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During elimination of disease-causing pathogens antibiotic treatment disrupts the normal 

symbiotic gastrointestinal microbiota. The purpose of this study was to (i) investigate the 

efficacy of Intralytix’s E. coli/Salmonella/Listeria bacteriophage cocktail (F.O.P.) to reduce the 

pathogenic E. coli in experimentally infected mice, and (ii) determine whether bacteriophages 

preserve the normal gut microbiota when compared with antibiotic therapy. 

 A total of 85 mice were inoculated with pathogenic E. coli O157:H7 strain 231 (nalidixic 

acid resistant (NalAcR)), via oral gavage. Mice were randomized into one of 6 groups, of which 

each group fell into one of three categories: 1st category of groups received PBS or No phage/No 

PBS as controls, 2nd category received F.O.P., F.O.P. 1:10, or EcoShield, as bacteriophage 

therapies and 3rd category received ampicillin as antibiotic therapy, with treatments administered 

twice daily for four consecutive days, except ampicillin. Stool samples collected at days 0, 1, 2, 

3, 5, 10, were homogenized, and plated on LB plates containing NalAc to determine viable 

pathogenic E. coli counts. Weight for every group was monitored for each animal at every 

sample collection for trend analysis. We performed qPCR with specific E. coli primers to 

quantify the number of E. coli genome copies. We analyzed microbiota community profiles 

before and during treatment using DGGE (Denature Gradient Gel Electrophoresis). 
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F.O.P. bacteriophage treatment significantly (P ≤ 0.05) reduced E. coli pathogen 

concentration by ≥ 55%, and this reduction was the same as that observed with the antibiotic 

therapy. However, greater initial weight-loss occurred in mice treated with antibiotic therapy 

group (-5.44%) compared to both control and F.O.P. bacteriophage groups. DGGE displayed no 

changes in gut microbiota profiles in the control and bacteriophage therapy groups during 

treatment. In contrast, the antibiotic group displayed noticeable distortion of the gut microbiota 

composition, only partially returning to normal by day 10. 

This study found that F.O.P. administration was effective in reducing pathogenic E. coli 

in infected mice. Notably, the F.O.P. bacteriophage preparation had a milder impact on the gut 

microbiota compared to ampicillin: i.e., it did not trigger any distortion of the normal 

gastrointestinal microbiota; whereas, treatment with the antibiotic resulted in noticeable 

gastrointestinal microbiota distortion in mice. 
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CHAPTER 1 

INTRODUCTION 

Literature Review 

The World Health Organization defines an infectious disease as ‘caused by pathogenic 

microorganisms, such as bacteria, viruses, parasites or fungi; the diseases can be spread, directly 

or indirectly, from one person to another’ [1]. Literature notes historical records of bacterial 

infections and disease management across ancient Egypt, China, and Greece [2], yet treatment 

remained limited. Ultimately, our ability to treat infectious diseases changed with Sir Alexander 

Fleming’s 1928 isolation of penicillin, and the recognition of this compound to revolutionize the 

fight against infectious agents [2]. Medicine transformed with the 1940-1990’s boom in 

antibiotic development against highly virulent pathogens [3]. Yet, due to the misuse of 

antibiotics and the ability of microbes to genetically evolve, resistance to antibiotics emerged 

rapidly.  

Antibiotic Resistance 

Medical literature documents initial cases of antibiotic resistance as early as 1959 in 

Shigella (Tetracycline resistant, with tetracycline introduced clinically in 1948 [4]), 1962 in 

Staphylococcus (Methicillin resistant, with methicillin synthesized in 1959 [5]), and 1965 in 

pneumococcus (penicillin resistant, with penicillin first used in a patient in 1942 [6]). The rapid 

emergence of decreased sensitivity towards common antibiotics pushed public health 

professionals to consider alternative therapy routes to fill growing gaps in treatment options [3]. 

Additionally, the increasing threat of spread of infectious agents due to the increase of proximity 

in urban living conditions compounded this public health issue; as the human population 

increased globally, the virulence of many pathogens increased in tandem [3]. Though the 

development of antibiotics has saved a substantial number of patient lives’, by 2011 resistance to 
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nearly all existing antibiotic drugs have been clinically documented in both acute and chronic 

illnesses [7].  

Antibiotic resistance poses a severe threat to the general healthy population. This 

problem is further aggravated in vulnerable patient populations, such as individuals who are 

immunosuppressed, those suffering from cardiovascular complications, genetic conditions, have 

a history of transplant or invasive surgery, compromised organ systems, and pediatric 

populations. Due to these complex cases, clinicians require viable alternatives effective for 

pathogen reduction with minimal side effects as such patients are at an increased risk of higher 

morbidity and mortality. There is a body of research on the emergence of antibiotic resistance, 

and it is thought that among the main causes driving antibiotic resistance are the overuse in 

humans including prophylactic use, overuse in veterinary medicine, and ecological sources that 

include common farming practices [8]. In a retrospective cohort study of 358 children 

hospitalized with urinary tract infections (UTI), of which 87% were caused by Escherichia coli 

(E.coli), Lutter, et al. identified associations between antibiotic prophylaxis and resistance to 

antibiotics used to treat the infection (2005). Investigators of this study determined 27% of 

children with an E.coli caused infection with a history of prophylactic antibiotic use had 

resistance to cefotaxime sodium compared to 3% of children without such history. The study 

investigators concluded that children with antibiotic prophylaxis were the group with higher 

resistance to third-generation cephalosporins against UTIs, a common pediatric infection that can 

lead to serious urologic complications or other medical comorbidities if left untreated [9].  

Similar patterns of resistance were reported in other studies, with high rates of resistance against 

ampicillin, trimethoprim-sulfamethoxazole, and first-generation cephalosporins, highlighting the 

dangerous changes in sensitivities of pathogens to antibiotics [9,10,11].  
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Food-Borne Pathogens 

One of the many areas infectious diseases afflict populations is contaminated food and water, 

caused by food- borne pathogens that are consistently listed as a global public health concern. 

Despite the frequency of bacterial contamination in food sources, medical treatment options to 

combat such infections are limited. Though non-pathogenic E.coli bacteria are a normal part of 

the human gut flora, pathogenic E.coli are common culprits in foodborne infections, most 

notably shiga-toxin producing E.coli (STEC) which causes diarrhea, hemorrhagic colitis, 

hemolytic uremic syndrome, and thrombotic thrombocytopenic purpura, with the latter two 

complications having high risks of fatality [12,13]. The standard clinical treatment against 

bacterial pathogens are regimens of antibiotics determined after speciation and antibiotic 

sensitivity profiling [14]. Yet in cases of infections caused by E.coli STEC O157:H7, the most 

common E.coli bacteria in North America associated with food-borne outbreaks [13], the use of 

antibiotics is not advised as they aggravate the production of shiga-toxins and can increase the 

patient’s risk of developing severe HUS or TTP [15]. Thus, clinicians must resort to supportive 

therapy and hydration to treat these cases and alternatives are needed for better treatment 

efficacy. 

Gastrointestinal Microbiome 

Though effective at reducing pathogen counts, antibiotics also produce undesirable 

clinical side effects such as diarrhea, yeast infections, nausea, drug fever, allergic reactions, and 

in severe cases Clostridium difficile infection leading to colon damage [16] with many of these 

effects are directly associated to the distortion of the normal gastrointestinal environment [17]. 

Distortion of the beneficial human gut microbiome is unwanted as normal gut flora contributes 

significant protective roles to health outcomes [17,18]. A ‘microbiome’ is defined as a distinctive 

biological community of microorganisms working cohesively to maintain a stable environment 
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[19]. The human body shares symbiotic relationships with a multitude of microorganisms 

inhabiting tissues, organ systems, and biofluids that are collectively referred to as the ‘human 

microbiome’ [19,20,21,22]. The Human Microbiome Project has identified multiple microbial 

communities at various anatomic sites contributing to our overall microbiome in locations such 

as our skin surfaces, sinuses, oral and vaginal cavities, and the digestive tract with 

microorganisms outnumbering human cells by a factor of 10 in a healthy individual, emphasizing 

the integral role microorganisms fill in our natural homeostasis [21]. When the beneficial gut 

microbiota suffers from distortion of the microbiome environment there can be negative health 

outcomes resulting from the loss of their protective factors [17]. It is thought that dysbiosis in gut 

microbiome can contribute towards the development of colon, gastric, esophageal, pancreatic, 

laryngeal, breast and gallbladder carcinomas [23].  

Bacteriophage Application 

One alternative to antibiotic treatment is the use of bacteriophages. Though promising 

reports of utilizing bacteriophages in the fight against infectious bacteria have been published 

they have, to date, not resulted in common use [24]. Using bacteriophages to kill bacterial 

pathogens has been explored for the past century and has received renewed interest due to the 

rising levels of clinical antibiotic resistance s [24]. Bacteriophage therapy utilizes naturally 

occurring viruses that infect bacteria, which can be isolated from nature, to target an infectious 

agent in a human host. Structurally, bacteriophages are comprised of mostly proteins (protein 

capsid) and nucleic acids (either DNA or RNA encapsulated by the protein capsid), rendering 

them mostly non-toxic with regard to human use [25]. Bacteriophages are highly specific, 

infecting only a narrow range of targeted bacterial strains, generally resulting in minimal 

distortion of the surrounding microbiome community [25,26,27]. Bacteriophages are found in 

large numbers in the environment. They have been isolated and harvested from marine 
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environments (both saltwater and freshwater), different food sources (various consumable red 

meats), fish, dairy products, soils, plants, and other animals. As new sources for novel antibiotics 

have become limited, the advantage of bacteriophages being the most abundant organisms within 

the planet’s biosphere should be further explored [18,28].  

Due to the nature of a bacteriophage’s lytic abilities (optimized for specific bacterial 

strains), bacteriophages generally do not have broad host range unlike most classes of antibiotics. 

For broad medical applications the narrow host range can be a disadvantage as the specific target 

has to be established prior to picking the correct bacteriophage treatment. This limitation 

highlights the need for effective yet safe combinations of phage preparations, allowing for the 

use of a generic cocktail against multiple pathogens. Without the ability to treat broadly as a first 

line of defense, the applicability of bacteriophages is hindered and resulted in the popularity of 

bacteriophage therapy being overshadowed despite the unique benefits it purports in maintaining 

the host’s normal microbiome while eliminating the pathogenic threat [25].  

The human gastrointestinal (GI) tract is diversely colonized by abundant symbiotic 

microbiota, playing critical roles in immunomodulation, digestion of various compounds, and 

protecting against negative health outcomes [29,30]. Research has recognized the relationship 

between health and the gut microbiome in (but not limited) to inflammatory bowel diseases, 

obesity, and metabolic disorders [30]. As the GI tract is inhabited by an estimated ~100 trillion 

commensal bacteria contributing both daily and long-term, maintenance of the microbial balance 

is complex [31,32]. Regaining protective gut microbiota in correct proportions after antibiotic 

disruption takes time and can leave the host susceptible to additional damage. Since 

bacteriophages target specific strains of bacteria, harnessing this targeting ability provides an 

advantage over the nondiscriminatory bacterial ‘wipe-out’ approach of antibiotics. 
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Hypothesis and Aims 

With the use of phages in humans documented by recent literature as safe [5,6,8,9,17,41], 

we hypothesized that the administration of bacteriophages to reduce pathogenic E.Coli counts 

will be effective without the deleterious side effects on the normal gut microbiome typical in 

antibiotic use. With the prevalence of contaminated food and water illnesses estimated by the 

Centers for Disease Control to be 48 million individuals annually in the United States [31], the 

impact of our findings may support bacteriophages as a much-needed natural alternative to the 

negatives of antibiotic therapy.  

Study Objectives 

The objectives of this study are the pathogen reduction efficacies of multi-target 

bacteriophages compared to antibiotic treatment and single-target bacteriophage preparations 

while assessing the impact of the multi-target bacteriophage preparation on the gut microbiota. 

We evaluated the use of a multi-target bacteriophage preparation against a pathogenic strain of 

E.coli in three distinct scenarios to investigate these objectives.
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CHAPTER 2 

MATERIALS AND METHODS 

Study Design 

We evaluated the efficacy of a multi-target bacteriophage preparation against pathogenic 

bacteria using a study with three investigative arms. The first arm was designed to the compare 

the multi-target bacteriophage cocktail’s efficacy against a single-target bacteriophage therapy to 

evaluate if efficacy is impacted by combination style bacteriophage preparations. The second 

arm was designed to determine efficacy of the bacteriophage cocktail at two different 

concentrations. The third arm was designed to i) establish efficacy of the multi-target 

bacteriophage cocktail compared to standard antibiotic therapy, and ii) evaluate potential 

distortion of gut microbiota.  

We investigated using an in vivo study of mice randomized into six groups observed over 

the course of 10 consecutive days, with each group assigned to a specific therapy combating an 

initial challenge of a pathogenic E.coli strain sensitive to our bacteriophage preparations. Three 

types of bacteriophage treatments are included in this study; 1) the multi-target bacteriophage 

preparation named “Foodborne Outbreak Pill” (a combination of E.coli, Salmonella, and Listeria 

monoctyogenes bacteriophages) labeled F.O.P. 2) the F.O.P. bacteriophage preparation diluted 

by a factor of 10 with standard phosphate buffer solution (PBS) labeled F.O.P. 1:10 and 3) an 

E.coli specific bacteriophage preparation labeled as EcoShieldTM. A total of 85 C57BL male 

mice (8 weeks old) were acquired from The Jackson Laboratory (JAX) and acclimated for seven 

days within the University of Florida’s (UF) Animal Care Services (ACS) facility. The 

bacteriophage cocktail preparation (labeled as F.O.P.) and the E.coli specific bacteriophage 

(EcoShieldTM) were provided by Intralytix, Inc. Figure 1 summarizes the timeline of the therapy 

experiments conducted while Table 1 summarizes the animal group categories used. 
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The initial challenge and all subsequent therapies were administered via oral gavage, to 

ensure standardized ingestion by the animals. Oral gavage was performed using appropriately 

sized and sterilized gavage needles. We determined the first two animal groups to serve as 

control groups, the next three groups to facilitate the three distinct bacteriophage therapies, and 

the final group to facilitate the antibiotic therapy. The first control group received neither 

phosphate buffer solution (PBS) nor any bacteriophage therapy but received the oral gavage 

procedure to standardize stress levels and was labeled No PBS/No Phage. The second control 

group received only PBS. The third group received normal strength F.O.P. therapy. The fourth 

group received F.O.P. 1:10 therapy. The fifth group received normal strength EcoShieldTM. The 

sixth group received ampicillin (AMP). After data collection on the tenth day animals were 

sacrificed. We followed standard protocols for all animal procedures provided by the 

Institutional Animal Care & Use Committee (IACUC) and ACS guidelines.  

Data collection  

We measured body weight and collected stool samples from each individual animal on 

Day 0 after the initial pathogenic E.coli challenge. Stool samples were used for LB Agar plating 

to determine viable counts. We aliquoted a sample of the stock of fresh E.coli culture in LB 

broth used to challenge the mice and determined a culture density baseline of 1.59x109 cells/ml 

of pathogenic E.coli which was diluted appropriately to achieve 1.0x108 E.coli cells per mouse 

for initial challenge. To allow only optimal viable E.coli colony growth on LB Agar plates and 

reduce growth of other microorganisms, all plates contained a quinolone antibiotic, nalidixic acid 

(NalAc), to which our pathogenic E.coli is resistant. After standard incubation, E.coli colonies 

for each animal were counted manually and recorded by sample collection date. Limited fecal 

suspensions from each sample were taken for plating, to preserve enough of the original sample 

for all subsequent laboratory analysis.  
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Aliquots from individual samples were then combined by cage but stratified by sample 

collection day for DNA extraction. Quantitative polymerase chain reaction (qPCR) was used to 

determine pathogenic E.coli volumes of each therapy group for comparison against viable E.coli 

plating counts.   

Fresh aliquots taken from the combined cage samples were analyzed through denature 

gradient gel electrophoresis (DGGE) to determine distortion of microbiota profiles over the ten 

days of observation for PBS, F.O.P. therapy, and ampicillin therapy. The acrylamide gel created 

for DGGE allowed for a visual analysis of band patterns to assess severity of distortion within 

these three therapy groups. 

 
Figure 2-1 Summary of mouse study design. Top of figure denotes randomized mice groups and 

category of treatment each group belongs in. Bottom of figure denotes timeline of 

observation from the start of each experiment on Day 0, to the end of each experiment 

on Day 10.  
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Table 2-1 Breakdown of each experiment (total of 6 experiments) by type of group included and number of animals. 
 

 

No PBS/No Phage 

(No treatment) 

PBS 

(Phosphate 

Buffer) 

F.O.P. 

(Bacteriophage 

Cocktail) 

F.O.P. 1:10 

Dilution 

EcoShieldTM 

(E.coli phage) 

AMP 

(ampicillin) 

Number of 

Animals 

(n = 85 total) 

Experiment 1 
 

- 
 

- 
 

- 15 mice 

Experiment 2 - 
  

- 
 

- 15 mice 

Experiment 3 
  

- 
 

- - 15 mice 

Experiment 4 
 

- - 
 

- - 10 mice 

Experiment 5 - 
  

- - 
 

15 mice 

Experiment 6 - 
  

- - 
 

15 mice 
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Materials  

The Foodborne Outbreak Pill (F.O.P.) bacteriophage cocktail was designed and 

manufactured by Intralytix, Inc. Researchers at Intralytix combined three FDA-evaluated, 

commercial-grade phage preparations originally developed (and currently utilized) in 

applications of food safety and distribution: ListShield™ (six lytic phages), EcoShield PX™ 

(three lytic phages) and SalmoFresh™ (six lytic phages), as shown in Table 2. Additional 

information on the ingredients and manufacturing of ListShieldTM, EcoShieldTM, and 

SalmoFreshTM can be found in the appendix. In addition to the F.O.P. phage preparation, 

numerous other phage preparations are described with detail in previous reports [21,22], 

including complete ingredient lists of phages used. Each of the fifteen phages constituting the 

F.O.P. preparation is diluted from a high-titer stock to achieve a goal concentration of 

approximately 1x1010 PFU / mL prior to mixing, with the cocktail including a 1X PBS to serve 

as a buffering agent. The F.O.P. phage preparation components are summarized in Table 2. 

When not in use, the cocktail was stored at 4°C, away from light.  The E.coli-only bacteriophage 

preparation, EcoShield PXTM, tested against the F.O.P. therapy is an active component of the 

F.O.P bacteriophage preparation and was also provided by Intralytix Inc. We did not evaluate 

microbiome profiles on samples from mice who received the EcoShieldTM bacteriophage.  

Mice were ear punched for identification and allowed to acclimate prior to the start of an 

experiment. LB Agar plates were made under sterile conditions of 36g of powdered LB agar per 

900ml distilled water, thoroughly mixed with agitation, autoclaved, and cooled to 70OC for the 

addition of NalAc. For each bottle of 900ml liquid LB Agar, we added 0.9ml of NalAc, mixing 

thoroughly on low heat to prevent agar solidification without damaging the antibiotic. Stock of 

NalAc was prepared under sterile conditions to a final concentration of 25mg/ml. All plates were 
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made 1-3 days prior to Day 0 for each experiment to prevent degradation of plate quality at the 

time of sample streaking. 

Table 2-2 Components of each bacteriophage preparation used to create the F.O.P. bacteriophage 

cocktail - total of 15 phages 
SalmoFresh™ ListShield™ EcoShield PX™ 

Salmonella phage SBA-1781 Listeria monocytogenes phage LMSP-25 Escherichia coli O157:H7 phage 

ECML-359 

Salmonella phage SKML-39 Listeria monocytogenes phage LMTA-34 Escherichia coli O157:H7 phage 

ECML-363 

Salmonella phage SPT-1 Listeria monocytogenes phage LMTA-148 Escherichia coli O157:H7 phage 

ECML-117 

Salmonella phage SSE-121 

 

Listeria monocytogenes phage LMTA-57  

Salmonella phage STML-13-1 

 

Listeria monocytogenes phage LMTA-94  

Salmonella phage STML-198 

 

Listeria monocytogenes phage LIST-36  

 

Study Methods 

Each experiment began with three specific oral gavage procedures performed on Day 0 

(Figure 1). Each of the three gavages were buffered by a 2.5 hour waiting period from the 

previous procedure. The mice received a prophylactic gavage, the E.coli challenge gavage, and a 

treatment gavage. The prophylactic gavage given was the therapy assigned at random to each 

cage in each experiment. Mice were then challenged 2.5 hours later with 0.2ml fresh 4-hour 

culture of pathogenic E. coli O157:H7 nalidixic acid resistant (NalAcR) strain231 to achieve a 

dose of 1x108cfu E.coli in each animal. 2.5 hours post-challenge, stool samples were collected 

first and then mice were gavaged with 1x109 cfu of the matching respective therapy (prophylaxis 

and therapy type were identical for each cage based on randomization). All treatments, excluding 

ampicillin, were administered twice daily by oral gavage for four consecutive days [Days 0, 1, 2, 

3]. The ampicillin therapy was the only therapy was administered before and after bacterial 

challenge only on Day 0 and not on any other day (however ampicillin mice underwent gavage 

procedure on all days). Stool samples were collected on Days 0, 1, 2, 3, 5, and 10. 
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Sample Analysis Methods 

We collected 3-pellets (approx. 50 mg) of stool per animal into tubes containing 0.45ml 

of PBS and homogenized with 3 sterilized glass beads. From the homogenized stool samples, we 

removed a suspension of 0.1ml and diluted the suspension by a factor of 10 with PBS. We 

streaked 0.1ml from this dilution on LB Agar + NalAc plates to count viable pathogenic E. coli 

counts per animal. We streaked an additional set of plates with a serial dilution from the first 

plating process for a final dilution of 1 to 1000. All samples were plated in duplicates and 

incubated for 24 hours at 37oC. The weight of each animal was recorded (in grams) at initial 

challenge, at every stool collection, and prior to sacrificing for trend analysis. 

Microbiota Analyses Methods 

For DNA extraction we aliquoted 0.1ml from each animal’s original sample within the 

same cage into a combined cage sample for a total volume of 0.5ml using a cut pipette tip. DNA 

was extracted using a modified Qiagen stool DNA protocol (Mai et al. 2006). DNA was 

amplified by qPCR using sequencing primers (1Slt224 gene stx1 ATG TCA GAG GGA TAG 

ATC CA) and (1Slt385 gene stx1TAT AGC TAC TGT CAC CAG ACA AT) to determine the 

number of E.coli genome copies within treatment groups for Days 0,1,2, and 3.  

We analyzed microbiota community profiles using DGGE (Denature Gradient Gel 

Electrophoresis). A 457-bp fragment from the V6 to V8 region of the bacterial 16S rDNA gene 

was amplified with primers U968-GC and L1401. DGGE was performed in an 8% (wt/vol) 

polyacrylamide gel with a denaturing gradient ranging from 40% to 50% at the top and bottom of 

the gel, respectively (100% denaturing conditions were defined as 7 M urea and 40% 

formamide).  After electrophoresis (16 h, 65 V, 60oC), the gel was stained with SYBER Green 

(Novex, San Diego, CA). DGGE analysis was performed only for F.O.P bacteriophage therapy, 

ampicillin therapy, and PBS therapy groups for Days 0, 1, 5, and 10. We compared the degree of 
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microbiota distortion between treatment groups by comparing banding patterns indicative of 

microbiota diversity within each group and evaluating levels of band conservation. Distortion for 

both F.O.P. therapy and ampicillin therapy were compared against the PBS control group. 

Statistical Analyses Methods 

Statistical analysis was conducted in Microsoft Excel v16.22 in which databases housing 

all collected data for weight and E.coli counts were stored. Two-tail distribution t-tests and p-

values were used to assess (i) concentrations of E. coli O157:H7 strain 231 between varying 

therapy groups compared with control groups, and (ii) average percent change of weight by cage 

for each therapy group on Days 1,2,3,5, and 10 as compared to baseline Day 0. Viable E.coli 

colony counts were determined for each individual animal and averaged by therapy group for 

statistical testing (assuming unequal variances).  
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CHAPTER 3 

RESULTS AND ANALYSIS 

Weight Data 

We observed weight loss in all groups on Day 1 from the initial challenge on Day 0. Over 

this 24-hour period, the bacteriophage groups had minimal average weight loss (calculated as 

percent change) when compared to control and antibiotic groups (p < 0.05). On Day 1, the F.O.P. 

1:10 group had a weight loss of 1.28% from Day 0, the smallest negative change of all groups 

when compared to EcoShield and F.O.P. therapy (weight loss of 1.81% and 1.69% respectively). 

These Day 1 values were statistically significant against PBS and No PBS/No Phage groups, 

which had weight loss of 3.42% and 2.93% respectively. We used only the PBS group as the 

control for statistical significance and weight change trends for Days 2, 3, 5 and 10.  The 

ampicillin group had the greatest weight loss with a 5.44% reduction for Day 1 and maintained 

greatest weight loss over all groups for Day 2 with 4.69% negative weight change, Day 3 with 

3.97%, and Day 5 with 4.14%. Within the bacteriophage therapy groups, Day 1 showed the 

greatest weight loss in EcoShield (1.81%), though this changed on Day 2 to F.O.P. therapy with 

2.36% weight loss, followed by F.O.P. 1:10 with 2.00% weight loss, but Day 3 greatest weight 

loss was again in EcoShield with 1.94%. The weight loss values of F.O.P. 1:10 stayed close to, 

but lower than, the F.O.P. therapy group on all days except for Day 5 where F.O.P. 1:10 had 

slightly more weight loss though this may be due to F.O.P. therapy losing two animals between 

Day 3 and Day 5.  On Day 10 the F.O.P. group had the greatest recovery of weight, with a 

positive weight change on of 4.15%, compared to PBS with 0.64% weight gain, and ampicillin 

with 1.17% weight gain. Day 10 was the only day to show positive weight change above the Day 

0 baseline values. There is a notable decrease in weight for the No phage/No PBS group on Day 

3. This may be due to the fact that the initial experiment with No phage/No PBS group did not 
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collect weight data for Day 5 unlike the other experiments. Graph 1 denotes the average weight 

change in percent of all treatment groups including statistical significance and standard error. 

 

 
Graph 3-1 Displays the % weight change in all groups across the 10 days of treatment. 

Ampicillin displayed the greatest weight loss. Bars marked * indicate statistical 

significance when compared against PBS control groups.  

Viable E.coli Colony Results  

Graph 2, Graph 3, and Graph 4 show the results of the first and second arms of this study 

while Graph 5 shows the results of the third arm of this study. Our results of viable E.coli count 

reductions shown are for Day 1,2, and 3 as all significant reductions occurred prior to Day 3. 

Graph 2 shows colony counts of bacteriophage groups against control groups for Day 1 where all 

bacteriophage treatments had significant reductions in viable pathogen counts, compared to the 

PBS control group, at similar levels of efficacy. Graph 3 shows the F.O.P. treatment group with 

the highest reduction, followed by EcoShield, with a significant reduction compared to the three 

remaining groups. Graph 4 shows that by Day 3, no bacteriophage groups had significant 

reductions as the PBS reduction caught up with the pathogen counts in the bacteriophage groups. 
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Graph 5 denotes the average value per treatment group for experiment 5 and experiment 6 of 

viable E.coli colony counts from plating between PBS therapy, F.O.P. therapy, and ampicillin 

therapy. There was a significant reduction in pathogenic E.coli counts for both the F.O.P and 

ampicillin groups.  

 

 
Graph 3-2 Denotes the pathogen reduction between controls and all bacteriophage therapy 

groups for the combined data of Experiments 1-4 for Day 1 using absolute numbers 

as the x-axis scale. Bars marked with * indicate statistically significance when 

compared against PBS control group. 
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Graph 3-3 Denotes the pathogen reduction between controls and all bacteriophage therapy 

groups for the combined data of Experiments 1-4 for Day 2 using absolute numbers 

as the x-axis scale. Bars marked with * indicate statistically significance when 

compared against PBS control group. 

 
Graph 3-4 Denotes the pathogen reduction between controls and all bacteriophage therapy 

groups for the combined data of Experiments 1-4 for Day 3 using absolute numbers 

as the x-axis scale. Bars marked with * indicate statistically significance when 

compared against PBS control group. 
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Graph 3-5 Denotes the pathogen reduction between F.O.P., Ampicillin, and PBS for the 

combined data of Experiment 5 and Experiment 6. Bars marked with * indicate 

statistically significance. 

qPCR and DGGE Results 

We found no significant changes in the number of E.coli genome copies across treatment 

groups when samples were analyzed through DNA extraction and qPCR (Graph 6), indicating 

that reductions observed in viable E.coli counts are representative of actual pathogen reduction 

within the animals. Equal fecal suspensions of stool from every animal were combined by cage 

for DNA extraction and DGGE analysis. The bands produced in each column, for different 

treatment days in groups PBS, F.O.P., and ampicillin indicate microbiota diversity though they 

do not provide information on the species of microorganisms affected by distortion. Based on the 

resulting DGGE image and band patterns within each group, there were no observable 

differences in microbiota distortion within groups treated with PBS and FOP over the 10 days 

following the E.coli treatment intervention, however the ampicillin group had microbiota 

distortion detectable after two doses of antibiotic on Day 0 and continued distortion throughout 
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treatment though the group did not receive additional ampicillin treatments. During the post-

intervention observation window (Day 5 to Day 10) the ampicillin group had partial recovery by 

Day 10 but did not return to baseline profile, as shown in Figure 3-1.  

 
Figure 3-1 DGGE Analysis of combined cage samples taken from Experiment 5 and Experiment 

6 denoting the gut microbiome profiles between PBS, F.O.P phage therapy, and 

ampicillin therapy groups. 
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Graph 3-6 Denotes the number of E.coli genomic copies within F.O.P., Ampicillin, and PBS for 

Experiment 5 and 6. This data represents the total DNA quantity to serve as a 

comparison for viable pathogen quantities determined through LB plating.  

 

Analysis  

The F.O.P. bacteriophage treatment significantly (P < 0.05) reduced E. coli pathogen 

concentration by > 55%, and this reduction was the same as that observed with the antibiotic 

therapy. However, greater initial weight-loss occurred in mice treated with antibiotic therapy 

group (-5.44%) compared to both control and FOP bacteriophage groups (-3.56% and -2.24%, 

respectively). DGGE displayed no changes in gut microbiota composition in the control and the 

bacteriophage therapy groups after therapy. In contrast, the antibiotic group displayed noticeable 

distortion of the gut microbiota composition, only partially returning to normal by day 10. 

Results from qPCR of combined cage samples displayed similar levels of E. coli DNA across all 

groups on Day 1 with similar rates of washout on Day 2, 3, and 10; however, in counts of viable 

E. coli colonies from LB plating we observed significant differences in E. coli quantities for FOP 

and Ampicillin groups when compared to PBS.  

The data collected from DNA extraction and qPCR does not discriminate between viable 

E.coli as it only quantifies fragments of E.coli DNA which can result from both viable and lysed 

cells. As we found no differences in the number of E.coli genomic copies among different 

groups over the course of treatment, we determined that efficacy against viable E.coli and the 

reduction observed in colony growth on LB plating is indicative of the practical effectiveness of 

each therapy group in reducing viable E.coli counts in the mice. 
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CHAPTER 4 

DISCUSSION 

Weight change  

As shown in Table 2 and Graph 1, different therapy groups displayed varying levels of 

weight loss when compared against baseline weights of Day 0, and when compared against the 

rates of weight loss observed in respective control groups. For Experiments 1-4, weight loss 

occurred in all the animals, however there was reduced weight loss in both the full dose F.O.P 

cocktail therapy group and the EcoShieldTM therapy group, at similar rates. Animals lost an 

average of 0.4 grams of body weight in both groups, indicating that there is no additional 

combination effect on weight loss from the F.O.P cocktail as opposed to the single target 

bacteriophage preparation EcoShieldTM. Though the animals had similar protection against 

weight loss regardless of which full dose bacteriophage was administered against the pathogenic 

E.coli challenge, animals in the therapy group receiving the diluted F.O.P showed the least 

amount of weight loss, losing an average of 0.32 grams of body weight. This could indicate that 

the effect of weight loss may have a dose-response relationship with bacteriophage therapy.  

The PBS therapy group in Experiments 1-4 showed the greatest weight loss, however this 

may be due to the stress of the oral gavage procedure and not wholly due to the E.coli challenge 

and placebo therapy. The control group that did not receive any therapy displayed less weight 

loss than the PBS therapy group, suggesting that the oral gavage procedure may have contributed 

to initial weight loss. However, as the bacteriophage groups received therapy via oral gavage as 

well, comparisons of those groups against the PBS therapy group are credible.  

In experiment 5 and 6, weight loss was assessed for Days 1,2,3,5 and 10 against baseline 

values determined for each therapy group at Day 0. We noted the same relationship between PBS 

therapy and F.O.P therapy as seen in Experiments 1-4, with the F.O.P. therapy group showing a 
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much lower percent change of weight loss from baseline compared against PBS. Additionally, 

the ampicillin group showed the highest percent change of weight with mice losing -5.44% of 

body weight by Day 1 as opposed to -2.24% of body weight change in the F.O.P. cocktail 

therapy group. This trend remained consistent through the Day 2 and Day 3. By Day 5, both the 

PBS therapy group and the F.O.P therapy group had plateaued to similar weight loss percent 

changes, while ampicillin continued to remain greater in weight loss.  

As antibiotics are well documented for having significant gastrointestinal side effects, 

explaining why mice treated with ampicillin would demonstrate greater weight loss than other 

groups. Our data indicates that bacteriophage therapy, while weight loss did occur, was markedly 

less severe than the weight loss suffered from antibiotic therapy.   

Reduction of pathogenic E.coli 

Graphs 2, 3, 4 and 5 show varying observable reductions in counts of pathogenic E.coli 

colonies for the initial three days of treatment administration among all therapies. As the E.coli 

strain utilized in this study is not pathogenic to mice, we observed relatively rapid washout of the 

pathogen from the mice as compared to previous studies evaluating Shigella and Listeria [23]. 

The pathogen reduction becomes variable from Day 2 onward, with F.O.P. 1:10 showing 

minimal reduction between Day 1 and Day 2, but a large drop on Day 3, unlike other groups. 

Day 1 and 2 show F.O.P. therapy as more effective than EcoShield. Graph 5 highlights a 

reduction greater than 55% by Day 2 of treatment in the F.O.P. bacteriophage therapy group, a 

competitive reduction when compared against ampicillin, though ampicillin provided a faster 

rate of pathogenic count reduction. Ultimately, against other phage therapies and antibiotic 

therapy, the F.O.P. therapy reduced pathogenic counts significantly during the first 48 hours of 

all experiments and did not have a significant difference in reduction rate when compared against 

ampicillin, though ampicillin was observed to have a slightly higher efficacy throughout. 
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However, by Day 3 within the bacteriophage groups the F.O.P. therapy was as effective as both 

the F.O.P. 1:10 dilution and the EcoShield therapy.  

Graphs 2, 3 and 4 suggest that there may be a dose-response association between 

pathogenic count reduction rate and the concentration of the bacteriophage therapy administered 

when comparing the reduction of the full dose F.O.P. cocktail against the diluted dose of F.O.P. 

cocktail. Though both concentrations reduced the pathogenic count, and the difference between 

the rates was not significant despite the diluted dosage resulting in a slightly lower reduction, 

there is data supportive of bacteriophage therapy concentrations having different efficacy 

performance. By testing the F.O.P. 1:10 and observing muted effects compared to the full dose 

of F.O.P cocktail, could indicate that effects are attributable to the phage, but the impact of the 

protective effects is associated with the concentration of the therapy administered, or the 

concentration of the pathogen at the time of phage therapy administration. If a milder effect is 

desired, the concentration of the bacteriophage preparation can be altered to achieve a milder or 

more pronounced effect. The clinical implications of bacteriophage therapy in that dosages can 

be customized or titrated according to the specific conditions of the infection. Both the F.O.P 

bacteriophage and the EcoShieldTM reduced the pathogenic counts at a similar rate, resulting in 

no indication that one preparation worked with higher efficiency than the other in this study. We 

did observe that the rate of reduction of both bacteriophages were each slightly lower but 

comparable in efficacy against ampicillin therapy, respectively. 

Microbiome Profile 

Figure 2 is the DGGE image obtained from samples of Experiments 5 and 6. By using 

temperature to distinguish nucleic acids across the acrylamide gel, different base-pair sequences 

within different genes denature at various rates, resulting in bands of distinct genetic material 

forming down the gel. Our image distinctly shows that specific bands remain in the same 
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location across each lane for the PBS therapy group (first four lanes on the left). These same 

visually distinct bands can be seen in middle four lanes denoting F.O.P. therapy and stay 

conserved when compared against PBS. However, in the right four lanes denoting ampicillin 

therapy it is clear there is significant distortion immediately between Day 0 and Day 1. The 

distortion partially calibrates back to the baseline by Day 10 however notable distortion remains. 

This data suggests that the microbiome profile of the overall gut environment was severely 

negatively affected by the use of ampicillin wherein the F.O.P. bacteriophage group did not 

disturb the microbiome profile during the process of reducing the pathogenic E.coli from the 

animal. Combined with the weight loss trends and rates of pathogenic cell reduction we 

observed, this demonstrates that the antibiotic therapy resulted in negative impacts on the gut 

microbiome with notable gastrointestinal side effects, while the bacteriophage therapy resulted in 

milder gastrointestinal side effects despite also significantly reducing E.coli pathogen counts.  

Limitations of study 

Regarding fecal recovery from enteric diseases in animal models, seeing similar results in 

human populations is expected. Though animal models are sufficient to investigate the efficacy 

and impact of different therapies, it should be noted that the gut microbiome of mice is different 

than that of humans. Similar trends in distortion are likely to be seen in humans, however the 

severity in distortion may vary when evaluated in humans, as we have distinctly different gut 

microbiomes from one another while the mice existed in controlled conditions. The gut 

microbiome is directly impacted by factors like the microbiome in the mouth, the nutrition we 

consume, or animal exposure in our environments, which will impact gut microbiota analysis in 

people. Another slight limitation is the use of a pathogen that is not clinically pathogenic to mice 

but is clinically pathogenic to humans. Though the data produced by this study is legitimate to 

contribute towards research of bacteriophages against pathogens we cannot attest to how 
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bacteriophages may lessen a patient’s experience of clinical symptoms (discomfort as a result of 

disease effects). Finally, we designed our study to only observe the animals for a total of 10 days, 

as that was sufficient to investigate our study objective on whether distortion occurred (which we 

were able to determine). If we allowed for a longer observation time in order to add to the 

microbiome profile analysis, we may have been able to determine at what timepoint the 

distortion in the antibiotic treatment group gut microbiota returned back to the baseline profile, 

adding additional depth to the conclusions on the effects of antibiotics on gut microbiota as 

opposed to the effects of bacteriophage therapy.  
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CHAPTER 5 

CONCLUSION 

Investigation Findings 

Through the observation of reduction in viable pathogenic E.coli counts by the F.O.P 

bacteriophage cocktail, we were able to draw three conclusions on the use of this particular 

phage preparation when compared against control groups, single-target bacteriophage groups, 

and antibiotic groups. During this study, we observed three main effects of E.coli/ Salmonella/ 

Listeria bacteriophage cocktail (F.O.P.). 

i) The F.O.P. bacteriophage treatment is effective at reducing E.coli pathogen counts in 

infected mice. 

ii) The F.O.P. bacteriophage treatment did not show disruption of the gut microbiota 

community while the antibiotic treatment group did show significant disruption of gut 

microbiota as early as the first day of treatment. 

iii) The F.O.P. bacteriophage treated group had the smallest percent of weight change. The 

greatest initial weight loss observed was the antibiotic treatment group when compared 

with both the F.O.P. bacteriophage treated group and PBS group. 

This study found that F.O.P. administration was effective in reducing the levels of 

pathogenic E. coli in infected mice at a similar rate to ampicillin therapy, which has important 

clinical applications. However, the F.O.P. bacteriophage preparation had a milder impact on the 

gut microbiota compared to ampicillin: i.e., it did not trigger any distortion of the normal 

gastrointestinal microbiota; whereas, treatment with the antibiotic resulted in noticeable 

gastrointestinal microbiota distortion in mice. 
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Implications and Future Studies  

The findings of this study support the growing research in the use of bacteriophage 

therapy as a reliable clinical alternative to antibiotics against bacterial pathogens. As patients 

develop resistance to first- and second-line antibiotic therapies, the limited clinical options 

available as a last-line of treatment are often toxic, with harsh side effects [34]. Bacteriophage 

therapy has potential to aid in the antibiotic resistance crisis public health currently faces, 

providing targeted therapy with milder effects, adding an extra level of therapeutic defense for 

patients with decreasing options. With the rise of antibiotic resistance organisms and research 

showing the valuable relationship between a healthy gut microbiome and reduction in adverse 

health outcomes, investing in bacteriophage therapy as a pharmacological treatment choice is 

necessary. 
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APPENDIX  

ADDITIONAL TABLES 

Table A-1 Percent Weight Change for all therapy groups. Denotes weight changes (in % weight 

change when compared to the weight taken at Day 0 as baseline) across all treatment 

groups over the course of Day 1, Day 2, Day 3, Day 5, and Day 10 compared to 

baseline values collected on Day 0. Values with * indicate statistical significance 

against the PBS control group. 
Weight (% change) 

 

Day 1 Day 2 Day 3 Day 5 Day 10 

No phage, No PBS -2.93% -2.85% -6.80% -3.17% ______ 

PBS -3.42% -3.79% -3.11% -2.29% +0.64% 

F.O.P.  -1.69%  *  -2.36%  * -1.66% * -0.32%   +4.15% 

EcoShieldTM -1.81%  *  -1.24%  * -1.94%  * -1.33%  * ______ 

F.O.P. (1:10) -1.28%  *  -2.00%  *  -1.42%  * -0.85%  * ______ 

Ampicillin (AMP) -5.44 %  *  -4.69 %  -3.97%   -4.14% +1.17% 

 

Table A-2 E.coli viable counts for Bacteriophage therapy groups. Average E.coli counts from 

viable colonies grown in LB Agar plates for all treatment groups included in 

experiments 1,2,3 and 4. Values with * signify statistically significance when 

compared against control group. 
(cfu/50 mg stool) Day 1 Day 2 Day 3 

No PBS/ No Phage 1.21E+05 5.17E+03 1.42E+02 

PBS 1.13E+05 4.90E+03 3.25E+01 

F.O.P Cocktail 7.29E+04 *  5.90E+02 *  3.85E+01 * 

F.O.P 1:10 Dilution 7.89E+04 *  8.23E+02 2.90E+01 * 

EcoShieldTM 7.63E+04 *  3.20E+03 *  8.00E+00 * 

 

 

Table A-3 E.coli viable counts for F.O.P. and Ampicillin therapy groups. Average E.coli counts 

from viable colonies grown in LB Agar plates for all treatment groups included in 

Experiment 5 and 6. Values with * signify statistically significance 

(cfu/50 mg stool) Day 1 Day 2 Day 3 

PBS 1.34E+05 3.40E+03 2.42E+02 

F.O.P Cocktail 6.10E+04  * 2.01E+03  * 5.60E+01  * 

Ampicillin 2.76E+04  * 1.15E+03  * 3.90E+01  * 
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Table A-4 E.coli viable counts, p-value calculations for all therapy groups against controls and 

against other therapy groups. P-values calculated as t.test function in excel on viable 

E.coli counts from LB agar plating for each individual animal within each treatment 

groups. 
 

 

No 

Phage/

No PBS 

v. PBS 

No 

Phage/N

o PBS v. 

F.O.P. 

No 

phage/

No 

PBS v. 

EcoShi

eldTM 

No 

phage/

No 

PBS v. 

F.O.P. 

(1:10) 

PBS v. 

F.O.P. 

PBS v. 

EcoSh

ieldTM 

PBS v. 

F.O.P. 

1:10 

F.O.P. 

v. 

EcoSh

ieldTM 

F.O.P. 

v. 

F.O.P. 

(1:10) 

F.O.P. 

(1:10) 

v. 

EcoShi

eldTM 

Day 

1 

0.55991

7 

1.296 

x10-05 * 

0.0002

2* 

2.335x

10-05 * 

0.0044

2* 

0.0193

* 

0.0069

* 

0.5586

1 

0.68741

6 

0.7924

26 

Day 

2 

0.76939

1 

9.63x10-

07 * 

0.0108

0* 

0.8868

0 

3.29x1

0-08 * 

0.0134

* 

0.8052

3 

0.0025

* 

7.6503x

10-19 * 

0.0007

9* 

Day 

3 

0.04672

* 

0.055484 0.0377

9* 

0.0140

6* 

0.6885

03 

0.8243

1 

0.0828

7 

0.3709

5 

0.00018

3* 

0.0231

0* 

 

 

Table A-5 E.coli viable counts, p-value calculations for all therapy groups against controls and 

against other therapy groups. P-values calculates as t.test function in excel between 

different therapy groups; viable E.coli counts; * denotes statistical significance 

 
P-values 

 

F.O.P. cocktail v. PBS Ampicillin v. PBS F.O.P. cocktail v. Ampicillin 

Day 1 0.002355208 * 5.30102x10-05 * 1.1986x10-05 * 

Day 2 0.055871802 0.002514946 * 0.014930837 * 

Day 3 0.005345975 * 0.002252626 * 0.505828384 
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