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ABSTRACT: 

Antibiotic resistance has emerged as a major global health concern affecting clinical treatment, environmental 

safety, and microbial ecosystem stability. The present study investigated genomic composition patterns 

associated with antibiotic-resistant bacterial genomes using comparative computational genomics approaches. A 

publicly available genomic dataset containing 100,000 bacterial genomic sequences with resistant and non-

resistant classifications was analyzed using bioinformatics and sequence-based comparative analysis methods. 

The study evaluated genomic sequence length distribution, GC-content variation, nucleotide composition, and 

dinucleotide frequency patterns associated with antibiotic resistance. The results demonstrated relatively stable 

genomic sequence lengths across bacterial samples, with balanced resistant and non-resistant genomic 

categories. GC-content analysis revealed that resistant bacterial genomes exhibited comparatively lower GC 

content than non-resistant bacterial genomes. Nucleotide composition analysis further demonstrated increased 

adenine and thymine abundance within resistant bacterial genomes, whereas non-resistant bacterial genomes 

showed relatively higher guanine and cytosine composition. Dinucleotide frequency analysis identified distinct 

sequence-level genomic signatures associated with antibiotic resistance, particularly involving AT-, TA-, and 

TG-associated sequence patterns. Comparative heatmap visualization additionally demonstrated measurable 

compositional variation between resistant and non-resistant bacterial populations. The findings indicate that 

computational genomic analysis and comparative bioinformatics approaches can effectively identify resistance-

associated genomic signatures and sequence-level compositional variation within bacterial genomes. Overall, the 

study contributes to microbial genomics and antimicrobial resistance research by demonstrating the applicability 

of sequence-based genomic characterization for comparative analysis of antibiotic-resistant bacterial populations 

across clinical and environmental contexts. 
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1. INTRODUCTION 

Antibiotic resistance is now a serious public health problem with clinical, environmental health and microbial 

ecosystem impacts worldwide. A molecular characterization and genomic surveillance approach is gaining 

significance as a result of the speed of the spread of bacteria resistant to antibiotics in both clinical and non-

clinical environments including agriculture. Recent years have seen the widespread use of whole genome 

sequencing (WGS), comparative genomics and bioinformatics methods to elucidate the mechanisms of 

antimicrobial resistance, evolutionary and transmission dynamics of bacteria (Cabal et al., 2022). 

Multiple studies indicated that antibiotic-resistant bacteria are spread between interconnected human, animal and 

environmental systems and have the potential to spread antibiotic resistance genes across a variety of ecological 

habitats (Jesumirhewe et al., 2022). Multidrug-resistant microbial populations are also known to exist in 

environmental reservoirs and in hospital wastewater systems (Kelly et al., 2023). As a result, genomic 

characterization is now a crucial aspect of our understanding of the mechanisms of adaptation and resistance-

associated genomic variation in bacteria. 

Whole genome sequencing has been widely used for molecular characterization of clinically relevant pathogens 

recovered from clinical, environmental and hospital sources. Piccirilli et al. (2022) used WGS to characterise 

clinical and environmental strains of S. marcescens involved in neonatal intensive care unit outbreaks and Yasir 

et al. (2022) analysed CRA that were isolated from the environment of healthcare facilities. In the same vein, Wu 
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et al. (2022) studied the antibiotic resistomes found in inhaled air from hospitals, highlighting the significance of 

environmental and clinical risks of airborne spread of AMR. 

The study of antibiotic resistant bacteria spread through the environment has grown in focus all over the world. 

Gu et al (2022), examined resistance genes and resistant bacteria in drinking water treatment systems with 

metagenomic methods, while Mahmud et al (2023), isolated resistant bacteria from pharmaceutical effluents and 

determined the characteristics of antibiotic resistance of the bacteria. In addition, Zagui et al. (2024) showed how 

hospital wastewater systems act as reservoirs of high-risk Pseudomonas aeruginosa clones and Cirkovic et al. 

(2023) gave whole genome sequencing analysis of clinically relevant carbapenem resistant gram-negative 

bacteria (CRGNB) isolated from wastewater environments. 

Comparative genetic studies have also enhanced our knowledge of the genomic diversity related to bacterial 

adaptation and resistance. Wiradiputra et al. (2023) investigated the genotypic difference among antibiotic 

resistance phenotypes of Acinetobacter baumannii while Muzahid et al. (2023) studied the difference between 

the hospital associated and the community associated Acinetobacter baumannii using molecular epidemiological 

analysis. In another study, Dioli et al. (2023) took another step towards understanding the ecology of 

antimicrobial resistance in E. coli from clinical and environmental sources, underscoring the inter-tangled 

relationship between the spread of bacterial resistance. 

Recent studies also focused on ecological distribution of bacterial resistant populations and genomic evolution of 

resistant populations of bacteria, specifically of E. coli resistant to antibiotics, as done by Śliwka et al. (2023) 

and of antibiotic-resistant enterococci in farm animals as done by Chen et al. (2024). These results were 

corroborated by research that detected E. coli resistant to antibiotics in food associated environments and in 

environment habitats (Hossain et al., 2022). 

Although there has been great progress in microbial genomics and monitoring of antimicrobial resistance, fewer 

studies have targeted sequence level genomic composition analysis related to antimicrobial resistance. Thus, the 

present study was aimed at examining the patterns of variation in GC content, nucleotide composition and 

comparative genome sequence patterns of bacterial genomes with their ability to resist antibiotics. 

 

The objectives of the present study were: 

⚫ To characterize genomic composition patterns associated with antibiotic-resistant bacterial genomes. 

⚫ To compare nucleotide composition and sequence-level genomic variations between resistant and non-

resistant bacterial samples. 

⚫ To identify resistance-associated genomic signatures using comparative bioinformatics analysis. 

 

2. METHODOLOGY 

2.1 Research Design 

This current study applied a quantitative computational genomics approach for studying patterns of genomic 

compositions that were linked to the genomes of bacteria having antibiotic resistance. Bioinformatics 

comparative analysis was done to determine the variations in terms of nucleotide compositions, GC-content 

difference, and other sequence-related genomic features in bacterial strains having resistance versus those 

without resistance. 

 

2.2 Dataset Description 

The experiment used an open genomic data set that comprised the sequences of bacteria as well as their 

resistance to antibiotics (Scarlat, 2019). This data set comprised 100,000 samples of bacteria, which included 

both resistant and non-resistant bacterial genomes. Every sample included nucleotide sequences described with 

the help of DNA bases (A, T, G, and C), as well as a binary label showing whether the genome is resistant or 

not. The reason for choosing this data set for the analysis was that it was appropriate for comparing bacterial 

genomes and assessing their antimicrobial resistance. 

 

2.3 Data Preprocessing 

The data pre-processing step was performed using Python. The genome dataset was loaded as a NumPy array 

and was then transformed into a structured pandas DataFrame for analysis purposes. The length of the genomic 

sequences for each bacterium was computed for assessing consistency in the dataset. The resistance labels were 

encoded into binary classes for comparison. Quality checks were done on the dataset which showed that there 

were no missing values and duplicated genomes. 

 

2.4 GC-Content Analysis 

GC-content analysis was performed to investigate genomic compositional variation among bacterial samples. 

GC content was calculated as the percentage of guanine (G) and cytosine (C) nucleotides relative to the total 

sequence length using the following equation: 

[GC\ Content = \frac{(G + C)}{Total\ Sequence\ Length} \times 100] 

The calculated GC-content values were compared between resistant and non-resistant bacterial genomes to 

identify resistance-associated compositional differences. 

 

2.5 Nucleotide Composition Analysis 
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The nucleotide composition analysis was done to determine the proportional ratio of nucleotides A, T, G, and C 

within the genome of bacteria. The composition percentage of the four different nucleotides in respect to their 

lengths was determined using genomic sequence data. A comparative analysis of the four nucleotides was then 

done using sequences from both resistant and non-resistant bacteria. 

 

2.6 Dinucleotide (k-mer) Analysis 

Dinucleotide frequency analysis was carried out as a comparative genomic profiling method that would help in 

determining sequence-specific genomic fingerprints. All the combinations of dinucleotides were created by 

computer modeling based on bioinformatics sequence manipulation methods. The frequencies of all the 

dinucleotides for each sequence were determined and normalized based on the total number of dinucleotides. 

Comparative dinucleotide profiling was done by comparing bacterial samples that were resistant and not 

resistant. 

 

2.7 Data Visualization and Statistical Analysis 

Data exploration with respect to genomic analyses and visualizations was done using various Python modules 

such as pandas, NumPy, matplotlib, and seaborn. Histograms, bar graphs for comparison purposes, and heat 

maps were created to visually show the distribution of GC content, patterns of nucleotide composition, and 

variability in dinucleotide composition respectively. Descriptive statistics were computed to analyze the 

characteristics of genomic sequences and their comparisons. 

 

3. RESULTS 

3.1 Dataset Characteristics and Genomic Sequence Distribution 

The genomic data set included 100,000 genomic sequences of bacteria with both resistant and non-resistant 

bacteria samples. The quality test showed that there were no missing or duplicate data entries. The study 

revealed consistency in the size of genomic sequences of bacteria where the average sequence length was found 

to be 149.99 nucleotides. 

 

Table 1. Genomic Sequence Length Statistics 

Statistic Sequence Length 

Count 100000 

Mean 149.99 

Standard Deviation 2.93 

Minimum 144 

25th Percentile 149 

Median 150 

75th Percentile 151 

Maximum 156 

 

The resistance distribution analysis demonstrated balanced genomic categories within the dataset. Non-resistant 

bacterial genomes accounted for 50,297 samples, whereas resistant bacterial genomes accounted for 49,703 

samples. The balanced resistance distribution supported reliable comparative genomic characterization. 

 

Table 2. Distribution of Resistant and Non-Resistant Bacterial Genomes 

Resistance Status Frequency 

Non-Resistant 50,297 

Resistant 49,703 

 

3.2 GC-Content Analysis 

The GC content was determined in order to determine any variations in the genomic composition in the bacterial 

samples that were either resistant or not resistant to the antibiotics. The average GC content in the bacterial 

samples was 42.65%. 

Table 3. GC-Content Statistics of Bacterial Genomes 

Statistic GC Content (%) 

Mean 42.65 

Standard Deviation 0.60 

Minimum 40.00 

25th Percentile 42.00 

Median 42.67 

75th Percentile 43.05 

Maximum 45.33 
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Comparative analysis revealed slight compositional differences between resistant and non-resistant bacterial 

genomes. Non-resistant bacterial genomes exhibited marginally higher average GC content (42.82%) compared 

to resistant bacterial genomes (42.49%). 

 

Table 4. Average GC Content by Resistance Status 

Resistance Status Average GC Content (%) 

Non-Resistant 42.82 

Resistant 42.49 

 

The GC-content distribution demonstrated compositional genomic variation between resistant and non-resistant 

bacterial populations. Resistant genomes showed relatively concentrated GC-content patterns, whereas non-

resistant bacterial genomes exhibited broader genomic variability. 

 

 
 

Figure 1. GC Content Distribution in Resistant and Non-Resistant Bacteria 

 

3.3 Nucleotide Composition Analysis 

Nucleotide composition analysis demonstrated that adenine (A) and thymine (T) represented the dominant 

nucleotide components across bacterial genomic sequences, while guanine (G) and cytosine (C) showed 

comparatively lower abundance. 

 

Table 5. Nucleotide Composition Statistics 

Nucleotide Mean (%) Standard Deviation 

Adenine (A) 28.68 0.53 

Thymine (T) 28.67 0.50 

Guanine (G) 21.30 0.51 

Cytosine (C) 21.35 0.53 

 

Comparative nucleotide analysis further demonstrated compositional variation between resistant and non-

resistant bacterial genomes. Resistant bacterial genomes exhibited slightly increased adenine and thymine 

composition, whereas non-resistant genomes showed relatively higher guanine and cytosine content. 

 

Table 6. Average Nucleotide Composition by Resistance Status 

Nucleotide Non-Resistant (%) Resistant (%) 

Adenine (A) 28.59 28.77 

Thymine (T) 28.59 28.74 

Guanine (G) 21.35 21.25 

Cytosine (C) 21.47 21.24 
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The nucleotide composition patterns indicated sequence-level compositional differences associated with 

antibiotic resistance characteristics. 

 
Figure 2. Nucleotide Composition in Resistant and Non-Resistant Bacteria 

 

3.4 Dinucleotide (k-mer) Analysis 

The frequency analysis of dinucleotides was performed to obtain genomic fingerprints that correlate with 

resistance to antibiotics. The comparative genomic study indicated that AC, TG, AT, TT, and CT belong to the 

most frequent dinucleotide motifs in bacterial genomes. Comparative analysis showed differences in the 

distribution of dinucleotide frequencies in bacteria that are resistant and non-resistant. Genomes of resistant 

bacteria have relatively more TA-, TG-, and GA-related sequences, while non-resistant bacteria are rich in GC- 

and CC-related frequencies. 

 

Table 7. Major Dinucleotide Frequencies in Bacterial Genomes 

Dinucleotide Non-Resistant Resistant 

AC 0.100 0.100 

TG 0.105 0.106 

AT 0.086 0.087 

TT 0.074 0.074 

CT 0.074 0.074 

GC 0.047 0.047 

CC 0.021 0.020 

 

The heatmap analysis highlighted comparative sequence-level genomic variation between resistant and non-

resistant bacterial genomes and demonstrated distinct genomic signature patterns associated with antibiotic 

resistance. 

 

3.5 Comparative Genomic Interpretation 

In general, it was found through the comparative genomics study that the genome of antibiotic-resistant bacteria 

shows variation in terms of its composition and also in terms of its sequence as compared to the genome of non-

resistant bacteria. The bacteria that were resistant to antibiotics had low levels of GC content along with a higher 

frequency of A/T nucleotides, indicating possible adaptation patterns due to their antibiotic resistance properties. 

 

4. DISCUSSION 

In the present study, the antibiotic-resistant bacterial genome was studied through comparative computational 

genomics approaches to find out the genomic composition patterns associated with the antibiotic-resistant 

bacterial genome. The results showed that the sequence level difference between resistant and non-resistant 

bacterial populations was significant with respect to GC content distribution, nucleotide composition and 

dinucleotide frequency patterns. These findings align with the findings from the previous genomic studies, 

highlighting the significance of molecular characterisation and comparative genomics in the understanding of 

mechanisms for antimicrobial resistance and adaptations of bacteria. 

The results of the GC content analysis showed that there are some differences in the composition of the resistant 

and non-resistant bacterial samples in the bacterial genome; the GC percentage of the resistant bacterial samples 

was relatively lower. The same type of genomic compositional difference has been observed in resistant bacterial 

isolates from hospital wastewater systems and environmental reservoirs. To understand the evolution of bacteria 

with resistance, Xie et al. (2023) showed that there are significant genomic differences among carbapenem-

resistant Klebsiella pneumoniae (CRKP) recovered from hospital wastewater. Similarly, Sukhum et al. (2022) 
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found that the built environment in hospitals harbors antibiotic resistance reservoirs, thus demonstrating the 

importance of environmental microbial adaptation in the dissemination of antibiotic resistance. 

The nucleotide composition analysis also revealed that the adenine and thymine percentage in resistant bacterial 

genome was slightly higher but the guanine and cytosine was comparatively higher in non-resistant bacterial 

genome. The results indicate possible correlation between the antibiotic resistance and the sequence-level 

compositional changes and genomic adaptation pattern. Hossain et al. (2022) also reported similar observations, 

in which they used genetic analysis approaches on the characterization of antibiotic-resistant Escherichia coli 

from food associated environments. They found there was a significant amount of genomic diversity in resistant 

bacteria that was found in environmental and food sources. 

The dinucleotide frequency analysis further identified genomic signatures unique to each sequence that were 

linked to antibiotic resistance. The AT, TA and TG dinucleotide frequencies were greater relative to non-

resistant genomes for resistant bacterial genomes. These sequence variations at the sequence level could be 

indicative of adaptive mutational patterns to survive antimicrobial pressures in bacteria. Fatoba and co-authors 

(2022) also reported similar results when they performed comparative genomic analysis to detect plasmid-

mediated resistance genes among environmental Enterococcus species. The study focussed on the transference of 

environmental resistance through the action of mobile genetic elements and genomic evolution. 

The current results also highlight the need for precise genomic characterization in the identification of resistance-

associated bacterial populations, which is increasingly recognized. Pongchaikul et al. (2023) showed that 

genomic data can help in refining the identification of antibiotic resistance genes in clinical isolates of 

Enterococcus faecium, aiding in the precise identification of microbial pathogens and more effective antibiotic 

treatment. Likewise, Osińska et al. (2023) pointed out the key issues of identification and genetic 

characterization of E. coli from environmental samples, which indicated that microbial genomics in the 

environment is complicated and the surveillance of resistance is challenging. 

The results of the present study show that computational genomic analysis, nucleotide composition profiling and 

comparative sequence characterization can be useful tools for investigations of antimicrobial resistance. Even 

with the simple genome sequence data sets and absence of species-specific annotation and environmental 

metadata, the results of the present study showed a distinct compositional and sequence-driven variation linked 

to the acquisition of antibiotic resistance. The results help fill the growing field of comparative microbial 

genomics and aid in the use of bioinformatic tools for genomic surveillance of antibiotic-resistant populations of 

bacteria. 

Further studies will help to enhance the understanding of the evolution of antimicrobial resistance in both 

clinical and environmental ecosystems, by considering species-level genomic annotation, whole genome 

sequencing, resistance gene profiling and phylogenetic analyses. 

 

5. CONCLUSION 

The current study was aimed at examining patterns of genomic composition of antibiotic-resistant bacterial 

genomes with the help of comparative computational genomics tools. The results showed that the resistant and 

non-resistant bacteria samples exhibited statistically significant differences in a number of sequence level 

properties, including the distribution of GC-contents, distribution of nucleotides and dinucleotide frequency 

patterns. The resistant bacterial genomes had relatively low GC content and high adenine/thymine associated 

sequence composition, which may indicate some genomic adaptation due to the mechanism of antimicrobial 

resistance. The study also showed that sequence signatures associated with bacterial resistance can be 

successfully identified from bacterial genomic data through comparative genomic characterization and 

computational bioinformatics analysis. Di-nucleotide analysis showed that there were distinct patterns in the 

composition of the sequences associated with the resistant bacterial populations, reinforcing the increasing 

relevance of genomic surveillance and molecular characterization in antimicrobial resistance research. The 

results add to the growing body of knowledge in the field of microbial genomics, showing the potential for 

sequence-based genomic analysis in comparative characterization of antibiotic resistant bacterial genome. The 

study also emphasizes the necessity of Genomic composition analysis, Nucleotide profiling and Comparative 

sequence analysis to understand the adaptation and evolution of resistance in bacteria in clinical and 

environmental settings. The present study focused on the comparative genomic analysis of the data set, with no 

species-specific annotations or environmental data provided, but the analysis identified compositional variation 

related to antibiotic resistance. Whole genome sequencing, resistance gene profiling, phylogenetic analysis and 

species-level genomic annotation should be combined with existing datasets to augment the understanding of the 

transmission of antimicrobial resistance and genomic diversity of bacteria in clinical and environmental 

ecosystems. 
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