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Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a 

significant challenge to global healthcare making the 

problem of antimicrobial resistance (AMR) even greater. 

The present study explores how CRISPR-Cas13 armed 

bacteriophages can be used as an innovative way to fight 

CRKP. Bacteriophages were designed to contain CRISPR-

Cas13, an RNA-targeting system to specifically target the 

resistance genes of Klebsiella pneumoniae and degrade 

them. In vitro and in vivo models of the efficacy of this 

phage CRISPR system showed considerable bacteria 

growth prevention and recovered antibiotic sensitivity. 

These findings indicated that phage-CRISPR treatment 

was permissible to reduce bacteria loads by 95 percent 

upon time-kill assays and tremendously enhanced survival 

in Galleria mellonella larvae. Gene expression analysis 

was used to verify the silencing of carbapenem resistance 

genes was successful. These results indicate that CRISPR-

Cas13-bearing bacteriophages would be useful as a precise 

therapy in particular in response to multidrug-resistant 

bacterial infections, which would offer a viable alternative to traditional antibiotic 

therapy. This will not only help to restore the effectiveness of antibiotics, but will also 

enhance the availability of a specific antimicrobial treatment that will reduce the 
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chances of resistance being developed. 

 

1: Introduction  

1.1 Background and Context  

Antimicrobial resistance (AMR) is considered to be one of the greatest global 

health issues of the 21st century, whose consequences comprise between both 

prolonged illnesses and elevated death rates. Klebsiella pneumoniae is a gram-negative 

that is a significant cause of hospital-acquired infections all over the world. It causes a 

broad spectrum of infections such as pneumonia, sepsis and urinary tract infections. Of 

significant interest, is the growing spreading resistance of the carbapenems-resistance 

against the Klebsiella pneumoniae (CRKP), because these strains have evolved 

resistance against Bulgarins such as carbapenems, commonly referred to as the last line 

of defence against multidrug-resistant bacteria (Paterson & Bonomo, 2005). Klebsiella 

pneumoniae has carbapenem resistance that is mainly because of the production of 

carbapenemases, enzymes that break down carbapenem antibiotics and make them 

useless. Some of the most prominent carbapenemases include KPC (Klebsiella 

pneumoniae carbapenemase), NDM (New Delhi metallo- 2-lactamase), and OXA-48 

(Tzouvelekis et al., 2014). In addition to causing resistance to carbapenems, these 

enzymes expand to other antibiotic classes making treatment of CRKP infections even 

more challenging. Multi-drug resistant organisms (MDROs) like CRKP, underscore the 

necessity to develop novel methods of therapy to counter them. The common antibiotic 

treatment has become ineffective against these resistant bacteria, generating the need 

to find alternative treatment. CRISPR-Cas13-based technologies, which are based on 

RNA and not DNA, are promising new avenue of genetic editing and antimicrobial 

therapy in this aspect. Crisper Cas13, together with bacteriophage therapy has become 

an innovative approach in targeting resistant bacteria (Friedland et al., 2015).  

 

1.2 Problem Statement  

Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a major health issue that 

endangers the community health and particularly that of hospitals. This resistance to 

the types of antibiotics available within the clinic has caused more mortality rates, 

prolonged hospitalization, and raised health spending in regard to Klebsiella 

pneumoniae, a problem that is becoming increasingly resistant to the routinely used 

antibiotics, especially carbapenems. Although there have been efforts to develop new 

antibiotics, there is a rapid increase in the dissemination of CRKP through overuse and 

misuse of antibiotics, horizontal gene transfers of resistance genes. Available 

treatments, including the last-line antibiotics, are increasingly less effective as 

resistance rapidly develops leaving the physician with little option other than to use 

more less-effective or toxic alternatives. Therefore, alternative methods that have the 

ability to specifically attack and mitigate resistance strains of bacteria are very much 

needed. CRISPR-Cas13 armed bacteriophages are a possible breakthrough therapy in 

CRKP, which provides specific alterations and reduces collateral damage to the human 

microbiota in comparison with the other therapy options. The purpose of the study is as 

follows: 

 

1.3 Objectives of the Study.  

The main aim of the study will be assessing the efficacy of the CRISPR-Cas13 

armed bacteriophages in overcoming carbapenem-resistant Klebsiella pneumoniae 

(CRKP). In particular, the research is going to: Optimize engineer bacteriophage to 

transfer CRISPR-Cas13 systems that can target important carbapenem resistance genes, 

e.g. black PC and blaNDM, in Klebsiella pneumoniae. Determine the effectiveness of 

the CRISPR-Cas13 phage treatment in preventing bacterial growth and recovering the 

ability to be susceptible to antibiotics. Test the efficacy of the phage-CRISPR treatment 

in vivo, using a Galleria mellonella model. Compared to traditional antibiotic treatment 
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and phage-only treatment Compare the effect of phage-CRISPR-treatment against 

phage-only-treatment. The result of this research may open the way to the development 

of novel antimicrobial treatments that will be effective in tackling this mounting issue 

of drug-resistant infections.  

 

1.4 Research Questions 

 The following are the main research questions that will be used to inform this 

study:  

RQ1: What is the efficacy of CRISPR-Cas13 to target and silence carbapenem 

resistance genes in Klebsiella pneumoniae?  

RQ2: Which is the bactericidal effect of CRISPR-Cas13 armed phages on 

Klebsiella pneumoniae strains as compared to the phage-only treatments, and control 

groups? Will CRISPR-Cas13 armed phages reinstate antibiotic susceptibility of 

Klebsiella pneumoniae against antibiotics that previously proved ineffective with 

resistant strains? 

RQ3: How effective is CRISPR-Cas13 phages in vivo in fighting CRKP in 

animal models, in this case, Galleria mellonella? 

 RQ4: What is the comparison between the CRISPR-Cas13 phage system in 

safety, efficacy, and cost-effectiveness compared to the traditional antibiotics? 

 The study will be limited to  

 

1.5 Scope of the Study.  

The present work will concentrate on designing and testing the CRISPR-Cas13 

armed bacteriophages that are attacking the carbapenem-resistant strains of Klebsiella 

pneumoniae. The study will be done through laboratory-based experiments, which will 

include in vitro experiments and in vivo experiments with a Galleria mellonella model. 

The research will involve clinical isolates of the CRKP obtained in Pakistan where the 

problem of drug resistance infections is one of the important issues in healthcare. It also  

is confined to the research of phage-mediated CRISPR delivery of bacterial RNA in 

Klebsiella pneumoniae, omitting other bacterial species or other ways of genome 

editing.  

 

1.6 Paper Organization. 

The following are the sections in this paper: •  

→ Chapter 1: Introduction Presents the background, problem statement, objectives, 

research questions and scope of the study. 

→ Chapter 2: Literature Review Survey literature on CRISPR-Cas13, phage therapy 

and carbapenem-resistant Klebsiella pneumoniae. It points out the latest patterns, 

issues, and gaps in knowledge in the area. 

→ Chapter 3: Methodology Details the experimental design, procedures and statistical 

methods utilized in this study. This involves the isolation of Klebsiella pneumoniae 

strains and characterization, phages of CRISPR-Cas13 engineering, and data 

collection.  

→ Chapter 4: Results and Discussion. Interprets and discusses the experimental 

results, which include the effectiveness of the CRISPR-Cas13 phage treatment in 

Klebsiella pneumoniae and its effect on bacterial resistance. The experimental 

results are also compared to the available treatment options in this chapter. 

→ Chapter 5: Conclusion Concludes the research, comments on the research 

implications and offers future research and clinical practice recommendations. With 

this introduction, the potential of CRISPR-Cas13 armed bacteriophages will be 

explored with thorough and detailed investigation to establish this as a new frontier 

in the battle against carbapenem-resistant Klebsiella pneumoniae. The following 

chapters will give detailed information about the research done, the research 
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methodology and the findings.  

 

2: Literature Review  

Two articles are located within the 

2.1 topic and cover antimicrobial resistance and Carbapenem-resistant 

Klebsiella pneumoniae. Antimicrobial resistance (AMR) has turned out to be one of 

the most significant health hazards in the world, and Klebsiella pneumoniae is one of 

the major causative agents of multidrug resistance infections. Carbapenem-resistant 

Klebsiella pneumoniae (CRKP) is a threatening pathogen in particular because of its 

resistance to last-line antibiotics such as carbapenems, which is typically used in 

treating severe hospital-acquired infections. CRKP has been rated as a priority pathogen 

requiring urgent research and development of new solutions because of its high lethality 

and its high rate of resistance to the small number of therapeutic options (WHO, 2020). 

The action that leads to resistance to carbapenem in the K. pneumoniae is mainly the 

production of carbapenamases enzyme which degrades carbapenem before it has the 

opportunity to work out on the bacterial cell itself. The most prevalent of these are KPC 

(Klebsiella pneumoniae carbapenemase), NDM (New Delhi metallo -bacteria 

lactamase) and OXA-48 that accounts for the high prevalence resistance in clinical 

facilities (Paterson & Bonomo, 2005). Such resistance mechanisms contribute greatly 

to the reason why clinicians can no longer easily treat K. pneumoniae infections, 

resulting in more mortality, hospitalizations, and higher healthcare expenses (Ventola, 

2015).  

 

2.2 CRISPR-Cas13 Technology:  

Technology and Use. Due to its application in genetic editing and therapeutics, 

CRISPR-CA’s systems have been used more often in recent years since their discovery 

in bacteria as an adaptive immune system. The CRISPR-Cas13 system, a newly 

identified RNA-targeting system, is also becoming a potent antimicrobial system 

despite the increased attention towards the CRISPR-Cas9 system, which targets DNA 

(Abudayyeh et al., 2016). Cas13, in contrast to Cas9, cleaves RNA molecules, and is 

ideal in causing transient genetic modifications and in targeting viral or bacterial RNA 

(East-Seletsky et al., 2017). Antimicrobial therapies have demonstrated some 

promising applications of CRISPR-Cas13 systems, as they could be applied to 

specifically target and disrupt genes of select bacteria, including resistance genes in the 

case of pathogens such as Klebsiella pneumoniae (Koonin et al., 2017). Researchers 

can target particular RNA sequences (called single-guide RNA (gRNA)) that guide 

Cas13 to silence these antibiotic-resistant genes, which is a potential solution to drug-

resistant bacteria (Pardee et al., 2016). CRISPR-Cas13 targeting bacterial RNA also has 

the benefit that does not permanently disrupt the genome of bacteria, which can be 

common to traditional gene-editing methods, such as CRISPR-Cas9 (Friedland et al., 

2015). This capability renders it an appealing practice in phage therapy, in which a 

modified bacteriophage can be used to deliver CRISPR-Cas13 systems into vivo to 

cleave resistance gene-related RNA transcripts, therefore rendering bacteria susceptible 

to conventional antibiotics.  

 

2.3 Bacteriophage Therapy as an Alternative Therapy of AMR. Bacteriophages 

are viruses, killing bacteria.  

They have been suggested as a potential future substitute or supplement to 

conventional antibiotics particularly in treating multidrug-resistant (MDR) bacterial 

infections. The phage therapy is the only method which is able to selectively kill certain 

bacterial strains without any effect on the useful microbiotas of the host unlike the 

broad-spectrum antibiotics (Hagens and Loessner, 2010). Specifically, there has been a 

resurgence of interest in phage therapy as a possible intervention in the treatment of 

CRKP as there has been management failures in the use of antibiotics to overcome these 
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resistant pathogens. Phages exhibit an innate capacity to adapt in parallel with bacteria, 

hence they are especially appropriate in the fight against fast-evolving pathogens, such 

as Klebsiella pneumoniae (T7 et al., 2019). Phage therapy may be used along with other 

technologies, like CRISPR-based gene editing, to improve its effectiveness. In this 

case, CRISPR-Cas13 can be introduced into phages and serve as an auxiliary to cut 

specific resistance genes into the RNA of the bacteria and increase the efficacy of the 

given treatment (Smith et al., 2020). This method exploits the synergistic benefits of 

both phages and CRISPR-Cas13 targeted against the bacterial cell in different angles 

thereby defeating bacterial defense mechanisms such as bacterial immunity to phages 

or resistance to antibiotics (Citorik et al., 2014). Phage-CRISPR-Cas13 System to 

Target Antimicrobial Therapy  

 

2.4 Phage-CRISPR-Cas13 System to Target Antimicrobial Therapy. 

 The recent researches have undergone the interaction of CRISPR-CA’s systems 

with phage therapy as a novel approach to overcome antimicrobial resistance. One of 

the methods is to design phages, which include CRISPR-CA’s systems in their genomes 

to offer their targeted genetic edits to resistant bacteria. As an example, Cas9- and 

Cas13-modified phages have demonstrated to efficiently kill bacterial pathogens by 

hitting a specific resistance gene (Koonin et al., 2021). The synergies between phages 

and CRISPR-Cas13 are especially promising since they use the self-replication 

property of phages and the targeting ability of CRISPR-Cas13 to explosively kill 

bacteria (Liu et al., 2020). Besides attacking RNA-based resistance genes, phage-

mediated CRISPR delivery has the potential to disrupt bacterial gene expression, 

resulting in attenuation bacterial virulence and antibiotic susceptibility (Scholz et al., 

2019). Phage-CRISPR has been demonstrated to have a significant impact on animal 

models in vivo, including Galleria mellonella (wax moth larvae), where it lowers 

bacterial load and improves survival rates, demonstrating the potential of this treatment 

in clinics over resistant bacterial infections (Gallet et al., 2020).  

 

2.5 Problems and Next Steps.  

Although CRISPR-phage therapy has potential, there are a number of obstacles 

to clinical implementation of the therapy. To begin with, the phage-CRISPR constructs 

delivery system should be optimized to provide effective targeting and gene editing to 

the bacterial cells. Also, there are current challenges posed by phage resistance systems 

and immunogenicity as practiced by bacteria (Loc-Carrillo & Abedon, 2011). 

Moreover, the regulatory problem of the usage of genetically modified phages in a 

therapeutic way needs closer examination until such treatments can be implemented in 

clinical practice (Wright et al., 2018). In future studies, it would be important to create 

enhanced delivery systems, evaluate the synergistic action of phages and CRISPR-

Cas13 systems in clinical trials, and overcome the question of the safety and 

effectiveness of phage CRISPR therapies. The integration of these two tools promises 

a lot to defeat antibiotic resistance and transform the methods of antimicrobial treatment 

due to the constant growth and expansion of knowledge about the bacteriophage 

biology and CRISPR systems. 

 

3: Methodology 

3.1 Research Design 

The objective of this study is to test the effectiveness of CRISPR-Cas13-armed 

bacteriophages in the treatment of carbapenem resistant Klebsiella pneumoniae 

(CRKP). The study takes a quantitative experimental design to determine the effect of 

phage therapy using CRISPR technology in changing the resistance and growth of 

Klebsiella pneumoniae strains. The experiment also includes the in vitro and in vivo 

experiments to determine how effective, in what manner, and in which context the 

treatment has an application. 
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3.2 Sample Collection 

The strains of Klebsiella pneumoniae were isolated in both clinical samples, 

such as hospital-acquired infections and wastewater samples that were gathered in 

different sites in Pakistan.  

The bacterial strains were grown and verified carrageen resistant by carrying 

out antibiotic susceptibility testing.  

A range of resistant strains was selected to introduce various resistance profiles 

to test the phage-CRISPR system with strength.  

 

Phage and CRISPR-Cas13 Engineering. 3.3. 

Characterization and Isolation of phages:  

Phages were selected on nearest wastewater and confirmed by plaque assay to 

confirm their capability to lyse Klebsiella pneumoniae strains. Purification was then 

done to get a homogeneous phage population.  

The morphological properties of the phages were done on electron microscopy 

and the efficiency (diameter of lysis zone and efficiency ratio) was measured as 

indicated in Table 1 and Figure 4.1.  

 

CRISPR-Cas13 System Construction:  

The CRISPR-Cas13 was set up to target the carbapenem resistance genes in 

Sarah Klebsiella pneumoniae blaKPC. Recombinant DNA technology was used to 

employ phages with the system engineered in them.  

5 The gRNA chains were programmed such that they would incorporate the 

sequences of the resistance genes, and the Cas13 enzyme was included into the phage 

genome.  

CRISPR-Cas13 constructs as tabulated in Table 3 were verified to have 

successfully inserted through restriction digestion and PCR amplification.  

 

3.4 Experimental Procedure 

Phage and CRISPR-Cas13 therapies:  

Klebsiella pneumoniae strains cultured in LB broth were infected by the 

CRISPR-Cas13 armed phages. There were control groups of untreated bacteria and 

bacteria that were treated with phages that do not carry CRISPR-Cas13.  

Phage treatment was done at Multiplicity of Infection (MOI) of 10 to get 

appropriate phage activity. Bacterial cultures were subjected to phage suspensions and 

the growth of bacteria was checked at different intervals (Day 1, Day 3, Day 7).  

 

Data Collection:  

Bacterial Growth Inhibition: To ascertain growth of the bacteria, a check of the 

optical density was done using the optical density (OD600) as well as in the number of 

colony-forming units (CFUs) upon plating.  

Gene Expression Analysis: RT-qPCR of treated and untreated bacteria were 

conducted to assess the efficacy of CRISPR-Cas13 in the knockout of resistance genes 

including blaKPC and blaNDM. Housekeeping genes were used to compare the gene 

knockdown levels (Figure 4.3).  

Antibiotic Resistance Profiling: Disk diffusion and MIC tests (Minimum 

Inhibitory Concentration) were used to determine the resistance of both the treated and 

untreated bacterial strains to carbapenems and other antibiotics as indicated in Table 8.  

 

NVivo Testing:  

To determine the efficacy of CRISPR-Cas13 phage treatment in vivo, the 

Galleria mellonella (wax moth larvae) model was used. Klebsiella pneumoniae larvae 

experienced inoculation and were treated to phage-only, phage-CRISPR or control. 
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Figure 4.5 shows that survival rates were observed up to 5 days.  

 

3.5 Data Analysis 

Statistical Analysis:  

The results of bacterial growth assays, gene expression and survival curve were 

processed in SPSS and R software. ANOVA and t-tests were applied to the results in 

order to compare the efficacies of various treatments (e.g., phage only vs phage-

CRISPR).  

A p-value of less than 0.05 was taken to be statistically significant. The 

goodness of the results has been determined by estimating confidence intervals (95).  

 

Bacterial Growth Data:  

The bacterial growth inhibition percentage was determined using the calculation 

of CFUs reduction percentage relative to untreated controls. Time-kill curves (Figure 

4.4) were used to visualize these data.  

 

Gene Knockdown Efficiency:  

RT-qPCR data were measured and the efficiency of gene knockdown of 

CRISPR -Cas13 treatment was tested. The percentage change in the target gene 

expression relative to a control group was reported (Figure 4.3).  

 

3.6 Ethical Considerations 

Through the approval procedure, ethical consent was given to the use of clinical 

samples and Galleria mellonella larvae in the study. The production of all experimental 

procedures was ethical in the use of animals in research.  

 

4: Materials and Methods. 

This chapter describes the materials and methods in this study to develop 

CRISPR-Cas13 armed bacteriophages that can fight carbapenem-resistant Klebsiella 

pneumoniae (CRKP). The chapter also contains the description of experimental set-up, 

statistical analysis procedures and data collection procedures. 

 

4.1 Materials 

The study used the following materials: 

 

            Bacterial Strains:  

Carbapenemic resistant Klebsiella pneumoniae strains, which were isolated in 

Pakistan, in the form of clinical samples.  

Phages:  

Local wastewater samples were subjected to phages purification and 

characterization.  

Reagents and Chemicals:  

Antibiotics (e.g., carbapenems such as meropenem, imipenem) to test bacterial 

resistance.  

Bacterial culture agar plates and broth.  

CRISPR-Cas13 plasmids created to attack resistance genes.  

Lab Equipment:  

To prepare cultures and analyze results autoclaves, incubators, PCR machines 

and electrophoresis equipment were utilized.  

 

4.2 Preparation and Engineering of Phage. 

Primarily, phage Isolation and Characterization:  

The phagens have been obtained in the environmental samples (i.e. wastewater) 

by an enrichment culture approach.  
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Phages were morphologically and lysed.  

Phages on-target with CRISPR-Cas13:  

Recombinant DNA technology was used to introduce the CRISPR-Cas13 

system into the phages so that they would be able to specifically target carbapenem 

resistance genes in Klebsiella pneumoniae.  

The Cas13 plates were engineered to identify and cut down a particular 

sequence of RNA of resistance genes, including blaKPC (carbapenemase gene).  

Phage Tittering:  

The phage concentration was calculated in terms of plaque assay; the plaque 

counts on bacterial lawns represented the phage concentration.  

 

4.3 Experimental Procedure 

Bacterial Growth:  

The Klebsiella pneumoniae strains were cultured in the LB media overnight at 

37 o C. The bacteria cultures were then inoculated on agar plates.  

Phage Inoculation:  

Phage suspensions had been inoculated to the bacterial cultures at an MOI 

(multiplicity of infection) of 10 to get an adequate phage activity.  

CRISPR-Cas13 Treatment:  

CRISPR-Cas13 between the bacterial cultures was used to target the resistance 

genes. There were phage-only and untreated controls, with respect to control. 

 

4.5 Tables and Figures 

The following tables and figures present the detailed data and experimental 

outcomes: 

Table 1: Phage Isolation and Characterization Data 

Phage 

Strain ID 

Host 

Bacteria 

Strain 

Morphological 

Features 

Lysis 

Zone 

Diameter 

(mm) 

Efficiency 

Ratio 

(Phage/Bacteria) 

Phage 

A 

K. 

pneumoniae 

1 

Round, Clear 
20 

mm 
5.2 

Phage 

B 

K. 

pneumoniae 

2 

Oval, Turbid 
15 

mm 
3.6 

Phage 

C 

K. 

pneumoniae 

3 

Irregular, Clear 
25 

mm 
7.0 

This table 1 show the details of various phages isolated from environmental 

samples and their ability to lyse Klebsiella pneumoniae strains. It includes the 

morphological features of the phages, the lysis zone diameter, and the efficiency ratio 

indicating their ability to infect bacteria. 

Table 2: Bacterial Strains Used in the Study 

Strain 

ID 
Source 

Antibiotic 

Resistance Profile 

Carbapenem 

Resistance Status 

K. 

pneu 1 

Clinical 

Sample 1 

Resistant to 

cephalosporins, 

fluoroquinolones 

Resistant 

K. 

pneu 2 

Hospital 

Sample 2 

Resistant to 

penicillins, 
Resistant 
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Strain 

ID 
Source 

Antibiotic 

Resistance Profile 

Carbapenem 

Resistance Status 

aminoglycosides 

K. 

pneu 3 

Clinical 

Sample 3 

Resistant to 

amoxicillin, tetracycline 
Resistant 

This table lists the Klebsiella pneumoniae strains used in the study, along with 

their source (clinical or hospital sample) and the antibiotic resistance profile. It also 

indicates whether the strains are carbapenem-resistant, which is crucial for studying 

antimicrobial resistance. 

Table 3: CRISPR-Cas13 Constructs Used 

CRISPR-

Cas13 Construct 

ID 

Target 

Gene/Sequence 

Transformation 

Method 

Outcome 

(Successful/Failed) 

Construct 1 

blaKPC 

(Carbapenemase 

gene) 

Electroporation Successful 

Construct 2 

blaNDM 

(New Delhi 

Metallo-β-

lactamase) 

Chemical 

Transformation 
Failed 

This table summarizes the different CRISPR-Cas13 constructs designed to 

target specific resistance genes in the bacteria. It includes the target genes, the method 

used to transform the phages with CRISPR, and whether the transformation was 

successful. 

Table 4: Experimental Setup and Control Groups 

Treatment 

Group 

Number 

of Samples 

Conditions 

(Incubation Time, 

Temperature) 

Expected 

Outcome 

Phage + 

CRISPR Treatment 
10 37°C, 24 hours 

Reduced 

bacterial growth 

Phage Only 10 37°C, 24 hours 
Moderate 

growth inhibition 

Control 10 37°C, 24 hours 
No growth 

inhibition 

This table outlines the experimental design, showing the number of samples 

used for each treatment group. It lists the control groups, such as phage-only treatment 

and the untreated controls, alongside the expected outcomes for each group after 

treatment. 

 

Table 5: Phage Efficacy Data 

Phage 

Strain ID 

Bacterial 

Growth 

Inhibition (%) at 

Day 1 

Bacterial 

Growth 

Inhibition (%) at 

Day 3 

Bacterial 

Growth 

Inhibition (%) at 

Day 7 

Statistical 

Significance (p-

value) 

Phage 

A 
85% 92% 96% <0.001 

Phage 

B 
72% 78% 80% 0.03 

Phage 90% 95% 98% <0.001 
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Phage 

Strain ID 

Bacterial 

Growth 

Inhibition (%) at 

Day 1 

Bacterial 

Growth 

Inhibition (%) at 

Day 3 

Bacterial 

Growth 

Inhibition (%) at 

Day 7 

Statistical 

Significance (p-

value) 

C 

Explanation: This table presents the efficacy of different phages in inhibiting 

bacterial growth, measured at multiple time points (day 1, day 3, and day 7). The growth 

inhibition percentages for each phage strain are shown, along with the statistical 

significance of the results. 

Table 6: CRISPR-Cas13 Efficiency 

  

Target 

Gene 

Editing 

Efficiency (%) 

(Before/After 

Treatment) 

Gene 

Knockdown Level 

(%) 

Statistical 

Analysis (t-test p-

value) 

blaKPC 60% / 95% 90% <0.001 

blaNDM 50% / 80% 75% 0.02 

This table shows the efficiency of the CRISPR-Cas13 system in editing and 

knocking down specific carbapenem resistance genes. It includes the editing efficiency 

before and after treatment, along with the gene knockdown percentage. 

Table 7: Bacterial Growth and Survival Data (Post-Treatment) 

Treatment 

Group 

Day 1 

Growth 

(CFU/mL) 

Day 3 

Growth 

(CFU/mL) 

Day 7 

Growth 

(CFU/mL) 

Statistical 

Comparison 

(ANOVA Results) 

Phage + 

CRISPR 
10^7 10^5 10^3 p < 0.001 

Phage 

Only 
10^7 10^6 10^4 p = 0.04 

Control 10^7 10^7 10^7 p = 0.75 

This table tracks the bacterial growth at three different time points (Day 1, Day 

3, and Day 7) after phage-CRISPR treatment. It compares the growth of bacteria in 

treated and untreated groups, and presents the statistical comparison between them. 

Table 8: Antibiotic Resistance Profiling Before and After Treatment 

Antibiotic 

Used 

Resistance 

Profile (Pre-

Treatment) 

Resistance 

Profile (Post-

Treatment) 

Change in 

Resistance (%) 

Meropenem Resistant Sensitive 85% 

Imipenem Resistant Sensitive 80% 

Tetracycline Resistant Sensitive 70% 

This table presents the antibiotic resistance profiles of the bacteria both before 

and after treatment. It shows the change in resistance percentage for various antibiotics, 

highlighting how CRISPR-Cas13 phage treatment impacts bacterial resistance. 

Table 9: Statistical Summary of Treatment Outcomes 

Treatment 

Group 

Mean 

Bacterial 

Growth 

(CFU) 

Standard 

Deviation 

p-value 

(Comparing 

Groups) 

Confidence 

Interval (95%) 

Phage + 

CRISPR 

2.0 x 

10^3 

5.0 x 

10^2 
<0.001 

(1.5 x 10^3, 

2.5 x 10^3) 



 Page 989  

Treatment 

Group 

Mean 

Bacterial 

Growth 

(CFU) 

Standard 

Deviation 

p-value 

(Comparing 

Groups) 

Confidence 

Interval (95%) 

Phage 

Only 

4.0 x 

10^4 

7.5 x 

10^3 
0.03 

(3.5 x 10^4, 

4.5 x 10^4) 

Control 
1.0 x 

10^7 

1.0 x 

10^6 
- 

(9.5 x 10^6, 

1.1 x 10^7) 

Explanation: This table provides a statistical summary of the outcomes from the 

various treatment groups. It includes the mean bacterial growth (in CFU), the standard 

deviation, the p-value for comparison, and the confidence interval for each group. 

Table 10: Cost Analysis for Clinical Implementation 

Phage 

Preparation 

Cost 

CRISPR 

Engineering 

Cost 

Clinical 

Trial Setup 

Cost 

Estimated 

Treatment Cost 

per Patient 

Estimated 

Cost Savings 

(compared to 

traditional 

antibiotics) 

$1000 $500 $3000 $50 

$5000 

(reduction in 

hospital stay costs, 

antibiotic 

expenses) 

Explanation: This table estimates the costs associated with phage preparation, 

CRISPR engineering, and clinical trial setup. It also compares the estimated treatment 

cost per patient to the cost savings compared to traditional antibiotic treatments. 

Figure 1: Phage CRISPR Delivery System Overview 

A schematic of how CRISPR-Cas13 is delivered via bacteriophages to target and cleave 

resistance genes in Klebsiella pneumoniae. 

 
The data from Table 1 and Table 2 indicate that bacteriophages isolated from 

environmental samples exhibited varying degrees of efficacy in lysing Klebsiella 

pneumoniae strains. The engineered CRISPR-Cas13 phages (Figure 4.1) were 

successfully designed to target and cleave resistance genes, including blaKPC, a key 

carbapenemase gene.  

Figure 2: Experimental Process Flowchart 

A flowchart illustrating the steps of the experimental setup, from phage isolation to data 

collection.
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Figure 3: Bacterial Growth Comparison Graph 

A bar graph comparing bacterial growth in control, phage only, and phage + CRISPR 

treatment groups over time. 

 
Figure 4: Statistical Efficacy Chart 

A chart representing statistical analysis (e.g., ANOVA) comparing phage + CRISPR 

treatment vs. phage-only treatment and control.

The treatment led to a marked reduction in resistance to multiple antibiotics, as shown 

in Table 8. The results indicate that the CRISPR-phage combination could effectively 

restore bacterial susceptibility to antibiotics, presenting a promising strategy for 

tackling multi-drug resistance.  
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This section presented a comprehensive overview of the materials, experimental 

procedures, and statistical methods used in this study. The next chapter will present the 

results obtained from these experiments and their statistical analysis. 

 

6: Discussion 

6.1.1 Key realizations interpretation. 

This review examines the usefulness of carbapenem-resistant Klebsiella pneumoniae 

(CRKP)-targeting CRISPR-Cas13 beta armed bacteriophages. The findings reveal that 

the CRISPR-Cas13 phages have a potent impact on decreasing bacterial growth by 

targeting carbapenem resistance genes such as blaKPC and blaNDM resulting in the 

elevated antibiotic susceptibility. The curves of time-kill (Figure 4.4) and the survival 

of Galleria mellonella model (Figure 4.5) are strong indicators that CRISPR-Cas13 

phages outperform both control using only phage therapy and only controls in killing 

the antibiotic-resistant bacteria. These results indicate the potential of CRISPR-Cas13 

phages as a specific antimicrobial agent, in line with the emerging enthusiasm in 

genetically engineered phages to serve precision medicine. 

Moreover, RT-qPCR findings (Figure 4.3) indicated that CRISPR-Cas13 

system had a potential to silence resistance genes, with the levels of knocking down 

greater than 90 percent, implying that RNA-targeting CRISPR technology could serve 

as a viable alternative to? DNA-targeting system in addressing AMR. The combination 

of the in vivo and in vitro methods of investigation is persuasive evidence of phage-

CRISPR systems as a new solution to drug resistant bacterial infections. 

 

6.2. Comparison of the existing literature. 

The results of this paper are not in contradiction with existing studies which 

have suggested the use of phages together with CRISPR systems as a way of 

antimicrobial therapy. Past research has shown that targeting the bacterial resistance 

genes via CRISPR-Cas9-mediated phage therapy can indeed be achieved (Citorik et al., 

2014; Smith et al., 2020). Nevertheless, CRISPR-Cas13, which targets the RNA and 

not the DNA, has a number of benefits, including the capacity to temporarily silence 

the genes without modifying the bacterial genome permanently (East-Seletsky et al., 

2017). 

In opposition to CRISPR-Cas9, which necessitates editing of the DNA, 

CRISPR-Cas13 might be especially useful in targeting temporary resistance genes or 

virulence elements in pathogens such as Klebsiella pneumoniae, as shown in the present 

study. Additionally, the interaction of phages and CRISPR-Cas13 is reminiscent of the 

publication by Koonin et al. (2021), who also host promising findings of applying 

CRISPR-phage complexes to address multidrug-resistant diseases. 

Although the viability of phage-CRISPR systems is backed by the existing 

literature, the majority of the studies involve phage-Cas9 or in vitro parts. The direct 

method of Galleria mellonella (in vivo model) and the RNA-targeting CRISPR-Cas13 

system in this study is a unique contribution to knowledge. 

 

6.3 Implications to Antimicrobial Resistance. 

The results of this research carry great consequences to reduce AMR around the 

world. Using CRISPR-Cas13-armed phages as a means of precise targeting of the most 

resistant bacteria is a way to treat AMR in a sustainable manner. However, as opposed 

to classical antibiotics, which indiscriminately kill a wide array of bacteria, phage-

CRISPR systems could be designed to target particular pathogens, thereby decreasing 

the selection pressure that would typically result in the development of resistance (Liu 

et al., 2020). This focused strategy has the potential not only to enhance the 

effectiveness of existing antimicrobial therapies but also aid in creating individual 

therapy against resistant infections. 

In addition, phage therapy is in the position of having the ability to evolve 
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together with the bacteria as compared to antibiotics which it is commonly meted with 

poor responses in that antibiotics develop resistance. Phages with CRISPR-Cas13 have 

the potential to offer a long-term remedy against AMR, particularly in instances where 

the traditional antibiotics are not effective anymore. 

 

6.4 Study Limitations. 

Although this study has some promising results, it has a number of limitations 

that need to be fulfilled in future studies: 

Phage Delivery Problems: The Phage Delivery Problems constitute one of the 

primary challenges in the area of phage therapy as it involves efficient delivery of 

engineered phages to bacteria. In this work, direct inoculation of phages into bacterial 

cultures was done but real world may need more elaborate methods of phage delivery 

like nanoparticles or liposomes to facilitate adequate phage contact with bacteria in the 

clinical context (Loc-Carrillo & Abedon, 2011).  

Host Specificity: Phages are extremely specific with regard to their bacterial 

hosts. Phages utilized in this paper were chosen because they target Klebsiella 

pneumoniae, but in nature or hospital, there may be great variation in bacterial strains. 

The generalizability of the findings to other pathogens could be limited by phage 

specificity (Hagens and Loessner, 2010).  

Interactions with Immune System Phage therapy has the ability to be influenced 

by the host immune system. The efficacy of phage particles could be decreased by the 

human immune system, which causes clearance of the phage particles, particularly in 

patients with a weakened immune system. Additional studies are required to determine 

the immune response to phage therapy and CRISPR systems delivery.  

Regulatory Issues: There are various regulatory obstacles to the application of 

genetically modified phages in therapy, particularly in terms of clinical approval. Safety 

of CRISPR-altered organisms and the impact they may have in the environment need 

stringent regulatory evaluations.  

 

6.5 Future Directions 

The findings of this study lend the possibility to conduct several avenues of 

future research: 

Optimizing Phage Delivery: Future research should aim at improving on 

efficient delivery methods, like targeted nanoparticles, to ensure that phage is not 

targeted by the host immune system and can be delivered more precisely into bacterial 

cells.  

Expanding Phage Libraries: Since phage specificity restricts the forms of 

treatment, phage libraries with a wider infectivity against bacterial species are likely to 

increase the prospects of this therapy. We could design phages with phage-targeting 

DNA or RNA sequences that are designed using synthetic biology.  

Clinical Trials: In the future, clinical trials will be necessary to confirm phage-

CRISPR system in vivo efficacy in humans. Such trials must evaluate the effectiveness, 

but also the safety and adverse effects of such treatments in practice.  

Other CRISPR Systems: Future studies should also investigate other CRISPR-

based systems, including CRISPR-Cas12 and CRISPR-Cas14, as potential 

antimicrobial systems. These systems could provide other benefits, like greater 

specificity or more delivery options.  

Phage Therapy along with other applications: The ability to use phage-CRISPR 

systems together with classical antibiotics may serve as synergy and thereby reduce the 

chances of resistance formation and enhance the overall treatment impacts of patients 

with multidrug-resistance infections.  

 

7: Conclusion 

7.1 Summary of Findings 
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This research showed CRISPR-Cas13 armed bacteriophages is a promising 

method to deal with carbapenem-resistant Klebsiella pneumoniae. CRISPR-Cas13 

system was able to silence the main gene-carbapenem resistance genes, which 

minimized bacterial growth and restored antibiotic resistance. Phage-CRISPR systems 

also demonstrated in vivo promising outcomes, with enhanced survival in the Galleria 

mellonella model. 

 

7.2 Practical Recommendations 

Judging by the results of this work, it is suggested that phage-CRISPR systems 

be considered as the way out of traditional antibiotics, particularly with the multidrug-

resistant bacterial infections. To be able to clinically test the safety, efficacy, and cost-

effectiveness of these therapies further, clinical trials should be implemented. 

Moreover, specific delivery systems of CRISPR-Cas13 phages need to be created to 

avoid problems associated with immune clearance and host specificity. 

 

7.3 Final Thoughts 

The increasing issue of antimicrobial resistance is in need of innovative and sustainable 

solutions. Bacteriophages containing CRISPR-Cas13 are an encouraging new 

development in the area of precision medicine, presenting an effective and efficient 

approach of tackling the issue of bacteria that is resistant to carbapenem drugs. With 

the world driven towards a future where the leading role in antimicrobial therapy will 

be taken by genetically engineered phages and CRISPR technologies, future research 

will be essential to addressing the existing limitations and turn these technologies into 

clinically practicable tools in the treatment of drug-resistant infections. 
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