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ABSTRACT

The rise in antibiotic resistance is major issue, primarily driven by the horizontal gene transfer. Antibiotic resistance can’t
be eliminated as long as antibiotics continue to be used for treating infectious diseases. TetA gene, encoding the efflux carrier
in plasma membrane of bacteria, is major contributor of resistance against the tetracycline. E. coli, one of the opportunistic
pathogens, presents serious threat to healthcare due to resistance against various antibiotics including tetracycline. CRISPR
cas system, a form of bacterial acquired immunity, has gained much attention recently for its potential use in overcoming the
spread of antibiotic resistance genes. In the present study, we performed in-silico gRNA and vector designing specific to
TetA gene of E. coli to determine the effect of CRISPR cas system on spread of antibiotic resistance. Three computational
tools, ChopChop Crispor and Benchling, were used to design the gRNAs. These in-silico tools were employed to predict a
relevant list of gRNAs targeting the TetA gene. Furthermore, the RNA fold web service was used to analyse the secondary
structures of the lead single guide RNAs (sgRNAs) and gRNA1 was identified as the best candidate. The selection of the
lead guide RNA involved designing target-specific oligonucleotides and sgRNAs using the NEBioCalculator tool.
Subsequently, an in-silico construction of the guide RNA expression vector was carried out using SnapGene software.
However, in vitro studies are required to determine whether the computationally predicted guide RNAs can effectively inhibit
the TetA gene.
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1. INTRODUCTION

Antibiotic resistance is an increasingly pervasive global concern and it is projected to cause more than 39 million deaths in
the period of 2025-2050 (53) .As per the World Bank report, it causes US$ 1 trillion additional healthcare cost by 2050, thus
leads to huge economic burden (54). Antibiotic resistance can’t be eliminated as long as antibiotics continue to be used for
treating infectious diseases. The discovery of new antibiotics has markedly slowed down over the past decade [1].This a
broad-spectrum antibiotic commonly used to treat a variety of bacterial infections, including those caused by Gram-negative
pathogens. However, many Gram-negative bacteria, such as E. coli, express the tetracycline efflux protein TetA. The tetA
gene encodes a class B tetracycline resistance protein, which functions as a metal-tetracycline/H" antiporter. Through an
active efflux mechanism, TetA reduces intracellular tetracycline concentrations, thereby conferring resistance. This energy-
dependent process prevents the antibiotic from accumulating to therapeutic levels within the bacterial cell, rendering the
treatment less effective [2]. Horizontal gene transfer, particularly through conjugation, is a major mechanism responsible for
the spread of antibiotic resistance genes including tetA [3].Developing novel strategies to combat the spread of antimicrobial
resistance (AMR) genes will demand substantial efforts in the years ahead [4].

In 2014, Doudna and Charpentier demonstrated how CRISPR-Cas (clustered regularly interspaced short palindromic repeats-
CRISPR), widely used technique for genome editing, can selectively avoid the spread and remove AMR genes from bacterial
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populations.

CRISPR-Cas is an adaptive immune system in bacteria and archaea that protects against foreign nucleic acids, such as those
from phages and plasmids. It works by incorporating short spacer sequences from invaders into CRISPR loci, which are later
used to guide Cas proteins to recognize and cleave matching sequences. CRISPR systems are classified into two classes:
Class 1 (Types I, 111, IV) involves multi-protein complexes, while Class 2 (Types II, V, VI) uses a single Cas enzyme. The
Class 2, Type II CRISPR-Cas9 system has become a powerful tool for genome editing due to its simplicity and precision.
While extensively applied in genetic engineering, its potential to eliminate antimicrobial resistance (AMR) genes remains
underexplored [5,6,7].

Bikard et al 2012, in last decade postulated and confirmed that a synthetic CRISPR-Cas system could be utilised as an
antimicrobial to kill specific bacterial genotypes [8]. Various articles claims the potential use of the CRISPR Cas system to
precisely remove bacterial strains that carry genes, including those determining drug resistance, from populations and to re-
sensitise bacteria to antibiotics by selectively removing AMR-encoding plasmids [9].

Moreover, CRISPR-Cas antimicrobials are very specific to target bacteria, individual bacterial strains having antibiotic
resistance gene can be selectively removed from a mixed population of E. coli genotypes by transforming the population
with a plasmid encoding CRISPR-Cas programmed to target a sequence unique to each genotype [10].

Many studies demonstrated that CRISPR-Cas9 antimicrobials can be delivered to target bacteria using different methods like
phagemids (plasmids packaged in phage capsids) to selectively kill the clinically relevant bacterial pathogens E. coli [8] and
Staphylococcus aureus [11]. Bikard and his group (2012) investigated the phagemid mediated delivery of CRISPR-Cas9
constructs programmed to target AMR genes harboured on plasmids, which effectively removed these plasmids from bacteria
[8]. In one more study CRISPR Cas9 was delivered by conjugative plasmids to kill bacteria carrying AMR genes in the
chromosome [9].

The current study performed an in-silico gRNA and vector designing specific to TetA gene of E. coli. The study investigates
three computational tools, ChopChop Crispor and Benchling, to pick the gRNA [12,13,14]

To identify suitable guide RNAs (gRNAs), three in-silico tools—CHOPCHOP, CRISPOR, and Benchling—were used to
predict and shortlist candidate gRNAs targeting the tetA gene. The predicted gRNAs were then analyzed using the RNAfold
web server to assess their secondary structures. Based on structural stability and target accessibility, gRNA1 was identified
as the most promising candidate [12,13].

The lead gRNA selection also included the design of target-specific oligonucleotides and single guide RNAs (sgRNAs) using
the NEBioCalculator. Subsequently, an in-silico expression vector was constructed using SnapGene software for downstream
cloning and expression analysis [14]. However, in vitro studies are required to confirmation of computationally designed
gRNAs which could effectively inhibit tetA expression [15].

Systematic studies have evaluated the DNA sequence features influencing sgRNA efficiency, leading to improved design
algorithms. For instance, Doench et al. (2016) developed predictive models that consider base preferences—such as a
preference for cytosine near cleavage sites—to enhance sgRNA performance. Designing effective sgRNAs also requires
adapting strategies for different CRISPR applications (e.g., knockout vs. CRISPRi/a), which further highlights the
importance of purpose-specific design tools [15,16].

Despite these advances, off-target effects remain a major concern. Tools such as sgRNAcas9 have been developed to predict
off-target sites and improve sgRNA specificity. These computational platforms allow for safer and more effective genome
editing by reducing unintended cleavage events. In therapeutic settings, in-silico designing tools play a critical role in
predicting and mitigating off-target effects [14, 15].

A significant trend in CRISPR development is the growing demand for tools that integrate efficiency prediction with off-
target risk analysis, such as CHOPCHOP v2. However, many current platforms still lack real-time feedback from
experimental data. Future directions may include the development of adaptive design algorithms that refine gRNA selection
based on iterative experimental results. This will improve the robustness of genome editing strategies, particularly in complex
systems [16].

The design of sgRNA is necessary to increase the success rate of knockouts in the E. coli. The efficacy of sgRNA should
be confirmed in silico before its synthesis and use [18, 19]. Online bioinformatics tools such as sgRNA scorer 2. 0 CRISPRInc

CHOPCHOP and CRISPR RGEN tools are available to design these sgRNAs [20, 21]. All of these tools along with in silico
designs enable effective sgRNA design.

The present study was focused on in-silico designing of sgRNAs for the CRISPR/Cas9-targeted TetA gene in E. coli.
Furthermore, the study aims to determine the effect of CRISPR-Cas on bacterial conjugation in E. coli, through engineering
a recipient by CRISPR-Cas that targets the tetA gene and comparing it to a recipient without CRISPR..

2. METHODOLOGY
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Phylogenetic Tree Analysis

The TetA-gene sequence of E. coli from genome sequence was selected and phylogenetic tree was created according to the
Neighbor-Joining method using the open-source software, MEGA 11.0 version [22].

Computational Designing of TetA sgRNAs

The targeting sgRNAs for TetA gene were predicted using web based bioinformatics tools by using E-coli genome. The
advancement in bioinformatics, web-based tools have been developed to design the efficient sgRNAs for successful gene
knock-out experiments. The challenge in CRISPR-Cas system is on-target and off-target efficiencies. The available sgRNA
designing tools have been classified into scoring and alignment-based functions. By using alignment-based method, the
sgRNA sequences were aligned by using reference genome by locating the PAM (Protospacer Adjacent Motif). On the other
hand, the scoring based approach aligned the sgRNAs and scored by features like GC content, exon position, etc. Studies
report that the Scoring based methods perform much better than the alignment based [23]. Appropriate sequences were
chosen and assessed based on the criteria of GC content ranging from 35% to 65% [24], efficiency of at least 40, and self-
complementarity below 1. Appropriate sgRNA sequences were identified by Mismatches (MM) ranging from 0 to 3, aiming
to avoid or minimize off-target sequences. In the current study, three highly recommended scoring-based online tools:
CHOPCHOP, CRISPOR, and Cas-Designer [22] were selected, which predict off-targets and are not limited to a few species.
In CRISPR-Cas system, the PAM sequence can be designed using various bioinformatics tools.

CHOPCHOP

A web-based CHOPCHOP tool was utilized for CRISPR genome editing by applying parameters like, off-target scores,
efficiency score, self-complementarity regions not longer than 3 nt, ideal GC content, and on-target location of sgRNAs in a
targeted gene. The presence of guanine in 20th position of the sgRNA target region [12]. CHOPCHOP supports 378 reference
genomes and its database was updated regularly.

Crispor
Crispor was a user friendly sgRNA designing web-based tool that uses genomes lesser than 2300 bp length and should
contains multiple PAM sequences. The output from this tool aligned the sgRNA sequence by calculating the MIT specificity,

efficiency, off-target, on-target, and CFD (Cutting Frequency Determination) specificity scores. This tool currently available
with 811 genomes [13].

Benchling

Benchling is a cloud-based platform to design CRISPR sgRNA for various genome editing experiments. This tool designs
the effective sgRNAs by computing the gene target region, cut position, on-target scores, off-target score and strand type.
This tool allows the users to share their experiments over cloud-based [25]. This tool has 164 reference genomes for the users
[26].

Validation of the gRNA

Besides labelling the target, structural characteristics of the guide RNA also play an important role in how it interacts with
the cas9 protein. Consequently, the secondary structure of the gRNA must be examined. While there are many tools available
for designing gRNAs, none can provide information on their secondary structure. So RNAfold, a web based secondary

structure prediction server [17] was used to predict the secondary structure of the guide RNA. It relies on the minimum free
energy (MFE) algorithm by Zuker and Stiegler [27] and the RNA folding model [28].

Generation of target specific oligos

EnGen sgRNA Template Oligo Designer (https://switch.org/#!/sqrna) was used to design target-specific oligomers for the
20-nucleotide guide sequence. An oligo sequence is generated by arranging T7 promoter region at 5’ end and 14 nucleotides
sequence near 3 end. If the guide sequence doesn't begin with 'G' at the 5’ tip, the tool will include a second occurrence of
-G in the generated oligo.

In silico designing of a Vector to TetA Gene

An expression vector can be inserted into to produce the guide sequence for in vitro transcription. Keith Joung [52] provided
the ID 42250, a guideRNA expression vector known as ID 2250 to be obtained from Addgene plasmids. The SnapGene
software was employed to generate the expression vector that incorporated the chosen gRNA sequence.

4:3. RESULTS
Phylogenetic Tree Analysis

The evolutionary distances were calculated using the Poisson correction method, focusing on the total number of amino acid
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substitutions per site. In the tree, each internal node displays a plot of sites where there’s at least one clear base present in at
least one sequence for every descendant clade (Figure No.1).
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Figure No. 1: The evolutionary history was inferred using the Neighbour-Joining method. The optimal tree is shown
(next to the branches).

Our research involved analysing 8 different amino acid sequences and eliminating any uncertain positions with the help of
the pairwise deletion option. There was a total of 401 positions in the final dataset. Evolutionary tree was constructed using
MEGAI11 software

CHOP-CHOP

In Chopchop, a collection of 160 guide RNAs were created, and the top-performing gRNA hits were determined by
examining several factors, including GC content between 40% and 70% [12], efficiency of at least 40, and a self-
complementarity score of 0. Appropriate sgRNA sequences were filtered by Mismatches (MM) set to 0, in order to avoid or
minimize off-target sequences.

The results showed that 89 out of 160 gRNAs were most effective in the 40-70 percent target range and had a GC content
percentage in this range. Furthermore, gRNAs that contain too much or too little GC are useless [29, ,30]. The existence of
self-complementarity regions exceeding 3nt signifies the quantity of self-complementarity regions anticipated in the guide
sequence. As stated earlier, self-complementarity in or among the guide RNA and RNA backbone may hinder gRNA
efficiency and cas9 function [31]. Consequently, it is highly advised to steer clear of gRNAs that exhibit self-
complementarity. Chopchop offers a mismatch search over all bases preceding the PAM to forecast off-targets (gRNA
binding beyond the target gene) (Table 1).

Table No. 1: Predicted guide RNA hits along with PAM from Chopchop

S. No. Guide sequence + PAM Strand | GC content Self- Mismatches
(%) complementarity
1. AATAAAGCCCAGCAGCACCGCGG - 55 0 0
2. GATAACACCGATACCGAAGTGGG + 45 0 0
3. CAAATGGGGCGAAAAAACCGCGG + 50 0 0
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CAGACCAAAAGCCATCAGCAGGG

50

GTGCTGATTCTGCTGGCGGGCGG

65

GAACATTGTGACCTTTCTGGIGG

45

CGATAACACCGATACCGAAGTGG

50

TTCGGTAAACAGCACCCACACGG

50

CTTCGGTATCGGTGTTATCGCGG

50

10.

AATAATCAGCAGAATCGGCATGG

40

11.

GTGAGCCTGACCAACGCGACCGG

65

12.

CGCAATAAATTCGCGCAGCAGGG

50

13.

CATAGCCTGCCGATTTGGGATGG

55

14.

CAGCAGCGGGCCAATCACGCCGG

70

15.

GGCTCAGCAGCAGCACCGGGCGG

75

16.

ATAAATTCGCGCAGCAGGGTCGG

50

17.

GGCTGGAACAGCATGATGGTGGG

55

18.

TCCAGCCATCCCAAATCGGCAGG

60

19.

TTTGCTGCCCTGCGCCTGCGGGG

70

20.

TGGCTGGAACAGCATGATGGIGG

55

21.

TCAGGCTCAGCAGCAGCACCGGG

65

22.

CTGGGTTTCCACGCCCACTTCGG

60

23.

TCAGACCAAAAGCCATCAGCAGG

50

24.

TTTCTGGCGTTTATTAGCGAAGG

40

25.

AATATACACGCTGTTGCTCTGGG

40
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26.

TTCGGTATCGGTGTTATCGCGGG

50

27.

ATGCTGACCCCGCAGGCGCAGGG

70

28.

CACCGATACCGAAGTGGGCGIGG

65

29.

AACAGCACCCACACGGTCGCCGG

65

30.

TCGCTCATTTTGCCCAGCCACGG

55

31.

ATTGCGGGCCCGATTATTGGCGG

55

32.

GTTTCCGGTGCTGATTCTGCIGG

55

33.

GCAGCGCCGCAATAAAAAACGGG

50

34.

GACCTTTATGCTGACCCCGCAGG

60

35.

TGTTTGCTGCCCTGCGCCTGCGG

65

36.

TATTTTAGCGCGCAGCTGATIGG

45

37.

CAAATCCAGCCATCCCAAATCGG

45

38.

GCGCTGTGGATGCTGTATCTGGG

55

39.

GCGCGAGCCAGCGCGTGAAATGG

70

40.

AGCCAAACCATTTCACGCGCIGG

55

41.

CGATCGCTTTGGCCGCCGCCCGG

75

42,

TTCCACGCCCACTTCGGTATCGG

55

43.

TCGCAATAAATTCGCGCAGCAGG

50

44.

CTGATTCTGCTGGCGGGCGGCGG

70

45.

CAATAATCGGGCCCGCAATCAGG

55

46.

CGCCTGCGGGGTCAGCATAAAGG

65

47.

AGCCAGCGCGTGAAATGGTTIGG

55
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48.

AGCAGCGCCGCAATAAAAAACGG

45

49.

GAGCCTGGATTATCTGCTGCIGG

55

50.

CGCCGGTAATGCCGCTCAGCAGG

70

51.

GGCGCTGTATGCGCTGATGCAGG

65

52.

GCGCCAGCAGCACGCCAAAATGG

65

53.

TCACGCCGGTCGCGTTGGTCAGG

70

54.

CTCATCACGCCCTGCAGCGCCGG

70

55.

GTGCTGCTGCTGAGCCTGATTGG

60

56.

ATAACCATAGCCTGCCGATTIGG

45

57.

CGCCTGCTGAGCGGCATTACCGG

65

58.

CTGGGCGCGAGCTTTGGCCTGGG

70

59.

TCAGCAGCAGCACCGGGCGGCGG

75

60.

CTGTTTACCGAAAACCGCTTIGG

45

61.

CTGGATTTGGATTATTGGCCIGG

45

62.

CGCAGCAGGGTCGGCAGCACCGG

75

63.

GTTTGCTGCCCTGCGCCTGCGGG

70

64.

GAATCGGCATGGTTTTAAACAGG

40

65.

TAATATACACGCTGTTGCTCIGG

40

66.

GTTCCAGCCAAAGCGGTTTTCGG

50

67.

CGAAAAAACCGCGGTGCTGCTIGG

60

68.

GGTGTTATCGCGGGTGTTTTTIGG

50

69.

CGCGGTTTTTTCGCCCCATTIGG

55
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70. CTGATTGCGGGCCCGATTATIGG + 55 0
71. GGCTTTAGCCTGGCGGGCCTGGG + 70 0
72. CCTTTCTGGTGGTGATGTTTIGG + 45 0
73. TAACCATAGCCTGCCGATTTGGG + 45 0
74. GATGGCTGGATTTGGATTATTIGG + 40 0
75. GCTGAACATTGTGACCTTTCIGG + 45 0
76. CCTGCTGCATAGCGTGTTTCAGG + 55 0
71. GGGCTTTAGCCTGGCGGGCCIGG + 75 0
78. TAGCAGCGCGTTTGCGTTTCIGG + 55 0
79. GCTGGGCGCGAGCTTTGGCCIGG + 75 0
80. CGCGCTGTGGATGCTGTATCTIGG + 60 0
81. ACGCCAGCAGCAGATAATCCAGG - 55 0
82. GGTGGCGGCGAGCGTGATTGCGG + 70 0
83. TCCGGTGCTGATTCTGCTGGCGG + 60 0
84. GAAAAAACCGCGGTGCTGCTGGG + 55 0
85s. CCGGTGCTGATTCTGCTGGCGGG + 65 0
86. GCAGGCGCAGGGCAGCAAACAGG + 70 0
87. CCCGATTATTGGCGGCTTTGCGG + 55 0
88. GAACCATTTTGGCGTGCTGCIGG + 55 0
89. GAGCCTGATTGGCGCGAGCCIGG + 70 0

Note: PAM sequence highlighted in bold and underlined
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Figure 2: Figure is showing the results of CHOPCHOP analysis of sgRNAs targeting the tetA gene in E. coli using
the Cas9 targeting mode and primer binding, restriction sites. Here higher efficiency sgRNAs are represented in
Green, lower efficiency sGRNAs in red. Primer and restriction binding sites

Crispor

Crispor produced 40 potential gRNAs, with top selections made according to the MIT specificity score, cutting frequency
determination (CFD) specificity score, off-target effects, Doench'l 6 score, and out-of-frame score. The MIT specificity score
assesses how unique a guide RNA is within a genome; a gRNA sequence with lower uniqueness increases the chance that
cas9 will cut additional sites in the genome. The specificity score varies between 0 and 100, with a higher score leading to
reduced off-target effects. All the guide RNAs satisfy the recommended specificity score of greater than 50 [33]. The
specificity score of CFD is another crucial factor that reliably forecasts guide RNAs exhibiting off-target activity. It is a
weighted function considering position, number of mismatches, and nucleotide identities for all off-target sites with 2—3
mismatches to the sgRNA spacers [32]. All the guides meet the CFD score requirements. The efficiency score aims to forecast
the cleavage efficiency of guide RNA regarding a target. It varies between 0 and 100. The efficiency score percentiles of
<=30 stated as low predicted cleavage, >30 and <55 as medium predicted cleavage, and >55 as high predicted cleavage [34,
35]. Roughly 4 out of the 30 gRNAs displayed high predicted cleavage, while others had out-of frame score and off-target
scores, with an outlier scoring 66, and 4 sgRNA have | off target score. Only 4 gRNAs were identified as the top hits in
terms of all the parameters mentioned above, according to the overall analysis (Table No. 2) [36, 37].

Table No. 2: Guide sequence hits along with PAM predicted from CRISPOR tool

Guide sequence + PAM MIT CFD Off Doench'16- | Out of
Specificity | Specificity | targets | Score frame
Score Score score
TTAATGACAACAACAGCACTGGG 100 100 1 60 70
GCGATAAAAAAGGGACTATGCGG 100 100 1 65 69
GAAAAAACGGCAGTACTGCTCGG 100 100 1 60 68
CAGCCAATAAAATTAAAACAGGG 100 100 1 61 64
Benchling

From a list of 135 possible gRNAs, 15 are benchmarked and scored on & off-target (BNP) per hit. As per the method for
calculating off-target scores, scores above 50 are indicative of good gRNAs, which can be anywhere from 0 to 100 [33]. 135
gRNAs fulfil the off-target score requirement in this scenario. As per the score, only 13 gRNAs met the recommended on-
target score of over 60 and their calculation is based on this information [15] (Table No 3).

Table No. 3: Predicted guide RNA hits along with the PAM sequence

Strand Sequence PAM Off-Target Score | On-Target Score
Sense TTACGTTACTCGATGCCATG GGG 100 70.98
Anti-sense ATAAATTCACGTAATAACGT TGG 99.65 63.08
Anti-sense GTGCAAGCAATACGCCAAAG TGG 100 65.26
Sense AAATGTCTGACCGATTTGGT CGG 100 65.92
Anti-sense CACGCGTTGAGAAGCTGAGG TGG 100 64.63
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Anti-sense CTTCACGCGTTGAGAAGCTG AGG 100 62.51
Anti-sense GCGATAAAAAAGGGACTATG CGG 99.73 64.61
Anti-sense GGAACCAAAACATAACCACA AGG 99.96 73.29
Sense TTTTGGATGGAATAGCATGA TGG 100 63.65
Anti-sense CAGCCAATAAAATTAAAACA GGG 99.53 61.05
Sense CAAACAAAGAGTCATCAGCA AGG 100 72.15
Anti-sense CAGTAATGGGCCAATAACAC CGG 99.76 64.84
Sense TGTTAACCCCTCAAGCTCAG GGG 100 71.59

Identification of top hits

The guide RNA hits obtained from all four online tools (Chopchop, Crispor, and Benchling) were compared, and about 2
gRNA hits (including 1 hit in three online tools and 1 hit in two tools) that met all the parameters mentioned in more than
one tool were selected as top hits and thus analysed further (Table No.4).

Table No. 4: List of gRNA hits identified in more than one online tool

gRNA gRNA hits + PAM Online tools

No.

1 CAGACCAAAAGCCATCAGCAGGG Chop-Chop, Crispor and Benchling
2 GCGATAAAAAAGGGACTATGCGG Crispor and Benchling

Next, the important step is to select from the lead gRNA that is chosen the best candidates. Along with the standards offered
by computational gRNA design servers, multiple authors propose various parameters that could potentially influence
amplification of target site activity. However, none of these criteria are exclusive to this group. Doench et al.(15) identified
whether the locations of certain nucleotides in the gRNA are advantageous or detrimental. In line with this, guanine is highly
preferred at position 20, but it's forbidden at location 16. Purine nucleotides located in the final four positions of the gRNA
have a positive effect on the binding of gneRNA-cas9 [49]. Additionally, the adenine and guanine are favourable nucleotides
to be presented at 20th position in the sequence, reinforcing the clamping for purines at this location. The Crispr-cas system's
PAM is a trinucleotide sequence NGG, and studies suggest that the N family typically includes cytosine and thymine. In
addition, the higher GC content in positions 4-8 implies greater gRNA activity [15, 34]." In Table No.5, the efficiency
attributes are outlined.

Table No. 5: Efficient and inefficient features of common gRNA hits

gRNA | Efficient features

No
Guanine Cytosine at | GC content in positions 4-8 | Purine nucleotides | PAM
or Adenine at | positionl6 in the last four | (CGG)
position 20 position

L. No(A) Yes Less (ACCAA) —40% 3 (CAGA) No

2. Yes(G) No Less (ATAAA) - 0% 2 (GCGA) Yes

Selection of lead gRNAs based on secondary structure analysis

In CRISPR-cas9 genome editing, the secondary structure secondary structure of the guide RNA plays an important role in
recognizing the target sequence. The free energy value (AG) of the self-folding potential is higher in non-functional gRNA
than functional gRNA [34,38]. The possibility of gRNA folding increases when the G value is negative, making it less likely
to pair with the target sequence. In this study the minimum free energy (MFE) value prediction was calculated using the
RNAfold web-based tool (Table No. 6).
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Table No. 6: Secondary structural analysis of gRNAs

gRNA | gRNA Minimum free | gRNA Secondary
No. energy Structure

(MFE)kcal/mol
1 CAGACCAAAAGCCATCAGCA -0.54 kcal/mol

2 GCGATAAAAAAGGGACTATG -0.01 kcal/mol

In the table referenced above (Table 6), the lowest free energy value of the top gRNA hits varies from —3 to 0 kcal/mol) [34,
38] state that the effectiveness of cas9 endonuclease in cleaving the target is enhanced when the gRNA self-folding free
energy falls within the range of —2 to 0 kcal/mol. The leading hits gRNA 1 exhibit a AG value within the acceptable limits.
Consequently, from the two highest gRNA hits evaluated on efficient attributes and Minimum free energy (MFE) kcal/mol,
gRNA 1 (CAGACCAAAAGCCATCAGCA) was chosen as the primary gRNA. (Table No. 6). [34, 38]

Generation of target-specific oligo nucleotides

EnGen sgRNA Template Oligo Designer v1.121 from NEBiocalculator was used to create target-specific oligos by entering
the selected lead gDNA1 and using an online tool. The predicted oligo sequence contained T7 promoter sequence in 5° end
of sgRNA and a 14th nt overlapping sequence in 3’ end. The primary sgRNA was not started with guanine to clamp the
Guanine in 5’ end, which is important for the precise transcription. Figure no. 3 displayed the fully transcribed sequence of
lead sgRNAL.

B 77 Promoter [l Added 5G [l Target DNA Ovarlap/RNA Scafiokd

Sequence 1: CAGACCAAAAGCCATCAGCA

Tarpet-specilic DNA oligo template (5°.3)

Transcribed sgRNA saquence (5'

Figure No. 3: Design of Target specific oligos and transcribed sequence of lead sgRNA by NEBiocalculator

Secondary structure analysis of lead sgRNA

The complete sgRNA sequence of the lead was additionally analyzedanalysed for secondary structure using the RNAfold
server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). Nevertheless, eExamination of the completely
transcribed nucleotides of sgRNAs 1 reveals that they possessed an internal loop structure and hairpin loop structure, which
are easily accessible, indicating their functionality (Figure No.4). The internal loop configuration within the core hairpin of
a single-guide RNA (sgRNA) plays a crucial role in the effective cleavage of target DNA. The fundamental hairpin shape of
sgRNA is regarded as vital for DNA cleavage by the SpCas9/sgRNA complex.
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Figure No. 5: Secondary structure of lead sgRNA

Designing of Vector

The lead gRNAT1 was input into SnapGene software to create a suitable guide RNA expression vector for cloning. In this

study, the leading guide RNA was placed at the snaBI restriction site of the expression vector DR274, illustrated in Figure
No. 6.

) M13 Forward Eael (15)
BpmI (118)
(2032) Acul
HindIIT (191)
L BanI (214)
(1900) AlwNI T7 promoter

(1802) BaeGI - Bme15801 - BsiHKAT Nhel (320)

(1798) Apall Bmtl (324)
(1792) PspFI BsrBI (333)
(1788) BseYI
yAZ32), HueTL Bsu36I (482)
(1687) BVl o it 484}
(1657) BssSI - BssSol M13 Reverse (468 .. 484)
(1625 .. 1644) pBR3220r-F DR274_sgRNA1 Swal:(504)
67
41615 BsaAl (573)
MsII (596)
(1486) Eco01091 - PpuMI
BanII (753)
Nrul (755)

Kan-R (740 .. 759)
(1261) PfIMI
EarI (911)
(1297) Asel Tsol (239)
Pasl (970)
EcoNI (1010)

Sspl (1023)
(1098) AsiSI-Pvul  BsrFI (1052)

Figure No. 6: In-silicoIln-silico designed expression Vector (DR274) using SnapGene software

5.4. DISCUSSION

One of the major global problems in the world today is the quick emergence of drug resistant bacteria. E. coli serves as good
indicator of antimicrobial resistance in bacterial communities as it is recognized as a major reservoir of the genes responsible
for drug resistance [39]. Numerous studies reported that the presence of tetracycline resistance genes in both clinical and
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non-clinical E. coli isolates across various regions of globe. There have been numerous several reports of tetracycline-
resistant determinants from clinical and nonclinical isolates in different regions of global countries [40].

According to previous reports the most common tetracycline-resistant gene among E. coli is TtetA . E. Coli strains [41].
According to the earlier studiesy the majority of the tetracycline-resistant isolates (89-90%) had TtetA genes. The vast
majority of TetA is specifically found in E.coli strains that have been isolated from soil poultry urine and stool [42,43,44]. It
is hypothesized that TtetA genes are more easily found in the environment than other tetracycline determinants [45].

The remarkable specificity and programmability of CRISPR-Cas systems have captured the attention of researchers, leading
to the development of new antimicrobials. Both in vitro and in vivo studies suggest that CRISPR-Cas gene editing can act
as next-generation antimicrobial agents [46]. However, bBacterial cells are protected by the CRISPR-Cas system which
recognizes and cleaves any invasive nucleic acids. It also affects the bacterial ability to produce a variety of virulence factors
during infection including controlling gene expression creating biofilms repairing DNA adjusting to stress and acquiring
resistance genes [47]. The most remarkable application of CRISPR cas gene editing is removal of drug resistance genes [48].
Firstly Zuberi et al.,(48) introduced the novel idea of CRISPR interference (CRISPRi) and its role in gene knockout. Authors
reported This research suggests that CRISPRi which targets and knocks out the TetA gene is a promising method for treating
nosocomial and environmental infections and preventing bacterial tetracycline drug resistance [48]. Hitherto, tThe most
widely used method in recent years is CRISPR-cas9 due to its low-cost high efficiency and simple design [49]. Off-target
effects are the main disadvantage of this approach and they are primarily caused by mismatches between sgRNA and PAM
[49]. To reduce off-target effects a variety of computer programs that predict off-target locations have been developed. In
this study an in-silicoin-silico gene editing technique was used to knock out TetA gene in E. Coli. Here we used three highly
recommended computational tools—Chopchop Crispor and Benchling—that were used to design gRNAs for the TetA gene.
Each of these tools contains crucial parameters for selecting gRNA hits (Table No. 1, Table 2 and Table 3). Approximately
two gRNA hits that met all of the requirements specified by several online resources were selected for additional research.
Present Studiesstudy shows that cytosines (C) are preferred in the N-position of the canonical 5-NGG-3' PAM whereas
thymines (T) are not. When considering the gRNA sequence motif repetitive bases like five contiguous A, five contiguous
C, four contiguous G or four contiguous Uuracils decrease cas9 activity [15, 34, 35]. With the help of tools like CRISPOR,
CHOP-CHOP, Benchling, in present study we carried out some compositional changes in sgRNA to increase its efficiency
like Nucleotide position 20 in the gRNA is critical, with guanine and adenine preferred over cytosine for efficient editing .

The secondary structure of gRNA is one of the critical factors involved in determining their activity. RNA folding free
energy value for all gRNA self-folding for each of the top gRNA hits were assessed, as well as base accessibility data in the
structure using the RNAfold server to determine most preferred leads. The self-folding free energy value indicated that
gRNA sequence preferred to take the secondary structure. Non-functional gRNAs were more likely to fold onto themselves
than functional gRNAs that had a high negative free energy value. Furthermore, since pairing must take place via the internal
loop and hairpin loop regions, the accessibility of nucleotides at positions 18-20 (seed region) in a functional gRNA is of
particular importance [15]. The lead hit was gRNAs 1 according to this structural analysis.

In the future the oligo sequence generated by in silico methods can be used to synthesize the ssDNA oligonucleotide primers
required to make the in vitro transcription kit. The RNAfold server was used to analyzeanalyse the generated sgRNAs and
found that both had internal and hairpin loops which are essential features for efficient gene editing [50]. Furthermore, the
functional activity of these sgRNAs is further supported by the free accessibility of nucleotides at positions 51-53 [51].
Finally, gRNAs can be easily inserted into the gRNA expression vector DR274 using SnapGene for in silico vector
construction.

Nevertheless, tThe gRNA design is crucial in Crispr-Cas9 editing. Due to technological advancements, many computational
tools with unique functionalities dedicated to gRNA design have been developed. Future in vitro studies should validate the
potency of gRNAs 1 as the lead from the current study that was able to knock out the TetA gene of multidrug-resistant E.
coli. This recommendation was based on the evaluation of the results from computational resources and several other factors.

6:5. CONCLUSION

In recent years, the CRISPR-Cas9 gene editing method has yielded significant progress in subverting the genes of many
bacteria to help prevent drug resistance. It can decrease bacterial death, reduce virulence, pathogenicity and biofilm
development, and inhibit several important physiologic events responsible for infection. CRISPR-Cas system in E. coli has
yet to be extensively explored, however. To knock down the TetA gene, the master regulator of drug resistance, the most
recent technique was used to design guide RNAs with maximum efficiency and minimal off-target effect in the current study.
The analysis of the results shows that gRNAs 1 was the lead guide RNAs for all were determined based on a number of
criteria which includes GC content, self complementarityself-complementarity and number of mismatches as well as out of
frame score, MIT specificity score, CFD specificity score, Doench's 16 score and off targets. The secondary structure analysis
confirms their having unpaired seed region, internal loop, and hairpin loop with minimum free energy value of -2 to 0
kcal/mol that is permissible. The selected leads were then assembled into an in-silicoin-silico expression vector (DR274).
There is still further work to establish the viability of the guide RNAs at knocking out the TetA gene in vitro. Additionally,
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In-silicoln-silico design of sgRNAs for CRISPR/Cas9 technology is a fast-emerging field with great promise to improve
genome editing success. The use of computational tools in the design process allows researchers to optimize sgRNA
sequences for specificity and efficiency of the CRISPR system., which are crucial problems like off-targeting. Moving
forward, in efforts to capitalize on CRISPR/Cas9 technology to its fullest potential in research and therapeutic applications,
continued exploration of knowledge gaps, along with the development of novel design and delivery strategies will be
indispensable

REFERENCES

[1] research and development. The Lancet Infectious Diseases, 17(8), 799-801.
https://doi.org/10.1016/S1473-3099(17)30404-8

[2] .Levy, S. B., McMurry, L. M., & Barbosa, T. M. (1999). Tetracycline resistance mechanisms: An
overview. In Tetracyclines in Biology, Chemistry and Medicine (pp. 317-339). Birkhduser Basel.
https://doi.org/10.1007/978-3-0348-8727-3 17

[3] Smillie, C., Garcillan-Barcia, M. P., Francia, M. V., Rocha, E. P., & de la Cruz, F. (2010). Mobility of
plasmids. Microbiology and Molecular Biology Reviews, 74(3), 434-452.
https://doi.org/10.1128/MMBR.00020-10

[4] .Laxminarayan, R., Sridhar, D., Blaser, M., Wang, M., & Woolhouse, M. (2016). Achieving global targets
for antimicrobial resistance. Science, 353(6302), 874—875. https://doi.org/10.1126/science.aaf9286

[5] Makarova, K. S., Wolf, Y. I., Alkhnbashi, O. S., Costa, F., Shah, S. A., Saunders, S. J., ... & Koonin, E.
V. (2015). An updated evolutionary classification of CRISPR—Cas systems. Nature Reviews
Microbiology, 13(11), 722—736. https://doi.org/10.1038/nrmicro3569

[6] Barrangou, R., & Marraffini, L. A. (2014). CRISPR-Cas systems: Prokaryotes upgrade to adaptive
immunity. Molecular Cell, 54(2), 234-244. https://doi.org/10.1016/j.molcel.2014.03.011

[7] Pursey, E., Siinderhauf, D., Gaze, W. H., Westra, E. R., & van Houte, S. (2018). CRISPR-Cas
antimicrobials:  challenges and future prospects. PLoS  Pathogens, 14(6), ¢1006990.
https://doi.org/10.1371/journal.ppat.1006990

[8] .Bikard, D., Hatoum-Aslan, A., Mucida, D., & Marraffini, L. A. (2012). CRISPR interference can prevent
natural transformation and virulence acquisition during in vivo bacterial infection. Cell Host & Microbe,
12(2), 177-186. https://doi.org/10.1016/j.chom.2012.06.003

[9] .Bikard, D., Euler, C. W., Jiang, W., Nussenzweig, P. M., Goldberg, G. W., Duportet, X., ... & Marraffini,
L. A. (2014). Exploiting CRISPR-Cas nucleases to produce sequence-specific antimicrobials. Nature
Biotechnology, 32(11), 1146—1150. https://doi.org/10.1038/nbt.3043

[10] .Gomaa, A. A., Klumpe, H. E., Luo, M. L., Selle, K., Barrangou, R., & Beisel, C. L. (2014). Programmable
removal of bacterial strains by use of genome-targeting CRISPR-Cas systems. mBio, 5(1), ¢00928-13.
https://doi.org/10.1128/mBi0.00928-13

[11] Citorik, R. J., Mimee, M., & Lu, T. K. (2014). Sequence-specific antimicrobials using efficiently delivered
RNA-guided nucleases. Nature Biotechnology, 32(11), 1141-1145. https://doi.org/10.1038/nbt.3011

[12] Labun, K., Montague, T. G., Gagnon, J. A., Thyme, S. B., & Valen, E. (2016). CHOPCHOP v2: a web
tool for the next generation of CRISPR genome engineering. Nucleic Acids Research, 44(W1), W272—
W276. https://doi.org/10.1093/nar/gkw398

[13] Concordet, J. P., & Haeussler, M. (2018). CRISPOR: intuitive guide selection for CRISPR/Cas9 genome
editing  experiments and screens. Nucleic Acids Research, 46(W1), W242-W245.
https://doi.org/10.1093/nar/gky354

[14] .Benchling. (n.d.). Biology Software. https://www.benchling.com

[15] .Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., ... & Root, D. E.
(2016). Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9.
Nature Biotechnology, 34(2), 184—191. https://doi.org/10.1038/nbt.3437

[16] .Luo, M. L., Leenay, R. T., & Beisel, C. L. (2016). Current and future prospects for CRISPR-based tools
in bacteria. Biotechnology and Bioengineering, 113(5), 930-943. https://doi.org/10.1002/bit.25851

[17] Wang, T., Guan, C., Guo, J., Liu, B., Wu, Y., Xie, Z., ... & Zhao, H. (2018). Pooled CRISPR interference
screening enables genome-scale functional genomics study in bacteria with superior performance. Nature
Communications, 9(1), 2475. https://doi.org/10.1038/s41467-018-04937-7

[18] Cui, L., Vigouroux, A., Rousset, F., Varet, H., Khanna, V., Bikard, D. (2018). A CRISPRi screen in E.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 7
pg.- 418



Bhaurao B. Choushette, Sarita L. Solunke, Rahul P. Bhagat, Rajendra A. Satpute

coli reveals sequence-specific toxicity of dCas9. Nature Communications, 9(1), 1912.
https://doi.org/10.1038/s41467-018-04352-5

[19] .Liu, X., Gallay, C., Kjos, M., Domenech, A., Slager, J., van Kessel, S. P., ... & Veening, J. W. (2017).
High-throughput CRISPRi phenotyping identifies new essential genes in Streptococcus pneumoniae.
Molecular Systems Biology, 13(5), 931. https://doi.org/10.15252/msb.20167449

[20] .Peters, J. M., Koo, B. M., Patino, R., Heussler, G. E., Hearne, C. C., Qu, J., ... & Gross, C. A. (2016).
Enabling genetic analysis of diverse bacteria with Mobile-CRISPRi. Nature Microbiology, 4(2), 244-250.
https://doi.org/10.1038/s41564-018-0327-z

[21] Cui, L., Vigouroux, A., Rousset, F., Varet, H., Khanna, V., Bikard, D. (2018). A CRISPRIi screen in E.
coli reveals sequence-specific toxicity of dCas9. Nature Communications, 9(1), 1912.
https://doi.org/10.1038/s41467-018-04352-5
(Duplicate — already listed as entry #18)

[22] .Wang, T., Guan, C., Guo, J., Liu, B., Wu, Y., Xie, Z., ... & Zhao, H. (2018). Pooled CRISPR interference
screening enables genome-scale functional genomics study in bacteria with superior performance. Nature
Communications, 9(1), 2475. https://doi.org/10.1038/s41467-018-04937-7

(Duplicate — already listed as entry #17)

[23].Yao, L., Cengic, 1., Anfelt, J., & Hudson, E. P. (2016). Multiple gene repression in cyanobacteria using
CRISPRi. ACS Synthetic Biology, 5(3), 207-212. https://doi.org/10.1021/acssynbio.5b00167

[24] Larson, M. H., Gilbert, L. A., Wang, X., Lim, W. A., Weissman, J. S., & Qi, L. S. (2013). CRISPR
interference (CRISPRIi) for sequence-specific control of gene expression. Nature Protocols, 8(11), 2180—
2196. https://doi.org/10.1038/nprot.2013.132

[25].Qi4, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., & Lim, W. A. (2013).
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression. Cell,
152(5), 1173—1183. https://doi.org/10.1016/j.cell.2013.02.022

[26] Rock, J. M., Hopkins, F. F., Chavez, A., Diallo, M., Chase, M. R., Gerrick, E. R., ... & Fortune, S. M.
(2017). Programmable transcriptional repression in mycobacteria using an orthogonal CRISPR
interference platform. Nature Microbiology, 2, 16274. https://doi.org/10.1038/nmicrobiol.2016.274

[27] Liu, Y., Wan, X., Wang, B. (2019). Engineered CRISPRa enables programmable eukaryote-like gene
activation in bacteria. Nature Communications, 10, 3693. https://doi.org/10.1038/s41467-019-11636-0

[28] Huang, T. P., Newby, G. A., & Liu, D. R. (2021). Precision genome editing using cytosine and adenine
base editors in mammalian cells. Nature Protocols, 16(2), 1089—1128. https://doi.org/10.1038/s41596-020-
00463-1

[29] Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., & Liu, D. R. (2016). Programmable editing of a
target base in genomic DNA without double-stranded DNA cleavage. Nature, 533(7603), 420—424.
https://doi.org/10.1038/nature17946

[30] Gaudelli, N. M., Komor, A. C., Rees, H. A., Packer, M. S., Badran, A. H., Bryson, D. 1., & Liu, D. R.
(2017). Programmable base editing of A*T to G+C in genomic DNA without DNA cleavage. Nature,
551(7681), 464—471. https://doi.org/10.1038/nature24644

[31] Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., ... & Liu, D. R.
(2019). Search-and-replace genome editing without double-strand breaks or donor DNA. Nature,
576(7785), 149—-157. https://doi.org/10.1038/s41586-019-1711-4

[32] Sun, Y., Zhang, X., Chen, Y., Guan, Z., Liu, Y., & Liu, W. (2015). A CRISPR-Cas9-based toolkit for fast
and  precise genome editing in Streptomyces. Scientific Reports, 5, 15291.
https://doi.org/10.1038/srep15291

[33] Zhao, W., Luo, H., & Wang, Y. (2019). A CRISPR-Cas9 based genetic engineering platform for fast and
efficient genome editing in Streptomyces. Biotechnology and Bioengineering, 116(8), 1900-1910.
https://doi.org/10.1002/bit.27007

[34] Makarova, K. S., Wolf, Y. I, Iranzo, J., Shmakov, S. A., Alkhnbashi, O. S., Brouns, S. J., ... & Koonin, E.
V. (2020). Evolutionary classification of CRISPR-Cas systems: a burst of class 2 and derived variants.
Nature Reviews Microbiology, 18(2), 67-83. https://doi.org/10.1038/s41579-019-0299-x

[35]Hsu, P. D., Scott, D. A., Weinstein, J. A., Ran, F. A., Konermann, S., Agarwala, V., ... & Zhang, F. (2013).

DNA targeting specificity of RNA-guided Cas9 nucleases. Nature Biotechnology, 31(9), 827-832.
https://doi.org/10.1038/nbt.2647

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 7
pg.- 419



Bhaurao B. Choushette, Sarita L. Solunke, Rahul P. Bhagat, Rajendra A. Satpute

(36]

[37] .Tsai, S. Q., Wyvekens, N., Khayter, C., Foden, J. A., Thapar, V., Reyon, D., ... & Joung, J. K. (2014).
Dimeric CRISPR RNA-guided FokI nucleases for highly specific genome editing. Nature Biotechnology,
32(6), 569-576. https://doi.org/10.1038/nbt.2908

[38] .Kleinstiver, B. P., Pattanayak, V., Prew, M. S., Tsai, S. Q., Nguyen, N. T., Zheng, Z., & Joung, J. K.
(2016). High-fidelity CRISPR—Cas9 nucleases with no detectable genome-wide off-target effects. Nature,
529(7587), 490—495. https://doi.org/10.1038/nature16526

[39] .Slaymaker, I. M., Gao, L., Zetsche, B., Scott, D. A., Yan, W. X., & Zhang, F. (2016). Rationally
enginecered Cas9 nucleases with  improved  specificity. Science, 351(6268), 84-88.
https://doi.org/10.1126/science.aad5227

[40] .Esvelt, K. M., Mali, P., Braff, J. L., Moosburner, M., Yaung, S. J., & Church, G. M. (2013). Orthogonal
Cas9 proteins for RNA-guided gene regulation and editing. Nature Methods, 10(11), 1116-1121.
https://doi.org/10.1038/nmeth.2681

[41] .Karvelis, T., Gasiunas, G., Young, J. K., Bigelyte, G., Silanskas, A., Cigan, M., ... & Siksnys, V. (2015).
Rapid characterization of CRISPR-Cas9 protospacer adjacent motif sequence elements. Genome Biology,
16, 253. https://doi.org/10.1186/s13059-015-0818-7

[42] .Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S., Essletzbichler, P.,
... & Zhang, F. (2015). Cpfl is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell,
163(3), 759-771. https://doi.org/10.1016/j.cell.2015.09.038

[43] Yamano, T., Nishimasu, H., Zetsche, B., Hirano, H., Slaymaker, I. M., Li, Y., ... & Nureki, O. (2016).
Crystal structure of Cpfl in complex with guide RNA and target DNA. Cell, 165(4), 949-962.
https://doi.org/10.1016/j.cell.2016.04.003

[44] Fonfara, 1., Richter, H., Bratovic, M., Le Rhun, A., & Charpentier, E. (2016). The CRISPR-associated
DNA-cleaving enzyme Cpfl also processes precursor CRISPR RNA. Nature, 532(7600), 517-521.
https://doi.org/10.1038/nature17945

[45] Zetsche, B., Heidenreich, M., Mohanraju, P., Fedorova, 1., Kneppers, J., DeGennaro, E. M., ... & Zhang,
F. (2017). Multiplex gene editing by CRISPR—Cpf1 using a single crRNA array. Nature Biotechnology,
35(1), 31-34. https://doi.org/10.1038/nbt.3737

[46] Gao, L., Cox, D. B., Yan, W. X., Manteiga, J. C., Schneider, M. W., Yamano, T., ... & Zhang, F. (2017).
Engineered Cpfl variants with altered PAM specificities. Nature Biotechnology, 35(8), 789-792.
https://doi.org/10.1038/nbt.3900

[47] Shmakov, S., Abudayyeh, O. O., Makarova, K. S., Wolf, Y. 1., Gootenberg, J. S., Semenova, E., ... &
Koonin, E. V. (2015). Discovery and functional characterization of diverse class 2 CRISPR-Cas systems.
Nature Reviews Microbiology, 13(11), 722-729. https://doi.org/10.1038/nrmicro3569

[48] Jiang, Y., Chen, B., Duan, C., Sun, B., Yang, J., & Yang, S. (2015). Multigene editing in the Escherichia
coli genome via the CRISPR-Cas9 system. Applied and Environmental Microbiology, 81(7), 2506-2514.
https://doi.org/10.1128/AEM.04023-14

[49] Wang, Y., Wang, S., Chen, W., Song, L., Liu, L., Wang, Y., ... & Li, Y. (2018). CRISPR-Cas9 based
genome editing for bacterial resistance: a review. Frontiers in Microbiology, 9, 1736.
https://doi.org/10.3389/fmicb.2018.01736

[50] Hoekstra, J. G., Hipp, M. J., Montserrat, D. A., Koster, M. J., & Kerr, D. E. (2020). Efficient CRISPR-
Cas9-mediated gene editing in bacteria. Current Protocols in Molecular Biology, 130(1), elll.
https://doi.org/10.1002/cpmb.111

[51] Touchon, M., Rocha, E. P., & Brown, S. P. (2020). Regulation of horizontal gene transfer: selfish elements,
endosymbiosis and the evolution of adaptive innovation. Nature Reviews Microbiology, 18(6), 362—-376.
https://doi.org/10.1038/s41579-020-0353-1

[52] Wang, H. H., Isaacs, F. J., Carr, P. A., Sun, Z. Z., Xu, G., Forest, C. R., & Church, G. M. (2009).
Programming cells by multiplex genome engineering and accelerated evolution. Nature, 460(7257), 894 —
898. https://doi.org/10.1038/nature08187

[53]Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., Peterson, R. T., Yeh, J. R., &
Joung, J. K. (2013). Efficient genome editing in zebrafish using a CRISPR-Cas system. Nature
Biotechnology, 31(3), 227-229. https://doi.org/10.1038/nbt.2501

[54] O'Neill report on antimicrobial resistance: Funding for antimicrobial specialists should be improved.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 7
pg. 420



Bhaurao B. Choushette, Sarita L. Solunke, Rahul P. Bhagat, Rajendra A. Satpute

European Journal of Hospital Pharmacy, 26(3), 178. https://doi.org/10.1136/ejhpharm-2016-001013

[55] World Bank. (2017). Drug-resistant infections: A threat to our economic future (Report No. 114679).
World Bank. Retrieved from https://documents.worldbank.org/en/publication/documents-
reports/documentdetail/323311493396993758.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 7
pg.- 421



