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ABSTRACT 

 Antibiotic resistance is a growing concern resulting in tens of thousands of deaths 

annually worldwide. Antibiotic resistance in pathogenic fungi and bacteria is due in large part to 

the overuse and misuse of antibiotics in agriculture and medicine. Although antibiotic resistance 

is rising in most bacteria, some pathogens are more concerning than others. ESKAPE pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) include bacteria of major concern 

due to their unique virulence traits and multiple antibiotic resistance factors. New approaches 

must be used to address this crisis including discovery of novel antimicrobials. We aimed to 

identify the antibiotic compounds produced by two bacterial isolates against ESKAPE 

pathogens. Bacterial isolates derived from dairy farm samples are of particular interest, including 

isolate 5 from dairy farm feed and isolate 8d from manure. Bacterial isolate 5 antagonized 

growth of Staphylococcus aureus, while isolate 8d inhibited growth of Bacillus cereus (although 

not an ESKAPE pathogen, this species is of interest due to its role in infections and antimicrobial 

resistance potential). The zones produced by isolates 5 and 8d were extracted for chemical 

analysis to identify the characteristics of the metabolites. Both metabolites of interest were found 

to be nonpolar and contain conjugated pi systems as well as oxidizable compounds. Isolate 5 

produced metabolites containing alcohol and ester groups, and isolate 8d produced metabolites 

containing alcohol groups. BLAST data from primers of the ITS region identified isolate 5 as 

Bacillus pumilus strain 145 and isolate 8d as Bacillus thuringiensis FDAARGOS_971. By 

preliminarily identifying these antimicrobials, future studies can identify the exact compound 

being produced by the isolates against their prospective ESKAPE pathogen. 
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INTRODUCTION 

Antibiotics in natural environments 

Tetracycline was discovered by Benjamin Duggar when soil-derived Streptomyces 

aureofaciens strain A-377 showed large zones of inhibition against several bacterial species, 

including S. aureus, B. cereus, and E. coli. Duggar called the produced antimicrobial aureomycin 

to reflect is yellow-gold color (1). Soon after the discovery of aureomycin, other similar 

antimicrobials were discovered, such as terramycin, also isolated from a soil bacterium. 

Streptomyces rimosus displayed inhibition against several pathogens by producing terramycin 

(2). Both aureomycin and terramycin were modified to optimize their capabilities in vitro, 

opening the door to development of second-generation tetracyclines (3).  

The mechanism for tetracycline as an antibiotic is inhibition of protein synthesis in 

bacterial pathogens. Tetracyclines primarily bind to the ribosome A-region within the 16S 

ribosomal subunit. The antibiotic forms hydrogen bonds as well as bonds with magnesium to 

bind to the ribosome. This binding leads to a change in structure of the ribosome, therefore 

altering the function of the pathogen (4). Different tetracyclines will bind to this site in its own 

way, affecting the efficacy (4).  

 

Figure 1. The chemical structure of tetracycline shows polarity and oxidizable compounds. 
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One of the first to be discovered and most notable first-generation glycopeptide is 

vancomycin. Vancomycin was discovered by scientists of Eli Lilly and Company in 1953. 

Samples of mud from Borneo Island contained a bacterium Amycolatopsis orientalis. This 

bacterium showed bactericidal activity against staphylococci, and subsequently the bactericidal 

compound was isolated and put on the market as vancomycin in 1955 (6). Glycopeptide 

antibiotics inhibit cell wall synthesis in mostly Gram-positive bacteria by inhibiting the synthesis 

of peptidoglycan. The pentapeptide subunits of peptidoglycan containing D-Ala-D-Ala termini 

bind to the glycopeptide to form a complex that interferes with cell wall growth (7).  

 

Figure 2. Vancomycin has a chemical structure including functional groups such as alcohols 

and amines as well as conjugated pi systems. 
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Streptomycin was the first aminoglycoside to be discovered by Selman Waksman in 1944 

(8). Waksman spent several years trying to find antibiotics within farm soil samples at Rutgers 

University Agriculture School, and eventually one soil screening showed the presence of an 

antibiotic of special interest to the research group. Streptomyces griseus was isolated from the 

soil sample as the bacteria producing the antibiotic, which is now known to be streptomycin (9). 

Streptomycin was primarily used against Gram-negative bacteria and was well known for its use 

against Mycobacterium tuberculosis, the bacteria responsible for tuberculosis infection. 

Tuberculosis was difficult to treat prior to proper antibiotics, resulting in many patients 

succumbing to their infection. Streptomycin successfully treated tuberculosis in clinical trials and 

was quickly made available to treat patients (10). Other aminoglycosides such as neomycin, 

kanamycin, and tobramycin were discovered soon after the discovery of streptomycin (11). 

 

Figure 3. Streptomycin has a chemical structure with many polar groups as well as alcohol, 

amine, and amino functional groups. 

Aminoglycosides consist of a core containing amino sugars connected by glycosidic 

linkages to a dibasic aminocyclitol. Subclasses are defined by the substituted groups on the rings 

of the aminocyclitol. Aminoglycosides inhibit protein synthesis by binding the A-site of the 16S 
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rRNA of the 30S ribosome. Aminoglycosides are polycationic which causes a strong binding 

affinity to rRNA. Each type of aminoglycoside differs in its specificity for different regions on 

the A-site, but ultimately all aminoglycosides change the conformation of this area (11, 12).  

Naturally occurring antibiotics were also initially derived from fungal sources in the 

environment. Penicillin was discovered by Alexander Fleming in 1929 when a white mold 

unexpectedly grew on cultures containing variants of staphylococcus. These cultures were 

exposed to air and contaminated with various airborne microorganisms. The mold displayed 

bactericidal effects against the staphylococci cultures. The morphology led to the conclusion that 

the mold was a penicillium, and it was shown to inhibit several pathogenic and nonpathogenic 

bacterial strains (13). This mold, Penicillium chrysogenum, is commonly found in damp 

environments such as forests but is also found in damp indoor environments (14).  

Penicillin is a member of the beta-lactam family of antibiotics. Beta-lactam antibiotics 

are characterized by the presence of a four-member beta-lactam ring in their structure. This ring 

can interrupt the bacterial cell wall by crosslinking peptidoglycan by covalently binding to 

penicillin-binding proteins. Beta-lactams differ in the constituents attached to the four-membered 

ring (35).  

 
Figure 4. The chemical structure of penicillin includes groups such as a beta-lactam ring 

and ketones. 
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Antibiotic Resistance History 

 

 One of the first cases of antibiotic resistance was documented in E. coli against penicillin 

by two members of the team to originally discover penicillin alongside Fleming. Fleming had 

noted that several bacteria were resistant to penicillin, including E. coli.  In 1940, Abraham and 

Chain isolated an enzyme from E. coli that was able to inhibit penicillin. The research group 

referred to this enzyme as penicillinase. Penicillinase was then found in Gram-negative rods 

noted to be resistant to penicillin. Only a year later, four strains of S. aureus were found to be 

resistant to penicillin in a clinical setting (38). This came only one year after penicillin was first 

used clinically. Cases of antibiotic resistance across many bacterial species became more 

prevalent during this period but were upstaged by the exciting Golden Age of Antibiotic 

Discovery (15).  

 After the discovery of penicillinase, the discovery of other resistance mechanisms 

progressed. Resistance to sulfonamides in Shigella dysenteriae was apparent in post-World War 

II Japan as dysentery cases were on the rise. In 1959, resistant S. dysenteriae strains were 

isolated and co-cultured with Enterobacteriaceae bacteria. The co-culture was then subjected to 

several antibiotics S. dysenteriae showed resistance to several antibiotics. The 

Enterobacteriaceae displayed the same resistance as the S. dysenteriae. This led to the discovery 

of antibiotic resistance plasmids being transferred from cell to cell through conjugation (39).  

 Methicillin resistance in S. aureus was uncovered soon after resistance to sulfonamides. 

In 1961, methicillin-resistant strains of S. aureus were isolated from clinical sources. Thousands 

of S. aureus strains mostly from England were tested for resistance using a disk diffusion assay. 

Of the 5,440 strains, three displayed significant resistance to methicillin (40). A similar study in 

1964 isolated ten MRSA strains from ten different patients admitted to six different hospitals in 
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Copenhagen, Denmark. All ten strains were also found to be resistant to penicillin, streptomycin, 

tetracyclines, oxacillin, cloxacillin, and cephalothin. The research group concluded that the 

observed multidrug resistance was mediated by penicillinase production (41).  

 Vancomycin-resistant Enterococci (VRE) was first documented in 1988 from 22 patients 

at a hospital in England. This facility oversaw the care of the 22 patients who were all 

experiencing end-stage renal failure or multiple organ failure. Samples of blood, intra-abdominal 

sepsis, urine, peritoneal fluid, pleural fluid, and bile were analyzed. Although this study did not 

determine the mechanism for resistance, the researchers did conclude that the cases were not a 

result of cross infection as VRE was not detected on surfaces or on the healthcare providers (41). 

This led the researchers to conclude the resistant infections were independent of each other.  

 

Multidrug Resistance and ESKAPE Pathogens 

Multidrug resistance (MDR) refers to acquired resistance of drugs characterized by 

different chemical structures and mechanisms of action. When bacteria are resistant to several 

different types of antimicrobials, they are considered multidrug resistant. The acronym ESKAPE 

was first used in 2008 to refer to a group consisting of several multidrug resistant bacteria with 

increasing concern due to their antibiotic resistance capabilities. ESKAPE includes: 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni, 

Pseudomonas aeruginosa, and Enterobacter species (42).  

 

 

Lack of newly developed antibiotics 

 

 Despite a crisis, development of antibiotics has slowed tremendously due to economic 

and regulatory challenges (16, 17). As for economic challenges, an increase in mergers of 
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pharmaceutical companies has negatively affected antibiotic development. When companies 

merge, corporate priorities are reassessed and new product discovery frequently decreases (16, 

17). When these companies merge, development efforts from the smaller or less funded company 

shift towards projects from the larger company. As companies merge, projects are left behind 

causing the variety in antibiotic development to diminish. Pharmaceutical companies have scaled 

back on the development of novel antibiotics due to their lower economic value in comparison to 

the treatment of chronic illnesses. Antibiotics cure the illness they treat, so they are only 

necessary for a short period of time. Chronic illnesses such as diabetes, depression, asthma, and 

heart disease require consistent medication and therefore are more profitable. A recent study by 

the Office of Health Economics in London found that the current net value of novel antibiotic 

development at the time was -$50 million while development of treatment for a neuromuscular 

disease had a net value of $1 billion (18). The low cost of antibiotics also diminishes their 

economic appeal to invest in development. Newer antibiotics usually cost no more than $1,000-

$3,000 per course while chemotherapy can cost up to tens of thousands of dollars (17, 18).  

 Regulatory challenges have also led to restraint in developing new antibiotics. The U.S. 

Department of Health and Human Services identified a hypothetical scenario in which an 

antibiotic may enter the market for sale. Pre-clinical research and development of antibiotics in 

the United States takes over five years and costs approximately $21 million (19). This is just the 

time and cost associated with identifying a single molecule, which there is only a 31% chance of 

successfully doing (19). Once pre-clinical R&D finishes, phase 1 trials may begin. This phase 

costs $30 million and requires 100 participants and about over a year to complete. Phase 1 has a 

54% chance of succeeding (19). Phase 2 trials costs $45 million and requires 250 participants 

and over two years to complete with a success rate of 60% (19). Phase 3 trials cost $210 million 
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and require 500 participants and over 2 years. Phase 3 has a 85% chance of being successful 

(19). Once Phase 3 is complete, the sponsor will submit a New Drug Application to the FDA 

(19). The fee to submit this application is $2 million and takes a little less than a year to approve 

with an approval rate of 85% (19). From pre-clinical trials to FDA approval, the total cost for the 

hypothetical antibiotic would be $308 million and take over 12 years to complete. The drug will 

then be expected to make $793 million for every year that it is on the market (19). This gross 

profit is far less than the expected profits of drugs for chronic illness. The timeline of over 12 

years is unattractive for pharmaceutical companies, especially since the companies will not profit 

nearly as much from the antibiotic as they would from other drugs.  

A 2018 study of antibiotic development within smaller European institutions surveyed 25 

companies on the costs and timeline of their antibiotic development efforts (20). The study broke 

down phases of development by lead compound identification, lead compound optimization, 

preclinical testing, phase 1 clinical trials, and phase 2 clinical trials (20). Companies answered 

with their actual cost and timelines or the expected numbers if they had not yet reached the phase 

in question. The out-of-pocket cost and timeline for lead compound identification per main 

antibiotic project varied greatly among companies with research costing anywhere from 

€100,001 to over €1 million and taking anywhere from six months to four years (20). Lead 

compound optimization was €1-5 million and took six months to four years to complete (20). 

Preclinical testing costs ranged from under €1 million to €5 million and took one to two years. 

Phase 1 clinical trials were €1-15 million taking anywhere from six months to two years. Phase 2 

clinical trials varied greatly amongst companies costing from under €1 million to over €20 

million in a one to four year time period (20). Just these phases alone and without including 

application approval for sales, the total cost for antibiotic development ranged from under €4 
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million to over €46 million with a timeline ranging from three to twenty years (20). The required 

amount of time partly due to regulations are unattractive to pharmaceutical companies as well as 

investors (20).  

 

Solutions to address the global MDR crisis 

 

There are many possible solutions to address the global MDR crisis, but not all are 

practical and approachable. Eliminating antibiotics from livestock feed would very likely cause 

an abrupt halt in MDR development, but this is not likely to occur. One method to address the 

MDR crisis is phage therapy. Phage therapy in this scenario would involve using bacteriophages 

to infect and lyse MDR bacteria (21). This may occur by replicating virions into a host then 

lysing the host. This may also occur by integrating the phage genome into the host genome and 

allowing the host to replicate for many generations. Not long before the commercialization of 

antibiotics, phages were the primary treatment for bacterial diseases. Bacteriophages were first 

discovered in 1915 by Fredrick William Twort and in 1917 by Felix d’Herelle. In 1919, d'Herelle 

was the first to use a bacteriophage in a clinical setting by using the phage to treat dysentery 

(22). The use of this therapy was quickly overshadowed by the clinical use of antibiotics. Phages 

are highly specific, an advantageous attribute over antibiotics. Bacteriophages do not completely 

eradicate bacterial infection, otherwise they would not be able to replicate. Instead, 

bacteriophages can be used to control or decrease the population of the bacteria being targeted to 

a point where the host’s immune system can eliminate the infection on its own, or to a point 

where antibiotics may be administered to completely overcome the infection (21). Along with 

antibiotics, bacteria can also become resistant to bacteriophages. Phage resistance is mostly 

determined by the bacteria being targeted as well as dosage of the phage. Another limitation of 

phage therapy is the ability to regulate the method. Determining dosage of a phage is difficult as 
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the phage is capable of exponentially multiplying. The rate at which the phage multiplies is also 

dependent on a multitude of factors such as suitability of the environment for the phage and 

resistance to the phage (23, 24).  

Antimicrobial peptides (AMPs) are also being studied to treat persistent bacteria. AMPs 

are naturally occurring molecules in plants and animals. AMPs contain less than fifty amino acid 

residues and have a net positive charge with about half of the amino acids being hydrophobic. 

The net positive charge is due to the excess of positively charged amino acids. These secondary 

structures fold into an amphipathic confirmation that allows for the penetration and interruption 

of the bacterial membrane. The net positive charge also allows AMPs to interact with the 

negatively charged bacterial membrane. The hydrophobic portions of the confirmation can then 

penetrate the AMP into the lipid portion of the target membrane (24). The exact mechanism in 

which AMPs act is not clearly understood. Studies have indicated the high likeliness that their 

mechanism is specific to their structure. Sequence size, cationic nature, hydrophobicity, and 

amphipathicity may therefore contribute to the mechanism of a specific AMP against a specific 

target. Antimicrobial activity from the AMP may include membrane depolarization, creation of 

pores, degradation of cell walls, and alteration of lipid composition in the membrane bilayer. 

Although they mainly work extracellularly, they may also act intracellularly by inducing 

hydrolysis which can degrade the bacterial cell wall. 

One of the oldest AMP treatments is a topical treatment known as Bacitracin. Bacitracin 

was first discovered in 1945 when several cyclic polypeptides were isolated in a skin wound 

containing debris. Bacitracin is a cyclic antimicrobial peptide produced by Bacillus subtilis. It is 

used to treat bacterial skin infections caused by Gram-positive bacteria such as Staphylococcus 

spp., Streptococcus spp., and Clostridium spp. (43). Bacitracin are hydrophobic molecules that 
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disrupt bacterial cell wall synthesis by interacting with peptidoglycan. This occurs by preventing 

P-P-phospholipid carriers from being dephosphorylated and ultimately preventing peptidoglycan 

precursors to bind to the cell wall (44). 

The likelihood for resistance to occur in microbes against AMPs is very low, but not 

impossible. Resistance against AMPs would be energetically unfavorable for the target as the 

targeted bacterial membrane would have to reconfigure its constituents. AMPs may also have 

multiple targets, so removing one target may not be an incredibly successful way to resist the 

peptide’s antimicrobial efforts. Some bacteria may alter their membranes as a mechanism of 

resistance by incorporating less negatively charged components or incorporating components 

with a weaker negative charge. The AMP would then be less likely to bind with the membrane as 

the AMP has a net positive charge. Resistance to AMPs may also be caused by modification of 

lipid A in lipopolysaccharide (LPS). Incorporating fatty acids reduces the permeability of the 

membrane and increases the stability of the membrane. Membrane-bound efflux pumps may also 

contribute to resistance by pumping AMPs out of the bacterial cell. AMPs may also be cleaved 

by outer membrane proteases. Resistance against AMPs is energetically costly, so it is not 

favorable. However, acquired resistance to AMPs from generations of exposure is not nearly as 

energetically unfavorable. This possibility would likely result in the same consequences as the 

current antibiotic crisis: overexposure and overuse will lead to widespread resistance (25). 

Quorum sensing inhibitors work by stopping, destroying, or preventing the binding of the 

signal molecule from reaching its receptor. Quorum sensing is cell-to-cell communication 

regulated by autoinducers. Autoinducers are small, diffusible signaling molecules that coordinate 

the activity and behavior of a group of bacterial cells to overcome environmental challenges. The 

secretion of autoinducers is dependent upon cell density. As bacterial cell density increases, the 
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concentration of autoinducers also increases. Quorum sensing is used to regulate processes such 

as the formation of biofilms, the secretion of virulence factors, swarming motility, and 

bioluminescence (26, 27).  

Quorum sensing inhibitors are unique in that they do not disrupt bacterial and host 

metabolism. Antibiotics disrupt metabolism and this leads to selective pressure for the bacteria to 

develop antibiotic resistance mechanisms. Minimizing selective pressure would slow the 

development of resistant bacterial strains. One study synthesized a promising compound 

functioning as a quorum sensing inhibitor. Zhang et al. synthesized four series of 4-

fluorophenyl-5-meethylene-2(5H)-furanone derivatives and performed different assays to test 

their effectiveness as quorum sensing inhibitors as well as their viability in vivo using a mouse 

model. Most compounds showed promise with their quorum sensing inhibition properties, but 

one compound in particular displayed compelling results. Compound 23e from the Zhang study 

had no effect on growth of Gram-positive and Gram-negative bacteria. It also showed an 

inhibition rate of 31.4% against pyocyanin, a virulence factor produced by P. aeruginosa and did 

not affect the growth rate of P. aeruginosa. Compound 23e most effectively inhibited protease, a 

virulence factor that degrades some immunity components, at 30.6% and biofilm formation 

where 23e showed better inhibitory abilities than the positive control. The researchers then used 

scanning electron microscopy to analyze biofilm morphology which showed that compound 23e 

inhibited biofilm formation without damaging the bacteria. This compound also most effectively 

inhibited swarming motility. The most effective quorum sensing inhibitory compounds were then 

screened in combination with two antibiotics, CLA and CIP, to see their effectiveness in 

infection eradication in vitro against two strains of P. aeruginosa. The compounds enhanced 

antibiotic activity in a concentration-dependent manner. Compound 23e had the best synergistic 
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activity with CIP and reached 77.2% inhibition when highly concentrated with the compound. 

Compound 23e was then tested in a mouse model for its efficacy in combination with CIP 

against P. aeruginosa. The combination was much more effective than either treatments alone. 

The compound also had little hemolytic effect on mouse erythrocytes (27). 

Overall, compound 23e showed high inhibitory capabilities against various virulence 

factors as well as biofilm formation. It worked synergistically with antibiotics against P. 

aeruginosa that resulted in a more effective treatment than antibiotics alone in vitro. Compound 

23e effectively enhanced the antibacterial effect of CIP in a mouse model against a strain of P. 

aeruginosa with almost no hemolytic effect on mouse erythrocytes (27). This derivative has 

great potential to enhance antibiotics without causing selective pressure to further resistance. 

Quorum sensing inhibitors have some limitations to be addressed. Although inhibiting 

quorum sensing has shown to decrease virulence in bacterial species, this is not necessarily true 

for all bacterial species. Previous studies have shown that the deletion of genes responsible for 

quorum sensing have increased virulence capabilities through other mechanisms (28). Quorum 

sensing inhibitors also have their own potential for resistance like antibiotics. One example of 

this comes from a previous study where P. aeruginosa ultimately displayed resistance to quorum 

sensing inhibitors by mutating genes to encode for excess efflux pumps (29).  

Aside from novel therapies to combat antibiotic resistance, economic incentives could be 

introduced to combat the MDR crisis as well. A major explanation for the lack of research and 

novel therapies in this field is that it is not profitable. Antibiotics are a cure. When a patient has a 

bacterial infection, the patient is prescribed antibiotics, and in most cases, the patient is no longer 

infected once the patient finishes the antibiotics. Not only are antibiotics a cure, but they are 

usually a fast-acting cure, so therapies are not necessary longer than a few weeks for most 
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common bacterial infections. Developing a new antibiotic is very costly with a high likelihood of 

the drug not making it to market. The mean cost of drug development investment was estimated 

to be $1.559 billion based on drugs developed from 2008-2019 (30). Chronic illnesses are 

usually life-lasting and require years upon years of therapies to treat symptoms and the illness 

itself. Chronic illnesses are safer for research and development groups to focus efforts on from 

an economic standpoint because of this. As the MDR crisis escalates, research and development 

must address it. Economic incentives would likely turn the attention of these research facilities 

towards this crisis.  

A potential mechanism to incentivizing antibiotic development is to increase the cost of 

the drugs. Antibiotics have historically cost less than most other drugs used for chronic illness. 

Increasing the cost of antibiotics would increase the return for the pharmaceutical company and 

therefore increase motivation and interest in developing novel therapeutics. Increasing the cost 

may also increase stewardship (32). For example, physicians may be less apt to prescribe 

antibiotics if they know it will be a major cost for their patient. A major concern with increasing 

the cost of antibiotics is decreasing access to the drugs. Although increasing stewardship is 

valuable in combatting MDR, reducing access to life-saving drugs may have catastrophic effects, 

especially in low-income countries. 

Market entry rewards have become increasingly utilized and preferred by pharmaceutical 

companies (31). A market entry reward is a series of payments to incentivize innovation and has 

a predictable return on investment. Market entry rewards have the ability to incentivize new 

projects and potentially projects that did not make it far into research and development. By 

receiving known payments, the researchers and developers know their cost limits and do not 

have to fully rely on grant applications being accepted when there is a high likelihood of them 
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being denied (32). In 2015, Sweden introduced an annual revenue guarantee for developing 

therapeutics against critical pathogens on the WHO Priority Pathogens List. By 2020, this 

resulted in the development of four new antibiotics and one previously discovered antibiotic to 

be revisited (33). The main issue with market entry rewards is the cost of issuing and sustaining 

them over several years. This may result in costs increasing elsewhere, such as issuing a tax (32). 

The U.S. government is attempting to aid in the MDR crisis. In 2023, the Pioneering 

Antimicrobial Subscriptions To End Upsurging Resistance (PASTEUR) Act was reintroduced to 

U.S. Congress. This $6 billion bill proposes to establish a Committee of Critical Need 

Antimicrobials to designate funds for critical need antimicrobial development on a subscription 

basis. This committee would have the ability to designate FDA-approved antimicrobial drugs as 

critical need. The developers of these critical need drugs can then apply for subscription-based 

funding through the government. The subscription would last 5-10 years with the possibility of 

extension and may total from $750 million to $3 billion. The PASTEUR Act would also improve 

antimicrobial stewardship by providing a grant program through the Center for Disease Control 

and Prevention to support healthcare facilities in continuing education. This bill would also 

extend antimicrobial resistance surveillance (36).  

The most effective route to averting a MDR crisis is the discover and develop a new class 

of antibiotics. A new class of antibiotics would have no previous record of resistance, making it a 

powerful innovation. Successfully developing a new class would likely provide economic 

stability for the developer since it will likely be in high demand. Developing a new class of 

antibiotics has several challenges including cost, time, and the likelihood of failing. As discussed 

previously, these factors result in the lack of industry presence in antibiotic discovery research. 

Academic research has a major role in antibiotic discovery research. Outside of academic labs, 
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there are organizations making an effort to avert the MDR crisis in academia. The Small World 

Initiative provides classroom knowledge and experience in working against the MDR crisis 

while also giving students an opportunity to learn many biological concepts and lab skills. 

Although antibiotic discovery is difficult and unlikely, the imminent MDR crisis must be 

contained. This study is a portion of our research group’s effort in averting the catastrophic 

effects of this crisis.  

Several bacterial isolates originating from dairy farm samples showed antimicrobial 

properties against ESKAPE and other pathogens. Isolate 5 originated from dairy farm feed and 

showed antimicrobial activity against Staphylococcus aureus (ATCC 2325). Isolate 8d originated 

from manure and displayed antimicrobial capabilities against Bacillus cereus (ATCC 14579). 

Although B. cereus is not an ESKAPE pathogen, it is of interest to our lab due to its 

exponentially increasing infection occurrence. We aimed to isolate secondary metabolites from 

two bacterial species, isolates 5 and 8d, originating from dairy farm samples, and determine the 

optimal ESKAPE or other pathogen OD600 for zone of inhibition production. We also aimed to 

subject the metabolites against the pathogens and identify chemical features of the extracted 

metabolites. We hypothesized that one or more metabolites would be isolated that inhibit 

the growth of at least one ESKAPE or other bacterial pathogen. 
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MATERIALS & METHODS 

Gram and Spore Staining of Bacterial Isolates 

 Gram staining was completed for isolates 5 and 8d to determine Gram status. Endospore 

staining was completed for both bacterial isolates. 

 

Agar Overlay for Zone of Inhibition Production 

ESKAPE Staphylococcus aureus (ATCC 2325) and Bacillus cereus (ATCC 14579) were 

grown to an appropriate OD600 in tryptic soy broth (TSB) statically at 37°C. The OD600 for S. 

aureus ranged from 0.915-1.185 with corresponding CFU/mL ranging from 2.83 x 108 - > 1 x 

109. For B. cereus, the OD600 ranged from 0.847-0.900 with CFU/mL ranging 6.9 x 108 - > 1 x 

109 Bacterial isolates 5 and 8d were spotted onto 50% TSA plates and allowed to incubate for 24 

hours at ambient temperature. A volume 0.1 mL of the appropriate ESKAPE or pathogen culture 

was added to 9.9 mL of liquid YT top agar (Fig. 5). The top agar containing the pathogen was 

overlayed with its appropriate bacterial isolate. Isolate 5 was overlayed with ESKAPE S. aureus, 

and isolate 8d was overlayed with pathogen B. cereus (ATCC 19745). The top agar was allowed 

to solidify at ambient temperature then stored at 37°C for approximately 24 hours. The overlayed 

plates were observed for zones of inhibition. Zones were cut from the plates using a sterile 

spatula and stored at -20°C in microcentrifuge tubes until further processing. 
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Figure 5. Overlay of dairy isolate of interest with inoculated YT agar containing pathogen 

of interest. 

 

Methanol Extraction of Secondary Metabolites 

Excised agar containing 3-4 extracted zones from each dairy isolate were placed in a 50 

mL test tube with 15 mL of methanol (Fig. 6). Each sample was placed on a shaker at ambient 

temperature for 48h. The remaining methanol extracting solution was split into three to five test 

tubes uncovered at ambient temperature in a fume hood to allow remaining methanol to 

evaporate. Splitting the solution into several test tubes allowed the methanol to evaporate more 

quickly. A small volume (~50-100 L) of methanol was used to resuspend the extraction in each 

tube. The extractions were combined into one clean test tube and left to allow the remaining 

methanol to evaporate. The new test tube was weighed before and after the extract was added 

and the methanol evaporated to determine the mass of the dried organic extract in milligrams. 
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Figure 6. ZOIs removed from the agar and metabolites were extracted using methanol.  

 

Thin Layer Chromatography 

Each dried organic extract was resuspended in 100 μL of methanol. Plastic-backed silica 

thin layer chromatography (TLC) plates (Carolina Biological, Burlington, NC) were spotted with 

the resuspended extract using capillary tubes (Fig. 7). The solution was spotted to create two 

lanes with each lane being spotted approximately 20 times. Each TLC plate dried at ambient 

temperature. Each spotted TLC plate was run with a methanol solvent until the solvent line 

nearly reached the top of the plate. Short wave UV light was used to verify the movement of the 

extract once the solvent had completed its run on the plate. The TLC plate dried at 37°C for 1-2 

minutes to evaporate any remaining methanol.  
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Figure 7. Thin layer chromatography separated the methanol-extracted metabolites.  

 

Bioautography for Zone Reproduction 

ESKAPE S. aureus and B. cereus were grown to an appropriate OD600 in TSB at 37°C. A 

prepared TLC plate containing the separated organic extract was placed in a sterile empty Petri 

dish. Each pathogen was added (0.1 mL) was added to 9.9 mL of liquid YT top agar. 0.1 mL 3% 

tetrazolium salt solution (2, 3, 5-triphenyl tetrazolium chloride, Carolina Biological Supply 

Company, NC, US) was added to the YT top agar and gently mixed (Fig. 8). The top agar 

containing the ESKAPE was poured into the Petri dish containing the TLC plate from the 

appropriate bacterial isolate. The YT agar was allowed to solidify at ambient temperature. The 

plate was incubated at 37°C for approximately 24h. Zones of inhibition were observed and 

imaged for analysis. 
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Figure 8. Bioautography consisting of the TLC plate containing the separated extract 

overlayed with YT inoculated with a bacterial pathogen and a bioindicator. 

  

Staining to Identify Functional Groups 

Short wave UV light was used to visualize conjugated pi systems such as benzophenone 

and anthracene on the TLC plates. Iodine crystals (Merck & Co. Inc., NJ, US) were used to stain 

TLC plates containing separated organic extracts from bacterial isolates of interest for 

visualization. The TLC plate was placed in a closed chamber containing ~1-5 grams of iodine 

crystals at room temperature for five minutes or until the plate was completely stained brown and 

the lanes were visible. The iodine was stored at ambient temperature. Potassium permanganate 

(KMnO4) stain was used to visualize oxidizable compounds such as alcohols, esters, ketones, 

alkenes, and alkynes. The KMnO4 solution consisted of 1.5g KMnO4 (Sigma-Aldrich, MO, US), 

10g K2CO2 (Sigma-Aldrich, MO, US), 1.25 mL 10% NaOH (Sigma-Aldrich, MO, US), and 200 

mL H2O. The plate was completely submerged in 0.75% KMnO4 solution at ambient temperature 

for only a few seconds. KMnO4 solution was stored in darkness at ambient temperature. The 

KMnO4 stain is a purple/fuchsia color, and any oxidizable compounds will stain yellow/brown. 
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Anisaldehyde was used to stain TLC plates for specific functional groups such as alcohols, 

phenols, amines, aldehydes, and ketones . The anisaldehyde stain comprised of 5 mL 

concentrated sulfuric acid (Sigma-Aldrich, MO, USA), 3.7 mL p-anisaldehyde, acetic acid 

(Thermo Fisher Scientific, NJ, USA), and 135 mL absolute ethanol. This stain was stored at 0°C. 

For staining, the TLC plate was submerged in the anisaldehyde stain at ambient temperature until 

the plate was covered in the solution. The stained plate was heated using a hot plate set to ~37°C 

until the background turned light pink and different colors were visible within the lanes 

containing the organic extract. The color change occurred after 10-15 minutes of heating. 

 

DNA Extraction and PCR of Bacterial Isolates to Confirm Identity 

 Isolate 5 and 8d were inoculated in TSB for 24h. Samples were purified using GeneJET 

Genomic DNA Purification Kit (Thermo Fisher, NJ, USA) with some modifications. A 

microcentrifuge tube containing one mL of the 24h culture was centrifuged at max speed for 

10min.. The supernatant was decanted, and the pellet was resuspended in Gram-positive lysis 

buffer. Lysis buffer and Proteinase K were added to the pellet. The solution incubated in a 30-40 

°C water bath for 30 minutes. RNase A solution was added to the microcentrifuge tube and 

allowed to incubate for 10 minutes at ambient temperature. 50% ethanol was then added to the 

microcentrifuge tube.  

 The supernatant was transferred to a GeneJET purification column with the collection 

tube. The column was centrifuged for one minute at max speed. The supernatant was discarded. 

Wash Buffer I was added and the column was centrifuged for one minute at max speed. Wash 

Buffer II was added to the column and centrifuged for 3 minutes at max speed. The supernatant 

was discarded and the column was centrifuged for another minute at maximum speed. The 
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purification column was placed in a microcentrifuge tube where elution buffer was added. The 

column with the buffer incubated for 2 minutes at ambient temperature. The eluted DNA was 

stored at -20°C. 

 Primers were used to target the ITS region of the purified DNA from each isolate. PCR 

products were created using PureLink PCR Purification Kit (Thermo Fisher Scientific, NJ, USA) 

with thermocycling under the following conditions: 95°C three minutes, 95°C one minute, 52°C 

one minute thirty seconds, 72°C one minute, 95°C one minute x 38, 72°C five minutes, 12°C 

hold. The sequencing was performed by Azenta Life Sciences (IN, USA). The identity of each 

bacterial isolate was confirmed using NCBI BLAST on the sequences. 

 

Colony Forming Units per mL for ESKAPE Pathogens 

CFU/mL was calculated for ESKAPEs S. aureus (ATCC 2325) and B. cereus (ATCC 

14579) at OD600 in which zones of inhibition formed. Serial dilutions using 99 mL sterile blanks 

used to create various dilutions depending on the OD600 of the ESKAPE. Dilutions ranged from 

10-6 to 10-13 (Fig. 9). Dilutions were spread plate on YT agar plates and incubated at 37°C for 

24h. Colonies were counted and CFU/mL was calculated.  
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Figure 9. Serial dilutions were used to find the CFU/mL for S. aureus and B. cereus at 

OD600 associated with production of zones of inhibition. 
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RESULTS 

Gram stains confirm preliminary data & spore stain reveals spore formation in both isolates. 

 

Figure 10. Isolates 5 and 8d are Gram-positive, spore-forming rods. Each isolate was 

streaked on YT agar to isolate colonies. Gram-staining isolate 5 (A) and isolate 8d (B) showed 

that both are Gram-positive rods (Fig. 10). Spore staining revealed that both isolates are spore 

formers. Stains were visualized with oil immersion using a compound light microscope (1000X). 

 Isolate 5 was streaked onto YT agar to isolate colonies and visualize colony morphology. 

Gram-straining revealed isolate 5 to be a Gram-positive rod. Endospore staining with malachite 

green shows stained endospores (Figure 10A). Isolate 8d was streaked onto YT agar to isolate 

bacterial colonies. Isolate 8d is a Gram-positive, bacillus species. Endospores were visible in 

isolate 8d using malachite green endospore staining (Figure 10B). 

 

 

 

 

 

 

A B 
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Isolate 5 reproduced zones of inhibition against S. aureus (ATCC 2325). 

 

Figure 11. Dairy isolate 5 produced zones of inhibition against S. aureus (ATCC 2325) in 

agar overlay. Isolate 5 was inoculated onto 50% TSA and incubated at ambient temperature for 

24h. The inoculated plate was overlayed with YT top agar inoculated with S. aureus (ATCC 

2325). The overlayed plates were incubated at 37C and assessed for zone production after 24h.  

 

Time (h) OD600 S. aureus (ATCC 2325) CFU/mL 

22.364 ± 4.178 1.045 ± 0.085 8.985 x 108 ±  2.368 x 108 
 

Table 1. Isolate 5 produced ZOI against S. aureus (ATCC 2325) 12-26 hours after the 

inoculated spots were overlayed with the pathogen. ZOI production in isolate 5 against S. 

aureus (ATCC 2325) appeared 12-26h after agar overlay. S. aureus (ATCC 2325) had OD600 

0.915-1.165 and CFU/mL 2.83 x 108 - > 1 x 109 at the time of agar overlay with isolate 5 when 

ZOI were produced. Isolate 5 was spotted on 50% TSA and incubated at ambient temperature for 

24h. S. aureus (ATCC 2325) was inoculated in TSB and overlayed onto the plate inoculated with 

isolate 5. The overlays were observed for ZOI. 
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 Zones of inhibition were reproduced several times when isolate 5 was subjected to S. 

aureus (ATCC 2325) on an agar overlay (Fig. 11). The factors influencing the production of ZOI 

include the time for zones to appear after overlaying the isolate with the pathogen, the OD600 of 

the pathogen at the time of the overlay, and the CFU/mL of the pathogen at the time of the 

overlay (Table 1). The amount of time for zones of inhibition to appear from the time of the agar 

overlay with inoculated S. aureus (ATCC 2325) ranged widely from 12-26h. ZOIs most 

commonly appeared 20-24h after the agar overlay. OD600 ranged 0.915-1.165 for zone 

production. The CFU/mL for the zone-producing OD600 values ranged from 2.83 x 108  - > 1 x 

109 with > 1 x 109 CFU/mL being the most common value. Zones were reproduceable at each 

OD600.  

 

Isolate 8d reproduced zones of inhibition against B. cereus (ATCC 19745)  and S. aureus (ATCC 

2325). 

 

Figure 12. Dairy isolate 8d produced zones of inhibition against B. cereus in agar overlay. 

Isolate 8d was inoculated onto 50% TSA and incubated at ambient temperature for 24h. The 
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inoculated plate was overlayed with YT top agar inoculated with B. cereus. The overlayed plates 

were incubated at 37C and assessed for zone production after 24h.  

 

Time (h) OD600 B. cereus (ATCC 14579) CFU/mL 

24.4 ± 0.894 0.6602 ± 0.323 5.55 x 108 ± 4.855 x 108 

 

Table 2. Isolate 8d produced ZOI against B. cereus 24-26h after the inoculated spots were 

overlayed with the pathogen. ZOI production in isolate 8d against B. cereus (ATCC 14579) 

appeared 24-26h after agar overlay. B. cereus had OD600 0.148-0.900 and CFU/mL < 1 x 106 - > 

1 x 109 at the time of agar overlay with isolate 8 when ZOI were produced. Isolate 8 was spotted 

on 50% TSA and incubated at ambient temperature for 24h. B. cereus (ATCC 14579) was 

inoculated in TSB and overlayed onto the plate inoculated with isolate 8d. The overlays were 

observed for ZOI.  

 

 Zones of inhibition were reproducible when subjecting bacterial isolate 8d to B. cereus 

(Table 2). The factors contributing to zone production in isolate 5 subjected against S. aureus 

(ATCC 2325) were also evaluated in isolate 8d against B. cereus (Fig. 12). The time for ZOIs to 

appear after the agar overlay ranged from 24-26h. ZOI production was most common 24h after 

the B. cereus agar overlay. The OD600 values of B. cereus ranged greatly 0.148 – 0.900. Zones 

were reproducible at OD600 values 0.841 – 0.900 in B. cereus. ZOIs produced at OD600 0.148 and 

0.533 were not reproducible. The zone producing OD600 values resulted in CFU/mL ranging < 1 

x 106 - > 1 x 109. The OD600 values where zones were reproduced had CFU/mL ranging 6.9 x 108 

- > 1 x 109. 
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Time (h) OD600 S. aureus (ATCC 2325) CFU/mL 

24 0.6845 ± 0.729 5.050 108 ± 7.064 x 108 

 

Table 3. Isolate 8d produced ZOIs when overlayed with S. aureus (ATCC 2325) in two 

occurrences. ZOIs were present 24h after the inoculated YT agar containing S. aureus (ATCC 

2325) was overlayed onto the 50% TSA plate inoculated with isolate 8d. ZOIs were present at S. 

aureus (ATCC 2325) OD600 values of 0.169 and 1.200 with CFU/mL ranging greatly. 

 

Bioautography shows polarity of the produced antimicrobials 

 

Figure 13. The antimicrobials produced by isolate 5 and 8d are nonpolar. ZOIs produced by 

isolate 5 against S. aureus (ATCC 2325) and isolate 8d against B. cereus (ATCC 14579) were 

extracted for their antimicrobial metabolites using methanol. The methanol extraction was 

separated using TLC. The TLC plate of the separated extract for each isolate were overlayed 

with their pathogen of interest with YT top agar overlays and incubated at 37°C for 24h. 

Bioautography was observed for zone production. A) Zones were produced from the isolate 5 

methanol extraction in bioautography when subjected against S. aureus (ATCC 2325). B) Zones 

A B 
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were produced from the isolate 8d methanol extraction in bioautography when subjected against 

B. cereus.  

 

 The bioautography showed where the antimicrobials were on the TLC plate. ZOIs 

extracted from isolate 5 show inhibition of S. aureus (ATCC 2325) towards the top of the TLC 

plate (Fig. 13A). The zone on the TLC plate extends. ZOIs extracted from isolate 8d show 

inhibition against B. cereus towards the top of the TLC plate as well (Fig. 13B). Unlike isolate 5, 

the antimicrobials present in the isolate 8d extract appears to be present in small portion of the 

separation. 

 

TLC staining revealed functional groups of extracted metabolites 
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Figure 14. TLC staining of isolate 5 extract reveals functional groups of extracted 

metabolites. Methanol-extracted isolate 5 zones were separated by TLC. Various TLC stains 

were used to identify different chemical characteristics of the metabolite. The box includes the 

portion of the TLC plate that contains the antimicrobials. A) Short-wave UV light shows the 

metabolite contains conjugated pi systems. B) Iodine stain shows where the extract was on the 

TLC plate. C) KMnO4 stain shows the metabolite may contain oxidizable compounds. D) 

Anisaldehyde staining shows the extracted metabolite contains alcohol and ester groups.  

 

 

Figure 15. TLC-separated zone extraction from isolate 8 extract shows chemical 

characteristics of the metabolites. Methanol-extracted isolate 8d zones were separated by TLC, 
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and stains were used to identify various chemical characteristics of the extracted antimicrobials. 

The box includes the portion of the TLC plate that contains the antimicrobials. A) Short-wave 

UV light shows the metabolite contains conjugated pi systems. B) Iodine stain shows where the 

extract was on the TLC plate. C) KMnO4 stain shows the metabolite contains oxidizable 

compounds. D) Anisaldehyde staining shows the extracted metabolite contains alcohol groups. 

 

BLAST data using PCR of ITS region in isolates 5 and 8d reveal their identities 

Isolate BLAST Identity 

5 Bacillus pumilus strain 145 

8d Bacillus thuringiensis strain FDAARGOS_791 

Table 4. Isolates 5 and 8d were identified using sequencing from the ITS region. Isolate 5 

was identified as Bacillus pumilus strain 145. Isolate 8d was identified as Bacillus thuringiensis 

strain FDAARGOS_791. 
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DISCUSSION 

 This study assessed the antimicrobial abilities of environmentally derived bacterial 

isolates against ESKAPE or other pathogens as well as the chemical properties of the extracted 

metabolites in an effort to identify the antimicrobials. ZOIs were reproduced in each bacterial 

isolate to determine the optimal OD600 for S. aureus (ATCC 2325) and B. cereus (ATCC 14579) 

for zone production. Optimal OD600 for ZOI with isolate 5/S. aureus (ATCC 2325) ranged 0.915-

1.165 and isolate 8d/B. cereus  0.148- 0.900. ZOIs were extracted from the agar overlay assays, 

and the metabolites producing the ZOIs were extracted using methanol. TLC using methanol as 

the solvent separated the extracts by their polarity. Bioautography showed where on the TLC 

plate the metabolites were present and revealed that both isolates produced nonpolar metabolites. 

This finding was unexpected as most known antibiotics are polar molecules. TLC staining 

showed that isolate 5/S. aureus  produced metabolites containing conjugated pi systems, 

potentially oxidizable compounds, as well as ester and alcohol groups. Isolate 8d/B. cereus 

produced metabolites containing conjugated pi systems, oxidizable compounds, and alcohol 

groups. Alcohol and ester groups are oxidizable, so the anisaldehyde and KMnO4 results appear 

consistent. Conjugated pi systems and oxidizable compounds are found in many antibiotics. One 

example of this is amoxicillin which contains a conjugated ring with a hydroxyl group attached 

to the ring (51).  

The ITS region of both isolates matched BLAST data. Isolate 5 was identified as Bacillus 

pumilus strain 145, and isolate 8d was identified as Bacillus thuringiensis strain 

FDAARGOS_791. Bacillus pumilus is a Gram-positive, spore-forming bacterium that can 

survive in aerobic and anaerobic conditions. This bacterial species is commonly found in soil but 

may also be found in water, air, and decomposing plants. Their presence in fermented food, 
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resistance to the human gastrointestinal tract, and abilities in secreting enzymes, vitamins, and 

antimicrobial compounds have made them a contender for probiotic use (45). Bacillus pumilus 

has been known for its antimicrobial capabilities since the 1950s. An antibiotic was isolated from 

a soil-derived strain of Bacillus pumilus from Nigeria called pumilin. This antibiotic is effective 

against Gram-positive bacteria only. The original study to isolate pumilin found the antibiotic to 

fluoresce under UV light and IR showed alcohol groups (46). These results are consistent with 

those from the metabolites extracted from isolate 5. The complete genome of Bacillus pumilus 

strain 145 was recently assembled in 2018. One difference in strain 145 not found in many other 

Bacillus is a gene coding for abortive infection bacteriophage resistance, Abi. Although similar 

genes are found in other Bacillus, this particular gene is unique to Bacillus pumilus strain 145 

(47). By completing the genome, more studies can be done to better understand the capabilities 

of this strain, particularly in antimicrobial activity as it is not currently known for this.  

Bacillus thuringiensis is Gram-positive, spore-forming bacterial species commonly used 

in pesticides. Certain bacteria were first isolated in 1901 from silkworm larvae. Silkworms were 

rapidly declining in Japan at the time from sudden-collapse disease, so researchers were 

investigating the cause. In 1911, a similar strain of bacteria was isolated from dead 

Mediterranean flour moth larvae in Germany. These bacteria were what are now know as 

Bacillus thuringiensis. Over time, B. thuringiensis has been introduced to pesticide products and 

their genes have been introduced to genetically modified crops (48). Some strains display 

antimicrobial activity through the production of bacteriocins. The mechanism for this is not 

clearly understood. Some pathogens susceptible to B. thuringiensis strains include B. cereus, L. 

monocytogenes, and B. subtilis (50). B. thuringiensis FDAARGOS_791 was isolated from 
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wastewater and has been mostly studied for its protease production (49). Its antimicrobial 

capabilities are not readily known. 

 A potential limitation to the experiment could be the interpretation of the anisaldehyde 

stain on the TLC plates containing the separated metabolites from each isolate. The extracts 

likely contain a large combination of different compounds. An array of colors appeared on the 

anisaldehyde-stained TLC plates showing an extensive number of compounds separated, making 

the results difficult to interpret. To mitigate this issue, prep TLC can be used to better interpret 

the results of the anisaldehyde stain. Prep TLC is essentially a separation of the separation. The 

methanol extracted metabolites will be separated via TLC. The region of the silica TLC plate 

assumed to contain the metabolites will be scraped off and resuspended in methanol. The 

suspension then can be separated further using TLC with methanol as the solvent. This 

separation will then be stained with anisaldehyde. 

 Bacillus thuringiensis strain FDAARGOS_791 (isolate 8d) was overlayed with S. aureus 

(ATCC 2325) following the same protocol as the other isolate. There were no previous data from 

the screenings of Bacillus thuringiensis strain FDAARGOS_791 stating any antagonistic 

behavior against S. aureus. However, Bacillus thuringiensis strain FDAARGOS_791 produced a 

ZOI when overlayed with this pathogen. ZOIs were able to be reproduced only once (Table 3). 

Future studies could determine if this interaction was from chance or error, or if Bacillus 

thuringiensis strain FDAARGOS_791 actually has antagonistic properties against S. aureus 

(ATCC 2325). By determining the potential of this isolate against other pathogens, we can 

further characterize its abilities in inhibiting these pathogens. If Bacillus thuringiensis strain 

FDAARGOS_791 does produce antimicrobial metabolites against S. aureus, it can then be 

determined if the metabolites produced are the same or different as the metabolites produced 
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when the isolate is subjected to B. cereus (ATCC 14579). Producing the same metabolite would 

show a larger spectrum of the antimicrobial capabilities, and producing a different metabolite 

would broaden the spectrum of the bacterial isolate itself in its antimicrobial behavior.   

As the MDR crisis persists, the need for a new antibiotic is more imminent. Without 

economic incentives, it is unlikely that pharmaceutical companies will join academic groups in 

the search for novel antibiotics. Novel therapies aside from antibiotics such as phage therapy 

have great potential for treating bacterial infections. These therapies can treat bacterial infections 

on their own but are much more effective when combined with antibiotics. Since these 

treatments are newly revisited and largely untested, they likely require more studies to 

understand long-term effects on health as well as on MDR pathogens. These therapies are also 

more costly to the consumer than antibiotics alone. The produced antimicrobials from these 

environmentally derived bacterial isolates may have already been discovered. If this were to be 

the case, these studies still aid in the search to overcome MDR by further characterizing the 

capabilities of the already discovered antimicrobials.  

As MDR infections rise, it is becoming apparent that new treatment methods are needed. 

Combining antibiotics with other treatments such as quorum sensing inhibitors, phage therapies, 

and antimicrobial peptides is an approach being implemented to overcome MDR pathogens. By 

combining therapies, the pathogen is undergoing several antimicrobial mechanisms at once. The 

amount of antibiotics used clinically may also be decreased which will slow down resistance. 

Antibiotic stewardship must also be reassessed in combatting the MDR crisis. Education is 

necessary for not only healthcare providers, but the general public. By educating the public, 

pathogen transmission will likely decrease. By decreasing disease prevalence, MDR will slow 

down, and more time will be available for research and development of novel therapies. 
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To extend this research, the metabolites produced from each isolate-pathogen 

combination can be identified using various biochemical procedures. Nuclear magnetic 

resonance (NMR) is used to determine the structure of a compound by identifying functional 

groups present. Mass spectrometry (MS) is a method to determine the molecular weight and 

structure of the metabolites. By determining the molecular weight, we can estimate the molecular 

formula of the metabolites leading to its identification. Infrared spectroscopy (IR) measures the 

interaction of infrared radiation with the metabolites. This leads to identification of functional 

groups attached to the metabolites (34). By identifying the chemical structure of the metabolites, 

we can determine if the metabolites are already known for their capabilities. The metabolites 

may be antimicrobials known for their capabilities in inhibiting these particular pathogens. The 

metabolites may be known metabolites but are less known or unknown for inhibiting the 

pathogens of interest. The least likely but most hoped for outcome is that these metabolites are 

yet to be discovered. 
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