypothesized that allelopathy was in play, via production of secondary 

metabolites such as bacteriocins, antimicrobial peptides, siderophores and toxins. 

Polyamines and Methylamines are essential for fecal bacteria survival. We employed 

Nuclear Magnetic Resonance Spectroscopy (NMR) and Gas Chromatography/Mass 

Spectrometry (GC/MS) for untargeted analysis of bacterial intracellular and extracellular 

metabolites during dark incubation in DOMW. There were significant differences in 

metabolites produced in I-DOMW compared to N-DOMW. Following co-culture inoculation, 
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there was a significant increase in intracellular putrescine production at 0.5, 3 and 6 h in N-

DOMW compared to I-DOMW (Fig. 5.2A). In contrast, spermidine production was 

significantly higher in I-DOMW compared to N-DOMW at 0.5, 3 and 6 h. Further, 

extracellular cadaverine was higher at 3 and 6 h in I-DOMW compared to N-DOMW (Fig. 

5.2B).   

        Polyamines are small polycationic molecules with a hydrocarbon backbone and 

multiple amino functional groups 38-40. They play diverse and important physiological roles 

including translation, gene regulation, stress resistance, cell proliferation and 

differentiation, quorum sensing, biofilm formation, production of secondary metabolites and 

virulence 38, 41, 42. In bacteria, putrescine, spermidine, spermine, and cadaverine are the 

most predominant polyamines; however, their intracellular concentrations may differ by 

bacterial strains 40. For example, the concentration of putrescine is higher in E. coli 

compared to almost all other types of bacteria where spermidine typically predominates 40. 

Putrescine biosynthesis in E. coli occurs via two pathways involving the decarboxylation of 

ornithine to putrescine by ornithine decarboxylase (speC) and arginine decarboxylation to 

agmatine by arginine decarboxylase (speA). Followed by conversion to putrescine by 

agmatine ureohydrolase (speB). In Ent. faecalis, putrescine production occurs via 

deamination of agmatine to carbomoyl putrescine by agmatine deaminase (aguA) 40, 43, 44 

(Fig. 5.2C1). In our study, we observed these transcripts to be differentially expressed for 

E. coli in I-DOMW and N-DOMW compared to PBW (Fig. 5.2C, Fig. 5S7 and 5S8). On the 

other hand, only genes required for arginine biosynthesis were significantly expressed in 

Ent. faecalis, suggesting that E. coli may be the major producer of putrescine in our study 

(Fig. 5.2B, Fig. 5S7). Further, when we compared the expression of these genes in mono-

culture experiments (Fig. 5S7A & B), we did not observe any significant differential 
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expression in putrescine genes implying that putrescine production may be prompted by 

competition from Ent. faecalis. Moreover, the puuR transcriptional regulator required for 

repressing putrescine degradation was significantly upregulated at 12 h in mono-culture 

experiments for E. coli. Given that putrescine offers many survival advantages to bacteria 

39, 41, their transport in and out of the cell may be regulated in both bacteria in a 

sophisticated manner. There was a significant increase in putrescine transport systems in 

E. coli especially the potFGHI and PuuP transporters in N-DOM (Fig. 5.2D2). For Ent. 

faecalis, spermidine transport is aided by four transporters (DR75_1350 – 1353), which 

share homology with the potABCD transport system of E. coli 40. These transcripts were 

significantly expressed in I-DOM compared to N-DOM at 6 and 12 h (Fig. 5.2E; Fig. 5S8), 

which suggests that Ent. faecalis was using spermidine produced by E. coli for survival 

under oxidative stress. In addition, E. coli can catabolize putrescine to succinate which can 

be used in the TCA cycle for adenosine triphosphate (ATP) synthesis 38, 45(Fig. 5.2D1). We 

observed a significant increase in genes required for putrescine catabolism at 0.5 and 3 h 

in PBW and 6 and 12 h in I-DOM and N-DOM, implying that succinate production from 

putrescine was more important in PBW than in DOMW during the first 3 h of dark 

incubation (Fig. 5.2D; Fig. 5S8).  

          Putrescine conversion to spermidine by spermidine synthase (SpeE) occurs in the 

presence of decarboxylated S-adenosyl methionine (SAM) 40. The speE gene was 

significantly upregulated at 0.5 h in I-DOMW and N-DOMW compared to PBW for E. coli, 

further corroborating NMR results (Fig. 5.2D, Fig. 5S8). Higher spermidine levels have 

been shown to correlate with increased survival in response to oxidative stress, including 

exposure to HOOH38, 46. In Shigella, it was demonstrated that high levels of spermidine 

stimulated the expression of OxyR, thus promoting the expression HOOH scavenging 
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genes. This process may also be at play in our study given that higher intracellular 

concentrations of spermidine was measured in I-DOMW samples (Fig. 5.2A). It is 

important to note that exogenous spermidine could become toxic to bacteria at a certain 

concentration38. To alleviate the stress from such exposures, some bacteria strains can 

convert spermidine to its inert form (acetylspermidine) by spermidine acetytransferase 

(speG or bltD) 38, 47. The bltD (DR75_161) gene in E. faecalis was significantly upregulated 

in PBW compared to I-DOMW at 12 h (Fig. 5.2E), suggesting that SpeG-mediated 

polyamine detoxification may be required for survival in PBW.  

        Cadaverine biosynthesis occurs in E. coli in the presence of lysine as a precursor 

amino acid, and at low pH or in the absence of putrescine44. Genes for lysine 

decarboxylase (cadA) and cadaverine antiporter (cadB) were significantly upregulated in 

PBW compared to I-DOMW or N-DOMW at 3, 6 and 12 h (Fig. 5S8C). This implies that 

cadaverine biosynthesis may be critical for survival in PBW. Cadaverine has been shown 

to facilitate E. coli survival in inorganic phosphorus limited medium and under acid stress 

by increasing the pH of the growth media 48.  

       Methylamines including trimethylamine oxide (TMAO), glycine betaine and 

glycerophosphoryl choline are important counteracting osmolytes produced by bacteria 

under diverse environmental stressors 49-53. Further, TMAO can be metabolized to small 

methylated amines like dimethylamine (DMA) 52, 53. In our study, intracellular bacterial 

concentrations of TMAO, glycine betaine, choline and DMA was higher in I-DOMW 

compared to N-DOMW at 0.5, 3 and 6 h, suggesting they offer some protective advantage 

under oxidative stress (Fig. 5.2A). Choline uptake in E. coli is facilitated by betT gene and 

choline can be converted to betaine by two genes encoding betaine aldehyde (betAB) 49, 54, 

55(Fig. 5.2F1). These genes were significantly upregulated in I-DOMW and N-DOMW 
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compared to PBW for the 12 h duration, implying that betaine was actively being produced 

from choline (Fig. 5.2F, Fig. 5S9B). To determine whether transcripts for betaine transport 

were significantly expressed in either E. coli or Ent. faecalis, we looked at the expression 

of betaine transport genes.  ProVW transcripts in E. coli were significantly upregulated in 

PBW and N-DOMW, whereas in Ent. faecalis betaine transport proteins were upregulated 

in I-DOMW compared to PBW for 12 h (Fig. 5.2F3, Fig. 5S9C). TMAO respiration is 

controlled by a two-component regulatory system (torRS) and its transport is mediated by 

the torD in E. coli 52. The torD gene was significantly expressed in I-DOMW and N-DOMW 

compared to PBW suggesting that E. coli might preferentially use TMAO over betaine as 

an osmoprotectant (Fig. 5S9A).            

            Our results show that methylamines are important metabolites produced by fecal 

bacteria and/or obtained from the environment under exposure to HOOH induced oxidative 

stress. More importantly, we provide evidence supporting Ent. faecalis as the major user of 

betaine in I-DOMW. This was also observed in mono-culture experiments were the proV 

gene (DR75_1341) was significantly upregulated >2-FC in I-DOMW compared to N-

DOMW at 0.5 h.  

Phages contributed to E. coli survival. The E. coli C3000 strain used in our study (>99 % 

homology with E. coli K-12) harbored 9 cryptic phages. Additionally, we found transcripts 

belonging to 6 prophages to be differentially expressed between the three treatments (I-

DOMW, N-DOMW and PBW) (Fig. 5.3A1-6). These included CP4-6, Qin, rac, CPS-53, 

DLP12 and CP4-44 prophages, which have been shown to help bacteria cope with diverse 

environments by improving stress tolerance, antibiotic resistance, biofilm formation or 

virulence 56-59. The CP4-6 and Qin prophage had the most differentially expressed genes 

for 12 h and the expression of these transcripts were significantly higher in N-DOMW 
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compared to PBW or I-DOMW (Fig. 5S10). Upregulated transcripts in N-DOMW for CP4-6 

and Qin prophages included several genes associated with biofilm formation, toxin- 

antitoxin (TA) system, arginine biosynthesis, peroxide resistance, iron transport, cold 

shock proteins, S-methionine biosynthesis, and DNA recombination (Table 5S1A, Fig. 

5S10). Further, CP4-6 possesses 4 insertion elements (IS) that are not prophage genes, 

but inserted into non-regulatory intergenic genes or pseudogenes. We observed these 

transcripts to be significantly upregulated in N-DOMW compared to PBW suggesting a 

form of active lysogeny or horizontal gene transfer (HGT) may be occurring (Fig, 5.3A1, 

Fig. 5S10A). This increased expression in IS elements with transposase activity and 

integrases (for prophage excision and insertion), was observed in other prophages 

including CPS-53 and DLP12 (Fig. 5.3A4 and 6). In active lysogeny, temperate phages 

integrated within bacterial functional genes, cooperate with their hosts to regulate the 

proper and timely expression of disrupted genes57. This seems to be the case for some 

cryptic phage genes in our study. For example, the ykfl gene in CP4-6 is a pseudogene 

(functionless toxin of a ykfl-yafW TA system), but was significantly expressed in N-DOMW 

for 12 h, providing further evidence for pseudogene activation (Fig. 5S10A; Fig. 5.5A2). 

Further, by activating this gene, it opens the possibility for transposable elements to be 

transferred between bacteria strains 60.  

        The integration of selfish replicators such as transposable elements, phages and 

conjugative plasmids can lead to high transcriptional and translational costs or even cell 

death 58, 61. Hence, bacteria have developed elegant systems that help confer resistance to 

foreign genetic elements e. g. CRISPR (clustered regularly interspaced short palindromic 

repeat), Cas (CRISP-associated) protein and ssRNA endonuclease 58, 62-64. CRISPR 

clusters contain sequences complementary to antecedent mobile elements and target 
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invading nucleic acids. These transcripts were significantly upregulated in N-DOM 

compared to PBW at 0.5 h, providing more evidence for HGT between E. coli populations 

(Fig. 5.3A7). Further, for bacteria to exploit the adaptive potential of foreign DNA and 

enable its integration into the host regulatory circuit, they have evolved a mechanism 

called xenogeneic silencing (XS)65. This mechanism relies on global regulatory proteins or 

nucleoid associated proteins to target and inhibit the expression of foreign DNA, when they 

are not required for survival. The H-NS type proteins are important XS proteins and are 

responsible for modulating the expression of over 700 genes in Salmonella 66. In our study, 

the hns gene was upregulated in PBW compared to I-DOMW or N-DOMW, whereas H-NS 

binding transcriptional regulators (hha and bglJ) were upregulated in N-DOMW and I-

DOMW compared to PBW (Fig. 5.3C). Consequently, the number of mobile genetic 

elements induced in DOMW treatments were higher than PBW treatments for E. coli 

(Table 5S1A).  

      Finally, we performed gene enrichment on all transcripts upregulated in N-DOMW 

compared to I-DOMW at 0.5 h for E. coli. We found the pathway for homologous 

recombination to be significantly enriched in KEGG pathways (P. adj.< 0.05) (Table 5.1) 

and transcripts for type IV pilus synthesis which are required for transformative transfer of 

genetic elements to be upregulated in N-DOMW (Fig. 5S13) 

Plasmid as a fitness cost to Ent. faecalis. Plasmids are extra-chromosomal genetic 

elements coding for a wide range of traits that allow bacteria to adapt to different 

environmental stressors and can spread horizontally among bacteria by conjugation. 

Plasmids can pose multi-level fitness costs on their bacterial host. The origin of this cost 

comes from plasmid metabolism including cytotoxic effects derived from the presence of 

the plasmid 61. Further, plasmid loss during segregation remains a major survival cost 
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even though bacteria have developed several mechanisms to limit this loss61, 67. The 

Ent. faecalis strain used here, carries two highly conjugative plasmids, hereafter 

referred to as plasmid 1 and 2. They both shared homology with the pAD1 plasmid of 

Ent. faecalis68, 69. Plasmid 1 was ~66kb in length and plasmid 2 was ~41kb and both 

encoded proteins for class II bacteriocins production (CylL) and plasmid maintenance 

system (ParA) 70 (Fig. 5S11). The cytolysin encoding transcripts in plasmid 1 were 

upregulated in I-DOMW at 0.5 and 3 h and at 6 and 12 in PBW (Fig. 5.4A). Bacteriocins 

are secreted to kill off closely related streptococcal species 71, 72, implying that Ent. faecalis 

cells carrying plasmid 1 may have some competitive advantage during those time points. 

Moreover, plasmid 1 also encodes a gene for cytolysin immunity (DR75_2991), this gene 

was significantly upregulated at 6 and 12 h for I-DOMW; providing more support for their 

role in Ent. faecalis virulence (Fig. 5.4A). The ParA protein is required for plasmid 

stability/maintenance 67-69 and their expression was significantly upregulated in I-DOM 

compared to PBW for both plasmids. By contrast, the parA gene of plasmid 1 was only 

significantly upregulated at 0.5 h for N-DOMW suggesting that segregational loss might be 

occurring in N-DOMW and PBW (Fig. 5.4A2). This was corroborated by culture results 

where we observed ~3-log decrease in Ent. faecalis population after 3 h dark incubation in 

N-DOMW (Fig. 5.1B).  

         Ent. faecalis strains carrying pAD1 plasmids possess a sex pheromone encoding 

protein (cAD1) that are expressed by cells that have lost their plasmids (recipient)68, 69. 

Donor cells upon detecting this quorum sensing signal, secrete aggregation substance 

(AS) that form clumps on their cell surface. Donor to plasmid-free recipient aggregates can 

efficiently exhibit plasmid transfer69. We found the cAD1 pheromone to be significantly 

upregulated in N-DOMW and PBW compared to I-DOMW for the 12 h duration, providing 
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more evidence for segregational loss of plasmid in these treatments (Fig. 5.4C). In 

addition, LPxTG cell anchor proteins which have been shown to participate in AS formation 

and are important for conjugative transfer of plasmids 73 were upregulated in I-DOMW and 

PBW compared to N-DOMW (Fig. 5.4A). Collectively, our results show that the presence 

of plasmids in E. faecalis played an important role in its survival dynamics.  

Toxin-antitoxin systems contribute to E. coli and Ent. faecalis population 

fluctuations. Bacteria toxin-antitoxin (TA) modules are genetic elements composed of a 

toxin protein component that disrupts bacterial growth by interfering with vital cell 

processes and an antitoxin that impairs the functionality of the toxin until this inhibition is 

abolished in response to cellular signaling 74-77. TA systems are classified based on the 

nature of the antitoxin or its mode of action, but so far, only type I and type II TA systems 

have been widely studied74, 78. Type II TA systems are sequence-specific 

endoribonucleases that inhibit DNA gyrase and translation and induce bacterial stasis or 

programmed cell death 74, 77, 79. These TA systems can give rise to two stable populations 

of bacteria, a small dormant population and a rapidly growing population 78. On the other 

hand, type I toxins are small proteins that form pores in bacterial membranes to collapse 

the proton-motive force and stop ATP synthesis74. We observed a significant differential 

expression of multiple type II TA modules in both E. coli and Ent. faecalis (Fig. 5.5A and B; 

Table 5S1). For E. coli, RelE and MazF TA families were significantly upregulated in I-

DOMW and N-DOMW compared to PBW. For example, the relBE TA system of E. coli 

which is carried on the Qin prophage was differentially expressed between N-DOMW and 

PBW. At 0.5 h, the toxin component (relE) of the relBE TA module was significantly 

upregulated in N-DOMW, while it’s antitoxic component relB was upregulated in PBW. As 

expected, at 3 h, we observed the exact opposite; relB was upregulated in N-DOMW and 
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relE was upregulated in PBW (Fig. 5.5A2). This time point (3h) corresponds with the start 

of growth in N-DOM, while in PBW E. coli experienced a slow die-off, suggesting the 

antitoxin was required for growth resumption in N-DOM. In addition, we identified type I TA 

system (symE/symR and tisB/istR) to be upregulated in I-DOMW compared to PBW at 0.5, 

3, and 6 h for E. coli (Fig. 5.5E).  

          For Ent. faecalis, MazF and Doc TA families were the type II TA modules found to 

be differentially expressed. The death on curing (doc) toxin and phd antitoxin were 

significantly upregulated at 0.5, 6 and 12 h in N-DOMW relative to PBW while in I-DOMW 

they were only upregulated at 0.5 h (Fig. 5.5B). Further, plasmid 2 encodes a yafQ/dinJ TA 

(RelE family) which were upregulated at 6 and 12 h for I-DOMW and N-DOMW. Overall, 

for Ent. faecalis no TA system was obersved to be significantly expressed at 3 h, the time 

point which growth resumed suggesting TA modules play an essential role in controlling 

Ent. faecalis population.  

           TA modules are controlled by transcriptional and post-transcriptional regulation, as 

well as antitoxin degradation74. In E. coli, type I TA modules are activated by SOS and 

stringent stress response (ppGpp), while type II antitoxins are degraded by proteases (Lon 

and Clp) in response to ppGpp or oxidative stress74, 77, 78. These TA regulators (spoT and 

RelA - ppGpp synthetases, ObgE encoding GTPase, and Crp - cAMP-activated global 

transcriptional regulator) to be significantly upregulated in I-DOMW and N-DOMW 

compared to PBW (Fig. 5.5F). The clpS and clpA proteases were upregulated in I-DOMW 

compared to PBW, while Lon was only upregulated at 3 h in N-DOMW (Fig. 5.5C). There 

was also significant differential expression in proteases for E. faecalis. For instance, the 

clpC, clpE and clpP were all significantly upregulated in N-DOM at 0.5 h, while clpX was 

significantly upregulated in I-DOM at 6 and 12 h compared to PBW (Fig. 5.5D). The 
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general stress proteins (gspA- 1 and gspA-2) and ppGpp were upregulated in I-DOMW 

compared to PBW (Fig. 5.5G). Our results provide supporting evidence on the significant 

role played by TA modules in bacteria survival and persistence 74, 78.  

Adaptive resistance as a major means of survival in E. coli and Ent. faecalis. Bacteria 

respond to environmental cues such as non-lethal doses of ROS, antimicrobials, nutrient 

limitation, and temperature by quantitatively and qualitatively modulating their 

transcriptome. Such responses can prolong their survival and, more importantly, enhance 

resistance to higher doses of the same stressor or other stressors 37, 80. This form of 

adaptive resistance has been implicated in the phenotypic conversion of bacteria to 

persister cells, a concept known as responsive diversification74. Numerous factors beyond 

TA modules, phages and plasmids have been proposed to participate in the adaptive 

response in bacteria81-83.  

         Unsupervised analysis of whole transcriptomic expression 24 showed a significant 

increase in the network of transcripts involved in the production of secondary metabolites 

in DOMW treatments for E. coli and Ent. faecalis (Fig. 5.6A; Fig. 5S12). Bacteria 

secondary metabolites (e.g. nonribosomal antimicrobial peptides (NRP), siderophores, 

polyamines, toxins, pigments, etc.) are low molecular mass products that are not essential 

for growth but mostly produced during the stationary phase of growth of the producing 

cell84, 85. Supporting this hypothesis, we found genetic networks for NRPs and siderophore 

production to be significantly upregulated in N-DOMW and I-DOMW compared to PBW 

(Fig. 5.1D, Fig. 5.6A, Fig. 5S12, Table 5.1, Table 5S1). NRPs are structurally diverse and 

are short (2 to about 50 amino acids). They contain amino acids different than the classical 

20 (non-proteinogenic) and are synthesized by large enzymatic complexes called non-

ribosomal peptide synthetases (NRPSs)85. These NRPSs are modularly organized and 
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genes coding for them are in operons or clusters86. Three main modules are required for 

NRP synthesis; they include initiation module (adenylation and thiolation domain), 

elongation module (condensation domain) and the release module (thio-esterase 

domain)85-87. This was the case in our study, as several genetic networks required for their 

biosynthesis were differentially expressed. These included transcripts for pyrimidine 

nucleoside synthesis, cellular nitrogen compound synthesis, pyruvate metabolism, quinone 

oxidoreductase, alcohol metabolism, chorismate biosynthesis, arginine biosynthesis and 

oligopeptide transport for Ent. faecalis at 0.5 h and E. coli at 3 h in N-DOMW (Fig. 5.6A, 

Fig. 5S12). In addition, metabolomics results revealed a significantly higher intracellular 

concentration of isoleucine in N-DOMW compared to I-DOMW at 0.5 and 3h suggesting 

they may be important non-ribosomal amino acids (Fig. 5.2A). This was corroborated by 

gene enrichment analysis on DEG for E. coli. Among the genes enriched for secondary 

metabolite production were transcripts for leucine, valine and isoleucine biosynthesis, 

further supporting their role in NRP synthesis (Table 5.1).  

          Increased expression in transcripts for chorismate, pyruvate, and arginine 

metabolism was likely a modification step where the peptide can be glycosylated, acylated, 

halogenated, or hydroxylated88. In addition, arginine and chorismate seem to be important 

“public goods” that were used to produce other metabolites, which could be incorporated 

into NRPs during this modification stage. For example, the arcB and argF gene in the 

arginine synthesis pathway converts carbomoyl phosphate to citrulline (Fig. 5.2B), an 

important component of the polypeptide antibiotic called Enramycin88. This antibiotic acts 

as an inhibitor of peptidoglycan biosynthesis in Gram-positive bacteria89.  

         The production of chorismate via the shikimate pathway can be used to produce 

enterobactin 90(Fig. 5.6C1) the strongest siderophore known to bind ferric ion91. Both E. coli 
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and Ent. faecalis have the shikimate pathway (Fig. 5.6B1). Transcripts for this pathway 

were significantly expressed in both bacteria (Fig. 5.6B2-3). However, the production of 

enterobactin has been more commonly reported to be present in Gram-negative 

bacteria91. We found all the genes required for the synthesis and transport of enterobactin 

to be significantly upregulated in I-DOMW and N-DOMW for 12 h (Fig. 5.6C; Fig. 5S14B). 

It is important to note that public goods such as siderophores can be available to non-

producers in a community for use92, 93, which suggest that cooperative competition94-96 may 

be in play between Ent. faecalis and E. coli in our study. 92Scholz and Greenberg 

demonstrated that enterobactin mutant E. coli could grow well in low-iron medium 

supplemented with enterobactin and these mutants could compete equally with wild type 

cells at high cell densities.  Furthermore, the authors showed that the growth rate of the 

wild type was unaffected by cell density. In our study, the growth rate of Ent. faecalis 

increased in the presence of E. coli compared to its absence, whereas E. coli growth rate 

did not statistically change between mono-culture and co-culture (Fig. 5S2; Table 5S3). 

This suggests that Ent. faecalis may have made use of this public good. Iron –sulfur 

dependent serine dehydratase proteins (sdaAA and sdaAB) and seryl tRNA synthetases 

gene (serS) were significantly upregulated in N-DOM compared to I-DOMW at 0.5, 3 and 6 

h (> 2-Fold Change) but were not differentially expressed in mono-culture (Fig. 5.6D; 

Oladeinde et al., 2016b). These transcripts are involved in many processes including the 

catabolism of L-serine to pyruvate and ammonia and biosynthesis of antibiotics and 

secondary metabolites55. Serine/proline was also a significant extracellular metabolite 

detected at 3 and 6 h in I-DOMW and N-DOMW (Fig. 5.2B).  L-serine is regarded as the 

most effective amino acid inhibitor against bacterial growth and can sensitize E. coli cells 

to gentamicin and fluoroquinolones97, 98. 98Duan et al. showed that L-serine can disrupt Fe-
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S clusters and increase the production of endogenous ROS in E. coli. Further, an ∆sdaA 

mutant of Campylobcter jejuni was not able to support growth on or utilize L-serine in a 

defined medium99. Collectively, these results support the hypothesis that lactic acid 

bacteria, while not requiring iron to stimulate growth, can use it to produce heme and Fe-S 

cluster dependent proteins100. More importantly, the transcription of these genes in our 

study seemed to be a competitive mechanism promulgated by the presence of E. coli. 

  Genes responsive to the production of NRPs were significantly upregulated in I-

DOMW and N-DOMW compared to PBW. These genetic networks are associated with 

antimicrobial resistance including beta-lactam resistance, peptidoglycan synthesis, 

multidrug efflux pumps, tryptophan biosynthesis, bleomycin/glyoxalases resistance, 

quorum sensing, biofilm formation and DNA recombination/replication (Fig. 5.7, Table 5.1, 

Fig. 5S15 and 5S16, Table 5S1).  

E. coli and Ent. faecalis differ in regrowth potential under sunlight exposure.  

Interactions between co-cultures were also tested in outdoor mesocosm experiments. We 

hypothesized that exposure of mesocosms to direct sunlight would inactivate E. coli and 

Ent. faecalis while increasing production of HOOH. Further, the removal of photo-produced 

HOOH would be critical for E. coli and Ent. faecalis to re-grow.  To address this, filter 

sterilized (0.2 μm pore size) stream water (with ~4 – 5 mg L-1 DOC) was spiked with CFE 

and exposed to natural sunlight for 4 h to initiate HOOH production prior to co-culture 

inoculation (~106 CFU mL-1 of each bacterium) in the dark. Following inoculation, 

mesocosms were incubated in the dark for 20 h before the next cycle of sunlight exposure 

and dark incubation (experimental design - Fig. 5S18). For the 72-h cycle, we observed a 

diel pattern of daylight die off and overnight regrowth in E. coli populations, while Ent. 

faecalis populations remained at steady state conditions overnight and died off during 
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daylight (Fig. 5.9A and B). Following inoculation, photo-produced HOOH concentrations 

declined in the dark for the first 20 h, and remained below our MDL for the 72-h cycle. 

However, in exposed controls (sunlight + stream water only + bacteria) HOOH was 

detected at micro-molar levels throughout the experiment and Ent. faecalis was never 

detected after the first cycle of direct sunlight exposure (Fig. 5.9A and B). In unexposed 

DOMW mesocosms (no sunlight + DOMW+ bacteria), E. coli re-grew after 28 h of dark 

incubation while Ent. faecalis exhibited a steady state or decline in population (Fig. 5S19A 

and B). In addition, extracellular HOOH was below our MDL after 24 h of dark incubation. 

In contrast, HOOH was detected after 52 h period in unexposed controls (no sunlight + 

stream water only + bacteria) and Ent. faecalis experienced a gradual decline in 

population, whereas E. coli re-grew after 24 h. Collectively, our results suggest that DOM 

addition to stream water facilitated a longer survival time and regrowth of E. coli and Ent. 

faecalis in co-culture.   

        Our results clearly show that DOM addition to stream water aided in a longer survival 

and regrowth of fecal bacteria. We investigated, if this effect was associated with the 

degradability of DOM present by sunlight or by bacterial interactions. Biodegradation and 

photodegradation of DOM can lead to the conversion of DOM to inorganic compounds and 

its subsequent loss from the water column, and to the alteration of DOM chemical 

composition 115. We measured the specific UV absorbance at 254nm (SUVA254), a proxy 

for DOM aromaticity and molecular weight. The initial SUVA254 values for exposed and 

unexposed DOMW mesocosms were below 1 L Mg-C−1 m−1, which suggests that a large 

fraction of available DOM is composed of low molecular weight, aliphatic compounds that 

may not absorb at 254 nm. In the dark, SUVA254 values decreased in exposed and 

unexposed DOMW treatments, consistent with biodegradation preferentially removing low 
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molecular weights compounds – via conversion to CO2. In controls, however, SUVA254 

decreased and increased with no clear trends throughout the experiment (Fig. 5.9C and D; 

Fig. 5S18C and D). The observed increases possibly reflect transient DOM pools made up 

of degradation byproducts that were subsequently consumed and/or transformed 115.    

CONCLUSION 

       We show here that the removal of HOOH is critical for E. coli and Ent. faecalis survival 

and its removal is dictated by the source of HOOH and the strain of bacteria. When 

exogenous HOOH was produced from sunlight irradiation of DOM, we found transcripts 

responsible for HOOH removal to be significantly up-regulated in E. coli, whereas such 

genes showed no significant changes in Ent. faecalis. Conversely, when the source of 

extracellular HOOH was microbial in origin (e.g., dark production) the expression of these 

transcripts increased significantly in Ent. faecalis. In addition, Ent. faecalis increased the 

expression of transcripts involved with the aerobic metabolism of glycerol, a process that 

produces HOOH as a by-product12. Our results provide supporting evidence that these 

genes may be restricted to the removal of endogenously produced HOOH in Ent. faecalis 

116.   

        Competition plays a significant role in controlling bacterial populations95. Here, we 

showed that in the absence of an exogenous stressor like HOOH, E. coli and Ent. faecalis 

increased the number of genes expressed for survival. Further, we demonstrated that this 

increase was attributable to competition from either bacterium in co-culture. Most 

importantly, we observed an increase in growth rate for Ent. feacalis in co-culture with E. 

coli compared to mono-culture, suggesting a type of cooperative competition. This form of 

competition is suggested to enable bacterial strains to coexist in the same niche in an 

“exploitative relationship”95. For this type of competition to exist, the Black Queen 
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Hypothesis proposes that, in a group of species in which a public good is required, if all but 

one species loses the ability to produce it, the producing species must ramp up production 

to avoid its own extinction, even if it benefit its competitors95, 117, 118. Similar equilibria were 

observed between Ent. faecalis and E. coli in our study. Chorismate and arginine/ornithine 

were important public goods provided by Ent. faecalis, while E. coli produced enterobactin 

and putrescine, among others. This was supported with mono-culture results, where 

transcripts for chorismate and arginine biosynthesis were only differentially expressed at 

0.5 h in N-DOMW for Ent. faecalis. By contrast, these transcripts were significantly 

upregulated for the 12 h period in N-DOMW compared to I-DOMW in co-culture. The 

overall benefit of such cooperation is accessibility to more nutrients and cost saving in 

terms of public good production95.  

        More broadly, our results suggest that E. coli and Ent. faecalis do differ in their 

mechanisms for survival under photo-produced HOOH stress and in competition with 

eachother. We believe this afforded them the ability to coexist in our co-culture 

microcosms and mesocosms and achieve stable population. Moreover, E. coli and Ent. 

faecalis are distantly related species, suggesting that their metabolic niches may not 

overlap95. We recognize that the dynamics shown here may not directly mimic the natural 

environment where several other factors might be in play including temperature, protozoan 

predation, and other competitors. Nevertheless, our study provides for the first time 

invaluable insights on the role of HOOH as direct regulator of bacterial growth and the 

competition dynamic between on two important laboratory strains of indicator bacteria.  
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  H1 

              
  H2 

           

Figure 5.1. Hydrogen peroxide controls fecal bacteria survival dynamics and causes 
extensive changes in gene expression profile of E. coli. (A, B, and C) E. coli and Ent. 
faecalis concentration were determined at 0.5, 3, 6, 12 and 24 h during dark incubation 
and filter sterilized with a 0.22µm syringe filter for extracellular HOOH determination (n = 3 
per group). Green dashed lines represent extracellular HOOH concentration during dark 
incubation in (A) I-DOMW (B) N-DOMW and (C) PBW in the presence of both E. coli (red 
solid line) and Ent. faecalis (blue solid line). Growth rates per time point per group are 
plotted on the y-axis (dark circles). Error bars represent standard errors. *denotes 
significant difference in growth rate between E. coli and Ent. faecalisper time point (*P 
value <0.05, **<0.01, ***<0.001). (D to H) Total RNA was extracted from co-cultures 
collected at 0.5, 3, 6 and 12 h and used for whole transcriptome sequencing (WTS) (n=2 

Upregulated in 
PBW 

Upregulated in 
N-DOMW 
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per group). (D) STRING analysis for significantly altered transcripts in IDOM-W compared 
to N-DOMW for E. coli (1) and (2) Ent. faecalisat 0.5 h (fold-change ≥ 2; P. padj < 0.01). 
Fold-change of selected OxyR regulated genes in I-DOMW compared to N-DOMW for (E) 
E. coli and (F) Ent. faecalis for the 12 h duration. (*P value <0.05, **<0.01, ***<0.001) (F) 
Fold-change of genes involved in the aerobic metabolism of glycerol via the glpK pathway 
between I-DOMW and N-DOMW for Ent. faecalis(H) Heatmap for cytochrome and 
hydrogenase genes differentially expressed between (1) I-DOMW and (2) N-DOMW for E. 
coli. The color scale shows fold-change compared to PBW 
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B . GC/MS Metabolites Identified in Media 
I-DOMW vs. N-DOMW 

 
Time 

  
  

Metabolite 0 h 3 h 6 h 12 h 
Alanine + - + - 

C16 fatty acid   + + + 
C18 fatty acid +   + + 
Cadaverine   + +   

Citrate  + + +   
FAMES (long chain)   - + + 

Fumarate   + +   
Glucose + - + + 

Glutamate   + + + 
Glutamic acid   + -   

Glycine + + + - 
Homocysteine - - -   
Phenylalanine     +   

Phosphate - 
 

- - 
Purine(s)   + + - 
Pyruvate +   +   

Serine/proline   + +   
Succinate   + +   

Sugar phosphates   + +   

Increase in I-DOMW Increase in N-DOMW 

A 
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Figure 5.2. Production of secondary metabolites aids in E. coli and Ent. faecalis 
survival. Intracellular and extracellular metabolites were extracted from co-culture of E. 
coli and Ent. faecalisat 0.5, 3, 6, and 12 h during dark incubation (n= 6 per treatment) and 
analyzed by NMR and GC/MS. (A and B) Representative 1H NMR spectra (A) and top 20 
peaks identified on GC/MS (B) in I-DOMW compared to N-DOMW. (Abbreviations: Glu-
Glucose, TMAO-Trimethylamine-oxide, DMA- Dimethylamine, val- Valine, Ile- Isoleucine, 
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leu- Leucine, Pro-Proline, Thr-Threonine, Ala- Alanine, oxoG- oxoglutarate, MurNac- N-
Acetylmuramic acid). (C) Pathway for polyamine production and transport via (1) Arginine 
and (2) Ornithine biosynthesis (bold gene name denotes gene was differentially expressed 
between treatments and red font in gene names denotes the presence of similar pathway 
genes in E. coli and Ent. feacalis). (D) Heatmap for putrescine/spermidine biosynthesis (1) 
and transport (2) transcripts in N-DOMW compared to PBW for E. coli. Color scale shows 
fold-change compared to PBW. (E) Fold-change in putrescine/spermidine transport 
transcripts in I-DOMW compared to PBW for Ent. faecalis(F) Pathway for Glycine betaine 
biosynthesis and transport (1) and fold-changes in pathway genes expressed between I-
DOMW and PBW (2) for E. coli (3) and Ent. faecalis.  
(*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5.3. Bacteriophages are important survival elements for E. coli. (A1-7) Fold-
change in cryptic phage (1-6) and (7) CRISP-R genes significantly upregulated in N-
DOMW compared to PBW at 0.5 h for E. coli. (B) Fold-change in DNA recombination 
regulatory proteins in (1) I-DOMW and (2) N-DOMW compared to PBW for E. coli.  
(*P value .<0.1. *<0.05, **<0.01, ***<0.001; Brackets represent significant difference 
between I-DOMW and N-DOMW) 
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Figure 5.4. Conjugative plasmids contributed to Ent. Faecalis fitness. (A and B) Fold-
change in differentially expressed genes carried on (A) plasmid 1 and (B) plasmid 2 of Ent. 
faecalis in (1) I-DOMW and (2) N-DOMW compared to PBW. Gene names represents 
protein class or family, and number in gene names denotes associated NCBI locus_id. (C) 
Fold-change in sex pheromone (cAD1) protein in I-DOMW and N-DOMW compared to 
PBW.  
(*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5.5: Toxin- antitoxin (TA) systems played an important role in regulating E. 
coli and Ent. faecalis populations. (A and B) Fold-change in selected type 2 TA genes 
for (A) E. coli and (B) Ent. faecalisin (1) I-DOMW and (2) N-DOMW compared to PBW. (C 
and D) Fold-change in known type 2 antitoxin proteases for (C) E. coli and (D) Ent. 
faecalisin (1) I-DOMW and (2) N-DOMW compared to PBW. (E) Fold-change in selected 
type 1 genes for E. coli in (1) I-DOMW and (2) N-DOMW compared to PBW (F and G) 
Fold-change in known TA regulatory proteins for (F) E. coli and (G) Ent. faecalisin (1) I-
DOMW and (2) N-DOMW compared to PBW.  
(*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5.6: Chorismate is a public good used for the synthesis of secondary 
metabolites. (A) STRING analysis for significantly altered transcripts in NDOM-W 
compared to I-DOMW for Ent. faecalisat 0.5 h (Fold-change ≥ 2; P. padj < 0.01). (B1-3) (1) 
Shikimate pathway (red font in gene names denotes the presence of similar pathway 
genes in both bacteria). Fold-change in pathway genes for (2) E. coli and (3) Ent. 
faecalisin I-DOMW compared to N-DOMW. (C1-3) (1) Pathway for enterobactin 
biosynthesis via chorismate (2) Heatmap for enterobactin biosynthesis and transport 
genes in (1) I-DOMW and (2) N-DOMW compared to PBW. Color scale shows fold-change 
compared to PBW. (D) Fold-change in selected iron-sulfur dependent serine proteins for 
Ent. faecalisin I-DOMW compared to N-DOMW.    
 (*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5.7: Adaptive response was a major survival mechanism employed by E. coli 
and Ent. faecalis. (A – C) Fold-change in selected transcripts for (A) 
Peptidoglycan/penicillin biosynthesis (B) Multidrug efflux pumps at 0.5 h and (C) 
Antimicrobial resistance/regulation for E. coli in I-DOMW and N-DOMW compared to PBW. 
(D) Fold-change in transcripts for tryptophan biosynthesis in I-DOMW compared to N-
DOMW for E. coli. (E) Heatmap of selected genes required for biofilm formation in N-DOM 
compared to PBW for E. coli. Color scale shows fold-change compared to PBW. (F and G) 
Fold-change in selected transcripts for (F) Beta-lactam resistance/quorum sensing at 0.5 h 
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and (G) Antimicrobial resistance/regulation in I-DOMW and N-DOMW compared to PBW 
for Ent. feacalis. 
 (*P value .<0.1. *<0.05, **<0.01, ***<0.001; Brackets represent significant difference 
between I-DOMW and N-DOM) 
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Figure 5.8. Removal of extracellular HOOH is critical for fecal bacteria to survive or 
re-grow. Outdoor mesocosm study was conducted to investigate the interacting effects of 
direct sunlight and DOM.  Filter sterilized stream water was spiked with CFE and exposed 
to natural sunlight for 4 h to initiate HOOH production prior to E. coli and Ent. faecalisco-
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culture inoculation in the dark Following inoculation, mesocosms were incubated in the 
dark for 20 h before the next cycle of sunlight exposure and dark incubation. (A and B) 
Water samples were collected 0.5, 4, 24, 28, 48, 52 and 72 h for bacteria concentration, 
extracellular HOOH, DOC, and UV-Vis measurement. Grey shaded rectangles represents 
when mesocosm was in the dark whereas white rectangles represents exposure to direct 
sunlight. Green solid or dashed lines represent extracellular HOOH concentration in (A) 
DOM spiked mesocosm (treatment) (B) Unspiked mesocosm (control) in the presence of 
both E. coli (red solid or dashed line) and Ent. faecalis (blue solid or dashed line). Dotted 
black line represents HOOH method detection limit of 250nM. Growth or die-off rates per 
time point per group are plotted on the y-axis (dark circles). (C and D) Specific Ultraviolet 
absorbance (SUVA) of DOM present post-irradiation, 0.5, 4, 24, 28, 48, 52 and 72 h was 
determined by dividing their absorption coefficient at 254nm by DOC concentration. (C) 
SUVA254 (L Mg-C−1 m−1) over time in treatment and (D) control.  
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Table 5.1: Gene set enrichment analysis on differentially expressed transcripts (P. 
value < 0.05) in N-DOMW compared to I-DOMW for E. coli. 
                        0.5 h                 3 h          6 h                    12 h 

Oxidative 
phosphorylation 

Ribosome Oxidative 
phosphorylati

on 

Degradation of aromatic 
compounds 

Flagellar assembly Oxidative 
phosphorylation 

Flagellar 
assembly 

Phenylalanine 
metabolism 

Homologous 
recombination 

Metabolic pathways Ribosome Microbial metabolism in 
diverse environments 

Nitrotoluene degradation Biosynthesis of 
secondary 
metabolites 

Bacterial 
chemotaxis 

Fatty acid degradation 

Alanine, aspartate and 
glutamate metabolism 

Beta-Lactam 
resistance 

  Pyruvate metabolism 

Nitrogen metabolism Carbon metabolism   Starch and sucrose 
metabolism 

Metabolic pathways Citrate cycle (TCA 
cycle) 

  Beta-Alanine 
metabolism 

  Pyrimidine 
metabolism 

  Geraniol degradation 

  RNA polymerase   Butanoate metabolism 
  Biosynthesis of 

amino acids 
  Metabolic pathways 

Note: Only top 10 enriched KEGG pathways are reported (P. adj < 0.05)  
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Materials and methods 

Indoor Microcosm 

Cattle Fecal Extract Preparation. Fresh fecal samples were collected from 5 individual 

cows from a commercial farm in northeast Georgia on July 13, 2013. Approximately 100g 

of feces from each cowpat were composited and homogenized by hand. Composited 

cowpats were saved at -20oC and served as the source of DOM throughout our study. A 

1:10 fecal slurry was made in 0.85% KCl, and mixed for 1 h in a multi-wrist shaker model 

3589 (Labline Scientific Instruments, Mumbai, India). The resulting fecal slurry was then 

centrifuged twice at 4000 x g for 10 min and the resulting supernatant was saved and 

referred to as cattle fecal extract (CFE). CFE was sequentially filtered through 

polycarbonate membrane filters with pore sizes of 1.2 μm, 0.45 μm and 0.2 μm, and a 

diameter of 47mm. Filtered CFE was then spiked into autoclaved phosphate buffered 

water (PBW) to concentrations mimicking nutrient inputs from direct fecal deposition into 

streams using a value of 32.48±1.52 mg L-1 as a proxy. The absence of bacteria and lytic 

phages in CFE was confirmed by culturing 100 μl of CFE in Brain Heart Infusion (BHI) 

broth and conducting a double agar overlay assay 14, respectively. For the overlay assay, 

bacteria strains used in the present study were used as phage hosts. Thereafter, CFE 

spiked water was divided into two volumes with one receiving solar radiation (Irradiated 

Spiked Water (I-DOMW)) and the other as a dark control (Non-irradiated Spiked Water (N-

DOMW)). 

Inoculum Preparation. Overnight cultures of E. coli C3000 (American Type Culture 

Collection (ATCC) 15597; hereafter referred to as E. coli) and Enterococcus faecalis 

(ATCC 29212; hereafter referred to as Ent. faecalis were grown for 1.5 h to mid-logarithm 
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phase (OD600 of 0.1) in BHI broth. Each culture was centrifuged at 4000 x g for 5 min and 

washed twice in PBW. Thereafter, serial dilutions were made to the desired 

concentrations. 

Solar irradiation and co-culture inoculation. The experimental design used has been 

described previously (Oladeinde et al., 2016 a and b). Solar irradiations were performed in 

an Atlas SunTest CPS/CPS+ solar simulator (Atlas Materials Testing Technology, 

Chicago, IL) equipped with a 1 kW xenon arc lamp. Samples were irradiated using a 1 L 

jacketed Pyrex beaker (Ace glass, Vineland, NJ). Following irradiation, bacteria were 

individually inoculated into I-DOMW, N-DOMW and PBW for a final concentration of ~104 

CFU mL-1 for each bacterium (Fig. 5S1). Fifty milliliters of each treatment were dispensed 

into sterile 250 ml Erlenmeyer flasks and incubated at 25oC in an incubator shaker at 150 

rpm (Innova 4230, New Brunswick Scientific, Edison, NJ). Samples were randomly 

selected at 0.5, 3, 6 and 12 h for microbiological analysis, measurement of extracellular 

HOOH, RNA-Sequencing, and metabolomics (see supplemental information).  

Microbiological Analysis. One ml samples were serially diluted in PBW in duplicate and 

quantified on selective media by membrane filtration.  E. coli and Ent. faecalis were 

quantified by culture methods using modified mTEC agar (EPA method 1603) and mEI 

agar (EPA method 1600), respectively.  

Extracellular HOOH measurement. HOOH concentration before and after bacterial 

inoculation was quantified using the copper-DMP spectrophotometric method 15. HOOH 

reduces copper (II) ions to copper (I) ions in the presence of excess 2, 9- diemethyl-1, 10-

phenanthroline (DMP). The copper (I) forms a bright yellow cationic complex with DMP at 

a maximum absorbance of 454 nm. Samples were filter sterilized using 0.22 μm PVDF 

membrane syringe filter to get remove bacteria prior to measuring HOOH. Absorbance 
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readings in I-DOMW and N-DOMW were normalized against N-DOMW controls (no 

bacteria inoculation). A calibration curve was constructed by plotting concentration of 

known ACS grade H2O2 (Sigma Aldrich Corp. MO, USA) solution versus the absorbance at 

454 nm of the product formed by the reaction of the solutions with copper sulfate and 

DMP. Absorbance at 454nm was read on a Nanodrop ND 1000 Spectrophotometer 

(Thermo Fisher Scientific, MA, USA). Two separate calibration curves were used 

throughout the experiment.  

RNA isolation. Forty-five milliliters of co-culture samples were filtered through 0.45 μm 

pore size isopore membranes (EMD Millipore, Billerica, MA). Filters were folded inwards 

and saved in a lysing matrix B tube (MP Biomedical, Solon, OH). Tubes were kept at -80oC 

for 2 weeks prior to total RNA extraction. RNA extraction was performed on two biological 

replicates with the FastRNA Pro Blue kit for microbes (MP Biomedical, Solon, OH) per the 

manufacturer’s instructions, except that the bead-beating step was repeated twice at 6.5 m 

s-1 for 60 s. Following extraction, ethyl alcohol precipitation of RNA at -80oC was carried 

out overnight for 18-24 h. Total RNA was resuspended in 50 μL DEPC treated water and 

concentrated using a vacufuge (Eppendorf, NY, USA) with no heat treatment for 1 h. RNA 

pellet was rehydrated with 20 µl DEPC treated water and treated with 4U DNA-free DNase 

(Life Technologies, Grand Island, NY) to remove genomic DNA contamination. Recovered 

RNA was quantified with a Nanodrop ND 1000 spectrophotometer (Thermo Fisher 

Scientific, MA, USA), examined for quality on an Agilent Bioanalyzer, and stored at -80oC 

until used for RNA-seq.  

mRNA enrichment. Twenty microliters of DNase treated RNA was pelleted as described 

earlier and reconstituted in 15 µl 1 X TE buffer. Bacterial 16S and 23S ribosomal RNA 

removal was completed using MICROBExpress Bacterial mRNA Enrichment Kit (Life 
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Technologies, Grand Island, NY) per manufacturer’s instruction but with half of the 

suggested reaction volumes. The recovered mRNA was quantified using Nanodrop ND 

1000 spectrophotometer (Thermo Scientific, Waltham, MA).  

cDNA library preparation. cDNA synthesis was performed on enriched mRNA using the 

KAPA stranded RNA-seq library preparation kit (Kapa Biosystems, Inc. MA, USA) with a 

few modifications. Half the suggested reaction volumes were used throughout. RNA 

fragmentation was completed in a thermocycler at 87.5oC for 6 min. Adapterama I 

adapters and primers 16 were used for ligation and PCR amplification reactions at a final 

reaction concentration of 357 nM and 250 nM, respectively. For PCR amplification, iTru5 

forward and iTru7 reverse primers with unique indexes for sample multiplexing were 

employed 16. The concentrations of amplicons from different samples were quantified 

using a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, USA). The libraries 

were pooled in equimolar concentrations and sequenced at Oklahoma Medical Research 

Foundation. A 150 bp paired-end sequencing reaction was performed on a HiSeq 3000 

platform (Illumina, San Diego, CA, USA). Sequenced libraries were demultiplexed with 

bcl2fastq v2.17 (Illumina, San Diego, CA, USA). Reads will be submitted to NCBI SRA 

database. 

Bioinformatics analysis. Forward and reverse barcode combinations were used to 

identify each sample for de-multiplexing. Unfiltered fastq sequences for each bacterium 

were aligned to available bacterial reference genomes using BWA (bwa mem -k 24 -T 0 -B 

100 -O 100 -E 100 -t 8) 17. SAM alignment was converted to BAM (samtools view –bS), 

sorted by coordinates (samtools sort) and PCR duplicates removed (samtools rmdup) 

using SAMtools 18. Mapped reads were counted using BEDTools (multiBamCov –bams) 19. 
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Read counts were exported in a tab delimited file for normalization and differential gene 

expression (DGE) (see supp. mat.) in R 20. DGE analysis was completed with DESeq2 

package 21. Reads with 0 or 1 count were removed before DGE was performed (see supp. 

mat.). For each RNAseq data set, genes with an absolute fold change ≥ 2 and p-value of 

<0.05 were used for further analysis. The proteins corresponding to the obtained gene sets 

were searched against the version 10 of the STRING database 22 to display functional 

protein-association networks . Interactions were considered with a STRING confidence ≥ 

0.4 (medium and high confidence). A markov cluster algorithim (MCL) 23 of 2 was used for 

clustering.  

          To acquire gene names for uncharacterized proteins of E. faecalis strain ATCC 

29212, we blasted protein sequences against the reference genome of vancomycin 

resistant E. faecalis V583 (NC_004668) available on the NCBI database 

(blast.ncbi.nlm.nih.gov/Blast.cgi). When no match was found (e.value > 0.01), we reported 

the locus tag of current strain. All bioinformatics data set including raw reads (NCBI Bio 

project - PRJNA341849). 

Metabolomics (metabolite extraction and derivatization). A separate experiment was 

conducted using the same experimental design as described above, with only an increase 

in starting bacteria inoculum and number of replicates per time point. A starting inoculum 

of ~106 CFU mL-1 was used for each bacterium in co-culture and six Erlenmeyer flasks 

were randomly selected for metabolome analysis at 0.5, 3, 6 and 12 h (72 flasks in total). 

For intracellular metabolites, 45 mL of co-culture samples were filtered through 0.45μm 

pore size isopore filter (EMD Millipore, Billerica, MA), and followed by a quick wash step 

with 10 squirts of autoclaved PBW using a narrow mouth wash bottle before vacuum 
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source was closed. Filters were immediately folded inwards, transferred into Lysing Matrix 

B tube (MP Biomedical, Solon, OH) and quenched with ice–cold methanol using a 

modified protocol from Teng et al (Henderson et al. 2016, Teng et al. 2009). Briefly, 485µL 

of a 58% methanol solution (final) and 400µL CCl3 were added to filters and tubes were 

vortexed vigorously for 30 secs. Time from sampling to quenching was < 2 minutes per 

sample. Next, we performed two runs of bead-beating on a FastPrep - 24 bead-beater (MP 

Biomedical, Solon, OH) at 6.5m/s for 60s per run. Samples were kept on cold tube racks 

for ~5 minutes between bead-beatings; and throughout metabolite extraction. Each 

metabolite-containing phase was transferred into a 2mL glass vial and evaporated under 

vacuum in a SpeedVac Concentrator (Thermo Scientific, Waltham, MA). The polar extracts 

were reconstituted in 0.22 mL 100 mM phosphate buffer (pH = 7.4) in D2O with 20µM DSS 

(4,4-dimethyl-4-silapentane-1-sulfonic acid) for 1H NMR analysis. 

        For extracellular metabolites, 4.5 mL of co-culture samples was filter sterilized (0.22 

μm) and metabolites were extracted as described by Henderson et al. Briefly, the filtrate 

was evaporated under vacuum in a SpeedVac (Thermo Scientific, Waltham, MA).  

Metabolome analysis. All 1H NMR spectra were acquired at 20 °C on an Agilent Inova 

600 MHz spectrometer (14.1 Tesla) using a 3-mm triple-resonance probe (Teng, et al, 

2009). Following data acquisition, 1H NMR spectra were processed with 0.3 Hz 

apodization. Residual solvent regions were removed, and spectra were aligned and 

normalized to unit total intensity. Spectra of polar samples with a range of 0.50–10.00 ppm 

were segmented into 0.005 ppm bins and imported to Excel prior to multivariate or 

univariate analysis. SIMCA-P + 13.0 (Umetrics, Sweden) was used for multivariate 

analysis. Principal component analysis (PCA) was performed on binned and normalized 
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NMR spectra. Pareto scaling was applied to each variable to reduce the influence of 

intense peaks in the spectra (Ramadan et al., 2006). The altered metabolites were 

determined by Student's t-test (p ≤ 0.05) comparison of I-DOMW to N-DOMW treatments, 

and DOMW treatments to PBW controls and identified by metabolome databases (Human 

Metabolome Database 3.6 and Chenomx 7.6) and/or in-house standards. 

         Extracellular metabolites were analyzed on an Agilent 6890 gas chromatograph 

(Agilent Technologies, CA, USA) interfaced to a Waters magnetic sector mass 

spectrometer (Waters, Milford, MS). Metabolite derivatives were separated on a Rxi-5Sil 

MS (30m, 0.25 µm thickness, and 0.25 mm ID; Restek, PA, USA) and helium was kept at 

a constant pressure of 65 kpa. The injector, transfer line and source temperatures were 

250°C, 280°C, and 200°C, respectively.  The trap and detector were set for 350 µA and 

300 V and all samples were introduced at 2 uL (splitless mode). Chromatographic 

separation was achieved by an initial oven temperature held for 2 min (60°C) and then 

ramped at 6°C/min to 280°C and held for 3 mins.  Mass spectra were acquired over a 

mass range from 50-650 m/z. Chromatograms were then exported as netcdf files and 

imported into MetAlign for data preprocessing and alignment. Distributor recommended 

parameters for fast scan analysis was used.  Following alignment, Excel was used to filter 

and truncate the data as described by Niu et al.28. 

Statistical analysis.  Bacteria growth rate was derived from the equation below, where N 

is the concentration of cells, t is the time and k is the growth rate constant. 

(2) dN/dt =kN 

         A profile analysis was performed to compare bacterial growth rates (µ3 vs. µ 0.5, µ 6 

vs. µ 3, µ 6 vs. µ 12, µ 24 vs. µ 12) between treatments, after which a multivariate analysis of 
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variance (MANOVA) was used to test for significant differences in growth rate between 

bacteria-type. Although small sample size can affect the power and the homogeneity of the 

variance test, profile analysis still provides more power than univariate tests 26. Graphs 

were plotted in SigmaPlot (Systat Software, San Jose, CA) and heatmaps were plotted 

using Heml30. 

Outdoor mesocosm  

Mesocosm preparation. Fresh water used to prepare mesocosms for this study were 

collected from a stream along the Upper Oconee Watershed (33° 57.916ʹN, -83° 

25.503ʹE) a day prior to mesocosm set up.  Approximately 5L of water was filter - sterilized 

(0.22µm) and confirmed for the absence of bacteria or viruses. Half of the filter - sterilized 

water was spiked with CFE and this constituted the DOMW treatment group while the rest 

(unspiked) were used as controls.  

Inoculum preparation. Fecal bacteria strains used and method of preparation was the 

same as described for indoor microcosms studies.  

Experimental design. Exposed mesocosms were established in 600mL and 1L jacketed 

Pyrex beakers and in 1L glass beakers for unexposed mesocosms. Five hundred milliliters 

of spiked (treatment) and unspiked (control) filtered stream water was dispensed into 

appropriate beakers. The beakers were covered with clear acetate films (80% UV 

transmission; Grafix Plastics, Cleveland, OH) to prevent contamination and equipped with 

an external syringe tubing for bacteria inoculation and sampling. Exposed mesocosms 

were connected to a recirculating water chiller maintained at 25oC to buffer against 

temperature changes, while unexposed mesocosms were kept in an incubator shaker 

(Innova 4230, New Brunswick Scientific, Edison, NJ) in a dark room. Exposed mesocosm 
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beakers were set up on a Speedsafe magnetic stirrer (Hanna instruments, RI, USA) 

throughout the experiment. Experiment was conducted at a field site located at the U. S 

EPA Ecosystems Research Division in Athens, GA in July, 2016 (Fig. 5S18).  

HOOH photo-production and bacteria inoculation. Prior to bacteria inoculation, 

mesocosms were exposed to natural sunlight for 4 h and immediately covered in aluminum 

foil and transferred to a dark room. Mid-log phase cultures of E. coli and E. faecalis were 

separately inoculated into each beaker to give a final concentration of ~ 106 CFU/mL for 

each bacterium. 

Sampling and processing. Following inoculation, mesocosms were kept in the dark for 

20 h before the next cycle of 4 h sunlight exposure and 20 h dark incubation. Experiments 

were conducted over a period of 72 h and sampled post-irradiation, 0.5, 4, 24, 28, 48, 52 

and 72 h. Approximately fifteen milliliters of water were collected at every sampling and 

processed to determine the concentration of bacteria, extracellular HOOH, dissolved 

organic carbon (DOC), and UV-Vis absorbance of DOM present.  

Microbiological analysis.  E. coli and E. faecalis were quantified by culture methods 

using modified mTEC agar (EPA method 1603) and mEI agar (EPA method 1600).  

Extracellular HOOH measurement. HOOH concentration in exposed and unexposed 

mesocosms was quantified using the copper-DMP spectrophotometric method as 

described earlier with a few modifications. Samples were filter sterilized using 0.22μm 

syringe filter to get rid of all bacteria prior to measuring HOOH. Absorbance reading in 

exposed and unexposed mesocosms were normalized against corresponding unexposed 

treatments or controls with no bacteria added. Absorbance was read on a 96-well plate 
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reader (Bio Tek Synergy HT, VT, USA). Two separate calibration curves were used for 

treatments and controls to account for differences in DOM content and DOM interference.  

DOC measurement. Dissolved organic carbon was determined using a total organic 

carbon analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan) equipped with auto samplers. All 

samples were filter-sterilized (0.45μm) and diluted if necessary before measurements were 

taken.  

UV-Vis measurement. Absorbance readings (200-800nm) were obtained with a 

PerkinElmer® Lambda 35 Spectrophotometer following in-house protocol. Briefly, water 

samples were filter sterilized with 0.22μm syringe filter to remove all bacteria prior to 

measurement. A cuvette with a 1 cm pathlength was used for samples that had an 

approximate absorbance value greater than 0.1. Cells with a 5 cm pathlength were used 

for samples with a more dilute absorbance to allow for better sensitivity. Nanopure water 

served as the reference for each run. Nanopure water was also scanned as a control for 

every five samples scanned to control for any baseline drift. Two replicate measurements 

were made for each sample.  

Temperature and sunlight. Sunlight intensity and temperature in exposed mesocosms 

was monitored throughout the experiment with a HOBO data logger UA-002-08 (Onset 

Computer Corporation, MA, USA) (Fig. 5S12).  HOBO data loggers were placed in two 

separate 600mL jacketed Pyrex beakers and filled with 500mL of spiked stream water 

(treatment) and stream water only (control). Beakers were covered as described previously 

and equipped with a recirculating water chiller. Bacteria was not added at any time during 

the experiment. Data loggers were configured to record temperature and sunlight intensity 

every 15 min.  
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Results and discussion 

RNA sequencing. The average number of reads mapped after removal of PCR artifacts 

per sample in I-DOMW, N-DOMW and PBW were 3,594,656 ± 1,534,738 (SE), 6,449,247 

± 1,550,947 (SE), and 1,628,947 ± 316,525 (SE) for E. coli, and 1,586,985 ± 419,871 (SE), 

2,145,191± 1,115,458 (SE), 692,796 ± 144,186 (SE) for E. faecalis respectively.  

Dissolved Organic Carbon (DOC) in outdoor mesocosms. Starting DOC concentration 

in spiked stream water mesocosms (DOMW-treatment) was 21 ± 0.98 (SE) mg L-1 and 

4.32 ± 0.72 (SE) mg L-1 in stream water only mesocosms (control) (Fig. 5S19). After the 

72-h cycle, DOC decreased approximately 56%, 57%, 23% in unexposed DOMW 

treatment, exposed DOMW treatment and unexposed control respectively. For exposed 

control, an increase of 13% was observed.   

       On the other hand, DOC showed no overall decrease in exposed mesocosms that had 

no bacteria inoculated (Fig. 5S21B). However, we observed bacterial growth in the 

exposed treatment mesocosm after 20 h of dark cycle. We suspect the source of 

contamination to be the HOBO data loggers. We had no effective way to decontaminate 

the data loggers and, moreover, they have been previously used in field sites.  

Adaptive responses used by E. coli and Ent. faecalis for survival 

          Beta-lactams inhibit cell wall synthesis machinery and induces futile peptidoglycan 

production, leading to osmotic lysis, especially in growing cells71. There was an 

upregulation of transcripts required for peptidoglycan synthesis in both bacteria. More 

importantly, the penicillin binding proteins (pbp) were significantly upregulated in I-DOMW 

and N-DOMW compared to PBW for E. coli, while for E. faecalis these genes were only 

upregulated in N-DOMW (Fig. 5.7A1; Fig. 5S15B). Evidence for peptidoglycan synthesis 
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was further supported by NMR results, where a significantly higher concentration of N-

acetylmuramic acid (MurNac) was observed in I-DOMW compared to N-DOMW at 3 and 6 

h (Fig. 5.2A). MurNac is part of the peptidoglycan polymer of Gram-positive bacterial cell 

walls suggesting E. faecalis was responsible for the synthesis. These time points also 

represent the exponential phase of growth for E. faecalis in I-DOMW (Fig. 5.1A), 

suggesting E. faecalis might be actively building its peptidoglycan  

           The expression of genes coding for porins and efflux pumps play important roles in 

adaptive resistance development 78, 79. They are efficiently regulated to respond to specific 

cues, thereby changing the resistance of a bacterium based on growth conditions. For 

example, Suzuki, et al. 97 demonstrated that antibiotic resistance development in E. coli 

could be quantitatively predicted by the expression changes of a small number of these 

genes. Multiple networks coding for these efflux pumps and their transcriptional regulators 

were differentially expressed in E. coli including the yejABEF encoding microcin transport 

and associated with virulence98, sapBCDF encoding antimicrobial peptide transport and 

putrescine export99, and cusABCD for copper transport (Fig. 5.7A-C). For E. faecalis, 

multiple antibiotic resistance protein families (MarR), beta-lactam resistance, quorum 

sensing and bleomycin/glyoxalases resistance transcripts were significantly differentially 

expressed (Fig. 5.7F and G; Fig. 5S15B) 

          Curli is a proteinaceous extracellular matrix associated with attachment and biofilm 

formation, and it plays a major role in bacterial pathogenesis 100. Most importantly, biofilm 

formation has been associated with oxidative stress and antibiotic resistance 101-103. The 

expression of the curli associated genes csgCDEFG and the pgaABCD operon encoding 

poly-beta -1, 6 N-acetyl-D-glucosamine (PGA) was significantly higher at 0.5 h in N-
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DOMW compared to PBW for E. coli (Fig. 5.7E). For E. faecalis, the LytSR regulator 

proteins were differentially expressed. These two component-regulatory protein interacts 

with multiple genetic networks including the lrgAB genes in Staphyloccus aureus and it is 

required for biofilm formation104. A ∆lytS mutant strain of S. aureus was shown to form a 

more adherent biofilm105. The lytST genes were upregulated in I-DOMW compared to 

PBW at 6 and 12 h while the lrgAB genes were upregulated in PBW compared to I-DOMW 

at 0.5, 3, and 6 h (Fig. 5S15B4).  

          The tryptophan operon is a repressor operon that is turned-on or turned-off based 

on the levels of tryptophan in the environment. In addition, tryptophan is the primary 

source of indole production in E. coli, an organic compound that plays a role in quorum 

sensing, biofilm formation and antibiotic resistance 106, 107. Expression of trpDBCA 

transcripts for tryptophan biosynthesis significantly increased with time and bacteria 

concentration in I-DOMW and N-DOMW relative to PBW, supporting their role as quorum 

sensors (Fig. 5.7D, Fig. 5S15A2). Metabolomics also showed intracellular tryptophan levels 

to be significantly higher in I-DOMW at 0.5 h but lower at 3, 6, and 12 h when compared to 

N-DOMW, implying indole was being used for survival under HOOH exposure (Fig. 5.2A). 

Extracellular HOOH in our study was >15 µM and ~9 µM at 0.5 h in I-DOMW and N-

DOMW, respectively (Fig. 5.1A and B). Tryptophan biosynthesis was also observed in 

mono-culture experiments with E. coli O157:H7 where trpEDCBA increased significantly 

following inoculation (0.5 h) into I-DOMW and after 6 h in N-DOMW. In addition, 

extracellular HOOH concentration in I-DOMW and N-DOMW at 0.5 h and 6 h was 15.4 ± 

0.81 and 2.59 ± 1.26 (SE) µM, respectively (Oladeinde et al).  
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           A major consequence of adaptive responses as displayed by both E. coli and E. 

faecalis in our study is severe DNA damage and mutations especially from antimicrobial 

exposure and horizontally transferred genes71, 108. Bacteria have evolved many DNA repair 

mechanisms to compensate for such substitutions, insertions or deletions. As expected, 

we found multiple DNA repair systems to be differentially expressed including 

endonucleases (uvr), bacteria recombination proteins (Rec) and mutation (mut) genes 

(Fig. 8). The mut genes mutSHL were upregulated in all treatments at differing time points 

for E. coli (Fig. 5S17A). These genes are required for methyl – directed mismatch repair 

which is vital during DNA recombination and replication109, 110. For E. faecalis, only the 

mutL gene was significantly upregulated in I-DOMW compared to PBW at 12 h (Fig. 

5S17B). 
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Figure 5S1. Schematic of co-culture indoor microcosm experiments. Fresh fecal 
samples were collected from 5 individual cattle from a commercial farm in Northeast 
Georgia. Fecal samples were composited, homogenized and made into 1:10 fecal slurry in 
0.85% KCl and shook for 1hr in a hand wrist shaker. The fecal slurry was then centrifuged 
twice at 6000 rpm for 10 min and the resulting supernatant was termed cattle fecal extract 
(CFE). CFE was sequentially filtered through 1.2μm, 0.45μm and 0.2μm membrane filters. 
CFE was used as a source of DOM throughout the experiment. Solar irradiation was 
performed in an Atlas SunTest CPS/CPS+ solar simulator (Atlas Materials Testing 
Technology, Chicago, IL) equipped with a 1kW xenon arc lamp. Irradiance of the simulator 
in the UV spectral region was similar to mid-summer, midday natural sunlight at 33.95oN, 
83.33oW (Athens, GA) 
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Figure 5S2. Growth comparison between E. coli and E. faecalis when grown as 
mono-culture or in co-culture.  Fecal bacteria were quantified at 0.5, 3, 6, 12, 24, 48 h (n 
= 3 per group). Growth curve of E. coli and E. faecalis in (A) I-DOMW, (B) N-DOMW and 
(C) PBW. Concentration is reported in colony forming units (CFU) on the left y- axis. Solid 
and open circles represent mono-culture and co-culture experiments respectively. Red and 
blue lines represent E. coli and E. faecalis. Error bars represent standard error 
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Figure 5S3. Bacteria growth rate and extracellular HOOH in co-culture microcosms 
used for metabolomics experiment. E. coli and E. faecalis concentration were 
determined at 0.5, 3, 6, and 12 h during dark incubation and filter sterilized with a 0.22µm 
syringe filter for extracellular HOOH determination (n = 6 per group). Green dashed lines 
represent extracellular HOOH concentration during dark incubation in (A) I-DOMW and (B) 
N-DOMW in the presence of both E. coli (red solid line) and E. faecalis (blue solid line). 
Growth rates per time point per group are plotted on the y-axis (dark circles). Error bars 
represent standard errors. *denotes significant difference in growth rate between E. coli 
and E. faecalis per time point (P value ***<0.001). 
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Figure 5S4. Fold-change of selected oxidative stress genes in I-DOMW compared to 
N-DOMW in mono-culture experiment. Total RNA was extracted from bacteria collected 
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at 0.5, 6, 12 and 24 h and used for WTS (n=2 per group). (A) E. coli (B) E. faecalis. Error 
bars represent standard errors. (*P value <0.05, **<0.01, ***<0.001). 
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Figure 5S5. Fold-change of selected oxidative stress genes in co-culture 
experiment. Total RNA was extracted from co-cultures collected at 0.5, 3, 6 and 12 h and 
used for WTS (n=2 per group). (A) E. coli and (B) E. faecalis in (1) I-DOMW and (2) N-
DOMW compared to PBW for the 12 h duration.  
(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S6. Fold-change of transcripts for aerobic metabolism of glycerol for E. 
faecalis in co-culture experiment.  (A) I-DOMW compared to PBW (B) N-DOMW 
compared to PBW. 
(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S7. Fold-change of transcripts for arginine metabolism in mono and co-
culture experiments. (A) E. coli and (B) E. faecalis in I-DOMW compared to N-DOMW for 
mono-culture; (C) E. coli and (D) E. faecalis in (1) I-DOMW and (2) N-DOMW compared to 
PBW for co-culture.  
(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S8. Fold-change of transcripts for polyamine metabolism and transport in 
co-culture experiment with E. coli.  (A) Putrescine/spermidine metabolism and (B) 
transport in (1) I-DOMW and (2) N-DOMW compared to PBW for co-culture. (C) 
Cadaverine metabolism and transport in (1) I-DOMW and (2) N-DOMW compared to PBW.  
(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S9. Fold-change of transcripts for methylamine metabolism and transport in 
co-culture experiment. (A) Trimethlyamine-N-oxide (TMAO) metabolism in (1) I-DOMW 
and (2) N-DOMW compared to PBW for E. coli; (B and C) Glycine betaine biosynthesis 
and transport for (B) E. coli and (C) E. faecalis in N-DOMW compared to PBW.   
(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S10. Heatmap of significantly expressed transcripts of E. coli cryptic 
prophages in co-culture experiment. (A) CP4-6 and (B) Qin prophage in (1) I-DOMW 
and (2) N-DOMW compared to PBW for the 12 h duration. The color scale shows fold-
change compared to PBW. 
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Figure 5S11. Circular map of plasmid 1 and plasmid 2 carried by E. faecalis strain 
ATCC 29212. Purple shading denotes 25X magnification of plasmid region. Bold 
gene/protein family name indicates gene was differentially expressed between treatments 
in our study. Map was generated using Circleator119.  
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Figure 5S12: STRING analysis for significantly altered transcripts in N-DOMW 
compared to I-DOMW at 3 h for E. coli in co-culture experiment. Total RNA was 

extracted from co-culture of E. coli and E. faecalis collected at 3 h and used for WTS (fold-

change < 2; P. padj < 0.01). 
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Figure 5S13: Fold-change of transcripts for type 4 prepilin pilin production for E. 
coli in co-culture experiment. (A) I-DOMW compared to PBW (B) N-DOMW compared 

to PBW.  
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Figure 5S14. Fold-change of transcripts for chorismate biosynthesis in mono and 
co-culture experiments. (A) E. coli and (B) E. faecalis in I-DOMW compared to N-DOMW 

for mono-culture; (C) E. coli and (D) E. faecalis in (1) I-DOMW and (2) N-DOMW 

compared to PBW for co-culture.  

(*P. value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S15. Fold-change in selected transcripts for (A) peptidoglycan/penicillin 

biosynthesis, (B) antimicrobial resistance/regulation and (C) tryptophan biosynthesis for E. 
coli in I-DOMW compared to PBW in co-culture experiment. (D) Heatmap for selected 

transcripts for biofilm formation for E. coli in I-DOMW compared to PBW in co-culture 

experiment. The color scale shows fold-change compared to PBW. 
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Figure 5S16. Fold-change in selected transcripts for (A) Peptidoglycan/penicillin 

biosynthesis, (B) Bleomycin/glyoxalases resistant and (C) Biofilm formation for E. faecalis 
in (1) I-DOMW and (2) N-DOMW compared to PBW in co-culture experiment. (D) Fold-

change in selected transcripts for antimicrobial resistance/regulation in I-DOM compared to 

PBW for E. faecalis. 

(*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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    B2 

                

 

Figure 5S17: Differentially expressed DNA repair transcripts. Fold-change in selected 

DNA repair genes for (A) E. coli and (B) Ent. feacalis in (1) I-DOMW and N-DOMW when 

compared to PBW. 

(*P value .<0.1. *<0.05, **<0.01, ***<0.001) 
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Figure 5S18: Schematic of outdoor mesocosm experiment. Filter sterilized stream 

water was spiked with cattle fecal extract (CFE) and exposed to natural sunlight for 4 h to 

initiate HOOH production prior to FIB co-culture inoculation in the dark. Following 

inoculation, mesocosms were incubated in the dark for 20 h before the next cycle of 

sunlight exposure and dark incubation. 
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Figure 5S19: Fecal bacteria and extracellular HOOH concentration in unexposed 
mesocosms. Filter sterilized stream water was spiked with cattle fecal extract (CFE) and 

inoculated separately with a culture of E. coli and E. faecalis in mid-logarithm growth 

phase. Following inoculation, mesocosms were placed in an incubator shaker in the dark. 

Water samples were collected 0.5, 4, 24, 28, 48, 52 and 72 h for FIB concentration, 

extracellular HOOH, DOC, and UV-Vis measurement. (A and B) Green solid or dashed 

lines represent extracellular HOOH concentration in (A) DOM spiked mesocosm (no 

sunlight) (B) Unspiked mesocosm (unexposed control) in the presence of both E. coli (red 

solid or dashed line) and E. faecalis (blue solid or dashed line). Dotted black line 

represents HOOH method detection limit of 250nM. Concentration is reported in colony 

forming units (CFU) on the y- axis. (C and D) Specific Ultraviolet absorbance (SUVA) of 

DOM present post-inoculation, 4, 24, 28, 48, 52 and 72 h was determined by dividing their 

C 

D 



	

	 261	

absorption coefficient at 254nm by DOC concentration. (C) SUVA254 (L Mg-C−1 m−1) over 

time in treatment and (D) control. 
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Figure 5S20. Dissolved organic carbon (DOC) concentration over time in 
mesocosms. (A and B) Following bacteria inoculation, exposed mesocosms were 

incubated in the dark for 20 h before the next cycle of sunlight exposure and dark 

incubation. Water samples were collected post irradiation, 0.5, 4, 24, 28, 48, 52 and 72 h 

and filter-sterilized before DOC determination. Grey shaded rectangles represent when the 

mesocosm was in the dark whereas white rectangles represent exposure to direct sunlight. 

DOC (mg L-1) in (A) exposed treatments (B) exposed controls. DOC in (C) unexposed 

treatments and (D) unexposed controls was determined 0.5, 4, 24, 28, 48, 52 and 72 h.  
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Figure 5S21. Average sunlight intensity and temperature values in exposed 
mesocosms. Two individual mesocosms with no bacteria inoculated was used to monitor 

for sunlight, temperature and extracellular HOOH. A HOBO data logger was placed in 

mesocosms and configured to record temperature and sunlight measurements every 15 

min for 72 h. Reported are averages from each cycle of sunlight exposure or dark 

incubation. Solid circle represents exposed treatments and open circle represents exposed 

controls. Grey shaded rectangles represent when the mesocosm was in the dark whereas 

white rectangles represent exposure to direct sunlight (A) Sunlight intensity (lum ft -2) and 

(B) Temperature (oC) over time. Water samples were collected and filter-sterilized (0.22 

μm) at post-irradiation, 4, 24, 28, 48, 52 and 72 h before HOOH measurement.   
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Figure 5S22. Extracellular HOOH and DOC concentration in the absence of bacteria. 
For HOOH and DOC measurements, we employed the same mesocosms used for 

determining temperature and sunlight intensity. Water samples were collected and filter-

sterilized at post-irradiation, 4, 24, 28, 48, 52 and 72 h before HOOH or DOC 

measurement. Solid circle represents exposed treatments and open circle represents 

exposed controls. Grey shaded rectangles represent when the mesocosm was in the dark 

whereas white rectangles represent exposure to direct sunlight. Reported are averages of 

3 measurements per time point. Dashed horizontal line represents HOOH method 

detection limit of 250nM (A) Hydrogen peroxide (μM) and (B) Dissolved organic carbon 

(mg L-1) concentrations over time.  
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Table 5S1. Up-regulated genes in I-DOMW and N-DOMW compared to PBW at 0.5 h 
for E. coli 

Locus 
Tag/Gene 
ID 

Gene 
Name 

                    Description      Function/ Role I-
DOMW 
Fold 
Change 

N-
DOMW 
Fold 
Change 

b0073 leuB 3-isopropylmalate 

dehydrogenase 

Oxidation catalyst 3.42 4.43 

b3215 yhcA Periplasmic chaperone 

protein 

Cell wall 

organization 

1.80 2.28 

b0150 fhuA Ferrichrome-iron receptor Ferrichrome-iron 

ligand receptor 

2.42 2.42 

b1451 yncD Probable TonB-

dependent receptor 

Iron-ion binding 2.83 4.30 

b4290 fecB KpLE2 phage-like 

element 

Iron-ion transport 2.13 3.04 

b4292 fecR Protein FecR Iron-ion transport 3.37 4.86 

b1679 sufE Cysteine desulfuration 

protein 

Iron-sulfur cluster 

assembly  

2.39 3.42 

b3722 phoE Outer membrane pore 

protein 

Porin acitivity - ion 

transporter 

2.71 4.01 

b0847 ybjL Putative transport protein Potassium ion 

transporter 

2.19 1.40 

b2392 mntH Divalent metal cation 

transporter 

Membrane ion 

transporter 

1.73 1.70 

b3722 bglF protein-N(PI)-

phosphohistidine-sugar 

phosphotransferase 

Carbohydrate 

transmembrane 

transporter 

2.73 3.06 

b3824 rhtB Homoserine/homoserine 

lactone efflux protein 

Homoserine 

transmembrane 

transporter 

2.61 3.69 

b3691 dgoT D-galactonate transporter Transmembrane 

transporter 

2.79 5.27 

b3523 yhjE Inner membrane 

metabolite transport 

Transmembrane 

transporter 

2.83 5.03 
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protein 

b3266 acrF Multidrug export protein Transporter 

activity 

2.90 3.58 

b2888 uacT Uric acid transporter Urate 

transmembrane 

transporter 

3.36 5.38 

b3006 exbB Biopolymer transport 

protein 

Protein 

stabilization and 

transport 

3.05 4.30 

b1691 ydiN Putative MFS transporter 

protein 

Substrate-specific 

membrane 

transporter 

3.87 5.37 

b0468 ybaN Inner membrane protein Integral membrane 

protein  

3.06 4.60 

b1353 sieB Superinfection exclusion 

protein 

Integral membrane 

component 

3.61 4.88 

b1828 yebQ Transporter YebQ Transmembrane 

transporter 

2.82 2.15 

b2308 hisQ Histidine ABC transporter 

permease 

Amino acid 

transmembrane 

transporter 

2.26 2.73 

b2019 hisG ATP 

phosphoribosyltransferase 

Histidine 

biosynthesis 

3.07 4.43 

b2020 hisD Histidinol dehydrogenase Histidine 

biosynthesis 

2.38 1.96 

b2023 hisH Imidazole glycerol 

phosphate synthase 

Histidine 

biosynthesis 

2.71 2.98 

b2024 hisA N-(5’-phospho-L-ribosyl-

formimino)-5-amino-1- (5’-

phosphoribosyl)-4-

imidazolecarboxamide 

isomerase 

Histidine 

biosynthesis 

3.89 5.48 

b2218 rcsC Sensor histidine kinase Phosphorelay 

signal transduction 

system 

2.50 3.14 
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b0674 asnB Asparagine synthetase B Asparagine 

synthesis 

2.41 1.92 

b0193 yaeF Probable endopeptidase Cysteine-type 

peptidase activity 

2.92 4.94 

b1704 aroH 3-deoxy-D-

arabinoheptulosonate-7-

phosphate (DAHP) 

synthase 

Aromatic amino 

acid biosythesis 

3.10 6.18 

b3335 gspO Type 4 prepilin-like 

proteins leader peptide-

processing enzyme 

Aspartic-type 

endopeptidase 

activity / 

transferase activity 

2.92 4.94 

b4114 eptA Phosphoethanolamine 

transferase 

Lipid biosynthesis 2.11 1.59 

b2378 lpxP Lipid A biosynthesis 

palmitoleoyltransferase 

Lipid biosynthesis 3.71 4.77 

b0175 cdsA Phosphatidate 

cytidylyltransferase 

CDP-diacylglycerol 

biosynthesis for 

Phospholipid 

metabolism 

2.37 2.54 

b3634 coaD Phosphopantetheine 

adenylyltransferase 

Coenzyme A 

biosynthesis 

2.88 4.59 

b2436 hemF Oxygen-dependent 

coproporphyrinogen-III 

oxidase 

Heme biosynthesis 3.20 4.65 

b1047 mdoC Glucans biosynthesis 

protein C 

Glucan 

biosynthesis 

3.46 3.95 

b0403 malZ Maltodextrin glucosidase Alpha-glucan 

catabolic process 

2.68 3.13 

b1326 mpaA Protein MpaA Peptidoglycan 

catabolism 

2.89 3.84 

b3718 yieK Glucosamine-6-phosphate 

deaminase 

Carbohydrate 

metabolism/ N-

acetylglucosamine 

catabolism 

2.48 1.58 

b1022 pgaC Poly-beta-1,6-N-acetyl-D- Cell adhesion in 3.94 6.48 
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glucosamine synthase biofilm formation 

b1024 pgaA Poly-beta-1,6-N-acetyl-D-

glucosamine export 

protein 

Single species 

biofilm formation 

2.91 4.73 

b0461 tomB Hha toxicity modulator Attenuates Hha 

toxicity and 

regulates biofilm 

formation 

2.36 2.42 

b3717 cbrC UPF0167 protein Bacteriocin 

immunity 

2.88 5.24 

b0593 entC Isochorismate synthase Biosynthesis of the 

siderophore 

enterobactin 

2.83 4.02 

b0315 yahA Cyclic di-GMP 

phosphodiesterase 

Regulation of 

transcription 

3.46 3.80 

b0327 yahM Uncharacterized protein Control of 

transcriptional 

elongation 

3.81 6.66 

b0990 cspG Cold shock-like protein DNA-templated 

transcription 

regulation 

2.18 1.46 

b1594 mlc Protein mlc Transcriptional 

repression  

2.58 2.67 

b1916 sdiA Regulatory protein SdiA DNA-templated 

transcription 

regulation 

3.12 5.01 

b1987 cbl HTH-type transcriptional 

regulator 

DNA-templated 

transcription factor 

2.17 1.97 

b2364 dsdC HTH-type transcriptional 

regulator 

Transcription, 

DNA-templated 

3.17 5.65 

b4178 nsrR HTH-type transcriptional 

repressor 

DNA-templated 

transcription factor 

2.99 5.31 

b3170 rimP Ribosome maturation 

factor 

Ribosomal small 

subunit assembly 

3.36 4.43 

b3252 csrD RNase E specificity factor Regulation of RNA 2.85 4.46 
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metabolism 

b1374 pinR Putative DNA-invertase DNA integration 3.68 4.38 

b1403 insC2 Transposase InsC DNA-mediated 

transposition 

2.81 3.49 

b2861 insC4 Transposase InsC for 

insertion element IS2H 

DNA-mediated 

transposition 

3.80 4.11 

b3484 yhhI H repeat-associated 

protein 

DNA-mediated 

transposition 

2.40 2.02 

b3557 insJ IS150 transposase A Sequence-specific 

DNA binding 

2.34 3.67 

b3558 insK Transposase InsK DNA integration 

and transposition 

3.36 6.65 

b2698 recX Regulatory protein DNA repair 2.84 1.67 

b3149 diaA DnaA initiator-associating 

protein 

DNA-dependent 

DNA relication 

initiation 

2.02 1.06 

b0457 ylaB YlaB protein Cyclic-guanylate-

specific 

phosphodiesterase 

activity 

2.98 4.57 

b2420 yfeS WGR domain protein  Unknown 1.98 2.43 

b1191 cvrA K(+)/H(+) antiporter 

NhaP2 

Cell volume 

homeostasis 

2.82 3.48 

b0245 ykfI Toxin ykfl Negative 

regulation of cell 

growth 

3.32 6.30 

b4043 lexA LexA repressor SOS response 

repressor 

3.27 4.13 

b0459 maa Maltose O-

acetyltransferase 

Maltose 

acetylation 

3.21 3.96 

b1546 tfaQ Qin prophage Phage lambda tail 

fiber assembly 

4.25 6.99 

b2583 yfiP DTW domain-containing 

protein 

Unknown 2.69 2.27 
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b3944 yijF DUF1287 family protein Unknown 3.36 5.32 

b4536 yobH Uncharacterized protein Unknown 4.39 5.04 

b0279 yagM CP4-6 putative prophage 

remnant 

Unknown 3.39 4.24 

b1666 valW tRNA-Val Aminoacyl-tRNA 

biosynthesis 

2.38 3.42 
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Table 5S2. Up-regulated genes in I-DOMW and N-DOMW compared to PBW at 0.5 h 
for E. faecalis 

Locus 
Tag/G
ene 

ID 

Gene 
Name/lo
cus tag 

Description Function/ Role I-DOMW 
Fold 
Change 

N-
DOMW 
Fold 
Change 

DR75

_516 

EF_151

3 

Pheromone binding 

protein 

Oligopeptide 

transport 

5.03 5.55 

DR75

_2107 

EF_006

3 

Pheromone binding 

protein, putative 

Oligopeptide 

transport 

5.15 5.49 

DR75

_2649 

EF_178

9 

SPFH domain/Band 7 

family protein 

Transmembrane 

transport 

4.54 3.74 

DR75

_784 

DR75_7

84 

SPFH domain / Band 

7 family protein 

Membrane 

protein 

4.00 3.16 

DR75

_1405 

EF_270

8 

Membrane protein, 

putative 

Integral 

membrane 

component 

4.06 2.71 

DR75

_2844 

EF_090

8 

Uncharacterized Integral 

membrane 

component 

5.28 4.15 

DR75

_190 

EF_111

8 

ABC transporter 

permease 

Amino Acid 

Transport 

5.55 3.90 

DR75

_1819 

EF_310

7 

Peptide ABC 

transporter permease 

Transporter 3.02 2.25 

DR75

_1822 

EF_311

0 

Peptide ABC 

transporter ATP-

binding protein 

Peptide transport 2.98 2.60 

DR75

_514 

EF_151

1  

Hydrophobic dipeptide 

epimerase 

Amino Acid 

catabolism 

4.73 5.45 

DR75

_2829 

EF_089

1 

Aspartate 

aminotransferase 

Oxaloacetate 

formation/ 

biosythetic 

process 

5.10 3.51 

DR75

_893 

glpF glycerol uptake 

facilitator protein 

Transporter 4.91 5.73 
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DR75

_1034 

EF_220

3 

TetR family 

transcriptional 

regulator 

DNA-templated 

transcription 

regulation 

3.03 2.87 

DR75

_1403 

recX Recombination 

regulator RecX 

DNA strand 

exchange 

inhibitor 

4.34 3.01 

DR75

_2372 

EF_037

9 

Death-on-curing family 

protein 

Toxin 4.41 3.01 

DR75

_1948 

DR75_1

948 

TA system MazF toxin Toxin 3.96 3.20 

DR75

_1949 

DR75_1

948 

TA system MazE anti-

toxin 

Antitoxin 2.99 2.21 

DR75

_1399 

EF_270

1 

Acetyltransferase, 

GNAT family 

N-

acetyltransferase 

activity 

4.00 2.89 

DR75

_1292 

EF_258

3 

HTH domain protein DNA binding 5.82 3.64 

DR75

_2907 

DR75_2

907 

CobQ/CobB/MinD/Par

A nucleotide binding 

domain protein 

Plasmid 

partitioning 

4.99 3.28 

DR75

_898 

EF_193

3 

Uncharacterized Unknown 4.73 3.04 
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Table 5S3: Number of differentially expressed genes between DOMW and PBW 
treatment for co-culture experiment (P. value < 0.05).  

Bacteria Time (h) 
I-DOMW / 

PBW 

 

PBW / I-
DOMW 

 

N-DOMW 
/ PBW 

PBW/N-DOMW  

 

E. coli 0.5 93 130 1082 533 

 
3 478 280 369 294 

 
6 242 351 740 577 

 
12 569 441 597 354 

Total  1,382 802 2,788 1,758 

      

E. faecalis 0.5 48 24 168 38 

 3 97 105 46 18 

 6 173 146 54 53 

 12 338 167 42 46 

Total  656 442 310 155 
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Table 5S4: Number of differentially expressed genes between I-DOMW and N-DOMW 
for mono-culture and co-culture experiments (P. value < 0.05).  

Bacteria Time (h) 

I-DOMW / 
N-DOMW 

mono-
culture 

I-DOMW / N-
DOMW 

co-culture 

N-DOMW 
/ I-DOMW 

mono-
culture 

N-DOMW / I- 

DOMW 

co-culture 

E. coli 0.5 134 267 190 678 

 
3 ND 242 ND 355 

 
6 41 216 56 160 

 
12 50 117 18 410 

 24 3 ND 2 ND 

      

E. faecalis 0.5 36 72 21 170 

 3 ND 180 ND 211 

 6 213 164 229 180 

 12 66 161 77 96 

 24 25 ND 28 ND 

 ND= Not determined 
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Table 5S5. Growth rate comparison between E. coli and E.faecalis 

Bacteria Experiment Treatment 

Starting 
inoculum 

concentration 
(~CFU mL-1) 

Growth 
rate (hr-1) 

Maximum 
growth 

(LogCFU 
mL-1) 

E. coli Monoculture I-DOMW 103 0.293 7.49 

 
Co-culture* I-DOMW 104 0.274 6.94 

 
Monoculture N-DOMW 103 0.235 7.30 

 
Co-culture N-DOMW 104 0.276 7.25 

 
Monoculture I-DOMW 106 0.135 7.56 

 
Co-culture I-DOMW 106 0.141 6.94 

 
Monoculture N-DOMW 106 0.167 7.49 

 
Co-culture N-DOMW 106 0.390 7.05 

      

E. faecalis Monoculture I-DOMW 103 0.089 5.31 

 
Co-culture I-DOMW 104 0.172 5.95 

 Monoculture N-DOMW 103 0.279 6.29 

 Co-culture* N-DOMW 104 0.325 4.20 

 Monoculture* I-DOMW 106 0.03 6.55 

 Co-culture I-DOMW 106 SS ND 

 Monoculture N-DOMW 106 SS ND 

 Co-culture* N-DOMW 106 0.07 6.33 

      

* Die-off was observed before growth started.   

   SS = Steady state 
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CHAPTER 6 

CONCLUSION 
 

       This work shows that E. coli and Enterococci differ in their survival and growth 

dynamics when exposed to photo-produced HOOH or when in competition with each 

other. More importantly, I demonstrate that this relationship is at times, exploitative and 

beneficial to both organisms. Further, we show that agriculturally derived DOM from cattle 

feces played an important role in their social behavior which poses several implications 

from a water quality monitoring perspective. These findings suggest that the behavior of 

FIB could differ in surface waters depending on the concentration of DOM present and its 

potential transformations in the presence of sunlight. E. coli demonstrated that it can grow 

under both high and low DOM inputs, which may suggest a potential for regrowth upon 

entry into eutrophic or meso-oligotrophic surface waters. On the other hand, Ent. faecalis 

regrowth potential may be limited to only eutrophic environments. In addition, the 

interacting role of sunlight from the production of exogenous HOOH from DOM 

photodegradation may further confound this dynamic. Our results suggests that while E. 

coli has a mechanism to efficiently scavenge exogenous HOOH, E. faecalis produces 

HOOH from glycerol metabolism, and struggles under toxic concentrations. Consequently, 

this could result in a overall limited regrowth potential for Ent. faecalis in ROS dominated 

water.   

 


