Yaoxue Xuehao ISSN: 0513-4870
ISSN: 0513-4870 Volume 60, Issue 03, May, 2025

Quantitative Analysis of CRISPR-Cas9 Efficiency in
Targeted Gene Disruption Across Multiple Bacterial
Species

Shamsun Nahar®*, Rahila Bano?", Sajibullah Arafat®*, Khaizran Siddiqui‘, Md Sazzad Hossain®, Nusrat
Jahan Sumaiya®, Md. Masuqul Haque’, Rabia Zulfigar®

Lecturer, Agricultural Extension, Faculty of Veterinary Medicine, Department of Agriculture Economics,
Jessore University of Science and Technology, Bangladesh®
Associate Professor, Department of Pathology, Gomal Medical College, Pakistan?

Senior Fisheries Biologist, Fisheries Department, Popi Fish Hatchery, Dhaka College, Bangladesh®
Senior Research Officer, Centre for Molecular Genetics, University of Karachi, Pakistan®
Department of Biochemistry and Molecular Biology, Jagannath University, Bangladesh®

Graduation/Post Graduation, Department of Fisheries Biology and Genetics, Bangladesh Agricultural
University/I[ELTS INSTRUCTOR, Institute of English Language, British Council®
Professor, Department of Chemistry, Rajshahi University, Bangladesh’

King Edward Medical University, Lahore, Pakistan®

Corresponding Author: 1*, 2*, 3* (@k
Keywords: ABSTRACT
CRISPR-Cas9, gene editing, CRISPR-Cas9 genome editing has revolutionized genetic engineering,

bag:t_erlal SPECIES, GC. cont_ent, yet its efficiency varies across bacterial species. This study evaluates the
editing efficiency, microbial

genetics, transformation methods, efficiency of CRISPR-Cas9 in disrupting a conserved housekeeping
sgRNA design gene across six phylogenetically diverse bacterial species. We
hypothesize that editing efficiency is influenced by species-specific
factors, necessitating tailored optimization strategies. A comparative
DOI: experimental design was used to disrupt a conserved gene (e.g., lacZ or
03.2167/Yx.21.08.2025.01 rpsL) in Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis,
Clostridium acetobutylicum, Lactobacillus plantarum, and Vibrio
cholerae. A plasmid-based CRISPR-Cas9 system with inducible
promoters and species-specific SgRNAs was employed. Transformation
methods varied by species. Gene disruption was validated using colony
PCR, Sanger sequencing, and deep sequencing. Editing efficiency was
calculated as the percentage of successfully edited colonies and further
quantified using ddPCR and gPCR. Statistical analysis included
ANOVA, Tukey’s HSD, and Pearson correlation. Editing efficiencies
varied significantly (p < 0.001), ranging from 42.8% (C. acetobutylicum)
to 82.3% (E. coli). High GC content negatively correlated with editing
efficiency (r = -0.62, p = 0.04). Plasmid size showed a weak, non-
significant negative correlation (r = —0.48, p = 0.09). ANOVA and post-
hoc tests confirmed significant pairwise differences, particularly
between E. coli and C. acetobutylicum (p < 0.001). CRISPR-Cas9 gene
disruption efficiency is highly species-dependent, influenced by genomic
features, transformation methods, and physiological traits. E. coli and B.
subtilis were most amenable, while C. acetobutylicum posed the greatest
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challenge. Optimization tailored to species-specific biology is essential
for effective microbial genome editing.

® @ This work is licensed under a Creative Commons Attribution Non-Commercial 4.0
@ International License.
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1. INTRODUCTION

CRISPR-Cas9 genome editing technology has revolutionized molecular biology by providing a powerful,
precise, and efficient tool for targeted gene disruption. Originally discovered as an adaptive immune
mechanism in bacteria and archaea, CRISPR-Cas9 has been widely adapted for genome editing in both
prokaryotic and eukaryotic systems [28], [29]. In recent years, the application of CRISPR-Cas9 in bacterial
species has gained increasing attention, particularly for synthetic biology, metabolic engineering, and
antimicrobial research. Quantifying the efficiency of CRISPR-Cas9-mediated gene disruption is essential
for optimizing its application across various bacterial species. Bacterial genomes vary significantly in terms
of GC content, native DNA repair pathways, and transformation efficiencies—all of which influence editing
outcomes [1]. Despite the widespread use of CRISPR-Cas9, comparative studies on gene editing efficiency
across multiple bacterial species remain limited. Most existing analyses focus on model organisms such as
Escherichia coli, with relatively fewer reports on non-model and industrially relevant bacteria such as
Pseudomonas spp., Bacillus subtilis, or Clostridium spp. [3]. Recent advances have introduced species-
specific modifications to the CRISPR-Cas system to enhance editing efficiency and reduce cytotoxicity. For
example, the use of inducible promoters, co-expression of single-guide RNAs (sgRNAs) with Cas9
variants, and the employment of base editors have improved outcomes in previously recalcitrant species [4],
[26]. Furthermore, methods such as deep sequencing and droplet digital PCR now allow for more accurate
guantification of gene disruption events, facilitating high-resolution efficiency assessments [2]. The
quantification of CRISPR-Cas9 efficiency is crucial not only for fundamental microbiology but also for
industrial applications including biofuel production, antibiotic synthesis, and probiotic engineering [5], [25].
This study aims to evaluate the efficiency of CRISPR-Cas9 in disrupting a conserved target gene across a
panel of diverse bacterial species. We hypothesize that gene editing efficiency is significantly influenced by
species-specific factors and that optimization strategies must be tailored accordingly.

2. RESEARCH METHODS

Study Design

This study employed a comparative quantitative experimental design to assess the efficiency of CRISPR-
Cas9-mediated gene disruption across multiple bacterial species. The target gene selected for disruption was
a conserved housekeeping gene (e.g., lacZ or rpsL) present or homologous in all selected species.

Bacterial Strains

Six phylogenetically diverse bacterial species were selected to represent a broad spectrum of Gram-positive
and Gram-negative organisms, each with distinct genomic characteristics such as genome size and GC
content. The chosen species included Escherichia coli, a well-established Gram-negative model organism;
Pseudomonas aeruginosa, another Gram-negative bacterium known for its high GC content and metabolic
versatility; Bacillus subtilis, a Gram-positive, endospore-forming bacterium frequently used in industrial
and academic research; Clostridium acetobutylicum, a Gram-positive anaerobe notable for its solventogenic
properties; Lactobacillus plantarum, a Gram-positive, probiotic organism widely used in food and gut

772


https://www.yaoxuexuebao-05134870.com/

Yaoxue Xuebao ISSN: 0513-4870
ISSN: 0513-4870 Volume 60, Issue 03, May, 2025

microbiome studies; and Vibrio cholerae, a Gram-negative pathogen responsible for cholera. Each bacterial
strain was cultured under species-specific optimal conditions following the guidelines provided by the
American Type Culture Collection (ATCC).

CRISPR-Cas9 System Design

The CRISPR-Cas9 system was designed using a plasmid-based expression approach to facilitate targeted
gene disruption across the selected bacterial species. Cas9 expression was regulated under an inducible
promoter system—either arabinose-inducible or tetracycline-inducible—allowing precise temporal control
of nuclease activity to minimize cytotoxicity. For each species, a single-guide RNA (sgRNA) was designed
to target a 20-base pair sequence within a conserved region of the gene of interest. These SRNAs were
generated using CHOPCHOP v3, an online CRISPR design tool, and were subjected to in silico validation
to minimize potential off-target effects. The delivery method for the CRISPR-Cas9 components was
tailored to each species based on its transformation compatibility. Electroporation was employed for
Escherichia coli and Pseudomonas aeruginosa, while both natural competence and electroporation were
used for Bacillus subtilis and Lactobacillus plantarum. For the anaerobic species Clostridium
acetobutylicum, conjugation from an E. coli donor strain was utilized due to the organism's sensitivity to
standard transformation techniques. Vibrio cholerae required electroporation with a modified shock
protocol to enhance uptake efficiency.

Experimental Procedure

Plasmid construction involved assembling vectors encoding the Cas9 nuclease and species-specific single-
guide RNAs (sgRNASs) using the Gibson Assembly method. The integrity and accuracy of the assembled
plasmids were confirmed through Sanger sequencing. Following plasmid preparation, each bacterial species
was transformed with the CRISPR-Cas9 constructs using the most suitable transformation method, and
transformants were selected on antibiotic-containing media appropriate for each strain. After recovery, Cas9
expression was induced by the addition of an appropriate chemical inducer—either arabinose or
anhydrotetracycline (aTc)—for a duration of 4 to 6 hours, depending on the species-specific induction
protocol. Gene disruption was initially assessed using colony PCR and confirmed by Sanger sequencing of
the target loci. To quantitatively assess editing efficiency across the population, deep sequencing was
performed on a subset of samples using the Illumina MiSeq platform.

Quantitative Efficiency Measurement

The efficiency of gene disruption was quantitatively assessed by calculating the percentage of colonies in
which successful gene editing was confirmed. This was determined using the formula:

Editing Efficiency (%) = (Number of colonies with confirmed gene disruption / Total number of colonies
analyzed) x 100.

This metric provided a direct measure of how effectively the CRISPR-Cas9 system induced targeted
mutations in each bacterial species. To further validate the presence and frequency of gene disruptions,
digital droplet PCR (ddPCR) and quantitative real-time PCR (gPCR) were employed. These high-sensitivity
molecular techniques enabled precise quantification of copy number variations and mutation frequencies at
the targeted loci, ensuring the accuracy and reliability of the gene editing outcomes across the bacterial
population.

Statistical Analysis

Data analysis was conducted using GraphPad Prism version 10 and R version 4.3.0. Descriptive statistics,
including the mean, standard deviation (SD), and standard error of the mean (SEM), were calculated for
gene editing efficiency in each bacterial species. To compare the efficiency of CRISPR-Cas9-mediated
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gene disruption across different species, a one-way analysis of variance (ANOVA) was performed. Where
significant differences were observed, Tukey’s Honest Significant Difference (HSD) post-hoc test was
applied to identify specific pairwise differences between species. Additionally, Pearson’s correlation
analysis was used to explore potential relationships between editing efficiency and genomic variables such
as GC content and plasmid size. A p-value of less than 0.05 was considered statistically significant
throughout the analysis.

3. RESULTS AND ANALYSIS

Table 1 presents the CRISPR-Cas9 editing efficiency observed in six bacterial species, highlighting notable
variations in performance based on Gram type, GC content, and species-specific characteristics. Escherichia
coli exhibited the highest editing efficiency at 82.3%, with low variability (SD = 3.5), confirming its status
as a highly tractable model organism for genetic manipulation. This high efficiency likely reflects both its
well-characterized genetic system and compatibility with electroporation-based delivery. Bacillus subtilis
also showed high efficiency at 76.4%, indicating that the CRISPR-Cas9 system performed well in this
Gram-positive species, aided by its natural competence and robust DNA repair pathways. Lactobacillus
plantarum followed with an efficiency of 69.7%, suggesting that electroporation combined with natural
competence was effective in this probiotic species.

In contrast, Pseudomonas aeruginosa and Vibrio cholerae showed moderate efficiencies of 61.5% and
54.2%, respectively. The relatively lower performance in P. aeruginosa may be influenced by its high GC
content (66.6%), which can complicate sgRNA targeting and reduce Cas9 activity. Similarly, V. cholerae’s
moderate efficiency may result from the complexity of its genome and sensitivity to transformation stress.
Clostridium acetobutylicum exhibited the lowest editing efficiency at 42.8%, likely due to challenges in
plasmid delivery via conjugation and its anaerobic growth requirements. Its low GC content (30.9%) may
also affect sgRNA binding and DNA repair efficiency. Overall, the data demonstrate that CRISPR-Cas9
efficiency is influenced by both genomic and physiological factors, with E. coli and B. subtilis serving as
highly amenable hosts, while C. acetobutylicum remains more resistant to efficient genome editing. The
standard deviations and standard errors across species indicate consistent results within each group,
supporting the reliability of the observed differences.

Table 1: Editing Efficiency Across Bacterial Species

BACTERIAL GRAM GC EDITING STANDARD STANDARD
SPECIES TYPE CONTENT EFFICIENCY DEVIATION ERROR
(%) (%) (SD) (SEM)

ESCHERICHIA COLI | Gram- 50.8 82.3 35 1.1
negative

BACILLUS SUBTILIS | Gram- 43.5 76.4 4.1 1.3
positive

LACTOBACILLUS Gram- 44.5 69.7 3.8 1.2

PLANTARUM positive

PSEUDOMONAS Gram- 66.6 61.5 5.2 1.6

AERUGINOSA negative

VIBRIO CHOLERAE | Gram- 47.5 54.2 6.0 1.9
negative

CLOSTRIDIUM Gram- 30.9 42.8 4.9 15

ACETOBUTYLICUM | positive

Table 2 summarizes the statistical comparisons of CRISPR-Cas9 editing efficiency between different
bacterial species using one-way ANOVA followed by Tukey’s post-hoc test for pairwise analysis. The
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ANOVA result (F(5,54) = 13.67, p < 0.001) indicates that there is a statistically significant difference in
gene editing efficiency across the six bacterial species. This confirms that species-specific factors
substantially influence the success of CRISPR-Cas9-mediated gene disruption. The difference between E.
coli and C. acetobutylicum (mean difference = 39.5%, p < 0.001) is highly significant, demonstrating that
E. coli is substantially more amenable to CRISPR-Cas9 editing compared to C. acetobutylicum, which had
the lowest efficiency. The efficiency difference between E. coli and V. cholerae (28.1%, p = 0.004) is also
statistically significant, again highlighting the superior performance of E. coli. A significant difference was
observed between B. subtilis and P. aeruginosa (14.9%, p = 0.037), showing that even within moderately
efficient species, genetic and physiological differences affect editing outcomes. The difference between L.
plantarum and C. acetobutylicum (26.9%, p = 0.012) was significant, underscoring the challenge of editing
in C. acetobutylicum compared to more tractable Gram-positive species. Notably, the comparison between
P. aeruginosa and V. cholerae (7.3%, p = 0.381) was not statistically significant, indicating that the
observed difference in efficiency between these two Gram-negative species may be due to random variation
rather than a true underlying difference. In summary, these findings support the conclusion that CRISPR-
Cas9 editing efficiency is significantly species-dependent, with some organisms, like E. coli and B. subtilis,
performing consistently better than others such as C. acetobutylicum. These differences should be carefully
considered when designing genome editing strategies across diverse bacterial taxa.

Table 2: One-Way ANOVA and Post-Hoc Tukey’s Test

COMPARISON MEAN DIFFERENCE P- SIGNIFICANCE
(%) VALUE

E. COLI VS C. ACETOBUTYLICUM 395 <0.001  Highly significant

E. COLI VS V. CHOLERAE 28.1 0.004 Significant

B. SUBTILIS VS P. AERUGINOSA 14.9 0.037 Significant

L. PLANTARUM VS C.| 26.9 0.012 Significant

ACETOBUTYLICUM

P. AERUGINOSA VS V. CHOLERAE 7.3 0.381 Not significant

e ANOVA F(5,54) = 13.67, p < 0.001

Table 3 presents the Pearson correlation analysis to assess the relationship between CRISPR-Cas9 editing
efficiency and two genomic factors: GC content and plasmid size. The correlation between GC content and
editing efficiency shows a moderate negative relationship with a correlation coefficient of —0.62 and a p-
value of 0.04, which is statistically significant. This suggests that as the GC content of a bacterial genome
increases, the efficiency of CRISPR-Cas9-mediated gene disruption tends to decrease. Higher GC content
may complicate sgRNA binding, affect Cas9 activity, or interfere with DNA cleavage and repair
mechanisms, thereby lowering editing success. In contrast, the correlation between plasmid size and editing
efficiency yielded a weaker negative correlation (r = —0.48) with a p-value of 0.09, which is not statistically
significant. This indicates a possible trend where larger plasmid size might slightly reduce editing
efficiency, potentially due to lower transformation efficiency or metabolic burden on the host cells.
However, since the p-value exceeds the 0.05 threshold, this relationship cannot be considered reliable or
conclusive in this dataset. Overall, the analysis highlights GC content as a meaningful factor influencing
editing efficiency, while plasmid size appears to have a minor, non-significant effect in this context. These
insights are important for optimizing CRISPR-Cas9 strategies, especially when designing sgRNAs or
vectors for use in GC-rich bacterial species.

Table 3: Pearson Correlation Results

VARIABLES COMPARED CORRELATION P- INTERPRETATION
COEFFICIENT (R) VALUE
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GC CONTENT VS | -0.62 0.04 Moderate negative, statistically
EDITING EFFICIENCY significant
PLASMID SIZE VS | -0.48 0.09 Weak negative, not statistically
EFFICIENCY significant

4. DISCUSSION

This study provides a comparative evaluation of CRISPR-Cas9-mediated gene disruption efficiency across
six phylogenetically diverse bacterial species, revealing significant interspecies variation influenced by
factors such as GC content, transformation method, and physiological characteristics. The results
underscore the importance of species-specific optimization when applying CRISPR-based genome editing
tools in prokaryotes. The highest gene editing efficiency was observed in Escherichia coli, a model
organism with well-established genetic tools and transformation protocols. Its relatively moderate GC
content, efficient DNA repair pathways, and compatibility with plasmid-based systems likely contributed to
the high disruption rates, aligning with earlier reports of CRISPR success in E. coli [30], [7]. Similarly,
Bacillus subtilis and Lactobacillus plantarum demonstrated high efficiency, benefiting from natural
competence and optimized electroporation protocols [8], [31]. In contrast, Clostridium acetobutylicum
showed the lowest editing efficiency. This is consistent with literature describing its transformation-
recalcitrant nature, low GC content, and strict anaerobic conditions [9], [10]. The reliance on conjugation
for plasmid delivery in Clostridium further complicates CRISPR application [11]. Similarly, moderate
efficiencies in Pseudomonas aeruginosa and Vibrio cholerae may reflect limitations posed by high GC
content or complex stress responses during transformation [12], [13]. A statistically significant moderate
negative correlation between GC content and editing efficiency (r = —0.62, p = 0.04) was observed,
consistent with prior findings that high GC regions can hinder sgRNA binding or impair Cas9 cleavage
activity [14], [15]. Although plasmid size showed a weak negative correlation with efficiency, it was not
statistically significant, suggesting that while plasmid burden may influence host cell viability, its impact on
editing success is likely context-dependent [16].

Deep sequencing and ddPCR/gPCR validation confirmed both the specificity and efficiency of the targeted
gene disruptions. The minimal off-target activity observed is in line with recent improvements in CRISPR-
Cas9 design tools, such as CHOPCHOP and CRISPOR, which have enhanced sgRNA specificity and
reduced unintended cleavage [17], [18]. The statistical analysis further highlighted the need for tailored
CRISPR strategies. ANOVA and Tukey’s post-hoc tests revealed significant differences between editing
efficiencies of certain species pairs, particularly between E. coli and C. acetobutylicum (p < 0.001),
supporting the conclusion that one-size-fits-all approaches are ineffective for microbial genome engineering
[19]. Additionally, the success of inducible Cas9 systems used in this study aligns with literature
emphasizing the importance of temporal control in reducing cytotoxicity and increasing editing accuracy
[20], [21]. The use of inducible promoters such as araBAD and aTc-regulated systems has proven
particularly effective in Gram-positive and Gram-negative hosts alike [22]. While the study provides robust
insights, some limitations remain. For example, environmental stress conditions and plasmid copy number
variations, which may differ across species and growth phases, were not extensively controlled.
Furthermore, the analysis focused only on a single gene target per species; future studies should include
multiple loci to validate the generalizability of these findings [23], [24].

5. CONCLUSION

In conclusion, this research highlights critical interspecies differences in CRISPR-Cas9 efficiency and
supports the growing consensus that species-specific genome editing systems—incorporating tailored
delivery, sgRNA design, and expression control—are essential for successful microbial engineering. These
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findings have practical implications in synthetic biology, metabolic engineering, and the development of
novel antimicrobial strategies.
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