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ABSTRACT 

Discovered in the early 1900s, Acinetobacter was initially regarded as an insignificant 

bacterium, with only A. baumannii identified as an opportunistic pathogen and 

susceptible to all available antibiotics. However, during the 1990s, advancements in 

hospital technologies and the increased use of catheters and ventilators led to a significant 

rise in Acinetobacter infections globally. During this period, additional species, such as 

A. calcoaceticus, A. nosocomialis, and A. pittii, were also found to be infectious. The 

infection rate surged dramatically by the early 2010s, with reports identifying over 21 

pathogenic species of Acinetobacter. Following 2010 to the present date, cases of 

antibiotic resistance emerged within this genus. This prompted the World Health 

Organization to classify A. baumannii as one of the ESKAPE pathogens, known for its 

ability to evade available antibiotics. Given this background, we sought to understand 

how this previously insignificant genus gave rise to multiple pathogenic and antibiotic-

resistant members. To explore this, we conducted codon and amino acid analysis across 

the entire Acinetobacter genus as well as on their antibiotic resistance and virulence 

genes to uncover the mechanisms underlying the pathogenicity, antibiotic resistance, and 

evolutionary changes within the genus.  

Our investigation encompassed a majority of Acinetobacter species, totaling 56, with 

available genome data sourced from Ensembl bacteria. Through systematic analysis and 

comparison, we identified and scrutinized various factors including RSCU, RAAU, 

optimal and favored codons, GC content, CAI, ENC plot, parity plot, and codon pairs, as 

well as GC3 variation. Notably, each organism displays a preference for a pair of 

adjacent codons, known as a codon pair. Consequently, we endeavored to compute the 

relative synonymous codon pair usage (RSCPU) across all members of the genus. 

Additionally, we sought to delineate the overarching evolutionary driving forces and 

offer a more intricate understanding of the distinct evolutionary statuses of all selected 

species through the use of neutrality plots and translational selection assessment. The 

detailed analysis of gyrB sequence alignment and phylogeny within this diverse genus is 
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poised to make a significant contribution to understanding this genus. Additionally, we 

conducted a whole genome sequence analysis of selected members of the genus to detect 

antibiotic resistance and virulence genes and integrated codon usage analysis with 

phylogenetic data to get insights into the adaptive strategies of Acinetobacter species and 

uncover how these strategies contributed during the evolution of virulence and resistance 

genes in the genus. 

The analysis revealed a dynamic range of GC composition from 35.71% to 46.21%, 

highlighting the interplay of selective pressures and mutational bias in shaping genomic 

characteristics. Within the Acinetobacter baumannii complex, a balanced distribution of 

nucleotides at third codon positions reflected genomic stability. The preference for AT-

rich codons in all the members of the genus indicated selection pressures favoring 

specific codons, while the observed correlation of GC content with codon usage 

emphasizes the influence of compositional bias on preferences. Furthermore, Codon 

Adaptation Index (CAI) values > 0.5 revealed a high bias towards the use of favored and 

optimal codons in highly expressed genes. Species-specific variations in codon pair 

preferences, along with shared similarities within the ACB complex, suggested functional 

congruence. gyrB gene phylogenetic analysis clustered ACB complex despite different 

levels of evolutionary divergence. This study provides a quantitative overview of various 

factors influencing codon and amino acid usage bias in the genus Acinetobacter. The 

absence of substantial genomic disparities between pathogenic and non-pathogenic 

species suggested potential virulence factors across all Acinetobacter members, 

warranting further investigation into their pathogenic potential. Therefore, we conducted 

whole comparative genome sequence analysis of clinically significant Acinetobacter 

baumannii and environmentally prevalent Acinetobacter baylyi to shed light on their 

genetic landscapes. Sequencing revealed 59,373 and 58,729 SNPs, alongside 33 and 27 

Indels respectively. Notably, virulence gene profiling highlighted both shared and unique 

gene presence patterns, with all virulence genes present except the absence of hemO in A. 

baumannii and basC in A. baylyi when compared with pathogenic A. baumannii strain 

AB00057. Crucial antibiotic resistance genes like blaADC-25 and blaOXA-98 were 
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identified, with sequence similarity of 96.9% and 99.88% respectively with their 

reference sequence. It was discovered that β-lactamase genes such as blaADC-25 (36%) 

and blaOXA-98 (39%) have lower GC contents, whereas biofilm-associated gene clusters, 

such as pga (39% to 43%) gene cluster, exhibit higher GC contents. Codon usage bias 

across specific gene clusters was found to be consistent, with minimal effect of 

mutational pressure (6%-28%) and a significant effect of translational selection (0.31 to 

0.50). Overall, the codon usage signatures across specific gene cluster and across 

functionally related genes were found to be very similar. Leucine and alanine 

predominated in the genes, reflecting their functional association. Phylogenetic analysis 

showed that gene clustering correlates with codon usage patterns. Protein interaction 

network analysis supported the notion that both codon usage and selective pressures like 

mutation and translational selection influence the evolution of antibiotic resistance and 

virulence genes in A. baumannii and A. baylyi.  

This study not only enhanced our understanding of how Acinetobacter species evolve, 

adapt, and diversify in response to selective pressures encountered in various ecological 

niches and host environments but also showed the unique genomic signature of ACB 

complex entirely different from other members of the genus.  These findings contribute 

valuable insights into the genomic strategies underpinning the pathogenic potential of 

ACB complex, metabolic versatility, and evolutionary success, with implications for 

biomedical research, antibiotic resistance studies, and public health interventions 

targeting Acinetobacter infections. Additionally, the comprehensive analysis of A. 

baumannii 1425 ARGs and VRGs shed light on the intricate genetic landscape 

underlying its adaptability and pathogenicity. The study identified a diverse array of 

ARGs and VRGs, such as blaADC-25 and blaOXA-98 in A. baumannii and A. baylyi, 

which contribute to the resistant against treatment and its ability to cause severe 

infections. The identification of these genes especially in environmentally prevalent A. 

baylyi suggests its pathogenicity in the near future. Moreover, the genetic variability 

observed among these genes underscores the complex evolutionary mechanisms through 

which Acinetobacter acquires virulence and resistance. Furthermore, the examination of 
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codon usage patterns has revealed crucial genomic signatures within specific gene 

clusters and functionally related genes. Additionally, the phylogenetic clustering of genes 

with similar codon usage patterns revealed how Acinetobacter optimizes the expression 

of ARGs and VRGs for its survival in virulence and antibiotic-resistant environments 

during the time of evolution. Future research could further explore these genomic insights 

to develop targeted therapies and mitigate the impact of Acinetobacter-associated 

infections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

viii 
 

ACKNOWLEDGMENT 

I would like to express my sincere gratitude to the following individuals and 

organizations for their invaluable support and contribution to the completion of my PhD 

thesis: 

My supervisor Dr. Anu Bansal for her guidance, encouragement, and unwavering 

support throughout my research journey. Her expertise, knowledge, and experience have 

been instrumental in shaping my research and helping me navigate the challenges that 

arose during my Ph.D journey. I am deeply grateful for her time, patience, and 

commitment to my success. 

I would like to express my profound gratitude to Dr. Minhaj Ahmad Khan, Dr. Gurmeen 

Rakhra, Dr. Arvind Kumar, and Dr. Jeena Gupta for their insightful advice and 

intellectual assistance during my ETP evaluation. The staff and faculty at Lovely 

Professional University, Punjab, India, and DAV University, Jalandhar, India, for 

providing me with the resources, facilities, and opportunities to pursue my research 

interests. Their expertise, knowledge, and support have been invaluable in my research 

journey. I am grateful for their guidance, and mentorship, and for creating an 

environment that fosters learning and growth. 

My family and all the relatives for their love, patience, and understanding during the ups 

and downs of my Ph.D journey. Their unwavering support and encouragement have been 

a constant source of strength and motivation for me. My friends, Dr. Bhumandeep Kour, 

Dr. Bhusan Laxman Sonawane, Sourarabh Garg, Er. Ujjwal Mishra and Sushma Sigdel 

for their unwavering support, and encouragement, and for always being there to listen 

and provide a much-needed break from my research. Their friendship and camaraderie 

have been a source of joy and comfort during my Ph.D journey.  I am grateful for their 

understanding when I needed to focus on my research and for their celebration when I 

achieved milestones.  

I would also like to express my appreciation to Eurofins Analytical Services India Pvt 

Ltd, Banglore, India, Institute of Microbial Technology, Chandigarh as well as Dr. Shelly 



 
 

ix 
 

Gupta, Dr. Karan Paul, Dr. Anuj Sharma and Dr. Dheeraj Chitara for their research 

support and assistance. 

I would also like to thank Almighty, for giving me strength and encouragement 

throughout all the challenging moments of completing my work. I am truly grateful for 

his unconditional and endless love, mercy, and grace. 

I am truly grateful to every one of you for your contributions, whether big or small, to 

this significant milestone in my academic journey.   

                                        

                                                                                                                   Ujwal Dahal 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

x 
 

Table of Contents 

Chapter Headings Page 

No. 

Chapter 1 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

Introduction 

Phylogeny 

The Acinetobacter baumannii complex (ACB complex) 

Some Pathogenic Species 

Non-pathogenic species 

Codon usage 

Significance of codon usage studies 

Whole Genome Sequencing 

1-17 

2 

4 

5 

10 

13 

13 

15 

Chapter 2 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

Review of Literature 

Phylogeny and its relationship with Codon usage 

Codon Usage in Prokaryotes 

Factors affecting Codon Usage Trends in Prokaryotes 

Codon Usage Bias in Pathogenic Prokaryotes 

The future of prokaryotic codon usage studies 

The Genus Acinetobacter 

18-76 

20 

22 

33 

41 

43 

45 



 
 

xi 
 

Chapter 3 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

Materials and Methods 

Retrieval of Data 

Calculation of compositional parameters 

Codon Usage Analysis 

Amino acid Usage Analysis 

Statistical Analysis 

Sequence alignment analysis and phylogenomic tree construction 

Whole Genome Sequence (WGS) Analysis 

79-96 

79 

85 

85 

90 

92 

93 

93 

Chapter 4 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

Results and Discussions 

Analysis of GC composition of Genus Acinetobacter 

Insights from preferred and optimal codons 

Insights from ENC-GC3s analysis 

Insights from Neutrality plot analysis 

Insights from Parity plot analysis 

Insights from analysis of Translational selection 

Insights from CAI 

Insights from RSCPU 

Insights from RAAU 

98-211 

98 

105 

142 

150 

156 

166 

166 

167 

180 



 
 

xii 
 

4.10 

4.11 

4.12 

4.13 

4.14 

4.15 

4.16 

4.17 

 

Insights from individual amino acid frequencies 

Insights from gyrB sequence alignment and phylogeny 

Whole genome sequencing of A. baumannii and A. baylyi 

Determination of Virulence Associated Genes 

Determination Antibiotic Resistance Genes (ARGs) 

Codon Usage Analysis in VRGs and ARGs 

Codon Usage Bias Aligns with Phylogenetic Clustering of Genes 

Similar Codon Bias and Expression Patterns across 

Interconnected Genes 

181 

183 

   186 

188 

191 

192 

205 

208 

Chapter 5 Conclusions 213 

Chapter 6 References 218 

 

 

 

 

 

 

 



 
 

xiii 
 

List of Tables 

Chapter Table Page No. 

2.1 Role of CUB in various Prokaryotes 24 

2.2 Future direction on the codon usage research on prokaryotes 43 

2.3 Pathogens and their Key Attributes 53 

2.4 Species with biotechnological significance 64 

3.1 Key attributes of Acinetobacter species under investigation 79 

4.1 Genomic Composition and Codon Usage Analysis of the 

whole genus Acinetobacter 

99 

4.2 Total number of preferred codons along with AT or GC nature 

of all the Acinetobacter species 

107 

4.3 Correlation of RAAU and RSCU with ENC, CAI, Gravy and 

Aromo, G3s, and GC content of all the Acinetobacter species. 

110 

4.4 Total number of preferred codons along with AT or GC nature 

of all the Acinetobacter species.  

127 

4.5 Correlation of ENC, CAI, Gravy, and Aromo with other 

codon usage bias analysis parameters 

130 

4.6 Most favored and most avoided codon pairs for all the species 

under investigation. 

168 

4.7 Percentage of Over- represented nucleotides of all the 

Acinetobacter species under investigation 

118 



 
 

xiv 
 

4.8 Percentage of under-represented nucleotides of all the 

Acinetobacter species under investigation  

175 

4.9 SNPs and Indels identification and annotation summary 187 

4.10 Virulence genes and associated information of the A. species 

under investigation 

189 

4.11 Genomic composition of VRGs and ARGs 193 

4.12 Codon usage bias analysis in ARGs and VRGs. 196 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xv 
 

List of Figures 

Chapter Figure Page No. 

2.1 Factors Affecting Codon Usage Trends in Prokaryotes 29 

2.2 Codon usage software and indices used to study CUB in 

prokaryotic organisms.  

31 

2.3 Codon-Anticodon Interaction in Prokaryotes 41 

2.4 Four main clades according to the phylogenetic tree 

representing more than 57 species of Acinetobacter as given 

by Almeida and group in 2021 based on 275 high-quality 

filtered protein sequences 

 

49 

2.5 Ortho and Meta cleavage pathway for phenol degradation in 

Acinetobacter 

69 

2.6 Chart for degradation of various contaminants like crude oil, 

diesel, petrol, n-alkanes, and other hydrocarbons by members 

of Acinetobacter genus 

 

74 

2.7 The plant-based applications of various Acinetobacter species 76 

4.1 Nucleotide composition at third codon position of all the 

species under investigation. 

104 

4.2 ENC plot analysis of all the Acinetobacter species 143 

4.3 Neutral plot analysis of all the Acinetobacter species under 

investigation 

151 

4.4 Parity plot analysis of all the Acinetobacter species under 157 



 
 

xvi 
 

investigation 

4.5 Heatmap of Amino-acids frequency of all the Acinetobacter 

species under investigation 

182 

4.6 gyrB sequence alignment of all the Acinetobacter species 

under investigation 

183 

4.7 gyrB sequence phylogeny of all the Acinetobacter species 

under investigation 

185 

4.8 The number of SNPs present per Mb window size in 

investigated organism 

187 

4.9 ENC plot analysis of VRGS and ARGS in A. baumannii 1425 

and A. baylyi 9822. 

195 

4.10 Neutral Plot analysis of VRGs and ARGS 199 

4.11 Correlation analysis of genomic and codon usage parameters 

of ARGS and VRGS 

202 

4.12 Heatmap analysis of Amino acid frequency of VRGs and 

ARGs present in A. baumannii 1425 and A. baylyi 9822 

205 

4.13 Phylogenetic tree of all the VRGs and ARGs in A. baumannii 

1425 and A. baylyi 9822 

207 

4.14 Protein Interaction Network Analysis of VRGs and ARGs 

present in A. baumannii 1425 and A. baylyi 9822 

209 

 

 



 
 

1 
 

CHAPTER 1: INTRODUCTION 

The Acinetobacter genus encompasses a cohesive monophyletic group of over 59 species, 

both pathogenic and nonpathogenic, distinctly categorized into four clades based on 550 

core protein-coding genes (Vijayakumar et al., 2019).  The first clade comprises 28 

species, spanning from A. schindleri to A. radioresistens. The second clade features the 

ACB complex as a sub-clade, encompassing 22 species, starting from A. proteolyticus to 

A. ursingii. The “ACB complex” consists of A. calcoaceticus, A. baumannii, A. pitti, A. 

nosocomialis, A. oleivorans, A. lactucae, and A. seifertii which cannot be differentiated 

by simple phenotypic methods and needs genotypic identification methods. The third 

clade consists of four species, spanning from A. boissieri to A.brisouii while the last clade 

is composed by A. puyangensis, A. populi, and A. qingfengensis,(Almeida et al., 2021). 

Recently, new species, including A. silvestris (Nemec et al., 2022), A. sedimenti (Zheng 

et al., 2022), A. amyesii (Nemec et al., 2022), A. faecalis (Chen et al., 2023), A. tibetensis 

(Pan et al., 2023), and A. ihumii (Yacouba et al., 2022), have also been discovered. All 

members of this genus are exclusively aerobic, exhibiting characteristics such as being 

catalase-positive (Dahal et al., 2023), oxidase-negative, (Touchon et al., 2014) and non-

motile (Patel et al., 2021). The importance of Acinetobacter spp. as a notable nosocomial 

bacteria responsible for hospital outbreaks is increasingly recognized, especially in 

intensive care and ventilator units across hospitals, where they swiftly develop resistance 

even against the most robust antimicrobials (Antunes et al., 2014; Manchanda et al., 

2010). Meningitis by A. baumannii (Xiao et al., 2019), pneumonia by A. calcoaceticus 

(El Gharib et al., 2021), bacteremia by A. bereziniae (Lee et al., 2020), A. seifertii (Kishii 

et al., 2016) and A. urisingii (Daniel et al., 2019), urinary and respiratory tract infections 

by A. junnii (Kollimuttathuillam et al., 2021) and A. baumannii (Chakraborty et al., 2019) 

are some of the most frequent illnesses associated with various Acinetobacter species. 

Acinetobacter spp infections have caused higher death rates in several parts of the world 

during the previous decade, ranging from 35% in Mexico and Ecuador (Elbehiry et al., 

2023) to 66 % in Brazil (John et al., 2020). Meanwhile, the death rate reports as high as 

42.8% in China (John et al., 2020) and 57.6% in developing nations like India (John et 
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al., 2020; Vijay et al., 2018). These global death rates are mainly due to Ventilator-

associated pneumonia (VAP). A. baumannii is the main cause of VAP globally 

accounting for  47% of VAP cases in India (Vijay et al., 2018), 26.9% and 14.6% in 

Poland and Ukaraine (Huang et al., 2019) respectively. Up to 84.3% of VAP cases caused 

by multi-drug-resistant A. baumannii have been reported to be fatal in the intensive care 

unit (Adukauskiene et al., 2022).  The range of crude mortality for individuals with 

Acinetobacter bacteremia is 37% to 52% in the United States (C. Ma & McClean, 2021) 

and 78.48% in India (Mathai et al., 2012). Moreover, Acinetobacter meningitis being 

very uncommon, poses a growing risk to individuals who have had neurosurgery because 

of its fatality rate (>70%) (Adukauskiene et al., 2022; C. Ma & McClean, 2021). 

Given this alarming clinical impact, a comprehensive and multi-pronged strategy is 

required (Rebic et al., 2018). Promising avenues include the development of novel 

antimicrobials and antibiotic adjuvants that can either bypass or inhibit known resistance 

mechanisms (Ayoub Moubareck & Hammoudi Halat, 2020). In parallel, alternative 

therapeutic approaches such as phage therapy, antimicrobial peptides, and 

immunotherapeutic interventions are gaining attention (Almeida et al., 2021; Mateo-

Estrada et al., 2019). Infection prevention and control measures remain central to 

containment efforts, especially in nosocomial settings, and must be rigorously 

implemented through standardized protocols and sustained training. Surveillance systems 

to track resistance trends and detect outbreaks at early stages are equally critical, as are 

the deployment of rapid diagnostic platforms that can enable timely and targeted 

therapeutic interventions (Ayoub Moubareck & Hammoudi Halat, 2020). Equally 

important is the reinforcement of antimicrobial stewardship programs to preserve the 

efficacy of existing drugs. In recent years, genomic and transcriptomic investigations 

have provided valuable insights into the resistance determinants, virulence factors, and 

adaptive mechanisms employed by Acinetobacter. These omics-based approaches hold 

substantial potential for the identification of novel drug targets and vaccine candidates, 

thereby contributing to the long-term control and prevention of Acinetobacter-associated 

infections (Rebic et al., 2018).  
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Apart from its pathogenicity profile, the genus Acinetobacter also displays physiological 

traits that are linked to critical microbiological and biotechnological processes, including 

biofilm formation (Yang et al., 2019), quorum sensing (the process by which 

Acinetobacter species communicate with each other to maintain population density) 

(Zhong & He, 2021), production of lipase, biosurfactants like Alasan and Emulsan 

(Mujumdar et al., 2019), biopolymeric substances like polyhydroxy butyrate (Anburajan 

et al., 2019), biodiesel, wax, and dye degradation (Dahal et al., 2023; Patel et al., 2021; 

Snellman & Colwell, 2004). These bioproducts from Acinetobacter are used in the food 

industry (lipase), textiles (dyes), biofuel (biodiesel), cosmetic (wax esters), and 

pharmaceutical industry (lipases) (Dahal et al., 2023; Patel et al., 2021; Snellman & 

Colwell, 2004). 

 

1.1 Phylogeny  

Utilizing 275 meticulously selected high-quality protein sequences, extracted from a 

consensus dataset of 550 core protein-coding genes, the construction of the core genome 

maximum likelihood (cgML) tree for over 80 Acinetobacter species unveiled four 

prominent clades, offering an extensive perspective on Acinetobacter's evolutionary 

history. These species were demonstrated to form a cohesive monophyletic group, 

distinctly categorized into four clades. The first clade comprised 28 species, spanning 

from A. schindleri to A. radioresistens. The second clade featured the ACB complex, 

encompassing 22 species, from A. proteolyticus to A. ursingii. The fourth clade was 

constituted by A. populi, A. puyangensis, and A. qingfengensis, while the third clade 

included four species, ranging from A. boissieri to A. brisouii (Almeida et al., 2021). 

Additionally, A. radioresistens emerged as the earliest lineage among the sequenced 

Acinetobacter genomes, boasting the smallest genome size, whereas the ACB complex 

exhibited the largest genome size. This conclusion was drawn from an extensive 

evaluation of several conserved genes (Sahl et al., 2013; Touchon et al., 2014b). 

Furthermore, species originating from non-human vertebrates, the environment, and 

insects displayed smaller genome sizes than those isolated from humans. Nevertheless, 
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no significant discrepancies were observed in the distribution of amino acid usage and 

virulence genes across the various species. Every Acinetobacter species was found to 

harbor at least one virulence gene. Within the ACB sub-clade, numerous virulence factors 

associated with functions like iron absorption, pathogenesis, biofilm development, and 

adhesion were identified (Almeida et al., 2021). 

Most advanced molecular diagnostic techniques have been forwarded for the 

identification of species of the genus Acinetobacter. Some of them are: Amplified 16S 

rRNA gene restriction analysis (ARDRA), High-resolution fingerprint analysis by 

amplified fragment length polymorphism (AFLP), tRNA spacer fingerprinting and 

Sequencing of the rpoB gene(RNA polymerase β-subunit) (Dahal et al., 2023). Due to the 

similarity in phenotypic characteristics DNA printing finger-printing techniques are used 

to separate Acinetobacter species. RNA polymerase subunit (ropB) gene-based 

phylogenic study matches the results from DNA-DNA hybridization and average 

nucleotide index and is proved as co-standard for previously used rRNA based gene-

based phylogeny. DNA gyrase subunit B also gave insights into the taxonomy of 

Acinetobacter despite poor resolution compared to the ropB gene. These methods have 

not completely solved the diversity of Acinetobacter taxonomy the result of which 

increased the phylogenic analysis of housekeeping genes. Therefore, considering the 

resolution high-resolution investigations other techniques like multi-locus sequence 

typing, pulse field gel electrophoresis, and mass spectroscopy are preferred (Morris et al., 

2019). The characterization of clinical and non-clinical isolates by these methods has 

provided new insights into the classification of strains, the development of drug 

candidates for clinical species, and using non-environmentalnonspecies for human 

significance (Wong et al., 2017). 

 

1.2 The Acinetobacter baumannii complex (ACB complex) 

 The Acinetobacter baumannii complex (ACB complex) comprises five species that are 

both phenotypically and genotypically similar: A. baumannii, A. calcoaceticus, A. pitti, A. 
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nosocomialis, and A. seifertii. A. lactucae, and A. oleivorans have all been identified as 

members of this complex in recent investigations (Almeida et al., 2021; Dahal et al., 

2023). Traditional phenotypic identification methods face challenges in differentiating 

these species within the complex. However, recent advancements in DNA identification 

techniques have definitively recognized them as distinct and unique species 

(Oelschlaeger, 2024). 

 

1.3 Some Pathogenic Species 

Among the more than 60 species of Acinetobacter, the clinically most significant is the 

Acinetobacter baumannii complex (comprising A. nosocomialis, A. pitti, and A. 

baumannii), followed by A. haemolyticus, A. junni, A. johnsonii, and A. lwoffi. Recent 

findings also indicate the presence of A. ursingii and A. schindleri in clinical infections 

(Kee et al., 2018; Mlynarcik et al., 2019). A. baumannii accounts for over 90% of 

infections in human hosts, with other species in the genus contributing to the remaining 

10%. Epidemics caused by Acinetobacter species are driven by antibiotic resistance and 

the ability to persist in harsh hospital environments, including resistance to desiccation 

and disinfectants (Wong et al., 2017). 

Members of the Acinetobacter genus typically cause a range of infections, including 

pneumonia, septicemia, endocarditis, meningitis, and infections in wounds, the urinary 

tract, and lungs (Huang et al., 2019). Acinetobacter employs various putative virulence 

factors, including outer membrane proteins, cell surface hydrophobicity, toxic slime 

polysaccharides, and verotoxins. The hydrophobicity of the cell surface is crucial for 

bacterial attachment and aids in evading phagocytosis by the host. Outer membrane 

proteins mediate antibiotic resistance and adaptability in host cells. Acinetobacter 

endotoxins trigger the release of inflammatory mediators in the host upon activation of 

white blood cells. Additionally, extracellular enzymes and cytotoxins play a role in the 

pathogenesis of Acinetobacter species (C. Liu et al., 2018). 
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1.3.1 Acinetobacter baumannii 

Acinetobacter baumannii is a gram-negative, aerobic coccobacillus bacterium commonly 

found in hospitals worldwide. Recognized as one of the "ESKAPE" pathogens due to its 

multidrug resistance, A. baumannii is a clonal pathogen capable of causing epidemics, 

particularly in intensive care patients. Its presence can be identified using 16s ribosomal 

RNA and seven housekeeping genes (rpoD, gyrB, gdhB, recA, gltA, gpi, and cpn60) 

through multilocus sequence typing (MLST). A. baumannii is responsible for various 

diseases, including ventilator-associated pneumonia, sepsis, urinary tract infections, and 

skin and soft-tissue infections (C. Liu et al., 2018). 

Apart from causing diseases, A. baumannii is a common colonizer of the skin and upper 

respiratory tract and has been identified in human sputum, blood, urine, and feces. 

Notably, A. baumannii can persist on hospital surfaces for extended periods and has been 

isolated from various sources such as tap water faucets, angiography catheters, 

ventilators, air, gloves, and bedside urinals (López et al., 2019; Morris et al., 2019). 

Furthermore, Acinetobacter baumannii exhibits a distinctive ability to survive in clinical 

environments and develop resistance to antibiotics, leading to clinical outbreaks and 

contributing to approximately one-fifth of infections in intensive care units globally 

(Sarshar et al., 2021). Various genomic and phenotypic factors have been discovered that 

contribute to A. baumannii's successful pathogenicity. Some key factors include 1. 

Biofilm Formation Potential: A. baumannii possesses the capability to form biofilms, 

aiding in its resilience to drying on non-living surfaces, particularly on medical 

equipment. 2. Horizontal Gene Transfer: The ability to adapt foreign genes allows A. 

baumannii to counteract antibiotics and host defense systems effectively. 3. Host 

Attachment and Colonization: A. baumannii exhibits the potential to attach, colonize, and 

infect the host's body, contributing to its pathogenicity.  4. Rapid Regulation of Multidrug 

Resistance (MDR) Systems: A. baumannii can swiftly regulate its MDR systems in 

response to antibiotic exposure, allowing it to develop resistance within a short timeframe 

(Gedefie et al., 2021; Sarshar et al., 2021). 
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1.3.2 Acinetobacter calcoaceticus 

Acinetobacter calcoaceticus, another member of the ACB complex, is a non fermentative 

aerobic, gram-negative, naturally transformable, and metabolically active rod widely 

distributed in nature. It is commonly found as part of the normal flora in humans, with up 

to 25% of healthy individuals harboring it on their skin and in the respiratory tract. A. 

calcoaceticus is recognized as an opportunistic pathogen, and several nosocomial 

infection outbreaks have been documented, often linked to contamination of hospital 

equipment and personnel's hands. In clinical laboratories, many A. calcoaceticus isolates 

are associated with skin colonization or contamination rather than genuine infection 

(Irankhah et al., 2019; Retailliau et al., 1979). 

While A. calcoaceticus is generally considered harmless, infections caused by this 

organism have been reported to result in septicemia, meningitis, endocarditis, brain 

abscess, pneumonia, lung abscess, empyema, tracheobronchitis, wound infections, and 

more (El Gharib et al., 2021; Figueiredo et al., 2012). The emergence of antibiotic 

resistance in A. calcoaceticus is a growing concern. Resistance to β-lactams is primarily 

attributed to the development of a chromosomally encoded cephalosporinase. 

Additionally, reduced outer membrane permeability significantly contributes to A. 

calcoaceticus' natural resistance to extended-spectrum antibiotics. The poor antibiotic 

permeability across the outer membrane is attributed to the limited number of porins in A. 

calcoaceticus (El Gharib et al., 2021). 

 

1.3.3 Acinetobacter pitti 

A. pittii, another member of the ACB complex, is gaining recognition as a clinically 

significant species, thanks to advancements in identification technologies that better 

differentiate between A. pittii and A. baumannii. Also known as Acinetobacter genomic 

species three, A. pittii is increasingly prevalent in various settings, including food, clinical 

environments, and non-clinical surroundings (Vijayakumar et al., 2019a). While A. pittii 
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shares the ACB complex with A. baumannii, it is generally considered less pathogenic 

(Wong et al., 2017). 

Recently A. pittii has exhibited heightened carbapenem resistance, accompanied by shifts 

in its resistance mechanisms. Notably, the emergence of carbapenem-hydrolyzing 

lactamases, such as NDM1, in A. pittii has become a significant medical concern. 

Carbapenem-resistant A. pittii (CRAP) has been extensively documented and 

disseminated globally, with strong links to human infection and intestinal carriage. It 

stands as a major contributor to nosocomial infections in hospitals worldwide, 

particularly in intensive care units (Iimura et al., 2020). 

 

1.3.4 Acinetobacter seifertii 

A. seifertii, a recently discovered member of the ACB complex, was first isolated in 

Denmark in 1990/91 from samples (ulcer and blood) of a patient officially identified A. 

seifertii as a new member of the ACB complex, formerly known as gen sp "near to 

13TU” (Kishii et al., 2016). Subsequently, A. seifertii has been found in various clinical 

samples globally, as well as in environmental samples both within and outside hospital 

settings. While A. seifertii initially seemed to have less clinical significance than other 

members of the complex, the incidence of infections attributed to it is on the rise (Cayô et 

al., 2016; Kishii et al., 2016). 

Phenotypically, A. seifertii shares similarities with other Acinetobacter species, 

particularly within the ACB complex. Colonies exhibit circular, convex, smooth, and 

somewhat opaque characteristics with complete borders, measuring 1 to 1.5 mm in 

diameter. The ideal temperature range for growth is 15 to 41 degrees Celsius, with 37 

degrees Celsius being optimal. Growth thrives in environments with an ideal pH and 

NaCl concentration between 5..5 to 9 and 0 to 4%, respectively (Yang et al., 2019). A. 

seifertii isolates are aerobic, gram-negative, oxidase-negative, catalase-positive, and non-

motile and can grow well in mineral medium with acetate and ammonia as the sole 
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sources of carbon and nitrogen, respectively. However, relying solely on phenotypic 

testing proves insufficient for distinguishing A. seifertii from the broader ACB complex 

(Vijayakumar et al., 2019b). 

A. seifertii is equipped with the AdeB/AdeJ and MdtB/MuxB families of RND and MFS 

systems and the Bcr/CflA and DHA2 families of MFS systems. Resistances to 

erythromycin and telithromycin are conferred through mutations in the 23S rRNA gene. 

Abundant metal tolerance genes are present, including copper genes labeled with the 

prefix “cop” (designated as C, D, E), arsenic genes with the prefix “ars” (B, C, H), 

magnesium/cobalt genes, cadmium/zinc/cobalt genes, and chromium (chrB) (terD). 

Furthermore, Resistome analysis has unveiled antibiotic resistance genes for β-lactams 

(blaADC25 and blaTEM) and multidrug efflux mechanisms in A. seifertii (Furlan et al., 

2019). 

 

1.3.5 Acinetobacter nosocomialis 

A. nosocomialis, a Gram-negative opportunistic pathogen, is part of the ACB complex. 

While A. baumannii takes the lead in the ACB complex in terms of infection frequency, 

clinical outcomes, and multidrug resistance, A. nosocomialis remains a significant 

pathogen in the realm of infections. The infective potential of A. nosocomialis in humans 

has been thoroughly examined, revealing a repertoire of potential virulence factors, 

including a protein O-glycosylation system, CTFR inhibitory factor (Cif), two types of 

secretion systems, the OmpA protein, the CpaA protease, and the secretion of outer 

membrane vesicles (Nithichanon et al., 2022). Despite the similarities in phenotype and 

genotype between A. baumannii and A. nosocomialis, distinctions arise in terms of 

infection frequency, multidrug resistance capability, carbapenem, and aminoglycoside 

resistance systems, clinical features of infection, and the mortality rates of infected 

patients (Memesh et al., 2024). 
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A. nosocomialis pathogenesis is orchestrated through two crucial type secretion systems: 

Type I (T1SS) and Type II (T2SS). The Type I secretion system is employed by A. 

nosocomialis to export two putative T1SS effectors, namely an RTX-serralysin-like toxin 

and the biofilm-associated protein (Bap). Remarkably, the T1SS plays a vital role in 

biofilm development (Amaral et al., 2023). Equally significant is the Type II secretion 

system, the first secretion system identified as necessary for virulence in Acinetobacter 

species, including A. nosocomialis, particularly for full virulence in Galleria mellonella. 

Among the substrates exported by T2SS are the lipases Lip (A, H) and the protease 

CpaA. Deletion of cpaA in moth and mouse models has demonstrated a reduction in A. 

nosocomialis pathogenicity (Amaral et al., 2023; Jing et al., 2022). 

Multidrug efflux pumping systems exert influence on various aspects of A. nosocomialis, 

encompassing antibiotic resistance mechanisms, pathogenesis, cell multiplication, and 

biofilm development. AcrR serves as a regulator overseeing the transcription of the 

AcrAB efflux pump in A. nosocomialis. The acrAB operon, encoding AcrA and AcrB, 

shares a notable resemblance with the arpAB operon discovered in A. baumannii, known 

for its involvement in aminoglycoside resistance (Yang et al., 2019). 

 

1.4 Nonpathogenic species 

Non-pathogenic Acinetobacter species have proven valuable in various biotechnological 

and environmental applications. These strains play crucial role in breaking down 

contaminants such as biphenyl, phenol, crude oil, and acetonitrile. Additionally, they 

contribute to phosphate removal from waste and the production of fermented industrial 

products, including lipases, proteases, bio-emulsifiers, and diverse biopolymeric 

compounds (Jung & Park, 2015). The capacity to produce lipase is often linked to 

hydrocarbon degradation, and lipolytic   Acinetobacter can be found in sources like the 

human body, dairy products, and diverse environments such as polluted soil and water. 

Clinical strains also exhibit lipolytic activity and are frequently isolated from wastewater 
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treatment plants and sewage, known for their high levels of petroleum-related 

hydrocarbons and other xenobiotics (Dahal et al., 2023). Notably, in Thailand, the 

Acinetobacter species strain MUB1 has been identified for its remarkable ability to digest 

crude oil (Dahal et al., 2023). Furthermore, the A. venetianus species encompasses 

marine hydrocarbon-degrading strains, making it a recommended model system for 

studying alkane degradation mechanisms and an effective platform for the bioremediation 

of contaminated environments in general (Arteaga et al., 2021). 

A.baylyi, a natural producer of wax esters, stands as a valuable model organism in 

synthetic biology, offering insights into the potential and modifiability of wax esters 

within natural hosts (Kannisto et al., 2017). A. calcoaceticus thrives on diesel as its sole 

carbon source, displaying an impressive capability for diesel degradation. Over four 

weeks, A. calcoaceticus demonstrated a significant degradation of 82 to 92 percent of 

aliphatic hydrocarbons, underscoring its effectiveness in diesel breakdown (Ho et al., 

2020). A novel phenol degrader, A. radioresistens APH1, distinguished by one of the 

highest phenol-degrading efficiencies, has been identified and harnessed for soil 

bioremediation (Y. Liu et al., 2020). 

The breakdown of crude oil by Acinetobacter sp. A3 resulted in a reduction in 

phytotoxicity, contributing to improved germination and growth of Mung beans 

(Phaseolus aureus) in treated soil. This enhancement is evident in the increased length 

and weight of the plants, as well as the elevated chlorophyll content of their leaves (Das 

& Sarkar, 2018). Acinetobacter sp. has also been instrumental in degrading 

sulfamethoxazole and other pharmaceutical chemicals, showcasing its potential in 

environmental applications (Dahal et al., 2023). Additionally, A. toweneri and A. 

guillouiae have demonstrated their capability to digest Skatole, thereby reducing odor in 

the poultry and other livestock industries (Al Atrouni et al., 2016; J. Ma et al., 2020). 
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1.4.1 Some Non-pathogenic Species 

1.4.1.1 Acinetobacter towneri 

Acinetobacter towneri, named in honor of the noteworthy contributions of English 

scientist Kevin Towner to the understanding of the genus, shares typical characteristics 

with other Acinetobacter species. Its colonies are round, convex, and smooth, thriving 

best at temperatures ranging from 37-41 degrees Celsius. Unlike some counterparts, A. 

towneri cannot hydrolyze gelatin or produce acid, relying exclusively on pyruvate and 

lactate for energy. Found in environments like activated sludge and termite guts, A. 

towneri demonstrates its adaptability across diverse and challenging environmental 

conditions (Maehana et al., 2021). 

 

1.4.1.2 Acinetobacter tandoii 

A. tandoii exhibits remarkable nitrogen removal efficiency under various culture 

conditions and when treating real wastewater, utilizing nitrate, nitrite, and ammonium as 

its sole energy sources (Van Dexter & Boopathy, 2019). This species also displays the 

ability to decompose organic pollutants such as dipropyl phthalate, particularly in 

conjunction with cadmium, within polluted environments (Dahal et al., 2023). 

Furthermore, A. tandoii positively influences the growth of plants like chickpeas and 

pigeon pea, enhancing shoot height and root length, and exhibiting the capacity to 

suppress charcoal disease (Tian et al., 2016) in sorghum.In the realm of antibiotic 

resistance, A. tandoii has been documented to harbor resistance enzymes like 

carbapenem-hydrolyzing OXA-type lactamases (Tian et al., 2016). 

 

1.4.1.3 Acinetobacter lactucae 

A. lactucae   presents as gram-negative spherical rods, forming non-pigmented colonies 

of less than 2mm. Devoid of motility and reliant on aerobic conditions, these bacteria do 
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not produce spores. Despite their inability to generate spores, A. lactucae displays 

adaptability to a broad temperature range (15-44 degrees Celsius), with an optimal 

growth temperature of  30 ℃. They exhibit positive results in catalase tests but yield 

negative results in oxidase tests. Incapable of hydrolyzing gelatin, they can thrive in a 

citrate medium and produce acid when cultivated with L-serine. The preferred pH for 

development falls within the range of 6 to 9. A. lactucae can be isolated from various 

plants, including lettuce, as well as from the surrounding environment, such as soil 

(Dahal et al., 2023). Notably, A. lactucae possesses a distinctive capability to degrade 

diffusible signal factors and employs quorum quenching, effectively reducing 

Xanthomonas campestris pathogenicity through an unidentified mechanism (Dahal et al., 

2023). Moreover, certain strains of A. lactucae, isolated from soil contaminated with 

waste oil, demonstrate potential in the breakdown of hydrocarbons like phenol and 

toluene (Dahal et al., 2023). 

 

 

1.5 Codon usage 

The genetic code, composed of Adenine, Guanine, Cytosine, and Thymine/Uracil bases, 

regulates the synthesis of 20 vital amino acids. However, due to codon degeneracy, 

multiple triplet sequences may encode the same amino acid, leading to a bias in codon 

usage. This bias is influenced by factors such as differences in synonymous codon 

frequencies utilized by organisms or different genes (Botzman & Margalit, 2011; Hart et 

al., 2018). Various elements, including random genetic drift, evolutionary rates, mutation 

patterns, nucleotide compositions, protein lengths, selection pressures, and environmental 

factors, contribute to codon use bias (Brandis & Hughes, 2016). E. coli and the yeast 

Saccharomyces cerevisiae were the first organisms whose codon usage was examined 

(Espinosa et al., 2022). Notably, organisms demonstrate varying degrees of codon use 

bias within their genes, primarily linked to variations in translational selection levels. The 
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codon preference of bacteria seems to evolve as they mature, enhancing translation 

efficiency (Dehlinger et al., 2021). 

 

1.6 Significance of codon usage studies 

In the genomes of many organisms, codon usage bias has been detected as an essential 

evolutionary factor. Investigating the synonyms of codons provides a good knowledge of 

the mechanisms of codon usage bias, selection of host expression systems, classification 

of functional amino acid chains, primer design, and many more (Parvathy et al., 2022). 

Considering the relationship between translational selection and codon usage pattern, 

codon usage data from indices can be considered to estimate the expression of gene 

sequences of an individual. Codon usage studies can be essential in the field of 

biotechnology in the investigation of gene expression (Djahanschiri et al., 2022). It is 

believed that important genes normally includes the assembly of highly expressed genes 

that are vital for physiology of cell due to their ability to encode proteins that dictate cell 

functions like metabolism, photosynthesis-, glycolysis, respiration and many more 

(Carthew, 2021). Similarly, Genomic GC content is directly related to amino acid and 

codon usage pattern in an organism. A high level of codon usage bias is often responsible 

for high or low GC composition (Barceló-Antemate et al., 2023). Initially assumed silent, 

the growing research activities clearly indicates that codon usage regulate gene 

expression by its impact on co-translational protein folding, regulates the structure of 

proteins and enhance translational precision and efficiency. Subsequent biochemical 

experiments suggested that codon usage imparts an essential role to regulate the process 

of protein folding and functioning. It is also associated with the regulation of pace and 

efficiency of translational elongation (Arora et al., 2024). 

It has been suggested that mutation induced changes in protein or gene function is 

responsible for a change of specific codon among synonymous codons. Furthermore, in 

specific pathophysiological conditions, synonymous codons are used selectively and 
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others are neglected as confirmed in the case of cellular stress or neoplastic cellular 

transformations across human beings. Thus, codon usage bias can be directly connected 

to a disease (Fornasiero & Rizzoli, 2019). Human genome coding regions analyzation 

confirmed the presence of high amount of CGN arginine codons compared to AGR 

arginine codons in defective genes which indicated that genes preferring CHG codons are 

prominent to underlie single gene disorders. Therefore, arginine codon usage research 

gave unique ideas into the probable spots for mutation in disease (Schulze et al., 2020).  

Deoptimizing the process of codon usage of a gene, the protein synthesis ability of genes 

can be down regulated. Therefore, it is possible to engineer viruses that contain 

deoptimized genes which can be an attenuated candidate for a vaccine (Baker et al., 

2015). Moreover, the insufficient immunogenicity of DNA vaccines is a major concern 

despite its many benefits. Codon usage can give a possible idea for increasing 

immunogenicity of vaccines to enhance the expression ability in an immunized organism. 

Many research studies has proved that codon usage modification of genes significantly 

increased DNA vaccines immunogenicity (Costa et al., 2023). Codon usage patterns can 

be used to analyze the phylogeny and evolutionary relationship of an organism. For 

example; Codon usage analysis was utilized to deduce phylogenetic and evoluntary 

relationship in HCV (Patil et al., 2017). 

 

1.7 Whole Genome Sequencing 

Whole-genome sequencing (WGS) is a thorough method of analyzing whole genomes 

that provides important information on antibiotic resistance determinants, mutations that 

develop cancer, and hereditary illnesses. WGS is a powerful technique in genomics 

research because of the falling costs associated with sequencing and its present capacity 

to provide large amounts of data. It offers a comprehensive, base-by-base view of the 

genome, finds both big and small variations, points to possible causal variants for 
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additional study of gene expression and regulation, and gives a considerable amount of 

data rapidly, assisting in the construction of new genomes (Iacono et al., 2008). 

Within the field of bacterial whole-genome sequencing (WGS), this has greatly enhanced 

our capacity to appraise genomes and antibiotic resistance factors. Acinetobacter spp. full 

genome sequences have been more widely available during the last 10 years, and several 

draft sequences have also emerged. These studies focused mostly on A. baumannii and 

the ACB complex, highlighting their differences. Although the diversity of the genus has 

not been thoroughly investigated, several studies reveal a substantial variation in the gene 

repertoires of A. baumannii, with fewer than half of the genes making up the species' core 

genomes. For example, during an epidemic, the WGS of 11 A. baumannii isolates 

identified three clonal lineages and many resistance determinants, including blaOXA-23, 

blaOXA-66, blaADC-25, and armA (Iacono et al., 2008; López et al., 2019). Furthermore, 

WGS has helped identify certain genomic resistance islands, such as AbaR22, which has 

aided in the study of antibiotic resistance mechanisms. Also, the Whole-genome 

sequencing (WGS) analysis of colistin-resistant A. baumannii showed that the colistin-

resistant genes lpxA, lpxC, lpxD, pmrA, pmrB, and mcr1 were not mutated. Using single 

nucleotide polymorphism (SNP) and whole-genome multi-locus sequence typing 

(wgMLST), two main clusters of colistin-resistant A. baumannii strains were identified 

(Iacono et al., 2008).  

Similar to this, a core genome consisting of 2,688 common genes between A. baumannii 

and A. baylyi isolates specifies the fundamental roles associated with transcription, 

translation, DNA replication, and different metabolic processes. The environmental 

organism A. baylyi has an 82% ortholog presence for these key genes. The study also 

shows that, since the two Acinetobacter lineages diverged, a variety of selective forces 

have been operating on various genes. The genome of A. baylyi is notable for having 

islands containing genes for the catabolism of complex organic compounds, and while 

the isolates of A. baumannii exhibit rearrangements, they nevertheless contain genes for 

the catabolism of a variety of organic compounds. To sum up, WGS helps identify 
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genetic information, patterns of antibiotic resistance, and evolutionary differences 

between bacterial isolates (Baraka et al., 2020). 

Advancements in genome sequencing technology have led to a surge in studies focused 

on Acinetobacter genomes (Almeida et al., 2021b; Sahl et al., 2013; Touchon et al., 

2014). However, research regarding Acinetobacter codon preference has predominantly 

concentrated on strains of a single species, notably A. baumannii (Jordan et al., 2022; 

Rahbar et al., 2019). Since there have been no studies conducted at the whole genus level, 

our aim was to conduct a comprehensive analysis of codon and amino acid usage, 

providing the initial extensive genomic insights into the entire genus. Our investigation 

encompassed all the named species of Acinetobacter species [last assessed November 

2021], totaling 56, with available genome data sourced from Ensembl bacteria. Through 

systematic comparison, we identified and scrutinized various factors including RSCU, 

RAAU, optimal and favored codons, GC content, CAI, ENC plot, parity plot, and codon 

pairs, as well as GC3 variation. Notably, each organism displays a preference for a pair of 

adjacent codons, known as a codon pair. Consequently, we endeavored to compute the 

relative synonymous codon pair usage (RSCPU) across all members of the genus. 

Additionally, we sought to delineate the overarching evolutionary driving forces and 

offer a more intricate understanding of the distinct evolutionary statuses of all selected 

species through the use of neutrality plots and translational selection assessment. We also 

constructed the phylogenetic tree of the whole genus Acinetobacter for better 

understanding of the genus. The comprehension of genetic codes within this diverse 

genus is poised to make significant strides based on our discoveries. These insights will 

also open up novel avenues for tailored therapeutic interventions, innovative 

antimicrobial strategies, and applications in synthetic biology, enhancing the battle 

against infectious diseases and antibiotic resistance. This exhaustive investigation also 

lays the foundation for forthcoming projects in microbial genomics and gene expression 

analysis, propelling progress in both medical and biotechnological arenas. 
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CHAPTER 2: REVIEW OF LITERATURE 

The codons are degenerate, as is widely known. Two to six synonymous codons can 

encode 18 of the 20 standard amino acids except methionine and tryptophan, both being 

encoded by the same genetic code. Codon usage bias (CUB), a phenomenon in which 

particular synonymous codons are preferred over others, has been discovered in all 

genomes examined (Liu, 2020). CUB is present in many organisms and functions as a 

second genetic code inside the codons. The bias in the repetition of synonymous codons 

differs between genomes as well as within a single gene and among functionally related 

genes. The mechanisms that underlie codon usage bias across all forms of life are 

fascinating. CUB arises from mutations occurring in the second or third positions within 

specific genetic codes. This occurs when there is a substitution of one codon for another 

that encodes the same amino acid. Since these mutations do not alter the amino acid 

sequence of the protein, they are termed as synonymous or silent mutations 

(Oelschlaeger, 2024). As a result, biased mutational patterns lead to codon usage bias, 

where certain codons may be retained through selection while others may be more 

susceptible to mutation (Parvathy et al., 2022). The local recombination rate affects how 

genomic variation and GC-biased genes influence the frequency of favoured codons. 

Additionally, codon-anticodon interactions and codon usage bias in highly expressed 

genes being correlated to the specified quantity of particular tRNA, are equally 

significant in codon usage evolution in prokaryotes (Hia & Takeuchi, 2021; López et al., 

2019; Rocha, 2004).  

Similarly, the deliberate alternation of the genetic code usage within prokaryotes (codon 

reprogramming) plays a pivotal role in their adaptive strategies and interactions with 

genetic material, showcasing a dynamic response to environmental challenges and 

interspecies competition (De La Torre & Chin, 2021). By strategically modulating codon 

usage, bacteria can enhance their efficiency and specificity, thereby bolstering their 

resistance to viral predation (De La Torre & Chin, 2021; Parvathy et al., 2022). 

Furthermore, in the context of horizontal gene transfer, prokaryotes employ codon 
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reprogramming to facilitate the CRISPR-Cas (Clustered Regularly Interspaced Short 

Palindromic Repeats and CRISPR-associated proteins) defense mechanisms acquisition 

and integration of beneficial genetic material from other organisms (Robertson et al., 

2021). Codon optimization of genes involved in antibiotic resistance or metabolic 

pathways can enhance the fitness of prokaryotes in challenging environments. This 

adaptive capability not only allows prokaryotes to thrive in diverse ecological niches but 

also underscores their capacity to evolve rapidly through genetic exchange (De La Torre 

& Chin, 2021; Robertson et al., 2021). Therefore, the equilibrium between all these 

factors is what leads to the development of synonymous codon usage bias, which 

significantly promotes genome evolution (De La Torre & Chin, 2021; López et al., 2019; 

Parvathy et al., 2022; Robertson et al., 2021). 

A significant portion of biological diversity on Earth consists of microscopic prokaryotic 

creatures. Millions of distinct species make up the domains Archaea and Bacteria. 

Prokaryotic variety is evolved 3.8 billion years ago, which is 2 billion years longer than 

the history of eukaryotic creatures (Kacar, 2024). During the Hadean and Archaean Eons 

(before 2.5 billion years ago), characterized by extreme heat and volcanic activity, 

prokaryotes evolved mechanisms for survival in harsh environments. The Proterozoic 

Eon (2.5 billion to 5.4 million years ago) saw significant environmental shifts, including 

rising oxygen levels leading to the evolution of photosynthetic organisms like 

cyanobacteria. Furthermore, during Phanerozoic Eon (5.4 million years ago to the present 

day), prokaryotes continued to evolve alongside multicellular organisms, influenced by 

factors such as mutation rates, environmental pressures, ecological interactions like 

symbiosis and competition, and the widespread phenomenon of horizontal gene transfer 

(Tonkin-Hill et al., 2023; Zhang et al., 2020). This extended evolutionary time is the 

cause of amazing prokaryotic diversity and a wide range of habitats. The prokaryotes are 

an essential part of the biosphere as they catalyze the biogeochemical cycles that 

maintain all life on Earth. As a result, they are the life-sustaining agents of the biosphere 

(Arella et al., 2021).  
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To date, more than 40000 (Archaea 5000 and Bacteria 35000) species have been fully 

characterized, and over 200000 bacterial and archaeal genomes have been sequenced and 

made available in public databases (Tonkin-Hill et al., 2023; Zhang et al., 2020). These 

genomes, which are made up of many genes sets with different histories of origin and 

ancestry along with various expression tendencies constitute the living legacy of the 

oldest living beings on the planet. The evolutionary connections among many of the 

sequenced genomes are unknown, and a greater fraction of the deposited genomes remain 

unexplored. The query regarding how cellular units adapt their coding mechanisms to 

meet protein requirements, using synonymous codons in organisms with genomic GC 

composition normally between 20% and 80%, has been a long-standing issue. This 

question is highlighted by the genetic diversity observed in studies with incomplete or 

imprecise phylogenetic analyses (Liu et al., 2021). 

 

2.1 Phylogeny and its relationship with Codon usage 

Determining the emergence of distinct prokaryotic lineages is a significant challenge due 

to the lack of reliable calibration points, specifically fossils, for prokaryotes. 

Nevertheless, initial examinations of prokaryotic phylogeny suggest an ancient origin 

spanning over 3 billion years. Pioneering research led by Carl Woese and colleagues 

extensively employed molecular sequencing techniques, particularly the analysis of 16S 

rRNA sequence data across a broad spectrum of species. This research brought to light an 

overlooked category of prokaryotes, initially labeled Archaebacteria and later rebranded 

as Archaea (Clark & Kolb, 2020; Imachi et al., 2020). This group encompasses 

methanogens, thermoacidophiles, and halophilic organisms, exhibiting a distinct 

phylogenetic separation from other prokaryotes, initially referred to as eubacteria and 

later renamed bacteria. Archaebacteria demonstrated a genetic proximity to both 

eukaryotes and eubacteria based on 16S rRNA data. This discovery, along with a range of 

other distinguishing features of Archaebacteria, prompted Woese and colleagues to 

propose Archaebacteria as a distinct phylum (Imachi et al., 2020; Moody et al., 2022). 
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These features include the absence of muramic acid in their cell walls, unique membrane 

lipids with ether-linked isoprenoid side chains (instead of diacyl esters found in other 

bacteria), distinct RNA polymerase subunit structures, and variations in sensitivity 

profiles to various antibiotics. Consequently, prokaryotes are dichotomized into two 

primary lines of descent such as Archaea and genuine bacteria.  

The phylogeny of prokaryotes, which encompasses Archaea and Bacteria, reveals 

evolutionary relationships based on genetic similarities and divergence over time. CUB 

has been observed to correlate with phylogenetic topology in several ways, reflecting 

both shared ancestry and adaptive divergence among different taxa. At a broad 

phylogenetic scale, prokaryotic lineages that share a more recent common ancestor tend 

to exhibit similar patterns of codon usage. This similarity arises because closely related 

species inherit similar genomic compositions, including codon usage preferences, from 

their ancestors (Du Toit, 2022). For instance, within the Firmicutes phylum, species such 

as Bacillus subtilis and Clostridium difficile show conserved codon preferences for 

certain amino acids like leucine and serine, reflecting their close evolutionary relationship 

and shared ecological niches. Consequently, phylogenetically related organisms often 

display comparable biases in codon usage due to their shared evolutionary history (Pavao 

et al., 2023). However, variations in codon usage bias can also occur between closely 

related taxa or within the same phylogenetic group. These variations may arise from 

adaptive evolution in response to different ecological niches, selective pressures, or 

specific genomic features unique to certain lineages. Environmental factors such as 

temperature, pH, and nutrient availability can influence codon preferences in bacterial 

genomes, leading to divergent codon usage patterns even among closely related species 

(Meysman et al., 2013). For example, Escherichia coli and Salmonella enterica, both 

members of the Enterobacteriaceae family, demonstrate distinct codon usage patterns 

influenced by their respective lifestyles and environmental adaptations. E. coli, 

commonly found in the human gut, exhibits biased codon usage favoring codons 

optimized for efficient translation under nutrient-rich conditions, whereas S. enterica, 
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which can cause salmonellosis in various hosts, shows adaptations for survival in diverse 

host environments (Knöppel et al., 2018; Meysman et al., 2013). 

Moreover, horizontal gene transfer (HGT) plays a significant role in shaping codon usage 

bias across phylogenetic boundaries in prokaryotes. Genes acquired through HGT often 

retain their original codon usage patterns from their donor organisms, contributing to 

mosaic genomes with heterogeneous codon biases within a single species or population. 

This phenomenon blurs strict phylogenetic correlations in codon usage and underscores 

the dynamic nature of genomic evolution in prokaryotes (Arella et al., 2021; Moller et al., 

2022). For instance, genes involved in antibiotic resistance in Staphylococcus aureus may 

display codon biases reflective of their origins in other bacterial species, illustrating how 

HGT shapes codon usage independently of strict phylogenetic relationships (Moller et al., 

2022). 

In summary, while codon usage bias generally reflects phylogenetic relationships among 

prokaryotes, its patterns can also diverge due to adaptive evolution and HGT. These 

insights underscore the dynamic interplay between genomic evolution, environmental 

adaptation, and the complex patterns of codon usage bias in shaping the diversity and 

evolutionary trajectories of prokaryotic life (Arella et al., 2021; Moller et al., 2022). 

 

2.2 Codon Usage in Prokaryotes 

Codon usage in prokaryotes is a fundamental aspect of genetic information processing 

that influences protein synthesis efficiency, fidelity, and adaptation. The genetic code is 

degenerate, with most amino acids encoded by multiple synonymous codons. However, 

prokaryotic genomes often exhibit biased usage of these codons, where certain 

synonymous codons are preferred over others. Multiple studies have demonstrated that 

translational selection, affected by parameters including abundance tRNA (De Crécy-

Lagard et al., 2020; Wolff et al., 2020), environmental adaptations (Arella et al., 2021) 
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and genomic GC content (Y. Huang & Ren, 2019), plays a vital role in defining codon 

usage patterns in prokaryotes. 

Codon usage bias in prokaryotes is intricately linked to environmental adaptations, 

including temperature tolerance and nutrient acquisition, which are often reflected in 

genomic GC content (Y. Huang & Ren, 2019). GC-rich genomes tend to prevail in 

thermophilic bacteria and archaea, where higher GC content contributes to DNA stability 

at elevated temperatures (Hu et al., 2022). These organisms typically exhibit codon bias 

favoring GC-rich codons, which encode amino acids that stabilize proteins under extreme 

thermal conditions. Conversely, GC-poor genomes are common in mesophiles and 

psychrophiles adapted to moderate or cold environments, where lower GC content may 

confer advantages such as enhanced DNA flexibility and reduced energy costs during 

replication and transcription. Moreover, Prokaryotes thriving in nutrient-rich 

environments often prioritize codons recognized by abundant tRNAs, promoting efficient 

translation and high protein yields. In contrast, microbes adapted to nutrient-poor 

conditions may exhibit codon bias that conserve energy by favoring less costly codons 

during protein synthesis (Granehäll et al., 2021; Hu et al., 2022). 

Different species have different preferred codon choices depending on their tRNA 

repertoire and other relevant parameters (Hia & Takeuchi, 2021; Rocha, 2004). As per 

the "mutation-selection-drift model" random genetic drift, natural selection, and mutation 

work together to produce genetic variation within prokaryotes due to which prokaryote 

genomes show a wide range of GC content. This model balances bias through selection-

based restrictions, altering GC content and codon usage. There are variations in the 

intragenomic codon usage of singletons and core genes in different gene sets. Selection 

factors, gene function, and cellular effects lead to variances in genetic code utilization 

within a single cell. Optimal codon-anticodon interactions, determined by the amount of a 

certain tRNA, correspond to the biased utilization of genetic code in prokaryotes, 

nonstandard codon-anticodon interactions affect the development of genetic codes. 

Although translational selection is present in most prokaryotes, different genes and 
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deciding factors have different levels of  codon usage bias (Cui et al., 2019; López et al., 

2019). The predominance of translational selection is indicated by some species, such as 

Alkaliphilus metalliredigens (Dahal & Bansal, 2024) and Escherichia coli (Wu et al., 

2010), which exhibits a positive association between codon bias and protein levels. 

Others, like as Helicobacter pylori (Lauener et al., 2019), show little variation in the 

utilization of synonymous codons, which is explained by translational selection that is 

weak and mutation. The correlation between phenotypic features in many prokaryotes 

and codon usage bias is demonstrated by the comprehensive effect of highly adapted 

codons on cellular processes (Hanson & Coller, 2018).  

The various factors affecting codon usage trends in prokaryotes have been illustrated in 

Fig 2.1 and the role of codon usage bias in various prokaryotes has been detailed in 

Table 2.1. For instance, Pseudomonas aeruginosa utilizes specific codons in biofilm 

formation and antibiotic resistance, optimizing adaptability in various host environments 

(Kung et al., 2010). Salmonella enterica exploits codon preferences for survival and 

colonization within the intestinal tract (Liao et al., 2019), while Mycobacterium 

tuberculosis exhibits CUB patterns influenced by HGT in adapting to the human host and 

evolving virulence traits (Panda et al., 2018). Cyanobacteria, such as Synechococcus 

elongates, show specific codon preferences in genes related to photosynthesis, enhancing 

efficiency in protein synthesis that is crucial for their metabolic pathways (Delaye et al., 

2020). Archaeal species like Haloferax volcanii align codon usage with the abundance of 

tRNAs to thrive in hypersaline environments (Dahal & Bansal, 2024). 

Table 2.1: Role of CUB in various Prokaryotes 

Prokaryotic 

organism 

Role of Codon Usage 

Bias  

Findings from codon 

usage studies 

Reference 

Pseudomonas 

aeruginosa 

Contribute to the 

pathogen's adaptability 

in diverse host 

environments 

antibiotic resistance 

genes use codons 

corresponding to 

abundant tRNAs 

(Kung et al., 

2010) 
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Table 2.1: Continued 

Prokaryotic 

organism 

Role of Codon Usage 

Bias  

Findings from codon 

usage studies 

Reference 

Salmonella 

enterica 

Involved in host 

colonization and 

survival within the 

intestinal environment 

Exploit specific codons 

that align with the host 

environment 

(Liao et al., 

2019) 

Mycobacterium 

tuberculosis 

Adaptation to the 

human host and the 

evolution of virulence 

traits 

CUB patterns influenced 

by the acquisition of genes 

through HGT 

(Panda et al., 

2018) 

Neisseria 

meningitidis 

Organization of antigen 

expression, ensuring the 

elicitation of robust 

immune response 

against bacterium 

Exhibits specific codon 

preferences can be used in 

rational vaccine design 

(Yee et al., 

2023) 

Cyanobacterium Involve complex 

biochemical pathways 

with specific codon 

preferences optimized 

for efficient protein 

synthesis 

HGT from another 

Cyanobacterium 

(Pérez-

Carrascal et 

al., 2021) 

Haloferax 

volcannii 

(Archaeon) 

Helps to thrive in 

hypersaline 

environments 

Codon usage aligns with 

the abundance of tRNAs 

(Dahal & 

Bansal, 

2024) 

Escherichia. coli Enhance translational 

efficiency 

Codons for  Glycine (GGC 

and GGG), correspond to 

highly abundant tRNAs, 

(Wu et al., 

2010) 

Bacillus subtilis Enhance translational 

efficiency 

Genes encoding ribosome 

tend to prefer codons 

corresponding to highly 

abundant tRNAs 

(De Crécy-

Lagard et al., 

2020) 
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Table 2.1: Continued 

Prokaryotic 

organism 

Role of Codon Usage 

Bias  

Findings from codon 

usage studies 

Reference 

Thermus 

thermophilus 

Proper folding of 

transcripts at elevated 

temperature 

Genes encoding heat-

shock proteins prefer 

codons that contribute to 

the stability of mRNA 

secondary structures. 

(Yee et al., 

2023) 

Mycoplasma 

pneumonia 

 

Reduction in overall 

genome size 

Exhibits CUB associated 

with functional constraints 

related to genome 

compactness 

(Leal 

Zimmer et 

al., 2020) 

Synechococcus 

elongates 

(Photosynthesis 

gene) 

 

Ensuring rapid and 

accurate translation of 

proteins involved in 

photosynthesis 

Photosynthetic exhibit a 

bias towards codons 

corresponding to highly 

abundant tRNAs, 

(Delaye et 

al., 2020) 

Vibrio cholera 

 

Changes in codon usage 

patterns when 

transitioning from 

environment reservoirs 

to the human host 

Genes encoding toxins and 

adhesion proteins, show 

adaptation in codon usage 

to optimize expression 

during infection. 

(Ramamurthy 

et al., 2020) 

Vibrio 

parahaemolyticus 

 

Distinct genomic 

islands are acquired 

through HGT 

Variations in genomic 

composition, pa in 

horizontally acquired 

regions 

(R. Huang & 

Lee, 2019) 

Thermococcus 

kodakarensis 

(archaeon) 

 

Enhance the stability of 

mRNA secondary 

structures, ensuring 

proper translation at 

high temperature 

Genes exhibit a preference 

for codons that end with G 

or C 

(Scott et al., 

2021) 
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Table 2.1: Continued 

Prokaryotic 

organism 

Role of Codon Usage 

Bias  

Findings from codon usage 

studies 

Reference 

Caulobacter 

crescentus 

 

Contribute to efficient 

and accurate protein 

synthesis, especially in 

highly expressed genes 

Displays CUB in cell cycle-

related genes, which is 

linked to tRNA availability 

(Mohapatra 

et al., 2020) 

Streptomyces 

coelicolor 

 

Efficient translation of 

complex biosynthetic 

pathways 

Genes involved in secondary 

metabolite biosynthesis 

often exhibit codon usage 

bias correlated with tRNA 

availability 

(Dopson et 

al., 2023) 

Psychrobacter 

arcticus 

Function optimally at 

low temperatures 

Favouring codons that 

match availability of cold 

adaptated tRNAs. 

(Leonardo, 

2013) 

Acidithiobacillus 

ferrooxidans 

 

Be adapted to highly 

acidic pH environment 

Reflect adaptations to 

optimize translational 

efficiency 

(Dopson et 

al., 2023) 

Alkaliphilus 

metalliredigens 

 

Adaptation to alkaline 

environment 

Reflect adaptations to 

optimize translational 

efficiency 

(Dahal & 

Bansal, 

2024) 

Halobacterium 

salinarum 

(arhaeon) 

 

Adapted to high salinity 

environment 

The codon usage patterns in 

genome are influenced by 

the need for efficient 

translation in a high salt 

environment 

(Edbeib et 

al., 2020) 

Desulfovibrio 

desulfuricans 

 

Helps to thrive in 

absence of oxygen in its 

environment 

Influences codon usage 

patterns, optimizing 

translation under anaerobic 

conditions 

(Nguyen et 

al., 2023) 



 
 

28 
 

Table 2.1: Continued 

Prokaryotic 

organism 

Role of Codon Usage 

Bias  

Findings from codon usage 

studies 

Reference 

Clostridium 

thermocellum 

 

Optimizing 

translational efficiency 

in the niche 

Codon usage reflects 

adaptations to both high 

temperature and anaerobic 

conditions  

(Dahal & 

Bansal, 

2024) 

Nitrosomonas 

europaea 

 

Helps to thrive in high 

concentration of 

ammonia 

Concentration of ammonia 

influence codon usage 

patterns, optimizing 

translational efficiency 

(Saha et al., 

2019) 

Geobacter 

sulfurreducens 

 

Helps in biodegradation 

of radioactive metals 

Redox potential of its 

environment influence 

codon usage in genes 

involved in metal reduction 

and electron transfer process 

(Inoue et 

al., 2018) 

Synechocystis sp 

 

Helps in the process of 

photosynthesis 

Light intensity and 

photoperiod influence codon 

usage patterns in genes 

related to photosynthesis 

(Du et al., 

2019) 

76 different 

species of 

Clostridium 

Clustering of 

pathogenic species 

Pathogens use amino acids 

with lower biosynthetic cost 

(Sharma et 

al., 2023) 

Mycobacterium 

avium  

Contribute to virulence Acquisition of pathogenicity 

islands 

(Panda et 

al., 2018) 

Bacillus 

anthracis 

Contribute to virulence Acquiring plasmids carrying 

toxin genes 

(Q. Wang 

et al., 2022) 
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Fig 2.1: Factors Affecting Codon Usage Trends in Prokaryotes (Cano et al., 2021; Dahal 

& Bansal, 2024; Hia & Takeuchi, 2021; Y. Liu, 2020; Oelschlaeger, 2024; Parvathy et 

al., 2022; Rocha, 2004; Sharma et al., 2023; Q. Wang et al., 2022). 

Examining the diversity of genetic code usage in prokaryotic genomes and genes has 

been done in a variety of ways. Grantham and colleagues calculated the first list of codon 

usage frequencies in 1980 using mRNA sequences with 51 or more genetic codes. Since 

the 1980s, a wide range of software and indices have been created to define, examine, 

and quantitatively estimate genetic code use bias or genetic code usage preferences. 

Several software tools, such as GeneMark (Besemer & Borodovsky, 2005), CAIcal 

(Dahal & Bansal, 2024), EMBOSSCusp (Ata et al., 2021), and CodonW (Sharma et al., 

2023), have been utilized for evaluating codon usage preferences, with many focusing on 

calculating indices like Codon Adaptation Index (CAI), Effective Number of Codons 

(ENC), and others. 

The indices used for analyzing genetic code usage bias in prokaryotes has been 

categorized as the indices that examine the observed genetic codes use distribution of the 

targeted set of genetic codes against a mentioned set of highly-represented genes, that 
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examine data based on the supposition of equal usage of codons coding same amino acid, 

indices dependent on the adaptation of tRNA levels and their supply, indices dependent 

on complex trends of genetic code usage and  also  indices dependent on direct 

experiment analysis of translational as well as transcriptional elongation (Bahiri-Elitzur 

& Tuller, 2021; Dahal & Bansal, 2024). Popular most common indices applied in 

examination of genetic code usage bias is CAI developed by Sharp and Li in 1987 

followed by ENC developed by wright 1990 and Relative Synonymous Codon Usage 

(RSCU) developed by sharp et al in 1986 which can be used to distinguish chromosome 

and plasmid in bacteria (Huo et al., 2021; Xu et al., 2024). Other commonly used  indices 

include   Frequency of optimal codons, correspondence analysis, Neutrality plot, Parity 

bias plot analysis, Relative codon adaptation, Codon deviation coefficient, Relative codon 

deoptimisation index, Synonymous codon usage order, GRAVY, and AROMO analysis 

(Cho et al., 2024; Dahal & Bansal, 2024; Sundar Panja, 2024; M. Wang et al., 2024). The 

list of the various CUB softwares and indices that has been used in prokaryotes has been 

illustrated in Fig. 2.2. 
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Fig 2.2: Codon usage softwares and indices used to study CUB in prokaryotic organisms.  
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(A). Codon usage indices dependent on (Cho et al., 2024; Huo et al., 2021; Sundar Panja, 

2024; M. Wang et al., 2024; Xu et al., 2024). 

1. Unequal use of synonymous genetic codes. 

2.  Codon frequency across a mentioned set of genes. 

3. Adaptation to tRNA pool including supply. 

4. Patterns of codon usage. 

5. Laboratory analysis of translational and transcriptional elongation. 

(B). Codon usage softwares (Dahal & Bansal, 2024) 

(C). Prokaryotes in which CUB has been recently studied (Dahal & Bansal, 2024) 

Note: Abbreviations Used in the figure: 

Mean typical decoding rate (MTDR), Ribosome Residence Time (RRT), Mean typical 

transcription elongation rate (MTTR), Synonymous codon usage bias maximum-

likelihood estimation (SCUMBLE), Effective number of codon-pairs (ENcp), Codon pair 

score (CPS), Frequency of rare codons (Frare), Stochastic evolutionary model of protein 

production rate (SEMPPR), tRNA adaptation index (tAI), Species-specific tRNA 

adaptation index (stAI), Normalized translational efficiency (nTE), Competition 

Adaptation Index (compAI), tRNA-pairing index (TPI), Codon adaptation index (CAI), 

Frequency of optimal codons (FOP), Codon bias index (CBI), Codon-enrichment 

correlation (CEC), Relative codon adaptation index (rCAI), Index of translation 

elongation (ITE), Self-Consistent Codon Index (CCI), Codon usage similarity index 

(COUSIN), Relative codon adaptation (RCA), Tissue specific Codon and Codon-Pair 

Usage Tables (TissueCoCoPUT), Effective number of codons (ENC), Relative 

synonymous codon usage (RSCU), Codon preference bias (CPB), Relative codon bias 

strength (RCBS), Intrinsic codon deviation index (ICDI), Synonymous codon usage order 

(SCUO), Measure independent of length and composition (MILC), Weighted sum of 

relative entropy (Ew), Mean dissimilarity based index (Dmean), and Mutational 

Response Index (MRI)  
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2.3 Factors affecting Codon Usage Trends in Prokaryotes 

2.3.1 Genomic Features 

Genomic features, such as GC content, gene length, and level of gene expression, 

significantly influence codon usage bias in prokaryotic organisms, reflecting adaptations 

to environmental conditions and evolutionary histories. However, it is to be noted that the 

correlation between genomic features and codon usage trends highlights their association 

rather than causation, emphasizing the intricate interplay between genetic features and 

codon selection in prokaryotic organisms (Parvathy et al., 2022; Teng et al., 2023). 

The influence of genomic composition on codon usage bias is important in prokaryotes, 

as there is considerable variation in the frequency of individual codons. The amount of 

guanine (G) and cytosine (C) bases in DNA is known as the GC content, and it is one 

important genomic characteristic that affects codon usage. Prokaryotic genomes with 

high GC contents typically have biased codon usage patterns because of their propensity 

for codons rich in G and C. The thermodynamic stability of G-C base pairs, which 

supports the general stability of the mRNA secondary structure, is frequently blamed for 

this bias (Barceló-Antemate et al., 2023). Therefore, prokaryotes with a high GC content 

would prefer codons that start with G and C, which would indicate that their genomes can 

adapt to different environmental situations through enhanced protein stability, regulatory 

capabilities, and evolutionary flexibility. For instance: Mycobacterium tuberculosis 

favours G and C nucleotides across the codon due to its high GC content (Dahal & 

Bansal, 2024). 

Gene length is another genetic characteristic that influences codon usage bias. Shorter 

genes are typically linked to improved translational efficiency and expression levels in 

prokaryotes. The "translational selection hypothesis," which explains this phenomenon, 

postulates that codon usage influences natural selection in a way that maximizes 

translation accuracy and speed. Stronger selection pressure for effective translation may 

be applied to genes, which might result in biased codon usage that speeds up and 
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improves the accuracy of protein synthesis (Lucks et al., 2008). The best example can be 

B. subtilis (Q. Wang et al., 2022) in which longer genes have a stronger preference for 

specific synonymous codons. The availability of tRNAs and other elements that affect 

translation efficiency determine the codons that are preferred in the species 

Bacterial genomes frequently show differences in the bias in codon usage across genes 

that are highly and lowely expressed. Stronger bias towards optimal codons, which are 

effectively recognised by an abundance of tRNAs, is more likely to be seen in highly 

expressed genes, highlighting the relationship between codon selection and gene 

expression levels. Caulobacter crescentus displays CUB in cell cycle related genes 

(highly expressed) to contribute efficient and accurate protein synthesis (Dahal & Bansal, 

2024). 

 

2.3.2 Environment 

The environment has a significant impact on the codon usage patterns of prokaryotic 

species, which are indicative of the adaptive methods these organisms use to survive in a 

variety of settings. Arella and group in 2021 suggested that prokaryotes with specific 

physical characteristics and residing across comparable living conditions share similar 

genetic codes preferences (López et al., 2019).  One important environmental element 

that influences codon usage is temperature; prokaryotes show specialised preferences for 

codons that are adapted to particular temperature ranges. Due to their greater energy 

favorability at higher temperatures, codons rich in G and C are frequently preferred by 

thermophilic bacteria, which are adapted to hot temperatures. Additionally, bacteria that 

are psycrophiles show a predilection for codons that include G and C. These nucleotides 

help to stabilise DNA and RNA structures as temperatures rise. The relationship between 

codon usage and temperature emphasises how environmental adaptation alters the genetic 

code to maximise cellular functioning across a range of temperatures (Marshall et al., 

2022). 
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Other environmental conditions that affect codon usage patterns in bacterial genomes are 

salt and pH. Bacteria known as extremophiles, which flourish in environments of severe 

salinity or pH, frequently have certain codon bias to improve their adaptability. 

Acidophiles like Acidithiobacilus ferrooxidans could choose codons with a greater GC 

content, which would help keep their genetic material stable in an acidic environment 

(Dopson et al., 2023). Halobacterium salinarum are acclimated to high salinities and   

exhibit codon preferences that are indicative of the necessity of effective protein 

synthesis in salt settings (Edbeib et al., 2020). Because of these modifications in codon 

usage, prokaryotic organisms may survive in conditions with severe pH or salinity while 

still maintaining optimal cellular processes like protein folding and stability. The 

complex relationship that exists between codon usage and environmental factors 

highlights the role that genetic flexibility plays in bacterial evolution (De La Torre & 

Chin, 2021). 

Moreover, codon usage patterns of bacterial genomes can be influenced by the nutrients 

that are available in the surrounding environment. Prokaryotes, for example, may show a 

preference for codons that promote fast translation in nutrient-rich settings, maximising 

the use of available resources for development and reproduction. On the other hand, 

distinct codon preferences may result from the selection pressure for effective resource 

utilisation in nutrient-poor settings. The dynamic nature of codon usage patterns reflects 

the resilience of prokaryotic genomes on changing nutritional circumstances and shows 

how environmental variables aid in the expression of the genetic code in response to 

ecological niches (Panda & Tuller, 2023). 

 

2.3.3 Functional Constraints 

The usage of codons is subjected to functional constraints, which significantly influence 

the genetic code composition of organisms. The association between codons and the 

amino acids they encode is the main functional restriction. One or more codons are 
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responsible for encoding each amino acid; synonymous codons denote distinct nucleotide 

triplets that share the same amino acid coding. These synonymous codons can show 

varied usage frequency despite unchanged amino acid sequence in a protein. Therefore it 

is suggested that, the requirement to preserve appropriate protein folding, stability, and 

functionality gives rise to functional limitations (Xu et al., 2024). Because they affect the 

precision and speed of translation, some codons may be more advantageous than others, 

which in turn affect the shape and function of proteins. In Mycobacterium tuberculosis, 

overrepresentation of the alanine-coding codon GCG supports the stability of mRNA 

secondary structures and is thought to represent a response to the host environment 

(Panda et al., 2018). 

Another important component that significantly contributes to codon usage bias is 

translational efficiency. The amount of transfer RNA (tRNA) molecules in the cellular 

environment affects how quickly and accurately translation proceeds, and differing 

amounts of tRNAs can recognize different codons. Rich tRNA-corresponding codons are 

frequently preferred because they promote quicker translation and lower the risk of 

mistakes. Natural selection optimizes translation rates by acting on codon usage patterns; 

this process is referred to as translational selection. The relationship between translational 

efficiency and codon usage emphasizes how crucial it is to strike a balance between 

correct amino acid incorporation and quick protein synthesis during translation (Dopson 

et al., 2023; Edbeib et al., 2020).  

 

2.3.4 tRNA Abundance and Availability 

The preference for codons in bacterial genomes is mostly determined by the amount of 

transfer RNA (tRNA) molecules. A particular amino acid is transported to the ribosome 

by each tRNA during translation, and the quantity of these tRNAs differs between species 

and even within cellular environments. Translational selection is the tendency of 

prokaryotic organisms to choose codons that correlate to high levels of tRNAs. High 
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quantity of a particular tRNA facilitates precise and efficient translation by allowing the 

correct codons to be quickly identified and matched with the right amino acids. This 

inclination towards codons linked to high tRNA abundances is indicative of an adaptive 

tactics to maximise translational efficiency and lower the risk of mistakes during protein 

synthesis. Genes involved in secondary metabolite biosynthesis often exhibit codon usage 

bias correlated with tRNA availability in prokaryotes like Streptomyces coelicolor 

(Dopson et al., 2023). 

Furthermore, codon usage is subject to functional restrictions that go beyond the 

translation process itself. RNA secondary structures and binding sites for RNA-binding 

proteins are examples of regulatory factors that can affect the choice of particular codons 

within mRNA sequences. The functional consequences of codon selection are further 

highlighted by the fact that these components can impact mRNA stability, localization, 

and interactions with cellular machinery (Dahal & Bansal, 2024). Genes encoding heat-

shock proteins prefer codons that contribute to the stability of mRNA secondary 

structures in Thermus thermophiles which ultimately helps in protein folding at elevated 

temperature (Banerjee et al., 2021; Kung et al., 2010). 

In the context of codon families, the link between tRNA availability and codon usage 

bias is clear. Codon families are groups of synonymous codons with different nucleotide 

sequences that code for the same amino acid. Because related tRNAs are abundant in 

some codon families, some codons may be utilised more frequently than others within 

that family. Within these groups, prokaryotic genomes frequently display a biased use of 

synonymous codons, such as Pseudomans aeruginosa which reflects the varying 

availability of tRNAs. This tendency is more noticeable in highly expressed genes 

because there is greater selection pressure to translate a gene efficiently. The complex 

interaction between codon preference and tRNA abundance highlights how translational 

selection shapes the codon usage patterns seen in bacterial genomes (Berg & Brandl, 

2021; Dahal & Bansal, 2024). 
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Furthermore, during evolution and adaptation, variations in tRNA abundance have shown 

an effect on codon usage patterns of prokaryotes like E. coli (Rodríguez-Beltrán et al., 

2022). The cellular pool of tRNAs may change when prokaryotes experience different 

environmental circumstances to maximize protein production. A prokaryote may, for 

example, adjust the abundance of tRNAs to match codon preferences that support 

effective translation of genes involved in adjusting to the new conditions if it comes into 

contact with an environment that has a change in the availability of nutrients. The 

dynamic correlation between tRNA availability and codon usage highlights the functional 

relevance of the interaction between tRNA abundance and codon choice, reflecting the 

resilience of bacterial genomes to shifting selection forces. Overall, the complex 

mechanisms governing translational efficiency and codon usage in bacterial genomes are 

highlighted by the significance of tRNA abundance in these processes and environmental 

effect (Wei et al., 2019). 

 

2.3.5 Horizontal Gene Transfer 

In prokaryotic evolution, HGT is a ubiquitous mechanism that permits the acquisition of 

genetic material from unrelated species. The patterns of codon usage in bacterial 

genomes can be greatly impacted by this gene transfer. Foreign genes may have different 

codon preferences from the receiving organism when they are introduced by HGT. The 

integrated genes may therefore first show a bias in codon usage that is not compatible 

with the host genome. HGT is the process by which codon usage of acquired genes 

eventually aligns with the recipient genome. Selective pressures to maximize 

translational efficiency and protein folding are what propel HGT, which in turn helps to 

successfully integrate and express the foreign genes within the host organism 

(Emamalipour et al., 2020; Garcia-Vallve, 2000). 

The effects of HGT on codon usage are seen in parts of bacterial genomes linked to 

mobile genetic components like phages and plasmids. These components frequently act 
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as carriers of new genetic material into prokaryotic communities through horizontal gene 

transfer. In order to conform to the preferences of the receiving organism, the genes 

carried by these components may alter their codon usage, enabling effective expression 

and functional integration (Djahanschiri et al., 2022). As a result, the dynamic and 

adaptable character of codon usage patterns in these microbes is partly due to the mosaic 

structure of prokaryotic genomes, which is the outcome of the introduction of foreign 

genetic material through HGT. HGT in  Cyanobacterium  helps them to adapt to the host 

environment and optimize protein synthesis (Dahal & Bansal, 2024). 

The codon usage bias of particular functional gene categories is also shaped by horizontal 

gene transfer. Because precise control and coordination of these fundamental functions 

are required, genes involved in translation, transcription, and replication are frequently 

more conserved in terms of codon usage. On the other hand, because of the effect of 

horizontally transmitted genes, genes linked to adaptive functions similar to those 

engaged in environmental response or niche-specific metabolic pathway show more 

diversity in codon usage.  Species like Vibrio parahaemolyticus (R. Huang & Lee, 2019), 

Mycobacterium avium (Panda et al., 2018) and Bacillus anthracis (Q. Wang et al., 2022) 

acquire distinct genomic islands through HGT and there is significant variation in 

genomic composition of horizontally acquired genes to adapt in host environment. This 

capacity to quickly adapt to new ecological niches and environmental obstacles is made 

possible by the integration of foreign genes, which enhances the overall diversity and 

adaptability of prokaryotic genomes (Garcia-Vallve, 2000). 

 

2.3.6 Codon-Anticodon Interaction 

Codon- anticodon interaction is one of the crucial factors that affect codon usage in 

prokaryotes. The interaction between codons and anticodons is essential for the formation 

of proteins during translation in prokaryotic organisms. On the mRNA, the codon 

designates a specific amino acid or a start/ stop signal. Complementary to the codon is the 
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anticodon, a three-nucleotide sequence on a tRNA molecule. The relevant amino acid is 

transported by the tRNA to the ribosome, the site of protein synthesis. The precise 

alignment of amino acids in the developing polypeptide chain is guaranteed by the 

specificity of the codon-anticodon interaction causing codon usage bias in prokaryotes 

(Koh & Sarin, 2018; Selleghin-Veiga et al., 2024). 

The stability and specificity of the codon anticodon interaction is a key factor in 

determining the fidelity of translation and preventing codon reprogramming in 

prokaryotes (Nowak et al., 2021; Xia et al., 2020). Typically, the codon anticodon 

interaction is stabilized by hydrogen bonds, with the optimal interaction energy being a 

balance between maximizing binding strength and minimizing the risk of mismatches 

(Mitchener et al., 2023; Walsh et al., 2020; Yang et al., 2021). However, in certain cases, 

prokaryotes have evolved mechanisms to reprogram the genetic code by altering the 

standard codon-anticodon interactions (Nowak et al., 2021). For example, in some 

bacteria, the anticodon of the tRNA that recognizes the stop codon UGA can be modified 

to pair with the amino acid selenocysteine instead of triggering translation termination. 

This allows the UGA codon to specify selenocysteine incorporation, rather than acting as 

a stop signal. Such codon reprogramming events are crucial for the expression of 

specialized proteins in prokaryotes (Gaydukova et al., 2023; Nowak et al., 2021; Xia et 

al., 2020). 

In prokaryotes like E. coli, M. tuberculosis and B. subtilis, interaction between codons on 

mRNA and anticodons on tRNA is pivotal for the precise translation of genetic 

information into proteins (Fig 2.3). Each mRNA codon specifies a particular amino acid, 

and tRNA molecules carrying complementary anticodons recognize and bind to these 

codons through base pairing during protein synthesis (Mekonnen et al., 2019; Nowak et 

al., 2021). This process occurs in coordination with ribosomes, where specific amino 

acids like glycine and leucine are sequentially added to the growing polypeptide chain in 

M. tuberculosis and B. subtilis respectively. In case of E. coli, codon anticodon 

interaction (AUG-UAC) initiates the synthesis of peptide chain (Fig 2.3).  CUB in these 
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prokaryotes reflects the preferential usage of certain specific synonymous codons over 

others, influenced by factors such as translation efficiency, accuracy, and the availability 

of corresponding tRNAs (Cao & Slavoff, 2020; Dahal & Bansal, 2024; L. Liu et al., 

2022; O’Connor et al., 2020; Soma et al., 2023). The codon anticodon preference in 

various prokaryotic organisms for incorporation of specific amino acids are illustrated in 

Fig 2.3. 

Fig 2.3: Codon-Anticodon Interaction in Prokaryotes (Cao & Slavoff, 2020; Dahal & 

Bansal, 2024; Espinosa et al., 2022; Koh & Sarin, 2018; L. Liu et al., 2022; Selleghin-

Veiga et al., 2024; Soma et al., 2023).  

 

2.4 Codon Usage Bias in Pathogenic Prokaryotes 

In pathogenic prokaryotes, CUB is a complex phenomenon with broad implications for 

comprehension of the complexities of host-pathogen relationships, adaptive evolution, 

and possible therapeutic intervention uses. Deciphering codon usage bias offers a path 

towards discovering critical genes and possible targets for drugs in the context of 
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vaccines and antibacterial treatments. Furthermore, pathogen-specific codon preferences 

can be used in vaccine design to generate strong immune responses. To maximise antigen 

expression and immunogenicity, for instance, the pathogen's codon usage patterns are 

taken into consideration during the design of vaccines against Neisseria meningitides 

(O’Connor et al., 2020). 

A variety of variables affect the complex patterns of codon usage that are revealed by 

analyzing the genomes of pathogenic bacteria and archaea. In the opportunistic pathogen 

Pseudomonas aeruginosa, for example, genes linked to important processes show a 

translational advantage by favouring codons identified by numerous tRNAs. It is thought 

that this optimisation helps the bacteria adapt to a variety of host settings (Y. Huang et 

al., 2021). In pathogenic prokaryotes, environmental adaptability is also crucial to the 

dynamics of codon usage. The gastrointestinal pathogen Salmonella enterica has unique 

codon usage preferences related to its adaptability to the intestinal environment of its 

host. The relationship between microbial genomes and their ecological niches is shown 

by these adaptations, highlighting the function of CUB as an evolutionary strategy for 

survival and growth (Dahal & Bansal, 2024). 

Moreover, it is remarkable how HGT affects codon usage patterns across pathogenic 

prokaryotes. Different sources of genes are frequently acquired by pathogenic 

prokaryotes, resulting in differences in codon preferences. The tuberculosis-causing 

agent, Mycobacterium tuberculosis, has codon usage patterns that are impacted by HGT 

events, which is indicative of the pathogens complicated evolutionary past (Dahal & 

Bansal, 2024). Additionally, it is possible to comprehend the functional importance of 

codon usage bias in pathogenic prokaryotes by considering its involvement in virulence 

modulation. A causative agent of significant respiratory infection, Streptococcus 

pneumoniae exhibits codon usage patterns linked to genes involved in immune evasion 

and host colonisation (Prendergast et al., 2023). The complex connection that exists 

between CUB and virulence highlights the possibility of using pathogen specific codon 

usage as a target for medicinal therapies (Antoine et al., 2021). 
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2.5 The future of prokaryotic codon usage studies 

Codon usage patterns are very crucial to be analyzed in order to interpret the genetic 

codes and to predict gene expression. Codon usage studies have a very wide-ranging 

scope on several disciplines, including molecular biology and synthetic biology, 

evolutionary biology and pharmacology.  Research on the analysis of codon usage have 

already shed light towards genetic code, the control of gene expression, and the 

evolutionary trends not only in prokaryotes but also in other types of organisms. 

However, there are a number of intriguing directions for future research that can give 

new insights across all forms of life available on the planet which are summarized in 

Table 2.2. Researchers can gain a deeper understanding of how prokaryotes use codons 

and adapt their translational machinery to various environmental conditions by leveraging 

developments in genomic technologies, comparative genomics, metagenomics, functional 

context integration, longitudinal studies, mobile genetic element analysis, synthetic 

biology, and multiomics approaches. Codon usage research will be essential in resolving 

the complexities of gene expression and evolution in prokaryotic organisms as the 

science develops (Dahal & Bansal, 2024; De La Fuente et al., 2023). 

 

Table 2.2: Future direction on the codon usage research on prokaryotes 

S. 

No. 

Future Direction Possibilities References 

1. Analyzing 

comparative 

genomic signatures 

of prokaryotes 

Can find conserved tendencies, species-

specific adaptations, and gain better 

insights in the processes influencing codon 

usage biases  

(Dahal & 

Bansal, 2024; 

De La Fuente 

et al., 2023) 
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Table 2.2: Continued 

S. N Future Direction Possibilities References 

2. Analyzing Codon 

Usage Bias in 

Mobile Genetic 

Elements of 

prokaryotes 

Genes, transfer of plasmid and phages 

between various prokaryotic species and 

evolution can be understood by understanding 

the CUB in those elements. Also, examining 

the CUB of mobile genetic elements can 

provide insight into the elements interaction 

with the translational apparatus of the host 

and impact the prokaryotic host fitness. 

(Parvathy 

et al., 2022) 

3. Metagenomic and 

Environmental 

research in 

prokaryotes 

Possible to learn more about the genetic 

potential and expression methods of 

uncultured prokaryotes by examining the 

codon usage in environmental samples 

(Panda & 

Tuller, 

2023) 

4. Contextualization 

of Function 

 

CUB patterns can be examined in relation to 

gene function, expression levels, and protein 

characteristics to deduce better insights of 

selection forces influencing trends of codon 

usage aiding in identifying genes susceptible 

to strong selection and environmental 

adaptation as well. 

(Deb et al., 

2020) 

5. 

 

 

Prokaryotes in 

genetic engineering 

and synthetic 

biology 

 

Researchers can optimise protein expression 

levels, raise protein production, and create 

more effective genetic constructs by 

modifying codon usage patterns. 

 

(Wright et 

al., 2022) 
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Table 2.2: Continued 

S. N Future Direction Possibilities References 

6. Bringing Multi-

Omics Data of 

prokaryotes  

together 

 

 

Examine how codon usage affects gene 

expression, protein abundance, and metabolic 

pathways using this integrated method. It 

would also aid in identifying possible 

relationships between codon usage biases and 

post-transcriptional and post-translational 

regulatory mechanisms. 

(Bardozzo 

et al., 2018) 

7. Longitudinal 

studies in 

prokaryotes 

Can show how the dynamics of codon usage 

modifications response to alterations in the 

environment, population constraints, and 

selection pressures. 

(Roodgar et 

al., 2021) 

 

 

2.6 The Genus Acinetobacter: 

The genus Acinetobacter is a group of diverse organisms. It comprises of some of the 

most dreaded infection-causing species implicated in nosocomial as well as community 

acquired infections and is becoming increasingly notorious for causing opportunistic 

infections that may result in serious illness and even death (Almasaudi, 2018). 

Acinetobacter species have been linked to a variety of disease conditions in hospitals, 

especially in severely ill patients with debilitated host defense. Such species particularly 

infect patients using respiratory treatment equipment or catheters. Septicemia, wound 

sepsis, urinary tract infection (UTI), pneumonia, endocarditis, etc. are some of the critical 

diseases caused by A. baumannii, which is the most frequently encountered species in 

hospitals due to its ability to withstand harsh environments. Nosocomial infections are 
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reportedly caused by species like A. calcoaceticus, A. nosocomialis, A. lwoffii, A. junii, A. 

ursingii, A. bereziniae, and A. serfertii (Rebic et al., 2018). Presence of 

antibioticresistance genes is a common feature of these species, making them naturally 

resistant to a wide variety of antibiotics. Previously, non-baumannii species were 

considered less as pathogens due to their limited virulence. In 1970s, they were identified 

as major nosocomial pathogens with great sensitivity to drugs such as ampicillin, 

chloramphenicol, and gentamycin (Dahal et al., 2023). 

The genus Acinetobacter harbors many environmentally important species as well, which 

have a wide range of metabolic capabilities, such as routes for the breakdown of 

contaminants like hydrocarbons, amino acid derivatives, and crude oil employing them as 

principal source of nutrition (Rebic et al., 2018; Xin et al., 2014). The majority of the 

research findings have been acquired utilizing A. baylyi ADP1, A. baumannii, and A. 

calcoaceticus. Their metabolic pathways and regulatory mechanisms have attracted 

substantial attention. For example, A. calcoaceticus can degrade up to 90% of aliphatic 

hydrocarbons in diesel (Dahal et al., 2023). Similarly, A. radioresistens APH1, a novel 

phenol degrader with one of the greatest phenol degrading efficiencies has been identified 

and used in soil bioremediation (Liu, 2020). They have also been implicated in removal 

of pharmaceutical wastes from the environment (Wang et al., 2018). The use of 

Acinetobacter species is not limited to biodegradation and bioremediation, they are being 

used as prospective bioreporters (H. Li et al., 2021), manufacturers of lipase (Fatima et 

al., 2021; Patel et al., 2021), biosurfactants (Oanh et al., 2020), and producers of 

biopolymeric substances (Dahal et al., 2023), biodiesel (Tan et al., 2022; Zhang et al., 

2021), medicines, and cosmetic and other significant practical uses (Arvay et al., 2021; J. 

Li et al., 2017). Therefore, the environmental species also deserve special attention for 

the benefit of life on land and life below water. 
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2.6.1 Phylogeny  

Acinetobacter is a complex group of saprobic bacteria that are Gram-negative 

coccobacilli with a GC content ranging from 39% to 47%. Members of the genus are 

non-fermenters, aerobic, catalase-positive, oxidase-negative, and motile in nature. 

Acinetobacter species can be found in a variety of environments, including water, inside 

human or animal hosts, different types of plants, and soil (Adewoyin & Okoh, 2018; 

Dandachi et al., 2019). Morphological traits differ according to the growth phase, e.g. 

appearance of rod-shaped structure is observed during the log phase, but at later stages, 

coccobacillus structure is displayed. The genus Acinetobacter comprises of 108 closely 

related species, but only 77 species have discretely published names according to the list 

of prokaryotic names with standing in nomenclature (Baraka et al., 2020; Cayô et al., 

2016). 

The genus Acinetobacter has a long history of classification. In the past, the Gram-

negative non-fermenters, presently known as Acinetobacter, were classified under more 

than a dozen different generic names. The most well-known scientific names of 

Acinetobacter species in the nineteenth century were Mima polymorpha, Morexella 

lwofii, M. glucidolytica, and Micrococcus calcoacetius. Initially, Acinetobacter was 

suggested to be a broad group of Gram-negative, non-motile saprobes, both oxidase-

positive and negative with discernable absence of pigment. Beijernick and colleagues 

described M. calcoacetius in 1911 (Dahal et al., 2023), and it is the oldest reference for 

Acinetobacter species. Birsou and Prevot proposed the new genus Achromobacter in 

1954, following several revisions. With an improved explanation of the Acinetobacter 

genus, Baumann and colleagues reclassified many genera and species into the genus 

Acinetobacteria in 1968 (Ayenew et al., 2021). Additional nutritional studies clearly 

demonstrated the difference between oxidase-negative and positive strains, and therefore, 

the subcommittee on the taxonomy of Moraxella and Allied bacteria prescribed that the 

genus Acinetobacter would solely contain oxidase-negative strains in 1971 (Towner, 

2009). The use of traditional microbiological as well as numerous molecular and 
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biochemical approaches backed up this prescription. Some of the techniques used to 

identify and categorize Acinetobacter strains include amplified ribosomal DNA 

restriction analysis, DNA–DNA hybridization, and 16S DNA sequence analysis. For 

more than 20 years, these strategies have provided the groundwork for including various 

species within a genus (Adewoyin & Okoh, 2018; Enright et al., 1994). 

The genus is divided into three ecologically distinct clades by combined metagenomics, 

comparative genomics, and phylogenomics research, which revealed two significant 

environmental transitions at deep phylogenetic levels. One of them has quickly turned 

toward host-association by acquiring genes responsible for interactions between bacteria 

and eukaryotes (Almeida et al., 2021; Nemec et al., 2022). Of the three clades, Clade I 

exhibits the most intra-clade ecological divergence. Members of the clade, such as the 

Acinetobacter calcoaceticus baumannii (ACB) complex, are more prevalent in soil and 

habitats where people are present. Both A. calcoaceticus and A. pittii are frequently found 

in soil, with the former being the most prevalent but rarely found in human hosts. 

Acinetobacter baumannii, on the other hand, is quite prevalent across the human 

population. The disparity in the distribution of A. baumannii between soil and host-

associated settings raises the possibility that this species is quickly adapting to human-

associated environments (including humans, human-associated hosts, and house-holds). 

Acinetobacter haemolyticus, A. parvus, A. junnii, A. modestus, and other members of 

clade II are frequently discovered in aquatic habitats and infrequently linked with hosts. 

Clade III members, such as A. lwoffii, A. generi, A. rudis, A. indicus, and others, are 

more frequently discovered in organicrich aquatic habitats, such as wastewater samples 

and marine sediments. Clade I witnessed substantially greater rates of habitat 

diversification compared to other groups (Garcia‐Garcera et al., 2017). Recently, 

Almeida and group used 275 high-quality filtered protein sequences to reconstruct the 

phylogenic tree with more than 57 species of Acinetobacter. The tree corroborates with 

the monophyly of the genus Acinetobacter and illustrates four main clades on the basis of 

the strongest support values (Fig. 2.4). They also showed ACB complex as a sub clade of 

clade II of the genus Acinetobacter (Almeida et al., 2021). 
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The term ACB complex was coined because the species that make up the group have 

nearly identical morphological traits and high genetic relatedness, making precise 

taxonomic assignment reliant on molecular approaches. Initially, the “complex” consisted 

of A. calcoaceticus, A. baumannii, and two unclassified strains formerly known as 

Acinetobacter genomic species 3 and Acinetobacter genomic species 13TU, which were 

formally reclassified as A. pitti and A. nosocomialis, respectively. Acinetobacter 

oleivorans, A. lactucae, and A. seifertii have all been identified as members of this 

complex in recent investigations (Almeida et al., 2021; Mateo-Estrada et al., 2019). 

Phylogeny of ACB complex genomes has been verified as monophyletic, and these are 

frequently responsible for nosocomial infections. Environmental species are mostly from 

the calcoaceticus lineage and are not linked to nosocomial illnesses. Furthermore, the 

ACB complex contains both environmental and human pathogenic isolates, which can be 

misleading for medical treatment because most of the pathogenic isolates are equipped 

with antibiotic resistance genes (Djahanschiri et al., 2022; Mateo-Estrada et al., 2019). 

 

Figure 2.4: Four main clades according to the phylogenetic tree representing more than 

57 species of Acinetobacter as given by Almeida and group in 2021 on the basis of 275 

high-quality filtered protein sequences (Almeida et al., 2021) 
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2.6.2 Clinical significance 

 Among several species of Acinetobacter, the Acinetobacter baumannii complex (A. 

nosocomialis, A. pitti, and A. baumannii) is clinically the most important, followed by A. 

haemolyticus, A. junni, A. johnsonii, and A. lwoffi. Acinetobacter ursingii, and A. 

schindleri are also found in clinical infections (Al Atrouni et al., 2016). Acinetobacter 

baumannii alone is responsible for over 90% infections in human hosts, while other 

species together account for the rest. The epidemics caused by Acinetobacter species are 

due to antibiotic resistance and their ability to persist in a harsh hospital environment, 

including desiccation and disinfectants (Al Atrouni et al., 2016; Almasaudi, 2018; 

Brasiliense et al., 2019). Members of the genus usually cause pneumonia and septicemia, 

as well as endocarditis, meningitis, and infection in wounds, the urinary tract, and the 

lungs (Dahal et al., 2023). Outer membrane proteins (OMPs), cellsurface 

hydrophobicity,toxic slime polysaccharides, and verotoxins have been implicated in the 

suspected virulence mechanisms employed by members of the genus (Dandachi et al., 

2019). 

MDR Acinetobacter MDR Acinetobacter species are those that are resistant to at least 

one antimicrobial agent among fluoroquinolone, aminoglycoside, penicillin, or 

cephalosporin. The resistance of Acinetobacter species to a wide range of antibacterial 

drugs, including first- and second-generation cephalosporins and carbapenems, is well 

recognized (Ayenew et al., 2021; Ayoub Moubareck & Hammoudi Halat, 2020). Most 

Acinetobacter isolates display multiple mechanisms of drug resistance, such as enzymatic 

drug degradation, target alteration or protection, and decreased permeability or active 

efflux of antibiotics. Resistance is acquired either by horizontal transfer of genetic 

elements containing resistance determinants or through mutations in endogenous genes 

that result in the inactivation, alteration, or overexpression of cellular functions (Ibrahim 

et al., 2021; Maeusli et al., 2020). 

 In clinical settings, the selective pressure of powerful antibiotics has slowly led to a 

worldwide preponderance of Acinetobacter strains resistant to several antibiotics used to 
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treat infection, including impenim,sulbactam, ampicillin,second generation 

cephalosporins, quinolones, colistin, aminoglycosides, gentamicin, and minocycline (Al 

Atrouni et al., 2016; Breijyeh et al., 2020). Carbapenem-resistant A. baumannii has been 

designated as a clinically relevant pathogen for antimicrobial research and development 

by the World Health Organization (WHO). Acinetobacter baumannii is the most 

prevalent MDR species. Moreover, members of the ACB complex like A. pittii and A. 

calcoaceticus have lately emerged as MDR nosocomial pathogens (Brasiliense et al., 

2019). Recent findings reveal increased carbapenem resistance as well as changes in 

resistance mechanisms employed by A. pittii. For example, carbapenem-resistant A. pittii 

(CRAP) has been reported to have disseminated worldwide. The presence of 

carbapenemhydrolyzing lactamases, such as NDM1, has been a major issue behind 

CRAP. Similarly, resistance to erythromycin- and telithromycin-like antibiotics in 

A.seifertii has been attributed to mutations in the 23S rRNA gene (Furlan et al., 2019). 

Resistance to β-lactams in A. calcoaceticus is speculated to be an outcome of 

chromosomally encoded cephalosporinase. Decreased outer membrane permeability is 

also a major factor contributing to A. calcoaceticus natural resistance toward broad-

spectrum antibiotics (Obara & Nakae, 1991). 

 

2.6.3 Pathogenicity  

The ability of Acinetobacter to resist innate immune mechanisms allows them to grow in 

numbers, resulting in sepsis. Capsule polysaccharide and OmpA are amongst the crucial 

antigenic factors that permit immune evasion. Furthermore, lipopolysaccharides, the iron 

acquisition system, phospholipase D, outer membrane vesicles, and penicillin binding 

proteins facilitate in vivo survival of the pathogens by neutralizing host immune response 

(Ayoub Moubareck & Hammoudi Halat, 2020). Exposure to broad-spectrum antibiotics, 

the presence and duration of invasive surgery, burns, and other factors like ICUs, use of 

devices such as endotracheal tubes, catheters, and mechanical ventilation are strongly 

linked to Acinetobacter infections. Acinetobacter can be extremely virulent and cause an 
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invasive catastrophe, as seen by the incidence of fulminant community acquired 

infections (Meumann et al., 2019). Some of the major pathogenic species along with their 

key attributes have been summarized in Table 2.3 
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Table 2.3: Pathogens and their key attributes 

 

Organism Average 

GC% 

and 

Protein 

count 

Infections Source Antibiotic 

resistance 

genes/enzymes 

Other Important Features References 

 

 

 

 

 

Acinetobacter 

baumannii 

 

 

 

 

 

 

 

 

39, 3678 

Ventilator associated 

pneumonia, sepsis, 

urinary tract 

infections, and skin 

and soft-tissue 

infection 

Clinical 

environment 

MBLs genes of 

blaOXA-23, 

blaOXA-40, and 

blaOXA-58 efflux 

pumping systems, 

porins 

Degradation of propanil 

(herbicide) 

 

MDR 

 

Monophyletic origin 

 

Member of ACB complex 

 

Chakravarty 

2020; Mea et 

al., 2021  

 

 

 

Acinetobacter 

bereziniae  

 

 

 

 

37.9, 

4184 

Bacteremia, 

especially in 

immunocomprom-

ised patients 

Clinical 

environment, 

also reported 

in human milk 

sample 

 

blaOXA-58 

reported 

 

Formerly known as 

Acinetobacter genomospecies 

10 

MDR species 

Opportunistic pathogen 

Favaro et al., 

2019; Lee et 

al., 2020 
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Table 2.3: Continued 

Organism Average 

GC% and 

Protein 

count 

Infections Source Antibiotic resistance 

genes/enzymes 

Other Important 

Features 

References 

 

 

 

Acinetobacter 

calcoaceticus 

 

 

 

 

 

 

38.7, 3592 

Causes 

pneumonia 

and other 

hospital 

related 

infections 

Clinical as well 

as   natural 

environment 

including 

sewage 

treatment system 

 

 

 

blaOXA-822(Class-D) 

Cadmium and 

antibiotic-resistant 

has been reported 

Reported 

pathogenic in dogs 

and cat 

 

Obara et al., 1991; 

Glew et al., 1977, 

Retailliau et al. 

1979 

 

Acinetobacter 

haemolyticus 

 

 

39.5, 3095 Not 

mentioned, 

reported 

pathogenic 

Across Human 

samples and 

clinical 

environment 

blaOXA265, blaNDM-

1, aphA6 and a 

resistance-nodulation-

cell division-type 

efflux pump.  

MDR 

Can produce 

phosphate binding 

exo-biopolymer 

Aerobic 

denitrification 

Kaur et al.,; 

2015;Bello et al., 

2019; 

Bai et al., 2020 

 

 

 

Acinetobacter 

johnsonii 

 

 

 

 

41.4, 3291 

Opportunistic 

pathogen, 

nematocidal 

activity 

against round 

worm 

Distributed in 

clinical and 

natural 

environment 

blaOXA-23 Degrades NAP 

(Naphthalene) and 

ANT (anthracene) 

MDR 

Tian et al., 2016; 

Jiang et al., 2018;  

Jia et al., 2021 

 

Acinetobacter 

junii 

 

 

 

38.7, 3063 

Urinary tract 

infection, 

Associated 

with outbreaks 

of sepsis in 

immuno-

compromised 

patients 

Human samples 

and environment 

Carbapenem 

resistance, 

blaOXA-24 and 

blaOXA-30 

Rarely pathogenic 

to humans 

 

Abo-Zed et al., 

2020; 

Kollimuttathuillam  

et al., 2021 
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Table 2.3: Continued 

Organism Average 

GC% 

and 

Protein 

count 

Infections Source Antibiotic resistance 

genes/enzymes 

Other Important 

Features 

References 

 

Acinetobacter 

nosocomialis 

 

 

38.7, 

3606 

 

Pathogenic Clinical 

specimens, 

soil sample 

blaOXA-24/50 Member of ACB complex. 

Carbapenem and 

colistin resistant 

Kim et al., 

2016; 

Subhadra et 

al., 2020 

Acinetobacter 

pittii 

 

 

 

 

38.8, 

3685 

Causes 

nosocomial 

infections, Fish 

pathogenesis 

reported  

Environment and 

human 

specimens 

blaNDM-1, blaOXA-

820, blaADC-43 and 

aphA6 reported 

Member of ACB complex. 

Carbapenem-resistant  

Phosphate-solubilizing  

Iimura et al., 

2020; 

He at al., 2021 

 

Acinetobacter 

seifertii 

 

 

 

 

38.6, 

3651 

Bacteremia 

 

Clinical samples Produces oxa-58, 

metallo-β-lactamase-2 

Belongs to ACB complex 

Resistance to 

Levofloxacin and 

carbapenems, but not 

colistin. 

Kishii et al., 

2016;  

Na et al., 2021 

 

Acinetobacter 

towneri 

 

41.3, 

2614 

Human 

infections 

Hospital waste, 

sea water 

Plasmid-mediated tet 

(X3) gene, also 

produce metallo-β-

lactamase-1 

MDR including 

tigecycline 

 

Causes infections in 

human 

Ma et al., 

2020; 

Maehana et al., 

2021 

 

 

Acinetobacter 

ursingii 

 

 

40.1, 

3173 

Blood stream 

infections 

Clinical 

environment 

including Human 

samples 

Metallo-β-lactamase-

producing 

 

Affects 

immunocompromised and 

terminally-ill patients. 

 

Antibiotic resistance 

Faccone et al., 

2019; Daniel 

et al., 2021 
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Table 2.3: Continued 

Organism Average 

GC% 

and 

Protein 

count 

Infections Source Antibiotic 

resistance 

genes/enzymes 

Other Important 

Features 

References 

 

Acinetobacter 

kookii 

 

 

 

 

43, 2828 

Polyarthritis in giraffe 

 

Soil, 

Rothschild's 

giraffe calf, 

Activated 

sludge 

 

Unknown Similar to Acinetobacter 

beijerincki 

 

Degrades 17α-

ethinylestradiol 

Schwarz et al., 

2020; Palma et 

al., 2021 

 

 

Acinetobacter 

lwoffii 

 

 

 

42.95, 

3100 

Emerging pathogen in 

fish, causes 

bacteremia, 

pneumonia, 

meningitis and 

gastritis in humans 

 

Clinical 

environment 

Unknown Dark green pigmentation 

reported 

Cao et al., 

2018 

;Kulkarni et al., 

2021 

 

 

Acinetobacter 

colistiniresistens 

 

 

 

 

41.3 

3547 

Blood stream 

infections 

Clinical 

environment 

Produces Imp-34- 

and oxa-58 

Previously known as 

Acinetobacter genomic 

species 13BJ/14TU 

 

Intrinsic resistance to 

colistin 

Carbapenem-resistant  

Suzuki et al., 

2019; 

Brasiliense  et 

al., 2021;  

 

Acinetobacter 

indicus 

 

 

 

45.8, 

2733 

Not reported Animal origin 

(cow, duck) 

blaNDM-1 and 

tet(X) 

Biotechnologically 

significant (lipase and 

biosurfactant 

production) 

 

Opportunistic pathogen 

He et al., 2020; 

Tang et al., 

2021 
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Table 2.3: Continued 

Organism Average 

GC% 

and 

Protein 

count 

Infections Source Antibiotic 

resistance 

genes/enzymes 

Other Important 

Features 

References 

 

Acinetobacter 

schindleri 

 

 

 

 

42.5, 

2956 

Bacteremia in 

humans reported 

Soil, Chicken 

litter (reported, 

water and hospital 

environment 

Unknown Could not use furfural 

as sole carbon source 

 

Opportunistic pathogen 

Kee et al., 2018; 

Mlynarcik et al., 

2019; Arteaga et 

al., 2021 

 

 

 

 

Acinetobacter 

radioresistens 

 

 

 

 

41.8, 

2881 

Bacteremia, 

pneumonia and 

hepatic 

hydrothorax 

 

Soil and human 

samples 

blaOXA-23-

like gene tet(B), 

aph(3')-Vla, strA, 

and strB,  

 

Rarely infects human 

 

Applied in soil 

bioremediation 

 

Resistant to ampicillin, 

ceftriaxone, 

ceftazidime, 

cefotaxime, 

streptomycin, and 

kanamycin 

Opazo-Capurro 

et al., 2019; Liu 

et al., 2020 
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The most significant pathogenic species of the genus, A. baumannii, is one of the 

“ESKAPE” pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumonia, A. baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) that can 

cause epidemics, especially in intensive care patients, and can be detected using 16s 

ribosomal RNA or seven housekeeping genes, rpoD, gyrB, gdhB, recA, gltA, gpi, and 

cpn60, through MLST. Ventilator-associated pneumonia, sepsis, UTIs, and skin and soft-

tissue infections are the common diseases caused by A. baumannii (Dahal et al., 2023). 

Acinetobacter baumannii is a common cutaneous and upper respiratory tract colonizer 

that has been identified in human sputum, blood, urine, and faeces. Acinetobacter 

baumannii may survive for long durations on hospital surfaces and has been isolated 

from a variety of sources, including tap water faucets, angiography catheters, ventilators, 

air, gloves, and bed-side urinals (Ibrahim et al. 2021). One-fifth of the infections in 

intensive care units globally are attributed to A. baumannii (Dahal et al. 2023). Crucial 

factors that assist in the pathogenicity of A. baumanii and other pathogens are described 

in the following section. 

 

2.6.3.1 Role of enzymes 

 The development of β-lactamases, particularly oxacillinases, linked to the promoter gene 

sequence ISAba1, is the basis of carbapenem resistance in Acinetobacter spp. (Bansal et 

al., 2020; Yazdansetad et al., 2019). The most common oxacillinase, transferred through 

mobile genetic elements, is blaOXA-23. The genes blaOXA-23 and blaOXA-51 had been 

previously linked to A. baumannii. However, recent reports have revealed the presence of 

these genes in other species as well. Acinetobacter pittii and A. nosocomialis are both 

reported to contain the blaOXA-23 gene (Meshkat et al. 2019). In addition, A. 

calcoaceticus, A. johnsonii, and A. haemolyticus, also contain oxacillinase-producing 

genes (Figueiredo et al., 2012). 
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Acinetobacter baumannii has an intrinsic class D type oxacillinase and a non-inducible 

chromosomal AmpC type cephalosporinase that is expressed at a low level. Oxacillinases 

from A. baumannii are OXA51 enzymes, which have more than 40 sequences and can 

hydrolyze many types of penicillin (Farajzadeh et al., 2021). In addition to this, all strains 

of A. baumannii have chromosomal cephalosporinases (AmpC enzymes), which can 

hydrolyze almost all derivatives of penicillin and cephalosporin (Nordmann & Poirel, 

2019). Metallo-β-lactamases (MBLs) are rarely found in A. baumannii, but their 

carbapenem-degrading activity is much stronger. All the β-lactams and carbapenems are 

hydrolyzed by these enzymes, except for aztreonam (Ramirez et al., 2020). The presence 

of MBLs was described in A. pittii (Deglmann et al., 2019). 

Other crucial enzymes encoded by genus Acinetobacter include phospholipase C and D. 

Acinetobacter baumannii encodes for phospholipase D, while A. calcoaceticus encodes 

phospholipase C (Lehmann, 1971). The two enzymes can be distinguished by their ability 

to digest a phospholipid molecule. Phospholipase D only digests the head group, whereas 

phospholipase C digests the phosphorylated head of a phospholipid molecule (Ayoub 

Moubareck & Hammoudi Halat, 2020). Phospholipases are important hydrolytic enzymes 

with lipolytic action against phospholipids in human cell membranes serving as crucial 

virulence mechanism in A. baumannii. Phospholipase D increases the survival rate of 

bacteria in human serum, whereas phospholipase C damages epithelial cells. CpaA has 

been acquired recently by A. baumannii as a virulence factor that prevents blood 

coagulation by inactivating factor XII. As a result, CpaA inhibits the production of 

thrombin at intravascular regions, allowing A. baumannii to spread more widely (Harding 

et al., 2018; Morris et al., 2019). 

 

2.6.3.2 Outer membrane proteins 

 OMPs found in Acinetobacter species contribute significantly to their pathogenicity and 

evolving antibiotic resistance. OMPs reportedly modulate the uptake of antimicrobial 
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agents preventing them from entering the bacterial system (Nie et al., 2020; Uppalapati et 

al., 2020). Furthermore, OMPs promote greater cell adherence and maintain the integrity 

of cell membranes. OMPs regulate the generation of outer membrane vesicles, which is 

crucial for antibiotic resistance and in the formation of biofilms (Mozaheb & Mingeot-

Leclercq, 2020). OmpA, CarO, and OmpW are the major types of porins discovered in 

species like A. baumannii and A. nosocomialis (Uppalapati et al., 2020). The first porin to 

be discovered and characterized in Acinetobacter was OmpA (initially identified as 

Omp38). OmpA is comparatively impermeable with respect to other porins of similar 

size (e.g. OprF from E. coli), implicating it in antibiotic resistance. OmpA is highly 

conserved across species, having 92% amino acid sequence similarity with A. 

nosocomialis (Kwon et al., 2019) and plays a key role in its pathogenesis mechanism. 

OmpA expressed on the outer membrane of A. nosocomialis helps the bacteria form 

biofilms on abiotic surfaces and adhere to human epithelial cells facilitating cytotoxicity 

(Knight et al., 2018). 

CarO, or carbapenem-susceptible porin, is an outer membrane channel protein with an 8-

strand β-barrel structure that does not have a continuous channel but mediates the inflow 

of beta-lactams (mostly imipenem) into A. baumannii. CarO provides carbapenem 

resistance to A. baumannii and works similarly to other OMPs in enhancing cell 

attachment. It can also manipulate the immunological response of host cells by inhibiting 

micro-tubule associated protein thereby reducing the expression of pro-inflammatory 

genes. Recent evidence suggests that it plays a role in enhanced bacterial endurance 

inside the host as it acts as a selective filter dodging antimicrobials produced by the host 

(Mea et al., 2021; Zhu et al., 2019). 

OmpW, identified in A. baumannii, is highly like OmpW found in P. aeruginosa and E. 

coli. Although the direct role of OmpW in A. baumannii is unknown, colistin-resistant A. 

baumannii mutant grown in vitro exhibited a decreased expression of the porin. However, 

a report from 2016 revealed the porin’s role in iron assimilation and its ability to 

accommodate colistin molecules (Gil-Marqués et al., 2022; Sarshar et al., 2021). 
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2.6.3.3 Biofilm 

 The formation of biofilms is associated with increased bacterial survival rates and 

therefore augments pathogenicity. Pathogenic members of the genus like A. baumannii, 

A. pittii, and A. calcoaceticus reportedly form biofilms and are more resistant to 

antimicrobial treatments (Bravo et al., 2018; Knight et al., 2018). Moreover, the biofilm 

so formed enables them to remain active on biotic and abiotic surfaces while avoiding the 

host reaction (Gedefie et al., 2021). The biofilm-associated protein (bap) expressed by the 

bap gene is involved in intercellular adhesion, bacterial cell accumulation, and biofilm 

formation. The presence and expression of the blaPER-1 gene have also been associated 

with certain A. baumannii clinical isolates forming biofilms. Moreover, the development 

of pilus and exo-polysaccharide structures for defense against host is phenotypically 

linked to biofilm formation in A. baumannii strains that adhere to host cells (Yang et al. 

2019, Gedefie et al. 2021, Mea et al. 2021). Similarly, as per a report, A. pittii may 

recover quickly from desiccation and express adhesion factors to infect new hosts as a 

result of biofilm formation (Bravo et al., 2018). 

 

2.6.3.4 Efflux pumping systems 

Efflux pumps serve as potent mechanisms for preventing antibiotics from entering the 

bacterial cell and induce resistance. Antimicrobials are expelled from the bacterial cell 

through these pumps resulting in lower drug accumulation therefore higher minimum 

inhibitory concentrations (MICs) for several antibiotic families such as β-lactams, 

quinolones, and aminoglycosides. Efflux pumps are essential for the extrusion of bile 

molecules, fatty acids, and peptides, as well as the active secretion of virulence factors 

such as siderophores in other Gram-negative bacteria. AceI and the AdeABC efflux 

pumps in Acinetobacter induce resistance to aminoglycosides and biocides, respectively 

(Morris et al., 2019). 
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The small multidrug resistance (SMR) family, the resistance-nodulation-division (RND) 

family, the major facilitator superfamily (MFS), and the multidrug and toxic compound 

extrusion (MATE) family are the four types of efflux pumps prevalent in A. baumannii. 

These families and their membrane-associated transporters have been shown to target 

specific antibiotic classes (Chakravarty, 2020). Narrow-spectrum pumps from MFS 

include minocycline (TetB) resistance pumps and tetracycline (TetA, TetB) pumps, as 

well as the CmlA system that extrudes chloramphenicol. Two RND pump systems found 

in A. baumannii are AdeABC and AdeIJK. Chloramphenicol, aminoglycosides, 

cefotaxime, fluoroquinolones, tetracyclines, erythromycin, and trimethoprim are all 

pumped out by the AdeABC efflux pump in A. baumannii. AdeIJK, the second RND 

pump, prefers amphiphilic molecules as a substrate and works in tandem with AdeABC 

to promote tigecycline resistance. AbeM, a pump from the MATE family, has been 

implicated in lowering sensitivity toward erythromycin, quinolones, gentamicin, 

trimethoprim, chloramphenicol, and kanamycin upon overexpression. AbeS, a member of 

the SMR family of bacterial integral membrane proteins is linked to Chloramphenicol, 

quinolone, and macrolide resistance (Darby et al., 2023; Naidu et al., 2023).  

In addition to antibiotic resistance mechanisms, pathogenesis, cell multiplication, and 

biofilm development are all known to be influenced by multidrug efflux pumping 

systems in A. nosocomialis. AcrR regulates the transcription of the AcrAB efflux pump 

in A. nosocomialis. The acrAB operon encoding AcrA and AcrB has also been 

discovered in A. nosocomialis and is significantly similar to arpAB operon involved in 

aminoglycoside resistance in A. baumannii (Subhadra et al., 2019). 

 

2.6.3.5 Quorum sensing 

Quorum sensing (QS) is a mode of communication between bacteria in order to maintain 

population density, using signal molecules known as “auto-inducers.” The LuxI/LuxR 

system is commonly found in various Gram-negative bacteria and is analogous to the two 
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components of A. baumannii’s QS circuit: the AbaI inducer and its corresponding 

receptor AbaR. AbaR serves as an acyl homoserine lactone (AHL) receptor protein, while 

AbaI is a sensor protein that acts as an auto-inducer synthase to produce AHL signal 

molecules. When AHL binds to AbaR, a series of reactions are triggered. According to 

recent studies, QS can be crucial for the development of biofilms, which act as insulation 

and help organisms live in hostile conditions and develop drug resistance (Saipriya et al., 

2020). In addition, AnoI/AnoR, similar to AbaI/AbaR regulatory systems, were 

discovered in A. nosocomialis. The LuxI- and LuxR-type proteins AnoI and AnoR make 

up the QS system. AnoI is the producer of the QS signal N-3-hydroxydodecanoyl-L-

homoserine lactone in A. nosocomialis. The formation of A. nosocomialis biofilm is 

significantly influenced by surface motility, which is further mediated by this QS 

regulating network (Subhadra et al., 2019). 

 

2.6.4 Ecological/industrial significance 

Another facet of the genus Acinetobacter entails its role in rescuing the environment by 

degradation of contaminants such as biphenyl, phenol, crude oil, acetonitrile, removal of 

phosphate from wastes, and many more. Some species can be used for producing 

fermentation-based industrial goods such as lipases, proteases, bio-emulsifiers, and a 

variety of biopolymeric compounds (Oanh et al., 2020; Patel et al., 2021). The ability to 

produce lipase is associated with hydrocarbon breakdown. They are frequently isolated 

from waste water treatment plants and sewage, which include high levels of petroleum-

related hydrocarbons and other xenobiotics (Chen et al., 2004). In Thailand, e.g. 

Acinetobacter species strain MUB1 was identified with a remarkable ability to digest 

crude oil (Ecker et al., 2006). Furthermore, A. venetianus species contain marine 

hydrocarbon-degrading strains and have been recommended as an attractive model 

system for researching the mechanisms behind the process of alkane degradation, as well 

as a good platform for bioremediation of contaminated environments in general 

(Alattraqchi et al., 2021). A short description of various ecological applications of the 
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Acinetobacter species has been included in the following sections and summarized in 

Table 2.4. 

 

Table 2.4: Species with biotechnological significance 

 

 

 

 

 

Biotechnological 

application 
Organisms 

 Degradation/ 

Production potential 
References 

Phenol degradation 

 

 

A. calcoaceticus 

 

 91.6% of 0.8 g/L phenol 

in 48 h 

Dahal et al., 

2023 

A. radioresistens 

 

 99% of 450 mg/kg of 

phenol-contaminated soil 
Liu et al. 2020 

A. lwoffii   

 
41.67 mg/L per hour 

Dahal et al., 

2023 

A. tandoii 

 

100% phenol degraded at 

the concentration of 

280 mg/L 

Van Dexter  & 

Boopathy 2019 

Nitrogen 

assimilation and 

removal  

A. boisseri 

 
Not mentioned 

Álvarez perez 

et al. 2021 

A. calcoaceticus 

 

Capable of nitrogen 

removal under low 

temperature conditions 

Uniyal et al., 

2016 

A. nectaris 

 
Not mentioned 

Álvarez perez 

et al.2021 

Reduces Chromium 

 

 

A. bouvetii 

 

Able to reduce 40% 

chromium absorbed by 

plant roots  

Qadir et al. 

2021 
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Table 2.4: Continued 

Biotechnological 

application 
Organisms 

 Degradation/ Production 

potential 
References 

Hydrocarbon 

degradation 

 

A. lwoffii 

 

Degraded C13- C35 n-

alkanes in crude oil 

Can degrade 88% of crude 

oil 

Dahal et al., 

2024 

 

A. baumannii 

 

Can degrade 76% diesel 

and 90 % paraffins 

Dahal et al., 

2024 

Dye discoloration 

and degradation   

 

A. pittii 
Can degrade 84% 

methylene blue in 24 hours 

Bunnoy et al., 

2019 

A. calcoaceticus 

 

azo dye amaranth 

degradation with 90 % 

efficiency 

Dahal et al., 

2024 

A. haemolyticus 

 

Can degrade  methylene 

green, basic violet and acid 

blue dyes 

Kaur et al., 

2015 

A. baumannii 
Decolourized 90% of 

500mg/l of azo dye  

Shreedharan 

et al.2021 

Toulene  

 

A. junnii 

 

Can degrade 80% of 50 

ppm toluene within 72 

hours  

Sing et al. 

2018 

Diesel degradation  

 

A. vivani 

 

Can use diesel as a sole 

source of carbon 

Migliaccio  et 

al. 2023 

A. haemolyticus 

 

Kurstakin enhances diesel 

degradation by this 

bacteria 

Dahal et al. 

2023 

A. baumannii 

 

Can degrade 99% diesel at 

pH 7 

Dahal et al. 

2024 

A. lwoffii 
bioremediation in marine 

environment 

Dahal et al., 

2023 

A. calcoaceticus 

Presence of diesel 

degrading genes alkM and 

xcpR  

Dahal et al., 

2023 

https://www.sciencedirect.com/topics/chemistry/methylene-green
https://www.sciencedirect.com/topics/chemistry/methylene-green
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Table 2.4: Continued 

Biotechnological 

application 
Organisms 

 Degradation/ Production 

potential 
References 

Crude oil 

degradation 

 

A. venetianus 
Can degrade upto 60.6 % 

waxy crude oil 

Bach et al., 

2003 

A. pitti 

 

36.% percent crude oil  in 21 

days at 10gm/lit 

Wang et al. 

2019 

Insecticide 

degradation 

A. schindleri 

 

 

Can degrade insecticides α-

endosulfan and α-

cypermethrin with more 

than 60% efficiency 

 

Dahal et al., 

2023 

Furfural 

degradation 
A. baylyi 

Can degrade 1g furfural in 1 

hour 

Arteaga et 

al., 2021 

Fipronil 

degradation 

 

A. calcoaceticus 
86.6% degradation after 45 

days 

Uniyal et al. 

2016 

A. oleivorans 

 

 

89.7 % degradation after 45 

days 

 

 

Uniyal et al. 

2016 

NAP (Naphthalene) 

and ANT 

(anthracene) and 

other polyaromatic 

hydrocarbons like 

pyrene degradation 

A. johnsonii 0 mg/litre NAP and ANT 

 

 

Jiang et al. 

2018 

 

 

 

A. baumannii 

(pyrene) 

Efficient at 300mg/L  

concentration of pyrene 

Dahal et al., 

2023 

Catechol 

production 

 

A. bouveti 

Produces novel biscatechol 

siderophores namely 

propanochelin , 

butanochelin  and 

pentanochelin 

Dahal et al., 

2023 

 

N-acetyl-β-D-

glucosamine 

 

A. parvus 
Can convert chitin to  N-

acetyl-β-D-glucosamine 

Dahal et al., 

2023 

Cellulase 

  

A. junnii 

 

capable to produce  cellulase 

at 112.38 U/ml) 

Dahal et al., 

2023 
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Table 2.4: Continued 

 

 

Biotechnological 

application 
Organisms 

 Degradation/ Production 

potential 
References 

Mevalonate 

 

 

A. baylyi 

 

 Produce mevalonate from 

lignin derived compounds 

by β-keto adipose pathway. 

Dahal et al., 

2023 

Lipases  

 

A. indicus  
Efficient lipase producer 

from industrial wasters 

Dahal et al., 

2023 

A. radioresistens 
4.16 U/ml at pH 9) of 

enzyme after 72 h 

Dahal et al., 

2023 

A. haemolyticus 

Produces lipase which is 

highly stable at 4 °C 

displaying 90 % activity 

even after 2 months 

 

Dahal et al., 

2023 

Wax esters  

production 

 

A. calcoaceticus 

 

Highest molecular weight 

(1010 Kilo Dalton) so called 

emulsion 

Mujumdar et 

al., 2019 

Bioemulsion and 

biosurfactant 

production 

 

A. pittii 

 

Can produce 0.57 g/l 

lipopeptide biosurfactant 

when incubated in 1%(V/V) 

crude oil  

Mujumdar et 

al., 2019 

 

Acinetobacter 

beijerinckii 

 

Produces the only 

bioemulsion that contains  

lipoprotein while other 

contain polysaccharides 

Mujumdar et 

al., 2019 

 

A. baumannii 

 

Produces Lipoglycan,using   

edible oil as carbon source 

Mujumdar et 

al., 2019 

 

 

A. radioresistens 

 

Produces alsan, utilizing 

carbon source as ethanol 

Mujumdar et 

al., 2019 

 

A. bouvetii 

 

Produce Lipo-hetero-

polysaccharide 

bioemulsifier which is the 

highest molecular weight 

ioemulsifier 

Mujumdar et 

al., 2019 

 

A. lwoffii 

 

 Produces proteoglycan in 

presence of castor oil as 

carbon source 

Mujumdar et 

al., 2019 
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Table 2.4: Continued 

 

2.6.4.1 Phenol degradation 

Due to its widespread use as a raw material, phenol makes up a sizable component of the 

industrial wastewater released from chemical factories. Bacterial phenol degradation 

involves the metabolic transformation of complicated aromatic metabolites into essential 

primary (3–4) carbon compounds for bacterial growth. Catechol is produced after phenol 

is first oxidized by phenol hydroxylase. It is then changed through a variety of ring-

opening processes, such as the ortho and meta cleavage pathways, which are, 

respectively, mediated by catechol 1,2-dioxygenase and catechol 2,3-dioxygenase. 

Catechol is turned into cis-muconate and then succinyl-CoA in the ortho-cleavage 

process. Similarly, it is transformed into 2- hydroxymuconate semialdehyde, 2-keto-4-

pentenoic acid via two pathways (Fig. 2.5), and then acetyl-CoA in the metacleavage 

Biotechnological 

application 
Organisms 

 Degradation/ Production 

potential 
References 

Phenanthrene 

degradation 

 

 

A. venetianus 

Phenanthrenen degradation 

ability increased by 2.4 

times in presence of Ball-

milled biochar 

 

Dahal et al., 

2023 

Proteases 

production 

 

A. pittii 

De-oiled neem seed cake 

showed yield as high as 11–

12 U/ml  

Dahal et al., 

2023 

Biohydrogen  

 
A. junii  566.44 3.5 mL/L  at pH 7.5 

Dahal et al., 

2023 

Biodiesel  

 

 

A. oleivorans 

 

Use biodiesel as a sole 

source of carbon at 30° C 

Deems et al. 

2021 

Polyhydroxy 

butarate  
A. nosocomialis 

Yield of 5.88 g/L 35  ° C 

for 54 hours 

Dahal et al., 

2023 

Bioremediation of 

heavy metals 
A. indicus 

Can reduce chromium (IV) 

and mercury (II) 

Ho et al., 

2021 
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pathway (Dahal et al., 2023). One of the most effective phenol-degrading bacteria 

employed in soil bioremediation is A. radioresistens APH1 (Liu et al. 2020). A recent 

study revealed the potential role of A. lwoffii NL1 in the breakdown of phenol in 

wastewater. Phenol can be used by A. tandoii as the only carbon source, and it can 

degrade phenol using both the ortho and meta pathways (Van Dexter & Boopathy 2019). 

When compared to loose cells, Acinetobacter sp. strain AQ5NOL 1 encapsulated in 

gellan gum has a greater ability to break down phenol (Dahal et al., 2023). 

 

Figure 2.5: Ortho and Meta cleavage pathway for phenol degradation in Acinetobacter 

(Dahal et al., 2023, Liu et al. 2020) 
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2.6.4.2 Bio-emulsifier and biosurfactant production 

When present in aqueous solutions and hydrocarbon mixtures, bio-emulsifiers and 

biosurfactants are the most significant active substances produced by microorganisms 

that play a crucial role in lowering surface and interfacial tensions. High-molecular-

weight substances known as bio-emulsifiers are made up of intricate blends of 

polysaccharides, lipids, and proteins. They create stable emulsions by forging a strong 

bond on hydrocarbon surfaces. Contrarily, biosurfactants are low-molecular-weight 

substances that can lower surface and interfacial tension at the interfaces of phases, such 

as gas–liquid–solid interfaces. They produce stable emulsions as well and contain 

complex assemblages of proteins, glycolipids, and lipo-peptides (Dahal et al., 2023). 

Many Acinetobacter species, including A. venetianus RAG-1, A. calcoaceticus RAG-1, 

A. calcoaceticus BD4 RAG1, and A. radioresistens KA53, etc. are capable of producing 

polymeric bio-emulsions. The best emulsions produced by several Acinetobacter strains 

are emulsan, biodispersan, and alasan. The substrates that are insufficiently soluble in 

water are broken down using emulsan, generated by A. calcoaceticus RAG-1. It has also 

been claimed that the biosurfactant derived from A. junii B6 lowers the surface tension of 

cultured oil broth. Biosurfactant produced by Acinetobacter sp. ACMS25 was found to 

inhibit the growth of Xanthomonas oryzae XAV24. An important study revealed 

attenuated proliferation of lung cancer cells upon exposure to the biosurfactant produced 

by A. indicus M6, indicating its anticancer properties (Mujumdar et al. 2019). 

 

2.6.4.3 Lipases 

Lipases which hydrolyze lipids into fatty acids and glycerol at the water-oil interface and 

catalyze the processes of esterification and resolution find abundant use in the food, 

biofuel, dairy, cosmetic, and pharmaceutical industry (Dahal et al., 2023). Lipolytic 

Acinetobacter strains have been isolated from a wide range of substrates, including 

human skin, dairy products etc. as well as from various soil and water environments. 
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Lipolytic clinical strains frequently result in serious nosocomial infections in 

immunocompromised adults and newborns. Since bacteria use lipolysis appropriately to 

meet their specific needs during invasion of host cell targets, the lipase activity of 

pathogenic species may be a contributory factor in their pathogenicity. Together with 

their corresponding Lif chaperone, lipases are encoded in an operon. With the exception 

of A. calcoaceticus BD413, which has the reverse arrangement, the Lif chaperone is 

typically encoded downstream from the structural gene. For the mature lipase to be 

secreted, lipase genes (lip) must co-express with their cognate foldases. There have been 

many reports of Acinetobacter spp. producing lipases, including A. beijerinckii, A. 

baumanii, Acinetobacter nov. sp. KM109, A. radioresistens, A. haemolyticus CMC-1, A. 

calcoaceticus BD413, and Acinetobacter sp. RAG-1. Very recently, A. indicus strain 

UBT1 was proved to efficient producer of lipase and biosurfactant using industrial waste 

as a sole source of carbon (Patel et al. 2021). 

 

2.6.4.5 Wax esters 

Wax esters, e.g. are prospective high-value lipids for the production of a wide variety of 

applicants, such as cosmetics, lubricants, medicines, printing, food supplies, etc. When 

nitrogen is scarce and carbon is limited, bacteria collect wax esters for storage. 

Acinetobacter baylyi, a naturally existing producer of wax esters, is a suitable model 

organism for understanding the potential and modifiability of wax esters in natural hosts. 

Engineered A. baylyi ADP1 can produce three times as much wax via overexpression of 

fatty acyl-CoA reductase Acr1 and deletion of the gene aceA encoding for isocitrate lyase 

in the wax ester synthesis pathway (Dahal et al., 2023). Similar to this, A. baylyi ADP1 

naturally catabolizes aromatic substrates derived from lignin using the β-ketoadipate 

pathway to produce mevalonate from lignin-derived compounds (Dahal et al., 2023). 
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2.6.4.6 Crude oil degradation 

Large amounts of poly-aromatic hydrocarbons, alkanes, and cycloalkanes, including 

benzene, xylenes, and toluene, are some of the hazardous substances found in crude oil 

(Bach et al., 2003). There are numerous Acinetobacter species that are able to break 

down crude oil and its hazardous by products. In 2019, Pradeep and colleagues showed 

that toluene could be broken down into non-toxic intermediate molecules by A. junii in 

petroleum-contaminated soil. Furthermore, combined cultures of Acinetobacter species 

and hydrocarbon-degrading fungus have been shown to be effective in breaking down 

crude oil because the fungus has a stronger ability to break down n-alkanes while the 

bacteria are efficient at breaking down other components like aromatic and branched 

alkanes. The combined culture of A. baumannii and Talaromyces sp. showed exceptional 

resistance to alkaline environment and a high ability to degrade crude oil (Wang et al., 

2019). Use of biosurfactant-producing Acinetobacter sp. Y2 in combination with the 

fungus Scedosporium doubled the breakdown of petroleum hydrocarbons in comparison 

to the fungus alone. Acinetobacter species with high methyl tolerance and lipase 

production ability, A. junii C69 and A. pittii C95 can also catalyze the conversion of 

soybean oil into biodiesel (Bach et al., 2003; Wang et al., 2019). 

 

2.6.4.7 Diesel oil degradation 

Diesel oil is an extremely complex mixture of alkanes, cycloalkanes, and aromatic 

hydrocarbons, including alcohols. Diesel oil and its derivatives are known soil pollutants 

that are phytotoxic to a range of plants and crops. Bioremediation using bacteria like 

Acinetobacter to remove toxins from the environment, can mitigate the consequences 

(Migliaccio et al., 2023). One of the first studies on Acinetobacter strains, A. 

haemolyticus and A. johnsonii that break down diesel oil was published in 2012. Over 

90% of diesel oil could be degraded by either species (Dahal et al., 2023). In course of 

two weeks, A. junii VA2 decomposed more than 75% of the applied diesel. Another 
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study revealed that A. calcoaceticus CA16 could grow in minimal medium, including 

diesel as the sole source of carbon, resulting in the breakdown of more than 90% of the 

aliphatic hydrocarbons and alkanes in diesel (Ho et al. 2020). According to a report, a 

bio-emulsion produced by A. lwoffii selectively dissolves various chain-length 

hydrocarbons in diesel (Dahal et al., 2023). The degradation process of crude oil, diesel, 

petrol, n-alkanes, and other hydrocarbons by members of Acinetobacter genus have been 

included in Fig 2.5 and 2.6.  

 

2.6.4.8 Dye degradation 

Reactive dyes are manufactured and used at a rate of more than 8 × 104 tonnes annually 

because of their chemical stability and adaptability. Dyes are employed in textile dying as 

well as in tattoos, cosmetics, printing, and consumer goods. Nevertheless, once the dyes 

are discharged into the environment due to their endurance, contamination results. The 

most hazardous pollutants are synthetic textile dyes, which contaminate wastewater as 

part of industrial effluents. Bioremediation is more affordable and environment-friendly 

in comparison to chemical and physical decomposition methods. A total of 20 different 

types of textile dyes were previously discovered to be decolored by A. calcoaceticus 

NCIM 2890 (Kaur et al., 2015). Numerous other Acinetobacter species have 

demonstrated their effectiveness in bioremediation and decolorization of pollutant dyes. 

Acinetobacter pittii, for instance, has the ability to break down methylene blue. Within a 

few days of incubation, the organism showed more than 70% decolorization of the 

contaminated effluent as well as methylene blue degradation (Shreedharan et al., 2021). 

A similar investigation on A. baumannii by Unnikrishnan and group in 2018 

demonstrated above 85% decolorization in reactive red and over 90% degradation rate in 

dyes like Congo red and gentian violet within three days of incubation (Dahal et al., 

2023). Recent research has shown that A. haemolyticus may degrade dyes like methylene 

green, basic violet, and acid blue with an efficiency of more than 75% (Dahal et al., 

2023). 
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Figure 2.6: Chart for degradation of various contaminants like crude oil, diesel, petrol, n -

alkanes, and other hydrocarbons by members of Acinetobacter genus (Kaur et al., 2015; 

Shreedharan et al., 2021; Dahal et al., 2023) (A) The b y -products of crude oil are diesel 

and petrol, which are composed of n -alkanes, alcohols, and aromatic and aliphatic hy 

drocarbons. (B) n -Alkanes can be used by Acinetobacter species for wax ester 

production (e.g.: Acinetobacter sp. strain M-1), whereas the degradation of n -alkanes 

forms intermediates like primary and secondary alcohols, which enter β-oxidation 

pathway. (C) The aliphatic and aromatic hydrocarbons from crude oils can be degraded 

into phenol with the help of bacterial biosurfactant (e.g.: A. junii, A lwoffii, A. 

calcoaceticus CA16). Phenol is further degraded via ortho (A. lwoffii, A. calcoaceticus) 

and β-cleavage pathway (Acinetobacter sp. strain AQ5NOL1), as shown in Fig. 2.5. 
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2.6.5 Plant-based applications 

 Many species of the genus Acintobacter are known to be involved in phytostimulation 

based on the production of hormones that promote plant growth as well as the 

solubilization of phosphate. Acinetobacter calcoaceticus has the ability to stimulate plant 

growth and metabolism via a positive effect on plant-produced abscisic acid and 

gibberellic acid (GA), amino acids, and crude protein, indicating a wider application as a 

biofertilizer for increased crop production and environment friendly farming practices 

(Gowtham et al. 2022). Acinetobacter calcoaceticus SE370 is a unique GA producer 

since it secretes ten different GAs into its environment, including a higher concentration 

of bioactive GA1, GA3, and GA4 (Dahal et al., 2023). Acinetobacter calcoaceticus has 

been found to colonize on plant surfaces and boost the chlorophyll content of both 

monocot and dicot plants. Similarly, A. junii can dissolve phosphate and also produces 

ammonia, indole acetic acid, GA, and hydrogen cyanide, all of which promote plant 

growth. Arbuscular mycorrhiza, together with A. junii, act as effective biofertilizers and 

promote the growth of tomato and bell pepper plants. An increase in absorbent surface 

area improves nutrient absorption, which in turn has improved plant development (Raimi 

et al. 2020). Additionally, A. rhizosphaerae strain BIHB 723 stimulates plant growth by 

solubilization of phosphate (Fariaet al. 2021). Some Acinetobacter strains indirectly 

promote plant growth by suppressing the growth of phytopathogenic microorganisms, 

including Phytophthora capsici and Ralstonia solanacearum. A recent study revealed 

that Acinetobacter sp. strain BRSI56 and ACRH80 subsequently reduce antioxidative 

stress in maize plant growing in hydrocarbon-contaminated environment (Dahal et al. 

2023). Various plant-based applications of Acinetobacter species have been depicted in 

Fig. 2.7. 

 



 
 

76 
 

 

Figure 2.7: The plant-based applications of various Acinetobacter species (Raimi et al. 

2020; Gowtham et al. 2022; Dahal et al., 2023)  

2.6.6 Use as bioreporters 

 Bacterial whole-cell bioreporters are live microorganisms that have been genetically 

modified to create signals in response to stress or certain substances, allowing for the 

quick and accurate identification of the bioavailable fractions in samples (Dahal et al., 

2023). Only small number of bacteria, like E. coli including certain species of 

Acinetobacter, might be utilized as bioreporters. Engineered A. baylyi ADP1 can 

emulsify mineral and crude oils into oil droplets at the microlevel and cling to the oil-

water interface. ADPWHalk is able to overcome the limited solubility and accessibility of 

alkanes and therefore can easily detect oil spills in water and soil. The genotoxicity of 

phenolic chemicals in groundwater can be assessed using the bioluminescent bioreporter 

strain A. baylyi ADPWH-recA, which is capable of semi-quantitatively detecting 

genotoxic substances like mitomycin C and heavy metals (Dahal et al. 2023). In a 

contaminated environment where an E. coli-based reporter might not survive, 

Tetracycline can be detected by A. oleivorans strains that express bioreporters (Jiang et 

al., 2021). A report in 2021 suggested A. baylyi ADPWH recA as a potential bioreporter 
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for detecting the effect of heavy metals like lead and cadmium on a contaminated 

environment (Li et al. 2021). 

 

 

2.7 Recent Developments in Acinetobacter Research (2024–2025) 

In 2025, Acinetobacter baumannii remains a critical concern in clinical microbiology and 

public health. The World Health Organization reaffirmed its classification as a critical-

priority pathogen in its updated Bacterial Priority Pathogens List due to its rising 

carbapenem resistance and life-threatening infections (lobritz er al., 2024). Recent reports 

emphasize its evolving resistance mechanisms, including enzymatic degradation, efflux 

pump overexpression, membrane permeability changes, horizontal gene transfer, and 

robust biofilm formation (Dahal et al., 2023). Alarming resistance rates approaching upto 

90% in some regions underscore the urgency of the situation, particularly in healthcare-

associated infections. On the therapeutic front, the antibiotic zosurabalpin, developed by 

Roche, has entered Phase III clinical trials (Dall et al., 2025; Dale et al., 2025). It 

represents the first new class of antibiotics specifically targeting Gram-negative 

pathogens like A. baumannii in over five decades. Simultaneously, research is 

intensifying on novel drug targets, such as the regulatory control of efflux systems and 

iron acquisition pathways that contribute to its virulence and survival. Collectively, these 

advances signal a global, multifaceted effort combining surveillance, drug discovery, and 

molecular research to address the escalating threat posed by Acinetobacter. 
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Research objectives 

1. To inspect relative synonymous codon usage (RSCU) and relative amino acid 

usage (RAAU) patterns of the genomes of more than 50 Acinetobacter species. 

2. To investigate the extent of codon usage bias and contribution of factors like 

mutational bias and natural selection for translational efficiency. 

3. To predict the codon adaptation index and deduce the optimal codons across all 

genomes followed by multivariate statistical analysis. 

4. To compare codon context signatures across all genomes of Acinetobacter genus. 

5. Whole genome sequencing of selected members of the genus to compare ACB 

complex. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1. Retrieval of Data:  

All the named species of Acinetobacter listed in the NCBI were considered to download 

their fully sequenced and annotated genomes from the Ensemble bacteria database 

(https://bacteria.ensembl.org/index.html). The dataset with internal stop codons or 

sequences with ambiguous codons at the front and/or end were excluded. To reduce 

sampling mistakes, only coding sequences longer than 300 base pairs were considered 

(Sharp et al., 1986). A thorough list of all the Acinetobacter species that have been 

analyzed in this investigation is listed in Table 3.1. 

Table 3.1: Key attributes of Acinetobacter species under investigation. 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

Total no. of 

Codons 

analyzed 

Acinetobacter 

albensis 

GCA_900095025 2,765 2,836 868254 

Acinetobacter 

apis 

GCA_900197575 2,182 2,250 707962 

Acinetobacter 

baylyi  

GCA_000046845 3,277 3,407 1050601 

Acinetobacter 

beijerinckii  

GCA_000368985 3,302 3,396 1028846 

Acinetobacter 

bereziniae 

GCA_000825165 4,493 4,493 1306879 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

No. of Codons 

analyzed 

Acinetobacter 

bohemicus 

GCA_000367925 3,324 3,430 1020199 

Acinetobacter 

boissieri 

GCA_900096955 2,502 2,563 791161 

Acinetobacter 

bouvetii  

GCA_000368865 3,112 3,209 956081 

Acinetobacter 

brisouii 

GCA_000488275 2,938 3,034 900355 

Acinetobacter 

calcoaceticus 

GCA_000368945 3,785 3,887 1181014 

Acinetobacter 

celticus 

GCA_001707755 2,829 2,969 864322 

Acinetobacter 

colistiniresistens 

GCA_000369765 3,942 4,039 1220522 

Acinetobacter 

cumulans 

GCA_003024525 3,300 3,518 1030283 

Acinetobacter 

defluvii 

GCA_001704615 3,466 3,712 1054638 

Acinetobacter 

equi str. 114 

GCA_001307195 2,707 2,829 846882 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

  No. of Codons 

analyzed 

Acinetobacter 

gandensis 

GCA_001678755 2,888 3,044 886824 

Acinetobacter 

genomosp.33YU 

GCA_001990735 4,005 4,076 1246392 

Acinetobacter 

gerneri 

GCA_000368565 4,254 4,343 1264746 

Acinetobacter 

guillouiae 

GCA_000368145 4,613 4,710 1366166 

Acinetobacter 

gyllenbergii 

GCA_001682515 3,916 3,987 1214544 

Acinetobacter 

haemolyticus 

GCA_000164055 3,491 3,560 982156 

Acinetobacter 

halotolerans 

GCA_004208515 3,038 3,164 951296 

Acinetobacter 

idrijaensis 

GCA_000761495 3,659 3,724 1016520 

Acinetobacter 

indicus 

GCA_000488255 2,998 3,104 914956 

Acinetobacter 

johnsonii 

GCA_000368805 3,318 3,424 1013368 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

No. of Codons 

analyzed 

Acinetobacter 

junii 

GCA_003939335 3,277 3,572 1017381 

Acinetobacter 

kookii 

GCA_900096895 2,877 2,956 878452 

Acinetobacter 

kyonggiensis 

GCA_900107285 3,518 3,597 1043190 

Acinetobacter 

lactucae 

GCA_000399705 3,636 3,728 1149609 

Acinetobacter 

larvae 

GCA_001704115 3,148 3,303 1034467 

Acinetobacter 

lwoffii 

GCA_000369125 3,503 3,592 1008223 

Acinetobacter 

marinus 

GCA_900096915 2,746 2,809 869129 

Acinetobacter 

nectaris 

GCA_000488215 2,541 2,617 777104 

Acinetobacter 

nosocomialis 

GCA_002137075 3,802 4,016 1163295 

Acinetobacter 

oleivorans 

GCA_000196795 3,874 3,963 1205844 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

No. of Codons 

analyzed 

Acinetobacter 

parvus 

GCA_000368025 2,789 2,877 823616 

Acinetobacter 

piscicola 

GCA_004152775 3,542 3,719 1077745 

Acinetobacter 

pittii 

GCA_000399685 3,520 3606 1112327 

Acinetobacter 

populi 

GCA_002174125 3,292 3,420 1066499 

Acinetobacter 

pragensis 

GCA_001605895 3,393 3,593 1031412 

Acinetobacter 

proteolyticus 

GCA_001753605 3,979 4,137 1260095 

Acinetobacter 

puyangensis 

GCA_900096995 3,441 3,504 1096249 

Acinetobacter 

qingfengensis 

GCA_001753595 2,826 2,935 907802 

Acinetobacter 

radioresistens 

GCA_000368905 2,950 3,028 908795 

Acinetobacter 

rudis 

GCA_000413895 3,621 3,706 1135160 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

No. of Codons 

analyzed 

Acinetobacter 

schindleri 

GCA_000368625 3,189 3,273 958937 

Acinetobacter 

seifertii  

GCA_000368065 4,051 4,135 1080249 

Acinetobacter 

soli 

GCA_001953195 3,309 3,452 1060467 

Acinetobacter 

tandoii 

GCA_000400735 3,934 4,013 1172950 

Acinetobacter 

tjernbergiae 

GCA_000488175 3,455 3,523 1047791 

Acinetobacter 

towneri 

GCA_000368785 2,792 2,853 820258 

Acinetobacter 

ursingii 

GCA_000368845 3,559 3,650 1094467 

Acinetobacter 

variabilis 

GCA_000369625 3,348 3,438 987288 

Acinetobacter 

venetianus 

GCA_001575095 3,173 3,321 1004359 

Acinetobacter 

wuhouensis 

GCA_001696605 3,620 3,819 1105453 
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Table 3.1: Continued 

Organism Assession No. Coding 

Genes 

Gene 

Transcript 

No. of Codons 

analyzed 

Acinetobacter 

baumannii 

GCA_000580515 4,425 4,572 1247286 

 

3.2 Calculation of compositional parameters:  

The frequency of several genomic compositional parameters such as adenine, guanine, 

cytosine, and thymine was calculated using the CodonW (http://codonw.sourceforge.net) 

program (Xiao et al., 2019). Total percentages of adenine (A) and thymine (T) versus 

guanine (G) and cytosine (C) nucleotides  content, as well as the makeup of C and G 

nucleotides at the first (GC1), second(GC2), and third (GC3)  codon locations of all the 

genomes, were also determined using codonW (Xiao et al., 2019). 

3.3. Codon Usage Analysis 

3.3.1 RSCU Evaluation 

Synonymous codons are different triplet sequences of DNA or RNA nucleotides that 

encode the same amino acid in a protein. Relative Synonymous Codon Usage (RSCU) is 

a method for quantifying the uneven utilization of synonymous codons. It is expressed as 

the ratio of the observed frequency of codons to the expected frequency of those codons 

(Sharp & Li, 1986).  CodonW program has been employed to determine RSCU values for 

the 56 different species of Acinetoacter (Dos Reis, 2003). RSCU values have been 

calculated using the following formula: 

RSCU=
Observed frequency of a codon 

Expected frequencyof the codon
 

 

http://codonw.sourceforge.net/
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When the observed RSCU value equals the expected value, there is no codon bias 

present. Consequently, an RSCU greater than 1.0 indicates a preference for the actual 

high-frequency codon, while an RSCU less than 1.0 signifies the utilization of the actual 

low-frequency codon (Dos Reis, 2003; Nambou & Anakpa, 2020). 

 

3.3.2 PR2-plot analysis:  

Parity plot analysis is performed to determine the dominant force behind the prevalent 

codon usage and genomic patterns. In an ideal scenario where A equals T and C equals G 

at the center, the axis value would be 0.5. When the bias value falls below 0.5, it indicates 

a preference for pyrimidines over purines bases (Andargie & Congyi, 2022). For this 

analysis AT-bias (A3s/ (A3s+T3s) is plotted against GC-bias (G3s/ (G3s+C3s). Points 

close to the center of the plot (A = T, G = C) reflect balanced usage, while deviations 

from the center indicate preferences for either A/T or G/C at the third codon position 

(Gencer et al., 2024). 

 

3.3.3 ENC Analysis:  

The Effective Number of Codons (ENC) is a measure of codon usage bias, where a 

higher ENC value indicates lower codon usage bias and vice versa. ENC values typically 

range between 21 and 61. Typically, an ENC value below 35 suggests pronounced codon 

bias, reflecting selection for specific codons optimizing translational efficiency or 

accuracy (Chakraborty et al., 2019).Conversely, ENC values above 35 indicate less 

pronounced bias, where mutational pressure or genetic drift may play a more dominant 

role in shaping codon usage (Arora et al., 2024; Chakraborty et al., 2019).  

To determine the degree of codon use bias, the Effective Number of Codons (ENC) 

method was used (Wright, 1990). The following formula was used to deduce the ENC 

values of relevant bacterial genomes: 
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ENC =2 +
9

𝐹2
+

1

𝐹3
+

5

𝐹4
+

3

𝐹6
 

 

Where F is the likelihood that two randomly chosen codons for an amino acid would be 

similar, and Fk (k = 2, 3, 4 or 6) denotes the average value of Fk related to k-fold 

degenerate amino acids. The ENC values vary from 21 to 61 and higher values indicates 

less bias (Chakraborty et al., 2019). The ENC values of the Acinetoacter genomes was 

estimated with CodonW. 

To examine the effect of translational selection on codon usage bias, ENC-plot analysis 

was used. The possible importance of natural selection in influencing codon usage is 

shown by departures from the standard curve (Shen et al., 2020). To construct the ENC-

plot, the GC3 values were employed as the horizontal axis, while the ENC values were 

designated as the vertical axis. A two-dimensional scatter plot was generated according to 

this methodology (Wright, 1990). Plot points clustering near or away from the expected 

ENC curve illustrate the degree to which natural selection, mutational bias, or other 

factors influence codon usage patterns within genomes (Wright, 1990).  

 

3.3.4 Neutrality Plot Analysis: 

Mutational pressure refers to the random occurrence of mutations influencing nucleotide 

sequences, while translational selection involves preferential use of codons optimizing 

protein synthesis efficiency and accuracy (Shen et al., 2020).To comprehend the impact 

of mutational pressure vs. natural selection on the relevant bacterial genomes, the 

neutrality plot analyses on 56 Acinetoacter species were performed in which frequency of 

GC content at third codon position (GC3) values were plotted against GC content at first 

and second codon position (GC12) values. Slope of the graph is indicative of magnitude 

of effect of neutrality i.e. mutational pressure. Value of slope close to zero suggests 

dominant impact of mutational pressure while close to one connote the impact of natural 
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selection in shaping the codon usage patterns and compositional parameters (Jia et al., 

2015). 

 

3.3.5 Assessment of Translation Selection 

Assessment of Translation Selection (P2 metric), which gauges the interaction between a 

codon and its corresponding anticodon, was applied to quantify translational selection 

(Gouy & Gautier, 1982). P2 was calculated as: 

P2=
𝑊𝑊𝐶+𝑆𝑆𝑈

𝑊𝑊𝑌+𝑆𝑆𝑌
 

 

Where W stands for the prevalence of Adenine (A) or Thymine (T), S for Cytosine (C) or 

Guanine (G), and Y for either Cytosine (C) or Thymine (T). P2 values larger than 0.50 

indicate that natural selection had a significant influence on translation (Gatherer & 

McEwan, 1997). 

 

3.3.6 Analysis of Codon Adaptation Index (CAI): 

Codon adaptive index is a measure of synonymous codon usage bias in genes of an 

organism. Highly expressed genes (PHX) typically exhibit higher CAI values, indicating 

their codon usage is optimized for efficient translation, while lowly expressed genes 

(PLX) tend to have lower CAI values, suggesting less optimized codon usage. Therefore, 

this numerical metric that varies between 0 to 1 where values approaching 1 indicate a 

strong bias towards the use of highly preferred codons (PHX) and vice versa (Sharp & Li, 

1986).  DAMBE software (http://dambe.bio.uottawa.ca/DAMBE/dambe.aspx) has been 

used in this investigation to estimate the CAI values for the all the Acinetoacter genomes 

with reference to highly expressed ribosomal genes (Xia, 2018). 
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The Codon Adaptation Index (CAI) for a genome is determined by calculating the 

geometric mean of the relative adaptiveness (W) for all the codons within the genome. 

The relative adaptiveness (Wa) of a codon (b) coding for an amino acid is computed as 

the ratio of the occurrence of a codon to the maximum occurrence for amino acid (Xia, 

2018). In equation it can be expressed as:  

Wa =Xab/ Xamax 

 

Where Xab is the number of codons (b) in the gene and represents the value for the th 

codon in the gene. In practical computer calculations, CAI is expressed as follows: 

 

𝐶𝐴𝐼 = 𝑒𝑥𝑝
1

𝐿
 ∑ 𝐿𝑛Wc(k) 

𝐿

𝐾=1

 

 

Where L is the number of codons in the gene, and Wc(k) represents the value for the k-th 

codon in the gene. This formula is commonly used in bioinformatics to assess the 

similarity of codon usage in a gene to a reference set of highly expressed genes, 

providing insights into the potential expression level of the gene (Sharp et al., 1987). 

 

3.3.7 Analysis of Relative Synonymous Codon Pair Usage and Codon Pair Score 

(RSCPU) 

Relative Synonymous Codon Pair (RSCPU) analysis and Codon Pair Score (CPS) are 

computational tools used to evaluate the non-random usage of codon pairs within 

nucleotide sequences. RSCPU examines the frequency of adjacent codon pairs, providing 
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insights into potential translational efficiency and co-evolutionary relationships between 

codons (Kunec & Osterrieder, 2016). 

The following formula has been used to determine the RSCPU of relevant bacterial 

genomes (Behura & Severson, 2012): 

RSCPU= 
Observed frequency of a codon pair

Expected frequencyof the codon pair
  

 

On the other hand, CPS quantifies the bias in codon pair preferences, with higher scores 

indicating a greater preference for specific codon pairs. To determine whether codon 

pairings were overrepresented and underrepresented, codon pair scores were computed 

(Behura & Severson, 2012). 

 

3.3.8 Estimation of Relative Abundance of Dinucleotides: 

Dinucleotides are pairs of adjacent nucleotides within DNA or RNA sequences, forming 

fundamental units that often exhibit specific patterns or biases in their occurrence due to 

underlying genetic, evolutionary, or structural constraints. Using the method suggested 

by Kariin and Burge, the relative dinucleotide abundance in the genomes of Acinetoacter 

were determined. To determine overrepresented and underrepresented dinucleotides, odds 

ratios were computed (Kariin & Burge, 1995). 

𝑃𝑥𝑦 =
𝑓𝑥𝑦

𝑓𝑥𝑓𝑦
 

Pxy   = (fxy/fxfy) use equation box 

The measured frequencies of the X and Y nucleotides are given here as fx and fy, 

respectively. The terms fxy and fxfy stand for the observed and predicted xy dinucleotide 

frequencies, respectively. When the fxy value is less than 0.78, the dinucleotides are 
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underrepresented, and when it is larger than 1.25, the dinucleotides are overrepresented 

(Kunec & Osterrieder, 2016). 

 

3.4. Amino acid Usage Analysis: 

3.4.1 Estimation of L_sym and L_aa:  

Lsym represents the number of synonymous codons in a sequence while L_aa represents 

the number of aminoacid in the protein sequence. Using CodonW, L_sym and L_aa were 

estimated to reflect the quantity of synonymous codons and the segment of amino acids, 

respectively (Patil et al., 2017). 

 

3.4.2 Estimation of RAAU, GRAVY, and AROMO 

Using the CodonW tool, RAAU, Aromo, and GRAVY were assessed. RAAU is a method 

for quantifying the uneven utilization of amino acids. It is expressed as the ratio of the 

observed frequency of amino acid to the expected frequency of same amino acid 

(Snellman & Colwell, 2004). 

 RAAU values can be calculated using following formula: 

𝑅𝐴𝐴𝑈 =
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜𝑎𝑐𝑖𝑑

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜𝑎𝑐𝑖𝑑 (𝑖𝑛 𝑐𝑎𝑠𝑒 𝑜𝑓 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑢𝑠𝑎𝑔𝑒)
 

 

 GRAVY score represents the collective hydropathy values of all amino acids within a 

sequence, divided by the total number of residues. Hydropathy values typically range 

from -2.0 to +2.0, with positive values indicating protein hydrophobicity and negative 

values indicating hydrophilicity. From GRAVY, it is possible to calculate the average 

hydropathicity rating of a translated gene by the use of the scores of the singlet amino 
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acids that go into protein formation (Snellman & Colwell, 2004). The GRAVY was 

determined as follows: 

GRAVY=[
1

𝑁
∑ 𝐾𝑖]𝑛

𝑖=1  

N stands for the exact frequency of amino acids, while ki is regarded as ith amino acid's 

hydrophobic index.  

Aromaticity (AROMO) is determined by the frequency of aromatic amino acids like Trp, 

Tyr, and Phe in a given amino acid sequence. Both the overall GRAVY and AROMO 

values were computed utilizing the CodonW tool, available for download on 

SourceForge.net. A translated gene product's aromaticity is shown by the average 

aromatic score of each individual amino acid, which has been stated as follows: 

Aromo=[
1

𝑁
∑ 𝑉𝑖]𝑛

𝑖=1   

Where N is the total numerical value of amino acids, and Vi is either 0 or 1 depending on 

whether the amino acid is aromatic or not (Kyte & Doolittle, 1982). 

 

3.4.3 Estimation of Individual frequency of amino acids: 

Individual frequencies of the amino acids were also calculated with the help of codonW 

program. First, of all, the nucleotide sequences were converted to amino acid sequences 

with the help of biopython and then addressed on codonW for amino acid frequencies 

estimation (Sharma et al., 2023). 

 

3.5. Statistical Analysis: 

To support the findings from the acquired data, inferential statistics was applied. 

Correlations between different compositional parameters were evaluated by Spearman's 
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rank correlation analysis. (*) for p-values between 0.01 and 0.05 and (**) for p-values 

less than 0.01 (Song et al., 2017). All mathematical evaluations were performed using 

IBM SPSS Statistics 28.0.0.0 (https://www.ibm.com/spss). 

 

3.6. Sequence alignment analysis and phylogenomic tree construction 

The gyrB gene sequences were shortlisted manually from the downloaded genomes. 

Sequence alignment studies of gyrB genes were performed with the help of MULTALIN 

(Multiple sequence alignment tool (http://multalin.toulouse.inra.fr/multalin/) website 

(Mitchell, 1993)  a multiple sequence alignment tool. The process commences with the 

hierarchical clustering of sequences utilizing the provided scores. Subsequently, clusters 

of aligned sequences undergo pairwise comparisons to achieve a comprehensive multiple 

alignment. Following this, MULTALIN constructs a hierarchical clustering of sequences 

by incorporating scores from all pairwise comparisons using BLOSUM62 within the 

multiple alignments, serving as a measure of sequence similarity. Furthermore, the 

Clustal Omega program was used to construct the phylogenomic tree from gyrB gene 

sequences (Sievers & Higgins, 2014). 

 

3.7. Whole Genome Sequence (WGS) Analysis: 

3.7.1 Raw materials:  

Nutrient broth, DNA extraction buffer, and glass wares like test tubes and flasks required 

for culture maintenance and DNA extraction were provided by the School of 

Bioengineering and Biosciences, Lovely Professional University, Punjab, India. In-house 

laboratory equipment including laminar flow, incubator, autoclave, and refrigerator were 

used from Biotechnology lab, Block 57(A) room no. - 401, Lovely Professional 

University. Whole genome sequencing was performed on Illumina 2*150 (Sadeghi 2015) 

from Eurofins Scientific, Bangalore India. 

https://www.ibm.com/spss
http://multalin.toulouse.inra.fr/multalin/
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3.7.2 Culture Collection, maintenance, and transport: 

Bacterial species devoid of contaminants and in a viable state have been procured from 

the National Centre for Cell Science (NCMR), Pune, and the Microbial Type Culture 

Collection and Gene Bank (Chandigarh) for subsequent whole genome sequencing and 

were grown on a nutrient medium. Fresh tubes were cultured by inoculating the dissolved 

samples with the help of inoculating wire. The tubes for A. baumannii and A. balyii were 

incubated at 37 °C and 30 °C respectively. An ice pack box with dry ice was used for 

transportation of samples for WGS. The plates were subcultured and stored at -40°C for 

future studies (Fernando et al. 2016). 

 

3.7.3 Genomic DNA extraction, analysis and WGS 

Bacterial cells were lysed in a suitable lysis buffer. Following lysis, DNA purification 

from cellular components has been achieved through phenol-chloroform extraction 

method. In order to aid in the detachment of lipids and cellular debris, a 25:24:1 

combination of phenol, chloroform, and isoamyl alcohol was added. This facilitated their 

partitioning, with isolated DNA staying in the aqueous phase and lipids and debris going 

into the organic phase. The purified DNA in the aqueous phase was moved to a separate 

tube for further examination following centrifugation (Sadeghi 2015). Subsequently, the 

extracted DNA was sent to Euro fins Scientific (Bangalore, India) for genome sequence 

analysis. 

Using the Sanger sequencing approach, the extracted DNA samples were identified based 

on molecular identification by focusing on the bacterial 16S region. PCR was used to 

amplify the bacterial 16S region fragment. On an agarose gel, a single distinct PCR 

amplicon band was seen. Contaminants were eliminated by purifying the PCR amplicon. 

PCR amplicons' DNA sequencing reaction was performed using a particular primer 

(Sadeghi 2015). 
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For samples 1425 and 9822, WGS was carried out utilizing the Illumina platform and 

2*150 bp chemistry. Using Trimmomatic v0.39 (Bolger et al., 2014), the raw data of 

samples 1425 and 9822 was processed to eliminate adaptor sequences, ambiguous reads 

(readings with unknown nucleotides “N” larger than 5%), and low-quality sequences 

(reads with greater than 10% quality threshold (QV) < 25 phred score). Using BWA 

MEM (Version 0.7.1.7) (Li and Durbin 2009), the high-quality readings of samples 1425 

and 9822 were aligned to the reference. With Samtools mpileup (Li et al., 2009), the 

consensus sequences were retrieved. 

 

3.7.4 Genes and Variant Annotation 

GFF3-formatted reference genome annotation files were obtained from NCBI. Gene 

coordinates from the reference genome were utilized to derive gene sequences from 

consensus sequences using Bedtools (Quinlan and Hall 2010). The annotations for the 

genes in the samples were obtained using the reference genome GFF3 file. At least 10% 

of ambiguous nucleotides in a gene were eliminated.  

The sorted BAM file of the mappings was used to find SNPs and InDels using the mileup 

utility of Samtools (V 0.1.1.18) (Li et al., 2009). Based on a minimum read depth of 15 

and a quality criterion of 25, the variables were filtered. The bedtools interact tool was 

used to annotate the detected variants (Quinlan and Hall 2010). 

The Bacterial and Viral Bioinformatics Resource Centre (BV-BRC) facilitated the 

investigation of bacterial genomes by combining extensive data and analytic tools with 

essential pathogen information offering open-source tools for genomic annotation and 

data analysis. A. baumannii 1425 and A. baylyi 9822 assembled genome sequences were 

also submitted to PATRIC (Gillespie et al., 2011; Wattam et al., 2017) for subsystem 

analysis and annotation of proteins and functional genes. 
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3.7.5 Determination of VRGs and ARGs 

The virulence factor database (VFDB) analyzer was used to identify genes linked to 

virulence. VFDB is a comprehensive and integrated online resource for gathering data 

regarding the virulence factors of bacterial pathogens. VFanalyzer initiates the formation 

of orthologous groups within the target genome and conducts preliminary analyses of 

reference genomes sourced from VFDB. To accurately pinpoint potential atypical or 

strain-specific virulence factors, extensive sequence similarity searches are conducted 

across VFDB's hierarchical pre-built datasets. Moreover, employing a context-based data 

refinement process, VFanalyzer achieves reasonably high specificity and sensitivity in 

identifying virulence factors encoded by gene clusters, eliminating the need for manual 

curation (Chen et al., 2016). 

ResFinder finds acquired genes that mediate antibiotic resistance in bacteria whole or 

partial DNA sequence. With the use of the online tool Resfinder, antibiotic resistance 

genes were predicted (Florensa et al., 2022). 

 

3.7.6 Codon and amino acid Usage analysis of VRGs and ARGs 

Codon and amino acid usage analysis of Virulence resistance genes (VRGs) and 

Antibiotic resistance genes (ARGs) were conducted using methods similar to those 

described for Acinetobacter genome in session 3.3 and 3.4. 

 

3.7.7 Phylogenetic Analysis of VRGs and ARGs 

The gene sequences of VRGS and ARGS were shortlisted manually from the WGS data 

in FASTA format. Phylogenetic analysis of the prepared sequences were conducted with 

the help of the Molecular Evolutionary Genetics Analysis Version 11 (Mega11) software 

(Tamura et al., 2021). 



 
 

97 
 

3.7.8 Protein Interaction Network Analysis of VRGs and ARGs 

Protein Interaction Network Analysis of VRGs and ARGs was conducted with the help of 

String application (version 12.0). String is a database of anticipated and known protein-

protein interactions. Gene sequences of VRGs and ARGs were uploaded as input to 

assess gene-set enrichment analysis and visualize protein interaction networks 

(Szklarczyk et al., 2019). 
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CHAPTER 4: RESULTS AND DISCUISSIONS 

4.1 Analysis of GC composition of Genus Acinetoacter 

The nucleotide composition analysis of Acinetoacter species revealed a notable variation 

in GC content, which is pivotal for understanding their genetic diversity, evolutionary 

dynamics, and pathogenicity. The observed GC content ranged from 35.71% in 

Acinetoacter equi to 46.21% in Acinetoacter indicus (Table 4.1). The Acinetoacter 

baumannii complex (namely Acinetoacter calcoaceticus, Acinetoacter baumannii, 

Acinetoacter lactucae, Acinetoacter nosocomialis, Acinetoacter oleivorans, Acinetoacter 

pittii and Acinetoacter seifertii) are particularly noteworthy due to their clinical 

significance, (Dahal et al., 2023) showed an average GC content of 39%. This average is 

consistent with findings from other studies (Almeida et al., 2021; Hershberg & Petrov, 

2009), which report a typical GC content around 39.6% for the genus, indicating a 

relatively stable genomic characteristic across various Acinetoacter species. The GC 

content in these species is crucial as it influence the stability of the genome and the 

functionality of genes related to virulence and antibiotic resistance (Salto et al., 2018).  

The biotechnologically significant non-pathogenic species A. baylyi (Suárez et al., 2020) 

exhibited a GC content of 40.99%. In comparison, other species within the Acinetoacter 

genus, namely Acinetoacter gyllenbergii, Acinetoacter halotolerans, and Acinetoacter 

idrijaensis, which are also non-pathogenic, showed GC percentages of 41.56%, 40.64%, 

and 43.89%, respectively (Table 4.1). Therefore, it is clear that the pathogenic ACB 

complex have higher AT content then non-pathogenic species.  GC-rich genome is 

energetically disadvantageous for pathogenic microbes as AT-rich metabolites such as 

ATP prevail in majority within human hosts because of low cost of synthesis (Dietel et 

al., 2019). The easy availability of A/T rich metabolites also aides in the subsequent 

replication by the invading species aiding in faster replication and ease in nutrient 

availability from the host environment (Dietel et al., 2019; Sharma et al., 2023). 

Additionally, the uniform distribution of nucleotides at the third codon positions within 

the Acinetoacter baumannii complex suggests a level of evolutionary conservation that 
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facilitate the maintenance of essential protein functions (Figure 4.1). This finding aligns 

with the concept of codon usage bias, where certain codons are preferred over others, 

potentially influencing translational efficiency and protein folding (Quax et al., 2015). 

The conservation observed in Acinetoacter baumannii complex is indicative of their 

evolutionary strategies, particularly in the context of horizontal gene transfer (HGT), 

which is prevalent in this genus and plays a significant role in the dissemination of 

pathogenicity (metabolic adaptation, biofilm formation and acquiring of virulence genes) 

and antibiotic resistance (Ayoub Moubareck & Hammoudi Halat, 2020; Da Silva & 

Domingues, 2016; Gedefie et al., 2021). 

Table 4.1: Genomic composition and Codon Usage analysis of whole genus 

Acinetobacter 

Organism GC12

% 

GC

% 

ENC P2 CA

I 

L_sy

m 

L_aa Grav

y 

Arom

o 

A. albensis 45.02 39.4

7 

44.4

4 

0.4

5 

0.6

2 

301.9

6 

313.9

3 

-0.10 0.09 

A. apis 45.17 39.0

8 

43.5

8 

0.2

3 

0.6

6 

312.3

0 

323.6

1 

-0.11 0.09 

A. baumannii 44.99 39.5

1 

45.3

1 

0.4

5 

0.5

5 

281.2

8 

291.8

8 

-0.13 0.09 

A. baylyi  45.82 41.0

0 

46.7

0 

0.5

7 

0.5

9 

307.7

1 

319.6

0 

-0.10 0.09 

A. beijerinckii  44.69 38.8

2 

44.2

6 

0.4

4 

0.5

9 

299.1

7 

310.5

9 

-0.12 0.09 

A. bereziniae 44.03 38.7

5 

45.0

6 

0.4

4 

0.5

9 

279.2

0 

289.8

7 

-0.14 0.09 

A. bohemicus 45.11 40.3

1 

44.9

3 

0.4

5 

0.5

5 

295.2

6 

306.8

5 

-0.10 0.09 

A. boissieri 44.73 38.6 44.3 0.4 0.6 304.9 316.2 -0.11 0.09 
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Table 4.1: Continued 

Organism GC12

% 

GC

% 

EN

C 

P2 CA

I 

L_sy

m 

L_aa Grav

y 

Arom

o 

A. bouvetii  46.96 45.98 46.1

2 

0.4

8 

0.5

4 

295.4

7 

307.4

1 

-0.09 0.09 

A. brisouii 46.58 42.51 46.2

9 

0.4

7 

0.5

4 

294.5

2 

306.0

8 

-0.10 0.09 

A. 

calcoaceticus 

45.12 39.35 45.3

4 

0.3

9 

0.5

7 

299.9

5 

311.3

6 

-0.10 0.09 

A. celticus 45.26 40.26 45.1

6 

0.4

5 

0.5

8 

292.8

5 

304.6

3 

-0.11 0.09 

A. 

colistiniresiste

ns 

45.63 41.91 46.9

2 

0.4

7 

0.5

2 

298.0

6 

309.5

7 

-0.12 0.09 

A. cumulans 45.83 41.17 45.0

5 

0.4

1 

0.5

4 

299.4

0 

311.2

1 

-0.11 0.09 

A. defluvii 44.45 39.01 43.6

5 

0.3

9 

0.5

9 

292.0

6 

303.2

8 

-0.15 0.09 

A. equi 43.69 35.71 39.5

1 

0.4

1 

0.6

2 

300.4

9 

311.8

5 

-0.10 0.09 

A. gandensis 45.73 40.62 44.6

8 

0.4

6 

0.5

7 

294.6

3 

306.3

9 

-0.11 0.09 

A. genomosp. 

33YU 

44.96 39.30 45.1

5 

0.4

5 

0.5

8 

300.4

2 

311.7

8 

-0.13 0.09 

A. gerneri 43.87 38.47 44.7

8 

0.4

4 

0.5

7 

288.4

1 

299.3

4 

-0.17 0.09 

A. guillouiae 44.02 38.80 45.2

0 

0.4

4 

0.5

7 

285.5

9 

296.3

8 

-0.13 0.09 
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Table 4.1: Continued 

Organism GC12

% 

GC

% 

ENC P2 CA

I 

L_sy

m 

L_aa Grav

y 

Arom

o 

A.  

gyllenbergii 

45.40 41.5 46.5 0.4 0.4 298.0 309.4 -0.10 0.09 

A.  

haemolyticu

s 

44.72 39.73 45.5

4 

0.4

5 

0.57 276.05 286.8

6 

-0.12 0.09 

A.  

halotolerans 

45.50 40.65 46.0

4 

0.4

6 

0.58 302.07 313.8

0 

-0.11 0.09 

A. 

idrijaensis 

46.50 43.90 46.7

1 

0.4

7 

0.53 280.31 291.3

7 

-0.16 0.09 

A. indicus 47.69 46.21 43.8

0 

0.4

8 

0.50 293.31 304.9

0 

-0.14 0.09 

A.  johnsonii 45.92 42.21 46.7

9 

0.4

7 

0.52 293.04 304.6

9 

-0.10 0.09 

A. junii 45.02 39.54 45.0

0 

0.4

5 

0.57 299.55 310.9

9 

-0.14 0.09 

A.  kookii 46.42 43.96 46.4

6 

0.4

8 

0.57 293.06 304.6

5 

-0.12 0.09 

A.  

kyonggiensis 

44.72 39.78 44.7

9 

0.4

5 

0.61 286.70 297.9

1 

-0.12 0.09 

A.  lactucae 45.29 39.46 45.1

4 

0.4

5 

0.57 304.08 315.6

1 

-0.11 0.09 

A. larvae 46.44 42.21 46.7

1 

0.4

7 

0.59 315.73 327.6

1 

-0.11 0.09 

A.  lwoffii 46.36 43.55 46.5

9 

0.4

7 

0.52 277.59 288.7

2 

-0.15 0.09 
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Table 4.1: Continued 

Organism GC12

% 

GC

% 

ENC P2 CAI L_sy

m 

L_aa Grav

y 

Arom

o 

A.  marinus 46.84 44.13 46.9

0 

0.4

8 

0.62 303.86 315.9

7 

-0.14 0.09 

A. nectaris 44.22 37.30 42.9

6 

0.4

3 

0.65 295.53 306.4

0 

-0.13 0.09 

A. 

nosocomialis 

45.15 39.3 45.2 0.4 0.5 294.9 306.1 -0.12 0.09 

A.  oleivorans 45.13 39.29 45.2

0 

0.4

5 

0.57 298.93 310.2

7 

-0.10 0.09 

A.  parvus 45.81 42.24 46.6

6 

0.4

7 

0.57 283.49 294.3

2 

-0.16 0.09 

A.  piscicola 44.57 38.93 43.1

3 

0.4

4 

0.58 292.83 304.1

4 

-0.14 0.09 

A.  pittii 45.36 39.49 45.0

8 

0.4

5 

0.58 304.04 315.6

3 

-0.11 0.09 

A.  populi 45.61 40.97 45.7

9 

0.4

6 

0.61 311.89 323.3

6 

-0.12 0.09 

A.  pragensis 46.72 45.11 46.9

5 

0.4

8 

0.54 291.47 303.2

5 

-0.10 0.09 

A. 

proteolyticus 

45.59 41.76 46.7

5 

0.0

6 

0.55 304.40 316.0

1 

-0.12 0.09 

A. 

puyangensis 

45.51 41.01 46.1

0 

0.4

6 

0.66 307.10 318.4

2 

-0.12 0.09 

A.  

qingfengensis 

45.05 39.02 44.6

2 

0.4

5 

0.61 308.84 320.4

6 

-0.13 0.09 
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Table 4.1: Continued 

Organism GC12

% 

GC

% 

ENC P2 CAI L_sy

m 

L_aa Grav

y 

Arom

o 

A.  

radioresistens 

46.85 42.69 47.9

3 

0.4

7 

0.58 295.93 307.4

8 

-0.13 0.09 

A.  rudis 45.28 39.85 45.5

9 

0.4

5 

0.59 302.74 314.5

0 

-0.10 0.09 

A.  schindleri 46.52 43.13 46.3

5 

0.4

7 

0.51 288.95 300.2

7 

-0.13 0.09 

A.  seifertii  45.02 39.24 44.9

6 

0.4

5 

0.56 287.61 298.5

8 

-0.12 0.09 

A.  soli 46.78 43.5 48.4 0.4 0.5 307.4 319.4 -0.12 0.09 

A.  tandoii 45.36 40.75 46.0

5 

0.4

6 

0.52 287.29 298.5

3 

-0.14 0.09 

A.  

tjernbergiae 

44.69 39.16 44.5

2 

0.4

4 

0.59 292.60 303.6

8 

-0.13 0.09 

A. towneri 45.99 41.84 44.5

6 

0.4

7 

0.55 284.37 295.5

6 

-0.14 0.09 

A.  ursingii 45.19 40.52 46.3

5 

0.4

6 

0.57 295.70 307.1

3 

-0.15 0.09 

A.  variabilis 46.40 42.98 46.4

7 

0.4

7 

0.51 283.11 294.4

2 

-0.15 0.09 

A. venetianus 45.31 39.68 44.8

3 

0.4

5 

0.59 304.06 315.8

3 

-0.12 0.09 

A.  

wuhouensis 

44.33 38.93 43.9

3 

0.4

4 

0.57 293.17 304.3

7 

-0.15 0.09 
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Figure 4.1: Nucleotide composition at third codon position of all the species under 

investigation. 
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4.2 Insights from preferred and optimal codons 

The total count of preferred codons (those with Relative Synonymous Codon Usage, 

RSCU > 1) varied significantly among different species. For instance, A. boissierii 

exhibited the lowest count at 23 preferred codons, whereas both A. variabilis and A. 

pragensis had the highest count at 30 preferred codons each (Table 4.2). A notable trend 

observed across the majority of species is the preference for codons enriched with A and 

T, particularly those ending in A or T. Additionally, the significant negative correlation 

between GC composition and the two main axes of RSCU data (Table 4.3) underscores 

the impact of compositional constraints on the majority of bacterial genomes. These 

findings suggested that the composition of the genomes impart a substantial influence in 

determining the possibility of preferred and avoided codons (Plotkin & Kudla, 2011).  

Within the Acinetoacter baumannii complex, all members exhibited a striking preference 

(>90%) for codons ending in A or T, indicating a conserved evolutionary trait within this 

pathogenic group. This high preference is particularly noteworthy in pathogenic species 

like A. baumannii, A. junii, and A. bereziniae, where the dominance of A/T-rich codons 

may be advantageous for rapid adaptation and virulence in clinical settings (Lyons et al., 

2023). In contrast, non-pathogenic species such as A. baylyi, A. gyllenbergii, and A. 

idrijaensis showed a comparatively less pronounced preference (<85%) for A or T ending 

codons (Table 4.2). This variability in codon usage bias among non-pathogenic species 

reflect differences in ecological strategies, metabolic capabilities and evolutionary 

histories that do not necessitate high levels of A/T bias for fitness as required by 

pathogenic species (Sharma et al., 2023). 

The codons with the highest occurrence, or the ones with the highest RSCU values, 

varied from 2.29 in Acinetoacter pragensis to 3.65 in Acinetoacter piscicola. All of these 

exhibited a preference for the CGT (Arg) codon. The preference for CGT codon is result 

of selective pressures that enhance the efficiency of protein synthesis and the stability of 

mRNA in the host environment. (Nouaille et al., 2017) as this genus is known for its 

genetic plasticity and ability to adapt rapidly to changing environments, such as antibiotic 
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pressures (Lin, 2014). Specifically, with regards to the leucine amino acid, TTA emerged 

as the most favored codon among all members. This preference aligns with the fact that 

TTA is the most abundant AT-rich codon encoding for leucine across AT rich genomes 

of Acinetobacter, lending it a logical basis (Hershberg & Petrov, 2009).  

Moreover, we also noticed the preference for at least one histidine codon by all the 

members of the genus. The preference for at least one histidine codon across all 

Acinetoacter members can be attributed to interactions involving infection and immunity 

with the host. Recently, it has been demonstrated that A. baumannii infection relies on 

histidine catabolism (Dib et al., 2023; Ren & Palmer, 2023). The conserved Hut system 

in pathogenic Acinetoacter species converts histidine into glutamate, a crucial nitrogen 

source during infection within the host's body. This system is also connected to biofilm 

development, contributing to their survival within the host. (Dib et al., 2023; Ren & 

Palmer, 2023).  

Optimal codons are those favoured by highly expressed genes over their lowly expressed 

counterparts. These codons are identified by  positive RSCU values calculated as 

RSCUmeanPHX – RSCUmeanPLX (Lyons et al., 2023). The total number of optimal 

codons varied from 21 in A. beijerincki to 29 in A. lwoffii. However, in the case of all 

Acinetoacter species, a clear predilection for AT-rich optimal codons (<65%) was 

evident. (Table 4.4). However, we did not notice any significant variation in optimal 

codon choice between the ACB complex and the other members of the genus. This trend 

of favoring AT-rich optimal codons was consistent throughout the genus which suggest a 

conserved strategy among these bacteria in utilizing AT-rich codons for optimal gene 

expression, irrespective of pathogenicity (Bentele et al., 2013).  Moreover, our findings 

(Table 4.5) align with previous studies indicating a negative correlation between 

genomic GC content and Codon Adaptation Index (CAI) in related bacterial species 

(Sharp & Li, 1987). This negative correlation further supports our observation that AT-

rich codons are favored, as lower GC content tends to correlate with increased usage of 

AT-rich codons to maintain high translational efficiency. 
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Table 4.2: Total number of preferred codons along with AT or GC nature of all the 

Acinetobacter species. 

Species Total preferred 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

Ending 

A. albensis 27 18 9 23 4 

A. apis 25 17 8 22 3 

A. baumannii 25 19 6 24 1 

A. baylyi 27 18 9 22 5 

A. beijerincki 25 17 8 23 2 

A. bereziniae 24 18 6 23 1 

A. bochemius 26 18 8 23 3 

A. bouvetii 27 13 14 16 11 

A. brisouii 29 18 7 19 6 

A. calcoacetius 27 22 5 25 2 

A. celticus 28 18 10 23 5 

A. 

colistiniresistens 

28 17 11 22 6 

A. cumulans 29 19 10 24 5 

A. defulvii 26 19 7 24 2 

A. equi 25 19 6 25 0 

A. generi 24 18 6 23 1 

A. 

genomosp.33YU 

26 21 5 25 1 

A. guillouiae 25 18 7 23 2 

A. gyllenbergii 28 18 10 22 6 

A. haemolyticus 25 18 7 23 2 

A. halotolerans 26 18 8 23 3 

A. idrijaenesis 28 15 13 19 9 
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Table 4.2: Continued 

Species Total preferred 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

Ending 

A. indicus 24 11 13 16 8 

A. johnsonii 27 18 9 22 5 

A. junnii 25 18 7 23 2 

A. kokii 28 17 11 19 9 

A. kyonggiensis 26 18 8 22 4 

A. lactucae 26 19 7 25 1 

A. larvae 26 17 9 21 5 

A. lwoffii 28 14 14 18 10 

A. marinus 27 15 12 18 9 

A. nectaris 25 19 6 25 0 

A. nosocomialis 26 19 7 25 1 

A. oleivorans 27 19 8 23 2 

A. parvus 29 17 12 22 7 

A. piscicola 25 18 7 23 2 

A. pittii 26 19 7 25 1 

A. populi 27 17 10 22 5 

A. pragensis 30 15 15 19 11 

A. proteolyticus 28 18 10 22 6 

A. puyangensis 25 16 10 21 5 

A. qingfengensis 25 19 6 24 1 

A. radioresistens 28 17 11 23 5 

A. rudis 26 19 7 24 2 

A. schindleri 29 16 13 22 7 

A. seifertii 26 18 8 25 1 

A. soil 27 17 10 21 6 
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Table 4.2: Continued 

Species Total preferred 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

Ending 

A. tandoii 27 18 9 23 4 

A. tjernbergiae 24 18 6 23 1 

A. towneri 27 17 10 21 6 

A. ursingii 27 18 9 23 4 

A. variabilis 30 22 8 22 8 

A. venetianus 25 18 7 23 2 

A. wuhouensis 25 18 7 23 2 

A. boissierii 23 17 6 23 0 

A. gandensis 28 17 11 24 4 
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Table 4.3: Correlation of RAAU and RSCU with ENC, CAI, Gravy and Aromo, G3s and GC content of all the Acinetobacter 

species 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

 

A. apis 

RAAU(Axis1) .045* -.182** -.330** -.151** -.799** -.147** .246** 

RAAU(Axis2) .395** .079** -.567** -.093** .111** .636** -.165** 

RSCU(Axis1) .466** -.118** -.475** -.071** 0.01666 .247** -.443** 

RSCU(Axis2) -.383** -.394** -.084** -.109** -.133** -.119** .541** 

 

 

 

A. albensis 

RAAU(Axis1) .045* -.182** -.330** -.151** -.799** -.147** .246** 

RAAU(Axis2) .395** .079** -.567** -.093** .111** .636** -.165** 

RSCU(Axis1) .466** -.118** -.475** -.071** 0.01666 .247** -.443** 

RSCU(Axis2) -.383** -.394** -.084** -.109** -.133** -.119** .541** 

 

 

 

A. baumannii 

RAAU(Axis1) 0.00394 -.064** -.156** -.145** -.820** -.250** .159** 

RAAU(Axis2) .279** 0.00332 -.614** -.220** -.032* .621** -.210** 

RSCU(Axis1) -.415** .117** .482** .232** .039* -.281** .570** 

RSCU(Axis2) .528** .554** .272** .092** .104** .083** -.604** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. baylyi 

RAAU(Axis1) -0.0061 -.142** -.181** -.143** -.787** -.273** .253** 

RAAU(Axis2) .359** 0.00982 -.461** -.169** 0.03186 .565** -.050** 

RSCU(Axis1) .363** -.349** -.567** -.169** -0.0008 .265** -.140** 

RSCU(Axis2) -.535** -.482** -.182** -.115** -.139** -.124** .741** 

 

 

 

A. bereziniae 

RAAU(Axis1) .097** -.178** -.509** -.233** -.734** .049** .206** 

RAAU(Axis2) -.299** -.100** .538** .145** -.284** -.693** .101** 

RSCU(Axis1) -.396** .130** .479** .168** .064** -.274** .373** 

RSCU(Axis2) .500** .540** .182** .083** .090** .099** -.644** 

 

 

A.beijerinckii 

RAAU(Axis1) -.220** .087** .433** .174** .648** -.090** -0.0274 

RAAU(Axis2) -.373** -.117** .402** .089** -.393** -.685** .342** 

RSCU(Axis1) -.486** .152** .525** .137** 0.02308 -.286** .526** 

RSCU(Axis2) .412** .510** .209** .109** .086** .077** -.614** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

A. bochemicus 

RAAU(Axis1) -.119** .217** .409** .164** .783** .073** -.153** 

RAAU(Axis2) -.364** -.113** .465** .123** -.193** -.667** .265** 

RSCU(Axis1) .433** -.272** -.543** -.190** -.054** .251** -.410** 

RSCU(Axis2) .453** .540** .156** .108** .149** .153** -.700** 

 

 

A. boissieri 

RAAU(Axis1) -0.0353 0.02876 .111** -.078** -.748** -.431** .155** 

RAAU(Axis2) -.321** -.109** .370** .164** -.046* -.444** .271** 

RSCU(Axis1) -.357** .223** .524** .142** -0.0305 -.262** .402** 

RSCU(Axis2) .200** .288** .104** .145** .150** .048* -.523** 

 

 

A. bouvetti 

RAAU(Axis1) .042* .126** .118** .118** .798** .334** -.141** 

RAAU(Axis2) .221** .204** -.143** -.167** 0.01474 .522** -.348** 

RSCU(Axis1) -.188** .872** .636** .177** .085** .048** -.534** 

RSCU(Axis2) -.365** -0.0228 .204** .103** -0.0208 -.301** .626** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. brisouii 

RAAU(Axis1) -0.0142 .109** .113** .132** .783** .340** -.162** 

RAAU(Axis2) -.409** -.290** .095** .079** -.054** -.436** .378** 

RSCU(Axis1) -.182** .596** .614** .247** .079** -.098** -.040* 

RSCU(Axis2) -.524** -.527** -.207** -0.0309 -.120** -.203** .825** 

 

 

A. calcoaceticus 

RAAU(Axis1) -.069** -.112** -.137** -.135** -.823** -.288** .238** 

RAAU(Axis2) -.322** -0.0033 .660** .215** .095** -.598** .192** 

RSCU(Axis1) -.425** .170** .514** .208** -0.013 -.286** .533** 

RSCU(Axis2) -.545** -.508** -.197** -.092** -.117** -.089** .651** 

 

A. celticus 

RAAU(Axis1) .061** .153** .159** .137** .807** .343** -.241** 

RAAU(Axis2) .410** .065** -.551** -.146** -.100** .558** -.215** 

RSCU(Axis1) -.510** .066** .437** .130** -0.0287 -.283** .594** 

RSCU(Axis2) -.296** -.490** -.170** -.128** -.132** -.098** .556** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. colistiniresistens 

RAAU(Axis1) -.163** .119** .270** .151** .714** .093** -.108** 

RAAU(Axis2) -.317** -.284** .124** .062** -.376** -.572** .333** 

RSCU(Axis1) -.412** .398** .575** .258** .076** -.223** .239** 

RSCU(Axis2) -.444** -.584** -.244** -.113** -.158** -.164** .801** 

 

 

A. cumulans 

RAAU(Axis1) -.101** .171** .349** .117** .812** .107** -.147** 

RAAU(Axis2) -.442** -.236** .305** .093** -.149** -.635** .402** 

RSCU(Axis1) -.525** -0.0188 .374** .122** .050** -.299** .589** 

RSCU(Axis2) .348** .636** .291** .070** .164** .135** -.681** 

 

 

A. defulvii 

RAAU(Axis1) -.257** .190** .603** .179** .652** -.181** -.061** 

RAAU(Axis2) .318** .048** -.436** -.036* .418** .709** -.231** 

RSCU(Axis1) -.484** .230** .532** .145** .075** -.276** .459** 

RSCU(Axis2) .566** .675** .196** 0.0252 0.02829 .124** -.565** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. equi 

RAAU(Axis1) .249** -.072** -.395** 0.03249 .630** .616** -.323** 

RAAU(Axis2) .353** -.047* -.734** -.215** -.406** .399** -.189** 

RSCU(Axis1) -.380** .191** .599** .106** -0.0148 -.296** .643** 

RSCU(Axis2) -.370** -.202** .063** .140** .043* -.156** .091** 

 

 

A. gandensis 

RAAU(Axis1) -.115** -.203** -.120** -.095** -.810** -.401** .266** 

RAAU(Axis2) -.456** -.120** .521** .146** .166** -.521** .325** 

RSCU(Axis1) .571** .044* -.399** -.110** 0.00781 .308** -.723** 

RSCU(Axis2) -.370** -.520** -.162** -.063** -.120** -.115** .578** 

 

A. genomos. 33YU 

RAAU(Axis1) -.032* .110** .381** .198** .806** .071** -.168** 

RAAU(Axis2) .333** 0.01087 -.674** -.144** .059** .720** -.235** 

RSCU(Axis1) -.484** .084** .477** .183** 0.01989 -.281** .607** 

RSCU(Axis2) .551** .703** .372** .082** .123** .071** -.566** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. generi 

RAAU(Axis1) -.172** .161** .486** .236** .743** -.038* 0.01022 

RAAU(Axis2) -.326** -.103** .532** .124** -.278** -.721** .233** 

RSCU(Axis1) -.471** .094** .517** .189** .106** -.297** .567** 

RSCU(Axis2) -.473** -.563** -.199** -.101** -.080** -.050** .598** 

 

 

A.guilouiae 

RAAU(Axis1) -.144** .176** .476** .234** .718** -.051** -.173** 

RAAU(Axis2) -.325** -.144** .427** .135** -.330** -.642** .191** 

RSCU(Axis1) .405** -.195** -.526** -.220** -.040** .270** -.370** 

RSCU(Axis2) -.492** -.524** -.146** -.113** -.106** -.149** .663** 

 

 

A. gyllenbergii 

RAAU(Axis1) 0.01278 -.184** -.219** -.122** -.826** -.227** .331** 

RAAU(Axis2) -.396** -.200** .228** .110** -.065** -.429** .286** 

RSCU(Axis1) .390** -.388** -.562** -.275** -.043** .252** -.282** 

RSCU(Axis2) .515** .569** .199** .096** .129** .140** -.740** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. haemolyticus 

RAAU(Axis1) -.048** .140** .261** .131** .819** .196** -.154** 

RAAU(Axis2) .325** .036* -.578** -.227** .078** .641** -.180** 

RSCU(Axis1) -.398** .170** .519** .262** 0.02846 -.272** .408** 

RSCU(Axis2) -.480** -.513** -.188** -.109** -.107** -.107** .733** 

 

 

A. halotolerans 

RAAU(Axis1) 0.01278 -.184** -.219** -.122** -.826** -.227** .331** 

RAAU(Axis2) -.396** -.200** .228** .110** -.065** -.429** .286** 

RSCU(Axis1) .390** -.388** -.562** -.275** -.043** .252** -.282** 

RSCU(Axis2) .515** .569** .199** .096** .129** .140** -.740** 

 

 

A. idrijaensis 

RAAU(Axis1) -.110** .170** .340** .199** .825** .150** -.162** 

RAAU(Axis2) -.341** -.157** .296** .059** -.101** -.595** .264** 

RSCU(Axis1) -.062** .796** .682** .275** .168** -0.0282 -.413** 

RSCU(Axis2) .484** .240** -.063** -.127** -0.0107 .214** -.736** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. indicus 

 

RAAU(Axis1) -.168** .142** .248** .135** .791** .092** -.061** 

RAAU(Axis2) -.219** -.457** -.208** 0.00742 -.254** -.474** .497** 

RSCU(Axis1) .327** -.878** -.714** -.217** -.192** -.085** .553** 

RSCU(Axis2) .393** .102** -.101** -.071** -.060** .255** -.638** 

 

 

A. johnsonii 

RAAU(Axis1) 0.0196 -.217** -.241** -.131** -.828** -.299** .230** 

RAAU(Axis2) .403** .196** -.371** -.145** -0.0306 .538** -.324** 

RSCU(Axis1) .466** -.078** -.404** -.134** -0.02 .272** -.537** 

RSCU(Axis2) .435** .678** .312** .100** .144** .142** -.735** 

 

 

A. junnii 

RAAU(Axis1) .222** -.062** -.484** -.149** -.739** .065** 0.03148 

RAAU(Axis2) .378** .124** -.486** -.057** .273** .720** -.303** 

RSCU(Axis1) -.590** -.178** .305** .115** 0.0313 -.294** .720** 

RSCU(Axis2) .230** .715** .524** .058** 0.02773 -.046** -.213** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. kookii 

RAAU(Axis1) -0.013 .166** .213** .122** .817** .242** -.170** 

RAAU(Axis2) .337** .173** -.337** -.112** 0.00434 .604** -.275** 

RSCU(Axis1) .275** .776** .431** .161** .134** .165** -.706** 

RSCU(Axis2) .520** -.203** -.443** -.218** -0.0329 .250** -.485** 

 

 

A. kyonggiensis 

RAAU(Axis1) .158** -.212** -.528** -.172** -.738** .058** .093** 

RAAU(Axis2) -.313** -.101** .444** .087** -.301** -.692** .218** 

RSCU(Axis1) -.358** .311** .563** .203** .122** -.236** .340** 

RSCU(Axis2) -.472** -.506** -.141** -.084** -.138** -.138** .679** 

 

 

A. lactucae 

RAAU(Axis1) -0.0204 -.101** -.184** -.158** -.812** -.236** .221** 

RAAU(Axis2) -.346** -.048** .565** .190** -0.0009 -.575** .251** 

RSCU(Axis1) .467** -.112** -.484** -.178** 0.01304 .286** -.596** 

RSCU(Axis2) .513** .578** .294** .123** .116** .083** -.603** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. larvae 

RAAU(Axis1) .290** .286** .149** 0.00574 .198** .213** -.249** 

RAAU(Axis2) -0.0247 .262** .295** .160** .849** .172** -.171** 

RSCU(Axis1) .239** -.458** -.483** -.193** -.132** .174** -.239** 

RSCU(Axis2) -.375** -.417** -.199** -.099** -.186** -.103** .652** 

 

A. lwoffii 

RAAU(Axis1) .146** -.190** -.410** -.188** -.757** 0.00878 .079** 

RAAU(Axis2) .316** .195** -.231** -.072** .262** .654** -.357** 

RSCU(Axis1) .125** -.768** -.691** -.307** -.188** .061** .360** 

RSCU(Axis2) -.445** -.309** 0.0243 .054** -0.0292 -.241** .752** 

 

 

A. marinus 

RAAU(Axis1) .199** -.199** -.320** -.119** -.692** -.087** -.052** 

RAAU(Axis2) -.337** -.204** .228** .074** -.335** -.568** .337** 

RSCU(Axis1) -.333** .529** .476** .239** .075** -.149** .252** 

RSCU(Axis2) .467** .382** 0.01808 0.00135 .105** .243** -.717** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. nectaris 

RAAU(Axis1) -.091** .129** .184** -.103** -.721** -.466** .172** 

RAAU(Axis2) .348** 0.03745 -.665** -.190** -.169** .542** -.180** 

RSCU(Axis1) -.310** .194** .557** .134** -.069** -.262** .563** 

RSCU(Axis2) .321** .115** -.093** -.139** -.068** .096** .102** 

 

 

A. nosocomialis 

RAAU(Axis1) 0.03119 -.066** -.210** -.176** -.803** -.212** .168** 

RAAU(Axis2) -.345** -.048** .608** .190** -0.0302 -.661** .230** 

RSCU(Axis1) -.515** .073** .468** .199** 0.0171 -.296** .622** 

RSCU(Axis2) .475** .637** .347** .102** .121** .055** -.561** 

 

 

A. oleivorans 

RAAU(Axis1) -.078** -.122** -.137** -.139** -.826** -.295** .263** 

RAAU(Axis2) -.365** -.056** .601** .225** .080** -.571** .218** 

RSCU(Axis1) .488** -.091** -.481** -.199** 0.02561 .283** -.584** 

RSCU(Axis2) -.519** -.523** -.232** -.119** -.137** -.093** .624** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. parvus 

RAAU(Axis1) .303** -0.0327 -.379** -.168** -.518** .263** -.086** 

RAAU(Axis2) -.272** -.185** .045* -0.0087 -.578** -.591** .334** 

RSCU(Axis1) -.221** .600** .679** .274** .115** -.191** .065** 

RSCU(Axis2) -.552** -.610** -.262** -.045* -.084** -.208** .794** 

 

 

A. piscicola 

RAAU(Axis1) -.251** .173** .561** .190** .628** -.196** -0.0183 

RAAU(Axis2) -.321** -.122** .354** 0.02402 -.413** -.695** .297** 

RSCU(Axis1) .512** -.098** -.463** -.147** -.060** .282** -.563** 

RSCU(Axis2) .279** .435** .110** .116** .155** .103** -.542** 

 

A. pittii 

 

RAAU(Axis1) .051** .124** .187** .171** .822** .269** -.227** 

RAAU(Axis2) .373** .058** -.573** -.168** -.053** .580** -.239** 

RSCU(Axis1) -.496** .124** .494** .184** -0.0062 -.281** .595** 

RSCU(Axis2) .495** .554** .281** .129** .146** .083** -.608** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. populi 

RAAU(Axis1) -.208** 0.01416 .234** .202** .492** 0.01534 .044* 

RAAU(Axis2) .300** .250** -.080** -.040* .588** .519** -.247** 

RSCU(Axis1) .228** -.513** -.581** -.179** -.055** .224** -.121** 

RSCU(Axis2) .515** .481** .139** 0.02913 .111** .119** -.666** 

 

 

A. pragensis 

RAAU(Axis1) -0.033 -.160** -.175** -.124** -.820** -.310** .187** 

RAAU(Axis2) .225** .116** -.290** -.134** -.040* .555** -.215** 

RSCU(Axis1) .151** -.872** -.668** -.199** -.097** -0.0098 .464** 

RSCU(Axis2) -.376** -.131** .118** .067** -.056** -.252** .640** 

 

 

A. proteolyticus 

RAAU(Axis1) -.198** .145** .385** .189** .671** -.032* -.082** 

RAAU(Axis2) -.358** -.305** .103** .050** -.446** -.547** .340** 

RSCU(Axis1) .451** -.331** -.523** -.221** -.072** .233** -.364** 

RSCU(Axis2) -.460** -.629** -.275** -.109** -.161** -.145** .755** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. puyangensis 

RAAU(Axis1) .136** -.130** -.268** -.182** -.691** -.154** .039* 

RAAU(Axis2) -.298** -.235** .131** .128** -.360** -.408** .266** 

RSCU(Axis1) -.254** .599** .615** .195** .090** -.195** 0.02589 

RSCU(Axis2) -.471** -.426** -.095** -.037* -.112** -.128** .641** 

 

 

A. qingfengensis 

RAAU(Axis1) .158** -.058** -.256** -.158** -.705** -.127** -.243** 

RAAU(Axis2) .277** .065** -.432** -.060** .296** .552** -.165** 

RSCU(Axis1) .274** -.235** -.475** -.072** 0.03545 .247** -.112** 

RSCU(Axis2) -.469** -.534** -.236** -.076** -.076** -.058** .179** 

 

 

A. radioresistens 

RAAU(Axis1) 0.02696 -.078** -.192** -.147** -.828** -.228** .202** 

RAAU(Axis2) .377** .089** -.405** -.112** 0.03333 .600** -.169** 

RSCU(Axis1) .362** -.373** -.565** -.214** -0.0283 .220** -.295** 

RSCU(Axis2) -.484** -.618** -.324** -.165** -.146** -.119** .703** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. rudis 

RAAU(Axis1) -.075** -.141** -.201** -.122** -.852** -.232** .239** 

RAAU(Axis2) -.346** -.222** .147** .064** -0.004 -.237** .205** 

RSCU(Axis1) .368** -.205** -.526** -.128** -0.0114 .299** -.494** 

RSCU(Axis2) -.454** -.410** -.116** -.065** -.137** -.100** .660** 

 

 

A. schindleri 

RAAU(Axis1) .120** -.144** -.322** -.173** -.791** -.126** .085** 

RAAU(Axis2) -.391** -.239** .231** .097** -.197** -.624** .439** 

RSCU(Axis1) -.385** .502** .638** .279** .128** -.189** .265** 

RSCU(Axis2) .511** .610** .262** .039* .102** .191** -.827** 

 

 

A. seifertii 

RAAU(Axis1) -0.0228 .085** .257** .195** .813** .148** -.143** 

RAAU(Axis2) -.332** 0.00107 .681** .181** 0.01006 -.696** .233** 

RSCU(Axis1) -.501** .086** .485** .215** .038* -.303** .607** 

RSCU(Axis2) .537** .665** .344** .082** .093** .065** -.588** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. soil 

RAAU(Axis1) -0.0259 -.230** -.260** -.187** -.822** -.244** .276** 

RAAU(Axis2) .308** .128** -.203** -.117** .078** .498** -.227** 

RSCU(Axis1) -0.0268 .776** .662** .241** .181** -.054** -.339** 

RSCU(Axis2) .481** .315** .061** 0.00749 .123** .212** -.745** 

 

 

A. tandoii 

RAAU(Axis1) .118** -.161** -.381** -.192** -.789** -.071** .155** 

RAAU(Axis2) .354** .114** -.371** -.073** .218** .613** -.301** 

RSCU(Axis1) .408** -.265** -.508** -.180** -.100** .242** -.391** 

RSCU(Axis2) -.449** -.591** -.269** -.081** -.136** -.124** .733** 

 

 

A. tjernbergiae 

RAAU(Axis1) -.249** .096** .485** .168** .633** -.170** 0.01948 

RAAU(Axis2) -.343** -.147** .270** .070** -.421** -.648** .318** 

RSCU(Axis1) -.380** .293** .587** .179** .081** -.287** .407** 

RSCU(Axis2) .438** .465** .164** .099** .093** .096** -.679** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

A. towneri 

 

RAAU(Axis1) .172** -.140** -.336** -.158** -.774** -.107** -0.0188 

RAAU(Axis2) .391** .216** -.245** -0.0346 .211** .589** -.431** 

RSCU(Axis1) -.542** .131** .407** .181** .098** -.254** .621** 

RSCU(Axis2) -.282** -.599** -.282** -.143** -.127** -.143** .607** 

 

 

A. urisingii 

RAAU(Axis1) .111** -.206** -.390** -.175** -.798** -.082** .187** 

RAAU(Axis2) .332** .063** -.428** -.100** .198** .619** -.154** 

RSCU(Axis1) -.327** .400** .567** .185** .091** -.222** .152** 

RSCU(Axis2) -.419** -.407** -.150** -.088** -.153** -.125** .729** 

 

 

A. variabilis 

RAAU(Axis1) -.126** .158** .327** .191** .820** .107** -.106** 

RAAU(Axis2) .400** .173** -.331** -.096** .107** .648** -.377** 

RSCU(Axis1) .476** -.371** -.594** -.273** -.100** .216** -.392** 

RSCU(Axis2) .412** .649** .319** .089** .130** .184** -.760** 
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Table 4.3: Continued 

Organism   ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. venetianus 

RAAU(Axis1) .195** -.064** -.392** -.187** -.650** 0.02775 0.01481 

RAAU(Axis2) -.407** -.200** .315** .045* -.390** -.677** .371** 

RSCU(Axis1) .533** -.099** -.480** -.142** 0.00934 .305** -.632** 

RSCU(Axis2) .309** .488** .247** .115** .109** .036* -.536** 

 

 

A. wuhouensis 

RAAU(Axis1) .225** -.162** -.501** -.194** -.662** .143** 0.02177 

RAAU(Axis2) .358** .097** -.419** -.058** .429** .709** -.295** 

RSCU(Axis1) -.532** .158** .541** .195** .077** -.315** .555** 

RSCU(Axis2) -.448** -.517** -.140** -.083** -.090** -.117** .588** 
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Table 4.4: Total number of optimal codons along with AT or GC nature of all the 

Acinetobacter species. 

Species Total optimal 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

ending 

A. albensis 24 14 10 17 7 

A. apis 28 18 10 20 8 

A. baumannii 25 17 8 17 8 

A. byalyi 24 15 9 17 7 

A. beijerincki 21 14 7 15 6 

A. bereziniae 22 14 8 15 7 

A. bochemius 24 16 8 18 6 

A. boissierii 25 16 9 20 5 

A. bouvetii 25 18 7 19 6 

A. brisouii 25 18 7 19 6 

A. calcoacetius 24 14 10 16 8 

A. celticus 24 13 11 16 8 

A. colistiniresistens 22 15 7 17 5 

A. cumulans 25 16 9 19 6 

A. defulvii 24 16 8 19 5 

A. equi 23 14 9 15 8 

A. gandensis 22 15 7 18 4 

A. genomosp.33YU 25 17 8 19 6 

A. generi 23 15 8 16 7 

A. guillouiae 25 17 8 20 5 

A. gyllenbergii 25 16 9 19 6 

A. haemolyticus 24 15 9 17 7 

A. halotolerans 23 15 8 17 6 

A. idrijaenesis 24 18 6 20 2 
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Table 4.4: Continued 

Species Total optimal 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

ending 

A. indicus 25 18 7 18 7 

A. johnsonii 24 16 8 18 6 

A. junnii 24 16 8 18 6 

A. kokii 26 18 8 18 8 

A. kyonggiensis 25 17 8 19 6 

A. lactucae 23 16 7 17 6 

A. larvae 28 17 11 19 9 

A. lwoffii 29 20 9 21 8 

A. marinus 23 15 8 16 7 

A. nectaris 28 17 11 18 10 

A. nosocomialis 25 16 9 18 7 

A. oleivorans 25 16 9 17 8 

A. parvus 24 17 7 18 6 

A. piscicola 25 13 12 16 9 

A. pittii 25 16 9 18 7 

A. populi 26 18 8 19 7 

A. pragensis 26 19 7 21 5 

A. proteolyticus 25 16 9 18 7 

A. puyangensis 25 17 8 19 6 

A. qingfengensis 25 17 8 20 5 

A. radioresistens 25 17 8 18 7 

A. rudis 24 14 10 16 8 

A. schindleri 27 17 10 18 9 

A. seifertii 26 17 9 18 8 

A. soil 25 16 9 18 7 
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Table 4.4: Continued 

Species Total optimal 

codons 

AT rich GC 

rich 

A/T 

ending 

G/C 

ending 

A. tandoii 25 16 9 19 6 

A. tjernbergiae 25 16 9 17 8 

A. towneri 23 16 7 17 6 

A. ursingii 25 17 8 18 7 

A. variabilis 28 18 10 19 9 

A. venetianus 23 14 9 15 8 

A. wuhouensis 23 16 7 16 7 
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Table 4.5: Correlation of ENC, CAI, Gravy and Aromo with other codon usage bias analysis parameters 

Organism 
 

ENC GC3s GC L_aa GRAVY Aromo CAI 

A. apis ENC 1.00 .388** -.061** .042* .075** .190** -.566** 

CAI -.566** -.539** -.227** -.107** -.301** -.064** 1.00 

GRAVY .075** .201** .116** .046* 1.00 .077** -.301** 

Aromo .190** .041* -.353** .046* .077** 1.00 -.064** 

A. albensis ENC 1.00 .388** -.061** .042* .075** .190** -.566** 

CAI -.566** -.539** -.227** -.107** -.301** -.064** 1.00 

GRAVY .075** .201** .116** .046* 1.00 .077** -.301** 

Aromo .190** .041* -.353** .046* .077** 1.00 -.064** 

A. baumannii ENC 1.00 .468** .067** 0.01 .041** .163** -.628** 

CAI -.628** -.416** -.106** 0.02 -.170** -.119** 1.00 

Gravy .041** .070** .080** .069** 1.00 .072** -.170** 

Aromo .163** .037* -.369** -0.01 .072** 1.00 -.119** 

A. baylyi ENC 1.00 .355** 0.01 0.00 .062** .191** -.487** 

CAI -.487** -.594** -.407** -.165** -.257** 0.01 1.00 

Gravy .062** .161** .112** .047** 1.00 .067** -.257** 

Aromo .191** -0.02 -.363** 0.00 .067** 1.00 0.01 

A. bereziniae ENC 1.00 .390** -0.01 0.03 0.02 .170** -.529** 

CAI -.529** -.481** -.270** -.115** -.176** -0.01 1.00 

Gravy 0.02 .195** .151** .065** 1.00 .047** -.176** 

Aromo .170** -0.01 -.401** -0.03 .047** 1.00 -0.01 

A.beijerinckii ENC 1.00 .387** -.073** -0.01 0.02 .234** -.602** 

CAI -.602** -.421** -.103** -.046** -.206** -.128** 1.00 

Gravy 0.02 .127** .103** 0.03 1.00 .052** -.206** 

Aromo .234** .034* -.386** -0.03 .052** 1.00 -.128** 

 



 
 

133 
 

Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

 

A. bochemicus 

ENC 1.00 .368** -0.03 -0.02 0.00 .192** -.578** 

CAI -.578** -.517** -.200** -.076** -.223** -.114** 1.00 

Gravy 0.00 .209** .151** .040* 1.00 .063** -.223** 

Aromo .192** .034* -.330** 0.00 .063** 1.00 -.114** 

A. boissieri ENC 1.00 .454** 0.00 0.00 0.00 .162** -.572** 

CAI -.572** -.512** -.109** -0.03 -.169** -.116** 1.00 

Gravy 0.00 -.041* -0.02 0.03 1.00 .096** -.169** 

Aromo .162** 0.01 -.407** 0.01 .096** 1.00 -.116** 

A. bouvetti ENC 1.00 -.131** -.214** -.088** 0.02 .131** -.256** 

CAI -.256** -.531** -.346** -.046* -.181** -.099** 1.00 

Gravy 0.02 .146** .107** .051** 1.00 .089** -.181** 

Aromo .131** 0.03 -.240** -0.01 .089** 1.00 -.099** 

A. brisouii ENC 1.00 .366** .044* -0.01 0.01 .193** -.532** 

CAI -.532** -.610** -.397** -.076** -.206** -.090** 1.00 

Gravy 0.01 .160** .119** .088** 1.00 .093** -.206** 

Aromo .193** .093** -.240** 0.02 .093** 1.00 -.090** 

A. calcoaceticus ENC 1.00 .469** 0.02 -0.03 .085** .211** -.639** 

CAI -.639** -.428** -.105** -0.01 -.238** -.146** 1.00 

Gravy .085** .109** .087** .060** 1.00 .068** -.238** 

Aromo .211** .072** -.357** -0.02 .068** 1.00 -.146** 

A. celticus ENC 1.00 .372** -.077** -.078** .042* .216** -.596** 

CAI -.596** -.495** -.143** -0.02 -.236** -.098** 1.00 

Gravy .042* .150** .107** .066** 1.00 .084** -.236** 

Aromo .216** .066** -.347** 0.00 .084** 1.00 -.098** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

A. colistiniresistens ENC 1.00 .280** -.032* -.041* -0.01 .167** -.491** 

CAI -.491** -.534** -.286** -.107** -.234** -.108** 1.00 

Gravy -0.01 .223** .168** .039* 1.00 .075** -.234** 

Aromo .167** .067** -.311** -0.02 .075** 1.00 -.108** 

 

A. cumulans 

ENC 1.00 .412** -0.02 -.077** 0.01 .227** -.611** 

CAI -.611** -.601** -.218** -0.02 -.204** -.183** 1.00 

Gravy 0.01 .170** .153** .037* 1.00 .074** -.204** 

Aromo .227** .122** -.299** 0.01 .074** 1.00 -.183** 

A. defulvii ENC 1.00 .346** -.116** -.056** -0.02 .216** -.534** 

CAI -.534** -.433** -.153** -0.03 -.159** -.062** 1.00 

Gravy -0.02 .160** .131** .059** 1.00 .074** -.159** 

Aromo .216** -0.02 -.404** -0.03 .074** 1.00 -.062** 

A. equi ENC 1.00 .416** -.159** -.082** 0.03 .216** -.597** 

CAI -.597** -.234** .179** .059** -.165** -.149** 1.00 

Gravy 0.03 -0.02 0.01 .053** 1.00 .084** -.165** 

Aromo .216** 0.00 -.437** 0.00 .084** 1.00 -.149** 

A. gandensis ENC 1.00 .409** -.092** -.056** .059** .243** -.652** 

CAI -.652** -.481** -.057** 0.01 -.215** -.194** 1.00 

Gravy .059** .177** .114** .041* 1.00 .097** -.215** 

Aromo .243** .130** -.325** 0.00 .097** 1.00 -.194** 

A. genomosp 33YU ENC 1.00 .500** 0.02 -.039* .071** .192** -.637** 

CAI -.637** -.415** -.096** 0.01 -.219** -.129** 1.00 

Gravy .071** .092** .122** .086** 1.00 .053** -.219** 

Aromo .192** .060** -.364** 0.00 .053** 1.00 -.129** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

A. generi ENC 1.00 .450** -.040** -0.02 -.031* .192** -.609** 

CAI -.609** -.454** -.083** -0.01 -.075** -.070** 1.00 

Gravy -.031* .179** .161** .081** 1.00 .062** -.075** 

Aromo .192** -0.01 -.404** -0.01 .062** 1.00 -.070** 

 

A. guilouiae 

ENC 1.00 .424** -.035* -0.01 0.02 .186** -.541** 

CAI -.541** -.508** -.210** -.081** -.214** -.059** 1.00 

Gravy 0.02 .188** .149** .059** 1.00 .040** -.214** 

Aromo .186** 0.02 -.381** -0.02 .040** 1.00 -.059** 

A. gyllenbegii ENC 1.00 .308** -.033* -.044** 0.03 .191** -.456** 

CAI -.456** -.474** -.178** -.065** -.398** -.104** 1.00 

Gravy 0.03 .223** .168** .038* 1.00 .045** -.398** 

Aromo .191** 0.01 -.363** -.041* .045** 1.00 -.104** 

 

A. haemolyticus 

ENC 1.00 .405** 0.00 0.02 0.01 .163** -.553** 

CAI -.553** -.479** -.198** -.046** -.182** -.066** 1.00 

Gravy 0.01 .163** .093** 0.02 1.00 .090** -.182** 

Aromo .163** 0.01 -.375** -.084** .090** 1.00 -.066** 

 

A. halotolerans 

ENC 1.00 .308** -.033* -.044** 0.03 .191** -.456** 

CAI -.456** -.474** -.178** -.065** -.398** -.104** 1.00 

Gravy 0.03 .223** .168** .038* 1.00 .045** -.398** 

Aromo .191** 0.01 -.363** -.041* .045** 1.00 -.104** 

A. idrijaensis ENC 1.00 .169** -.067** -.056** -0.03 .161** -.435** 

CAI -.435** -.560** -.381** -0.02 -.184** -.085** 1.00 

Gravy -0.03 .169** .175** .118** 1.00 .089** -.184** 

Aromo .161** 0.03 -.265** 0.02 .089** 1.00 -.085** 

 



 
 

136 
 

Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

A. indicus ENC 1.00 -.177** -.249** -.108** -.065** .130** -.201** 

CAI -.201** -.627** -.480** -.092** -.214** -.154** 1.00 

Gravy -.065** .261** .222** .049** 1.00 .069** -.214** 

Aromo .130** .110** -.156** .065** .069** 1.00 -.154** 

A. johnsonii ENC 1.00 .378** 0.02 -0.02 0.00 .171** -.564** 

CAI -.564** -.571** -.244** -.075** -.235** -.168** 1.00 

Gravy 0.00 .228** .156** .041* 1.00 .094** -.235** 

Aromo .171** .117** -.280** 0.01 .094** 1.00 -.168** 

A. junnii ENC 1.00 .443** -.059** -0.03 -.035* .233** -.604** 

CAI -.604** -.460** -.138** -0.01 -.140** -.124** 1.00 

Gravy -.035* .079** .124** .047** 1.00 .057** -.140** 

Aromo .233** .098** -.369** -0.02 .057** 1.00 -.124** 

A. kooki ENC 1.00 .168** -.083** -.065** 0.01 .185** -.489** 

CAI -.489** -.549** -.322** -.077** -.191** -.123** 1.00 

Gravy 0.01 .200** .158** .058** 1.00 .073** -.191** 

Aromo .185** .097** -.235** 0.02 .073** 1.00 -.123** 

 

 

A. kyonggiensis 

ENC 1.00 .395** 0.00 0.00 0.00 .167** -.564** 

CAI -.564** -.541** -.254** -.047** -.164** -.056** 1.00 

Gravy 0.00 .185** .158** .040* 1.00 .050** -.164** 

Aromo .167** 0.01 -.342** -0.01 .050** 1.00 -.056** 

A. lactucae ENC 1.00 .486** .039* -0.02 .071** .210** -.644** 

CAI -.644** -.422** -.092** -0.03 -.236** -.168** 1.00 

Gravy .071** .109** .098** .051** 1.00 .061** -.236** 

Aromo .210** .070** -.349** -0.01 .061** 1.00 -.168** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

 

A. larvae 

ENC 1.00 .357** .106** -0.01 0.02 .121** -.508** 

CAI -.508** -.453** -.324** -.048** -.168** 0.00 1.00 

Gravy 0.02 .269** .185** .057** 1.00 .058** -.168** 

Aromo .121** -.065** -.374** 0.03 .058** 1.00 0.00 

A. lwoffii ENC 1.00 .174** -.051** -.036* -0.01 .162** -.429** 

CAI -.429** -.597** -.377** -.096** -.211** -.103** 1.00 

Gravy -0.01 .233** .204** .062** 1.00 .069** -.211** 

Aromo .162** .045** -.267** 0.03 .069** 1.00 -.103** 

A. marinus ENC 1.00 .182** -.060** -.051** -0.03 .181** -.567** 

CAI -.567** -.377** -.189** -0.02 -.104** -.149** 1.00 

Gravy -0.03 .274** .171** 0.02 1.00 .059** -.104** 

Aromo .181** .045* -.327** 0.02 .059** 1.00 -.149** 

A. nectaris ENC 1.00 .479** -0.03 -0.02 0.02 .217** -.538** 

CAI -.538** -.358** 0.00 0.02 -.137** -.132** 1.00 

Gravy 0.02 -.113** -0.04 .060** 1.00 .105** -.137** 

Aromo .217** 0.04 -.388** .043* .105** 1.00 -.132** 

A. nosocomialis ENC 1.00 .474** 0.00 -.065** .037* .197** -.643** 

CAI -.643** -.434** -.091** 0.01 -.186** -.148** 1.00 

Gravy .037* .073** .080** .069** 1.00 .075** -.186** 

Aromo .197** .045** -.376** -0.01 .075** 1.00 -.148** 

 

A. olievorans 

ENC 1.00 .481** 0.01 -0.02 .084** .228** -.637** 

CAI -.637** -.421** -.087** -0.03 -.252** -.160** 1.00 

Gravy .084** .111** .087** .051** 1.00 .073** -.252** 

Aromo .228** .081** -.349** -0.01 .073** 1.00 -.160** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

A. parvus ENC 1.00 .342** .049* -.047* -0.01 .204** -.533** 

CAI -.533** -.541** -.328** -0.01 -.174** -.096** 1.00 

Gravy -0.01 .173** .185** .059** 1.00 0.04 -.174** 

Aromo .204** 0.01 -.296** -0.01 0.04 1.00 -.096** 

A. piscicola ENC 1.00 .374** -.062** -.054** -0.03 .209** -.562** 

CAI -.562** -.473** -.127** -0.01 -.175** -.089** 1.00 

Gravy -0.03 .185** .140** .071** 1.00 0.03 -.175** 

Aromo .209** 0.00 -.391** -0.01 0.03 1.00 -.089** 

A. pittii ENC 1.00 .461** 0.00 -0.02 .087** .233** -.656** 

CAI -.656** -.425** -.101** -0.03 -.245** -.164** 1.00 

Gravy .087** .127** .122** .089** 1.00 .066** -.245** 

Aromo .233** .084** -.333** 0.01 .066** 1.00 -.164** 

A. populi ENC 1.00 .340** 0.01 -0.03 .062** .150** -.501** 

CAI -.501** -.504** -.278** -.072** -.130** -0.03 1.00 

Gravy .062** .228** .144** .040* 1.00 .064** -.130** 

Aromo .150** -.049** -.377** 0.03 .064** 1.00 -0.03 

A. pragensis ENC 1.00 -0.03 -.157** -.042* 0.02 .120** -.332** 

CAI -.332** -.570** -.416** -.068** -.210** -0.03 1.00 

Gravy 0.02 .169** .136** .045** 1.00 .081** -.210** 

Aromo .120** 0.02 -.256** 0.01 .081** 1.00 -0.03 

A. proteolyticus ENC 1.00 .301** -0.03 -.069** 0.02 .194** -.526** 

CAI -.526** -.521** -.276** -.084** -.230** -.089** 1.00 

Gravy 0.02 .258** .208** .044** 1.00 .038* -.230** 

Aromo .194** .057** -.334** 0.00 .038* 1.00 -.089** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

 

A. puyangensis 

ENC 1.00 .248** -0.02 -.051** 0.02 .125** -.509** 

CAI -.509** -.535** -.312** -.083** -.134** -0.03 1.00 

Gravy 0.02 .220** .144** 0.01 1.00 .066** -.134** 

Aromo .125** -.060** -.361** .039* .066** 1.00 -0.03 

A. qingfengensis ENC 1.00 .481** .083** -.063** 0.00 .113** -.251** 

CAI -.251** -.390** -.118** .094** .090** 0.00 1.00 

Gravy 0.00 .102** .070** .052** 1.00 .059** .090** 

Aromo .113** -.065** -.395** .056** .059** 1.00 0.00 

A. radioresistens ENC 1.00 .352** 0.02 0.03 .062** .194** -.522** 

CAI -.522** -.444** -.288** -.094** -.232** -.050** 1.00 

Gravy .062** .109** .100** .078** 1.00 .093** -.232** 

Aromo .194** 0.00 -.334** 0.03 .093** 1.00 -.050** 

 

A. rudis 

ENC 1.00 .472** 0.02 -0.03 .057** .183** -.586** 

CAI -.586** -.421** -.097** -0.01 -.204** -.136** 1.00 

Gravy .057** .140** .111** .035* 1.00 .052** -.204** 

Aromo .183** -0.01 -.407** 0.00 .052** 1.00 -.136** 

 

A. schindleri 

ENC 1.00 .271** -.041* -.104** 0.01 .193** -.575** 

CAI -.575** -.489** -.213** -.037* -.208** -.180** 1.00 

Gravy 0.01 .209** .183** .054** 1.00 .092** -.208** 

Aromo .193** .091** -.254** 0.01 .092** 1.00 -.180** 

 

A. seifertii 

ENC 1.00 .464** 0.00 -.046** .058** .194** -.654** 

CAI -.654** -.429** -.087** 0.02 -.180** -.140** 1.00 

Gravy .058** .077** .085** .091** 1.00 .054** -.180** 

Aromo .194** .051** -.362** -0.02 .054** 1.00 -.140** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

 

 

A. soil 

ENC 1.00 .258** .044* -0.02 .035* .172** -.462** 

CAI -.462** -.593** -.441** -.116** -.281** -.039* 1.00 

Gravy .035* .222** .181** .107** 1.00 .072** -.281** 

Aromo .172** .038* -.284** .040* .072** 1.00 -.039* 

A. tandoii ENC 1.00 .373** 0.01 -.033* -0.02 .191** -.538** 

CAI -.538** -.504** -.238** -.035* -.207** -.111** 1.00 

Gravy -0.02 .128** .117** .083** 1.00 .064** -.207** 

Aromo .191** 0.02 -.312** 0.02 .064** 1.00 -.111** 

 

A. tjernbergiae 

ENC 1.00 .391** -0.03 -0.03 -0.02 .204** -.564** 

CAI -.564** -.472** -.165** 0.01 -.154** -.074** 1.00 

Gravy -0.02 .130** .133** 0.02 1.00 0.02 -.154** 

Aromo .204** -0.01 -.377** -0.02 0.02 1.00 -.074** 

 

A. towneri 

ENC 1.00 .275** -.053** -0.02 -.039* .220** -.567** 

CAI -.567** -.456** -.161** -0.04 -.116** -.151** 1.00 

Gravy -.039* .170** .140** .082** 1.00 .068** -.116** 

Aromo .220** .084** -.296** 0.02 .068** 1.00 -.151** 

 

A. urisingii 

ENC 1.00 .328** -.041* -0.02 0.00 .194** -.490** 

CAI -.490** -.502** -.317** -.119** -.188** -0.02 1.00 

Gravy 0.00 .194** .132** .072** 1.00 .079** -.188** 

Aromo .194** 0.00 -.364** 0.01 .079** 1.00 -0.02 

 

A. variabilis 

ENC 1.00 .222** -.108** -.078** -0.01 .209** -.534** 

CAI -.534** -.473** -.191** -0.02 -.199** -.164** 1.00 

Gravy -0.01 .203** .185** .090** 1.00 .057** -.199** 

Aromo .209** .096** -.253** 0.03 .057** 1.00 -.164** 
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Table 4.5: Continued 

Organism  ENC GC3s GC L_aa GRAVY Aromo CAI 

A. venetianus ENC 1.00 .391** -.102** -.039* 0.03 .264** -.623** 

CAI -.623** -.415** -.068** -0.01 -.213** -.148** 1.00 

Gravy 0.03 .149** .134** .058** 1.00 .061** -.213** 

Aromo .264** .068** -.378** 0.00 .061** 1.00 -.148** 

A. wuhouensis ENC 1.00 .363** -.107** -.064** -0.01 .236** -.594** 

CAI -.594** -.442** -.067** 0.00 -.159** -.113** 1.00 

Gravy -0.01 .166** .116** .050** 1.00 .083** -.159** 

Aromo .236** -0.01 -.400** -0.01 .083** 1.00 -.113** 
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4.3 Insights from ENC-GC3s analysis 

The ENC-GC3 figure unveiled a diminished codon usage bias within the genomes. Genes 

showed a deviation just below the curve (Table 4.1, Figure 4.2), indicating a weak 

impact of mutational bias on codon usage in all studied Acinetoacter genomes. This 

observation suggests that translational selection pressure exerts a more dominant impact 

compared to other factors. Additionally, when the average ENC value for given set of 

genes exceeds 35, it indicates a reduced bias in codon usage (Andargie & Congyi, 2022). 

The average ENC levels for Acinetoacter genomes ranged from 39.5 to 48.4. (Table 4.1, 

Figure 4.2). We observed a consistent ENC value among members of the Acinetoacter 

baumannii complex, ranging from 44.11 in A. lactucae to 45.55 in A. calcoaceticus. 

Additionally, A. baylyi exhibited an ENC value of 46.7, slightly higher than the 

pathogenic members of the ACB complex (Table 4.1). Consequently, these data point 

towards a low codon usage bias within the genus Acinetoacter. Here the CUB is higher in 

ACB complex because non- pathogenic species like A. baylyi does not face the same 

stringent selection pressures related to virulence and host adaptation (Beceiro et al., 

2013). 
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Figure 4.2: ENC plot analysis of various Acinetobacter species. 

(Note: The ENC vs GC3s graphs of the Acinetobacter species are arranged serially 

according to table 3.1) 
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4.4 Insights from Neutrality plot analysis 

Upon examining the neutrality plot across Acinetoacter genome species, we observed 

regression line slopes (Figure 4.3) close to zero, indicating minimal influence of 

mutational pressure on codon usage bias. Specifically, slopes ranged from 0.05 in 

Acinetoacter apis to 0.27 in Acinetoacter populi, corresponding to mutational pressure 

effects ranging from 0.5% to 27%, respectively. Notably, members of the ACB complex 

exhibited lower mutational pressure effects compared to other Acinetoacter species. For 

instance, species like A. haemolyticus, A. junii, A. nosocomialis, and A. oleivorans 

showed mutational pressure effects of 12%, while A. baumannii, A. pittii, and A. 

lactucae exhibited 14%. In contrast, A. calcoaceticus and A. serifertii registered 17%, 

while A. baylyi, being a non-pathogenic species showed a higher impact of 23% from 

mutational pressure. These results underscore the predominant influence of translational 

selection over mutational pressure in shaping codon usage patterns within the 

Acinetoacter genus. Translational selection is evident in the consistent codon preferences 

observed across species, reflecting adaptive strategies for efficient protein synthesis and 

functional optimization (Plotkin & Kudla, 2011). Conversely, the higher impact of 

mutational pressure on non-pathogenic species compared to the pathogenic ACB 

complex suggests differential evolutionary pressures and ecological niches that influence 

genomic stability and codon usage bias (Sharp & Li, 1987). 
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Figure 4.3: Neutral plot analysis of all the Acinetobacter species under investigation. 

(Note: The Neutral plot graphs of the Acinetobacter species are arranged according to 

the table 3.1) 



 
 

158 
 

4.5 Insights from Parity plot analysis 

Parity plot analysis was employed to estimate the bias between A or T and C or G 

nucleotides at the third codon position. In an ideal scenario where A equals T and C 

equals G at the center, the axis value would be 0.5 (Jamil et al., 2022). However, in this 

investigation, the mean position of x was 0.49 (suggests an AT bias) and y was 0.44 

(pointing towards a GC bias) (Figure 4.4). All members of the ACB complex exhibited a 

GC bias of 0.48, except for A. baumannii itself, which has a slightly higher GC bias of 

0.49. Similarly, the AT bias was 0.45 across all ACB complex members, except for A. 

pittii, which showed an AT bias of 0.44. In contrast, the biotechnologically significant 

nonpathogenic species A. baylyi displayed a higher GC bias of 0.52 in their genome. A 

bias value below 0.5 indicates a preference for pyrimidine bases (thymidine over adenine 

and cytosine over guanosine) (Andargie & Congyi, 2022). Therefore, it is evident that all 

members of the genus Acinetoacter favor thymidine over adenine and cytosine over 

guanosine in their genomic compositions except A. baylyi. This justifies the lower 

preference of AT rich favoured codons by A. baylyi reflecting specific adaptive strategies 

in the genome of A. baylyi, potentially related to its ecological niche or metabolic 

adaptations which makes it different from other pathogenic ACB members (De Oliveira 

et al., 2021). 
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Figure 4.4: Parity plot analysis of all the Acinetobacter species under investigation 

(Note: The parity graphs of the Acinetobacter species are arranged serially according to 

the table 3.1) 
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4.6 Insights from analysis of Translational selection 

Insights from the analysis of translational selection using P2 values (Roy et al., 2015) 

revealed significant variation in codon usage bias across Acinetoacter genomes. Across 

all species, P2 values were notably low, ranging from 0.48 in A. bouvetii to 0.06 in A. 

proteolyticus, indicating a modest influence of natural selection on codon usage. 

However, A. baylyi stood out with a higher P2 value of 0.57 (Table 4.1), suggesting 

stronger translational selection pressure compared to other species within the genus. This 

could reflect specific adaptations related to efficient translation, gene expression 

regulation and environmental adaptations unique to A. baylyi (De Oliveira et al., 2021). 

Furthermore, within the ACB complex, P2 values were consistently low at 0.44 for all the 

members except for A. calcoaceticus which exhibited a even lower value (0.39). This 

indicates that translational selection plays a significant role in shaping codon usage across 

the Acinetoacter genus, the degree of influence varies among pathogenic and non- 

pathogenic species. 

 

4.7 Insights from CAI  

The assessment of gene expression levels in Acinetoacter genomes were conducted using 

the Codon Adaptative Index (CAI) parameter. CAI values were computed using a 

reference set comprised of genes encoding ribosomal subunits (Saha et al., 2019; Ueda et 

al., 2004). Among the species under investigation, CAI values ranged from 0.49 for A. 

gyllenbergii to 0.66 for A. boissieri. The members of ACB complex has the CAI values 

between 0.55-0.58 while A. baylyi have a CAI value of 0.59 (Table 4.1).  In many 

bacterial genomes, a strong positive correlation between RSCU and RAAU with CAI 

indicates that genes with higher expression levels tend to utilize optimal codons more 

frequently (Dos Reis, 2003; Sharp & Li, 1987). In a majority of Acinetoacter genomes, a 

highly significant correlation was observed between Axis 1 and Axis 2 of RSCU and 

RAAU data with CAI (Table 4.3). This relationship suggests that natural selection favors 
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codons that maximize translational efficiency, reflecting the adaptation of these genus to 

their specific environmental and physiological requirements. Furthermore, a high 

negative correlation of CAI with ENC provided additional evidence of the substantial 

influence of gene expression on the codon usage patterns within bacterial genomes 

(Table 4.5) as a lower ENC value indicates greater codon bias towards optimal codons 

and suggests that selective pressure for efficient translation drives the observed codon 

preferences (Sharp & Li, 1987). 

 

4.8 Insights from RSCPU 

The examination of codon context patterns in bacterial genomes involved computing 

RSCPU values for a total of 3721 codon pairs (61 * 61), excluding Amb, Och, and Opa. 

A comprehensive analysis of RSCPU values displayed that A. junii exhibited the lowest 

number of overrepresented codon pairs within the genus, with 288 (the minimum among 

the species), while A. marinus had the highest at 577 (the highest among the genus). 

Moreover, within the ACB complex, there were relatively similar numbers of 

overrepresented codon pairs, ranging from 320 in A. calcoaceticus to 342 in A. seifertii. 

This variability suggests that different species within the same genus may employ distinct 

strategies in codon pair usage, possibly reflecting evolutionary adaptations or niche-

specific selection pressures (Novoa et al., 2019). 

Significant variations were observed in terms of favored and unfavoured codon pairs 

across the species. However, the total number of highly favored and unfavoured codon 

pairs within the ACB complex was quite similar compared to other species (Table 4.6). 

Further investigation into the dominant dinucleotide bias at the junction (CP3-CP1) of 

codon pairs in Acinetoacter genomes revealed both similarities and differences in these 

preferences. All the species showed a preference for either GC or CA as overrepresented 

pairs, and most species favored CG or GT as underrepresented pairs. However, species 

like A. towneri and A. marinus preferred TC and TA as the most overrepresented pairs, 
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respectively (Table 4.7 and 4.8). These preferences potentially reflect differential mRNA 

secondary structures, translational efficiency and interactions with specific tRNA pools, 

all of which are critical for cellular adaptation and fitness. (De Oliveira et al., 2021; 

Novoa et al., 2019). 

A very similar pattern of codon pair preferences was found among the ACB complex. All 

the species within the ACB preferred the GC codon pair, followed by CT as the most 

preferred codon pair. The third most preferred codon pair was CC in all ACB members. 

This consistent preference for GC and CT as the top two codon pairs across all species 

suggests a shared adaptive strategy. Similarly, the most avoided codon pair across the 

ACB complex was GC, followed by GG and CC, except in the case of A. baumanni, 

which avoided GG more than the CC codon pair (Table 4.7 and 4.8). The uniform 

avoidance of these codon pairs underscores their potential detrimental effects on 

translation or mRNA stability in these bacteria (De Oliveira et al., 2021; Novoa et al., 

2019). 

 

Table 4.6: Most favoured and most avoided codon pairs for all the species under 

investigation. 

Organism Most favoured 

codon pair 

CPS mod Most avoided 

codon pair 

CPS mod 

A. albensis AGG-AGG 2.5331 CCG-GAG -4.0611 

A. apis AGG-CTG 2.50593 ACC-TGG -4.9281 

A. baumannii  AGA-AGG 1.93903 CCC-TGG -3.6696 

A. baylyi  TCC-AGA 2.53697 CCG-GAG -5.8385 

A. beijerinckii  GGG-CGA 1.77586 ACC-GGG -6.2357 

A. bereziniae GCC-AAT 1.69652 GGC-CAA -4.5296 

A. bohemicus AGA-AGG 2.24215 GCC-TGG -4.747 

A. boissieri CGC-CGT 2.01773 TGC-GGG -4.237 
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Table 4.6: Continued 

Organism Most favoured 

codon pair 

CPS mod Most avoided 

codon pair 

CPS mod 

A. bouvetii  CTC-AGC 2.20731 CGT-CGG -4.9499 

A. brisouii ATA-AGG 2.08642 ACC-GGC -4.9221 

A. calcoaceticus AAG-CTC 1.38834 GCC-AGG -3.3337 

A. celticus AGG-CGA 1.92159 GTC-CGG -4.3125 

A. colistiniresistens TTA-AGA 1.62333 CCG-GAG -4.3113 

A. cumulans AGA-AGG 3.40729 GCC-CGG -4.4944 

A. defluvii AGA-AGG 2.92907 TTC-CGG -3.8047 

A. equi str. 114 CCC-TCG 2.27348 TCG-GCC -3.8022 

A. gandensis AGA-AGG 2.33945 AGA-CAC -3.731 

A. genomosp.33YU AGG-AGG 2.07686 ACC-TGG -2.9358 

A. gerneri AGA-CGG 1.97171 CCG-GCG -5.3755 

A. guillouiae AGG-AGG 2.20222 CCG-GCG -3.454 

A. gyllenbergii AGG-AGG 1.92483 CCG-GAG -4.447 

A. haemolyticus AGG-AGG 2.31209 CCG-GAG -3.1875 

A. halotolerans AGG-AGG 3.07884 TCC-TGG -5.1206 

A. idrijaensis AGG-AGG 2.06565 GGG-TCC -3.3917 

A. indicus AGA-AGA 3.02993 CGG-TAC -5.449 

A. johnsonii AGG-AGG 2.23479 ACC-GGG -3.6508 

A. junii ATA-AGG 1.73409 TCC-GGG -4.2075 

A. kookii TCC-AGG 2.58281 CGG-TGT -4.1355 

A. kyonggiensis AGA-AGG 1.78311 CCG-GCG -5.3734 

A. lactucae AGG-CCC 1.67628 TCC-TGG -4.9186 

A. larvae AGG-AGG 2.64337 GGC-CAC -4.8825 

A. lwoffii ATA-AGG 2.90111 AGG-GGC -4.1912 
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Table 4.6: Continued 

Organism Most favoured 

codon pair 

CPS mod Most avoided 

codon pair 

CPS mod 

A. marinus CCG-GGA 2.05606 GCC-TGG -4.5375 

A. nectaris AGG-AGG 1.83792 AGG-CGC -2.9999 

A. nosocomialis AGA-AGG 1.68991 TCC-TGG -3.9719 

A. oleivorans CTC-AGG 2.33315 GCC-GGG -5.6873 

A. parvus CGG-CGG 2.39887 ACC-GGG -5.2188 

A. piscicola ATA-CGG 1.72672 TCC-TGG -4.8103 

A. pittii TCC-AGA 2.09935 CTG-CAG -6.8834 

A. populi CTC-AGC 2.13633 AGG-TGG -3.5436 

A. pragensis AGA-AGG 1.87998 GCC-CGG -3.6745 

A. proteolyticus TCC-AGA 2.22215 CTG-CAG -6.8797 

A. puyangensis TCC-AGA 2.90773 CTG-CAG -3.8874 

A. qingfengensis CTC-AGG 2.32147 AAG-AGG -3.09 

A. radioresistens AGA-AGG 1.75393 CCC-TGG -5.7239 

A. rudis AGA-AGA 2.31002 TCG-TAC -1.8013 

A. schindleri TGC-TGC 1.59023 CTC-CGG -3.5139 

A. seifertii  TTC-AGG 2.54338 GGG-TCC -3.5863 

A. soli AGA-AGG 1.75702 ACC-GGC -4.1435 

A. tandoii ATA-AGG 1.75861 ACC-GGG -5.2148 

A. tjernbergiae AGG-AGG 3.68161 ACC-GGG -5.0479 

A. towneri TCC-AGA 2.49808 CTC-CGG -4.2661 

A. ursingii CTC-AGG 1.91931 GGG-TCC -3.307 

A. variabilis GGG-CGG 1.59508 ACC-TGG -5.9501 

A. venetianus AGA-AGG 3.67466 GGC-CTC -5.7531 

A. wuhouensis AGA-ATA 2.23958 GGC-CTC -7.8047 
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Table 4.7: Percentage of Over- represented nucleotides of all the Acinetobacter species 

under investigation 

 

Organisms Over-represented nucleotides at Codon Pair Junction 

A. albensis CA GC AC CT GA 

19.90 18.66 8.71 8.21 8.21 

A. apis GC CA TG AC CC 

23.56 18.77 10.34 8.05 7.09 

A. baumannii GC CT CC CA GG 

22.15 12.92 12.92 8.92 8.31 

A. baylyi CA GC CT AC GA 

21.47 19.90 11.26 8.64 7.85 

A. beijerinckii GC CA GA CT TG 

18.32 14.66 10.73 9.95 7.07 

A. bereziniae CA GC GA CT AC 

19.42 17.59 10.50 9.45 8.40 

A. bochemius GC CA AC CT CC 

17.42 16.74 10.18 8.60 7.92 

A. boissieri GC CA CC AC CT 

18.83 15.27 11.92 11.30 10.25 

A. bouvetti GC CA AA TT TG 

25.87 14.39 10.20 9.47 9.29 

A. brisouii CA GC TG CT AC 

17.87 15.96 11.49 8.94 8.30 

A. calcoaceticus GC CT CC GG CA 

22.81 14.69 10.63 10.31 10.00 

A. celticus GC CA CC AC AA 

20.60 16.90 9.49 9.26 7.18 
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Table 4.7: Continued 

Organisms Over-represented nucleotides at Codon Pair Junction 

A. colistiniresistens CA CT GC TG AC 

65.00 53.00 46.00 45.00 36.00 

A. cumulans GC CA CT AC CC 

26.29 16.20 8.69 8.45 7.04 

A. defluvii GC CA AC TG GA 

19.81 17.87 11.59 8.70 8.45 

A. equi GC CT CA GA CC 

22.84 15.23 13.20 11.42 9.39 

A. gandensis GC CA AC CT TG 

21.31 14.53 10.90 9.44 7.99 

A. genomosp33YU GC CT CA CC AA 

24.92 11.50 10.54 10.22 8.31 

A. generi GC CA GA CT TG 

18.58 14.18 12.71 9.29 7.58 

A. guillouiae GC CA CT GA AC 

17.16 16.67 10.78 9.80 8.09 

A. gyllenbergii CA GC CT AC TG 
 

15.68 13.64 13.18 9.77 9.32 

A. haemolyticus CA GC GA CT AA 

17.63 16.35 12.18 11.86 8.65 

A. halotolerans CA GC CT GA AC 

14.90 14.04 11.46 10.60 10.03 

A. idrijaenesis CA CT GC AC CC 

16.71 14.08 13.13 9.31 7.64 

A. indicus GC CA CT AC AA 

13.94 13.94 10.97 10.97 8.36 
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Table 4.7: Continued 

Organisms Over-represented nucleotides at Codon Pair Junction 

A. johnsonii GC CA AC CT TG 

15.47 14.13 13.00 11.43 8.07 

A. junnii CA GC GA CT AC 

19.10 18.40 14.93 11.11 8.68 

A.kookii CA GC CT TT CC 

18.29 14.43 11.79 9.15 8.33 

A. kyonggiensis CA GC CT AC CC 

18.40 18.16 9.44 8.96 7.51 

A. lactucae GC CT CC CA GG 

22.42 14.55 11.52 9.39 8.48 

A. larvae GC CA AC CT TG 

17.76 14.04 13.82 8.99 7.68 

A. lwoffii CA GC CT CC AC 

15.63 14.02 14.02 7.82 7.82 

A. marinus GC CA TG AC CT 

15.25 14.21 12.13 11.61 9.71 

A. nectaris GC CT CC CA TG 

21.85 21.54 12.00 8.92 8.00 

A. nosocomials GC CT CC CA GG 

23.08 13.61 12.13 9.76 7.99 

A. oleviorans GC CT CC CA AA 

23.64 15.76 10.61 10.00 9.09 

A.parvus CA CT TG CC GC 

18.26 12.25 11.80 9.58 9.35 

A. piscicola CA GC AC TG GA 

17.85 17.42 10.75 9.68 8.17 
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Table 4.7: Continued 

Organisms Over-represented nucleotides at Codon Pair Junction 

A. pittii GC CT CC CA AA 

21.92 15.92 11.11 9.61 9.01 

A. populi CA CT AC GG GC 

18.91 12.17 11.96 10.65 9.78 

A. pragensis GC CA TT AA TG 

27.57 14.08 9.86 8.85 8.45 

A. proteolyticus CA CT GC AC TG 

15.62 13.35 12.59 10.58 9.57 

A. puyangensis CA AC CT GG GC 

20.62 11.53 10.42 10.42 10.20 

A. qingfengensis CA GC GG CT TG 

24.62 13.08 11.79 10.51 8.46 

A. radioresistens CT CA GC CC GG 

18.72 17.98 17.00 13.79 7.39 

A.rudis GC CA CT GA AC 

14.78 14.78 14.52 12.10 11.56 

A. schindleri CT CA GC CC TG 

17.08 16.34 12.87 8.91 8.42 

A. seifertii GC CT CC CA AA 

23.10 14.04 10.82 9.94 7.60 

A. soil GC CA CT AC AA 

22.59 19.80 9.39 8.88 7.87 

A. tandoii CA GC CT AC CC 

21.08 17.30 10.27 8.11 7.03 

A. tjernbergiae CA GC CT TG AC 

15.08 13.76 13.23 9.52 9.52 
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Table 4.7: Continued 

 

Table 4.8: Percentage of under- represented nucleotides of all the Acinetobacter species 

under investigation.  

Organisms Under-represented nucleotides at codon pair junction 

A. albensis CC CG TA GT GG 

14.84 13.54 12.80 11.13 10.02 

A. apis CG GG TC CC TA 

20.96 18.92 11.50 11.13 9.83 

A. baumannii CG CC GG GT TC 

16.96 11.45 11.45 10.79 9.91 

A. baylyi CC CG TA GT GG 

16.64 13.95 11.45 10.02 9.84 

A. beijerinckii CC GG CG TA GT 

16.10 13.06 11.99 11.27 10.02 

 

Organisms Over-represented nucleotides at Codon Pair Junction 

A. towneri GC CA AC TG CT 

18.98 17.86 9.59 8.65 6.39 

A. ursingii CA GC CT GA TG 

19.18 16.71 9.86 9.04 7.95 

A. variabilis CT CA GC CC GA 

15.96 14.96 13.22 9.48 7.23 

A. venetianus GC GA CT CA AA 

19.79 12.83 12.57 12.57 8.29 

A. wuhouensis CA GC GA CT AC 

14.51 14.29 12.02 9.75 9.75 
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Table 4.8: Continued 

Organisms Under-represented nucleotides at codon pair junction 

A. bereziniae CG TA GC GT CT 

18.84 14.18 12.87 10.82 10.45 

A. bochemius CG CC GT TA GG 

16.64 12.52 11.53 10.71 10.54 

A. boissieri CG TC GG CC GA 

18.71 14.62 12.13 11.40 9.80 

A. bouvetti AC TC TA GT CG 

12.84 12.59 12.10 11.61 10.51 

A. brisouii CG CC TA GG TC 

14.70 11.67 11.52 10.91 10.15 

A. calcoaceticus CG GG CC TA GT 

17.57 13.88 11.50 9.98 9.11 

A. celticus CG CC TC GG TA 

16.37 14.26 13.20 10.04 9.68 

A. colistiniresistens CG GT TA CC GG 

103.00 73.00 71.00 68.00 53.00 

A. cumulans CG TC CC GG TA 

16.07 13.85 12.31 10.60 9.91 

A. defluvii CG CC GG TC TA 

19.68 11.55 11.55 11.37 11.19 

A. equi CG GG CC GT TA 

22.39 14.86 12.29 8.62 8.44 

A. gandensis CG GG CC TA TC 

17.90 16.16 14.85 14.63 12.88 

A. genomosp33YU CG GG CC TA TC 

17.14 15.26 12.91 11.03 10.33 
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Table 4.8: Continued 

Organisms Under-represented nucleotides at codon pair junction 

A. guillouiae CG TA GT GG CC 

21.02 12.20 11.36 11.19 10.85 

A. gyllenbergii CG TA CC GT GG 

16.34 12.41 11.50 11.04 8.93 

A. haemolyticus CG CC TA GG GT 

16.59 14.63 13.32 12.45 10.92 

A. halotolerans CC CG TA GG GT 

14.81 14.23 13.27 12.31 10.96 

A. idrijaenesis GT CG CC TA TC 

14.94 13.60 12.84 11.69 9.39 

A. indicus CG GT CC TC GA 

14.18 11.75 11.32 10.60 10.17 

A. johnsonii CG TA CC GG TC 

17.13 11.86 11.37 11.04 10.21 

A. junnii CC GG CG TA GT 

15.42 15.42 14.95 13.79 10.98 

A.kookii CG GT TA CC GA 

15.30 13.91 12.67 10.82 10.51 

A. kyonggiensis CG CC GT TC GG 

18.36 12.76 11.36 10.84 10.31 

A. lactucae CG GG CC GT TA 

16.81 13.54 13.32 10.04 9.39 

A. larvae CC CG GT TC GG 

15.82 14.03 12.69 12.54 10.00 

A. lwoffii GT CG TA CC TC 

15.63 14.29 12.10 11.60 8.24 
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Table 4.8: Continued 

Organisms Under-represented nucleotides at codon pair junction 

A. marinus CC GG TA CG TC 

14.62 11.77 11.40 11.03 9.17 

A. nectaris CG GG CC TC AG 

20.21 14.33 12.22 9.05 7.84 

A. nosocomials CG GG CC TC GT 

18.52 12.27 11.34 10.19 9.72 

A. oleviorans CG GG CC TA GT 

15.44 14.32 12.53 10.96 8.95 

A.parvus CG GT TA CC GA 

20.94 12.19 11.88 9.84 9.69 

A. piscicola CG CC TC GG TA 

18.48 12.22 11.03 11.03 10.58 

A. pittii CG GG CC GT TA 

15.50 12.95 12.10 10.19 9.55 

A. populi CG GT CC GA TC 

15.73 13.01 11.80 11.35 9.23 

A. pragensis GT AC TA TC CG 

12.29 12.29 12.03 11.50 10.85 

A. proteolyticus CG TA GT CC GG 

17.24 13.45 13.28 11.72 9.14 

A. puyangensis CG GT CC GA TC 

14.70 13.48 12.12 11.52 9.70 

A. qingfengensis CG CC GA GT AG 

17.46 11.90 11.90 11.75 8.57 

A. radioresistens CG GT TC CC GA 

21.28 13.56 12.43 10.36 7.34 



 
 

179 
 

Table 4.8: Continued 

Organisms Under-represented nucleotides at codon pair junction 

A. rudis CG CC TC GT GG 

21.75 13.01 12.43 11.65 11.07 

A. schindleri CG GT CC TA TC 

18.62 15.08 11.17 10.06 9.12 

A. seifertii CG GG CC TA TC 

16.45 15.58 11.69 9.74 8.87 

A. soil CC TA GA GG CG 

18.29 11.50 11.32 10.28 10.10 

A. tandoii CG GT TA CC GG 

19.59 13.20 11.96 11.75 11.75 

A. tjernbergiae CG CC GG GT TA 

19.15 12.71 12.03 10.85 10.85 

A. towneri CC TC CG GG TA 

13.79 12.85 12.05 10.84 9.64 

A. ursingii CC GT TA CG GG 

16.05 12.18 12.18 11.62 9.96 

A. variabilis CG GT CC TA TC 

16.55 16.01 10.68 10.50 8.36 

A. venetianus CG CC GG TA GT 

15.05 14.86 14.67 12.95 11.62 

A. whuouensis CG CC GG TA GT 

16.33 12.63 11.86 11.71 9.40 

A. generi CG CC GT TA GG 

14.33 13.31 12.63 11.95 11.95 
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4.9 Insights from RAAU  

Conducting a comprehensive analysis on the RAAU data, a CoA was peformed to 

investigate potential factors linked with variations in amino acid usage. The results of the 

multivariate statistical analysis revealed strong correlations between the aromaticity 

(Aromo) of encoded proteins and the two major principal axes (Axes 1 and 2) that 

separate genes based on RAAU data (Table 4.3). This suggests that the aromaticity of 

encoded proteins plays a pivotal role in shaping the overall amino acid composition 

across genes within the genus. Additionally, the GRAVY index, which indicates the 

mean hydropathic properties of a protein (positive values indicating hydrophobic, and 

negative values indicating hydrophilic) (Moura et al., 2013), exhibited notably significant 

correlations with Axes 1 and 2 of RAAU data. Furthermore, the significant correlation of 

GC content and Axes 1 and 2 of RAAU data underscored the substantial impact of 

compositional constraints on the amino acid usage patterns of the genus. (Table 4.3). A 

moderate impact of gene expression level on amino acid usage trends was revealed by the 

substantial correlation of CAI and RAAU data (Table 4.3). This suggests that genes with 

higher expression levels may exhibit distinct amino acid usage preferences, potentially 

linked to translational efficiency or protein folding requirements (Raghava & Han, 2005).  

The length of protein coding sequences (CDS) exhibited weak correlations with RAAU 

data, indicating a limited influence on amino acid usage in Acinetoacter (Table 4.3). This 

suggests that genes with higher expression levels may exhibit distinct amino acid usage 

preferences, potentially linked to translational efficiency or protein folding requirements 

(Raghava & Han, 2005). 

Notably, it was observed that the aromaticity of the encoded gene products displayed 

significant moderate correlations with GC content in the majority of the species (Table 

4.5). This emphasizes that GC content stands out as a key factor influencing the amino 

acid composition in an organism. This association further highlights the intricate 

interplay between genomic characteristics and protein biophysical properties in driving 

evolutionary strategies within the genus (Parvathy et al., 2022). 
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4.10 Insights from individual amino acid frequencies 

We investigated the individual frequencies of aminoacids of all Acinetoacter members 

using CodonW program. Surprisingly, all the Acinetoacter members showed there 

preference towards leucine amino acid with the frequency ranging from 29.7 in A. 

bereziniae to 34.9 in A. larvae. This high prevalence of leucine suggests its importance in 

protein structure and function across diverse Acinetoacter species and can be linked to 

the he ability of Acinetoacter species to utilize leucine as a secondary metabolite, enable 

them to thrive in harsh, artificially created environments,  (Ren & Palmer, 2023). 

Similarly, the frequency of alanine across all the members ranged from 24.08 in A. 

bereziniae to 31.6 in A. larvae. Alanine being a major component of peptidoglycan 

(bacterial cell wall) justifies the higher frequency across all Acinetoacter genomes 

(Trivedi et al., 2018). Moreover, cysteine and tryptophan amino acids were noted with 

extremely low frequencies across all the members of the genus. The frequency of 

cysteine ranged from 2.75 in A. haemolyticus to 3.29 in A. larvae while the frequency of 

tryptophan amino acid ranged from 3.66 in A. haemolyticus to .27 in A. larvae 

respectively (Figure 4.5). The lowest frequencies of amino acids like Tryptophan and 

cysteine can be linked to efficient energy costing as synthesis of tryptophan like 

aminoacids require higher amount of energy (Akashi & Gojobori, 2002). 
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Figure 4.5: Heatmap of Amino-acids frequency of all the Acinetobacter species under 

investigation.  
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4.11 Insights from gyrB sequence alignment and phylogeny 

The B component of the DNA gyrase, encoded by the gyrB gene has been employed as a 

phylogenetic marker for a number of bacterial taxon (Peeters and Willems 2011). Firstly, 

we studied the gyrB sequences alignment across all the members of the genus. We found 

that most of the members of genus have gaps (-----) in the alignment (Figure 4.6), which 

indicate a variation in the start site or a sequencing gap. The beginning of protein 

synthesis is indicated by the codon “ATG”. A. albensis and A. marinus were only the 

species which does not have any gap in the beginning of the alignment.  The alignment 

red and blue colour correspond to locations that are highly (> 90% conserved) and 

weakly (> 50% conserved), meaning all the species share the same amino acid 

composition. The genetic diversity in these genomes are highlighted by the variation in 

the sequences indicated by black (neutral) colour (Figure 4.6). The average percentage 

identity matrix was found to be 83.16 % across the species.   

 

Figure 4.6: gyrB sequence alignment of all the Acinetobacter species under investigation. 
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Similarly, we used gyrB gene sequence as a phylogenetic marker to deduce the 

phylogeny of the whole genus A. and found that A. populi is a terminal node (sequence) 

with a branch length of 0.392716. The first branch contains a nested structure of internal 

nodes and terminal nodes, including sequences like A. marinus, A. larvae, A. 

qingfengensis and so on.  The second branch contains sequences like A. apis, boissieri, A. 

rudis and so on. Each internal node represents a hypothetical common ancestor and the 

numbers following colon represents the branch length, which is a measure of evoluntary 

distance. The tree is rooted, meaning it has a starting point (often an outgroup or a 

distinct ancestor) (Figure 4.7). In the figure, the root is the node connecting A. populi and 

the rest of the tree. 

The members of ACB complex were comparatively near to each other relative to genetic 

distance. A. lactucae genetic distance from its parent taxon is 0.01191 followed by A. 

pittii and A. calcoaceticus with a distance of 0.01402 and 0.03028 respectively. A. 

calcoaceticus is a taxon, and the genetic distance indicates a higher level of evolutionary 

divergence from its parent taxon, compared to A.  lactucae and A. pittii. The next 

member of ACB complex, A. oleivorans have a genetic distance of 0.2966 from its parent 

taxon.  The main pathogenic species A. baumannii with a higher genetic distance of 

0.045, suggest a more significant evolutionary divergence from its parent taxon compared 

to A. calcoaceticus and A.  oleivorans. A. nosocomialis is a subtaxon or species within the 

A. baumannii taxon. The genetic distance reflects its evolutionary divergence within A. 

baumannii group. A. seifertii is another taxon at a similar hierarchical level to Genomosp, 

sharing a common parent taxon (Figure 4.7). All the members of ACB complex were 

also close to each others in terms of codon usage signatures. Therefore, we can say that 

the codon usage trends in these species have significant effect during the phylogenetic 

evolution of the genus. 

Similarly, the genetic distance of A. apis and A. nectaris was found to be 0.124604 and 

0.122605, while the genetic distance of A. boissieri was reported to be 0.13216. Since the 

presence of these species have been confirmed in flowers and insects particularly 
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honeybee, their genetic distance was relatively closed to each other as evident by results 

(Figure 4.7). This suggest that the evolutionary divergence of this genus is dependent on 

the molecular strategies employed by Acinetoacter in adapting to various ecological 

niches and environmental challenges (Touchon et al., 2014). 

 

 

Figure 4.7: gyrB sequence phylogeny of all the Acinetobacter species under investigation 
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4.12 Whole genome sequencing of A. baumannii and A. baylyi 

Molecular identification confirmed sample 1425 as A. baumannii and sample 9822 as A. 

baylyi. Whole-genome sequencing generated 12,508,241 and 15,363,662 raw reads for 

samples 1425 and 9822, respectively. Robust mapping to the reference genome, A. 

baumannii strain K09-14, showcased alignment percentages of 43.68% and 54.68% for 

samples 1425 and 9822, respectively, with genome coverage of 89.50% and 90.04%, 

respectively. Gene identification and annotation revealed 3,294 and 3,305 genes for 

samples 1425 and 9822, respectively, with mean gene lengths of 943 bp and 944 bp, 

respectively.  

Variant analysis detected 59,373 and 58,729 SNPs for samples 1425 and 9822, 

respectively, and 33 and 27 insertions/deletions (InDels), respectively (Table 4.9), 

highlighting genetic diversity within the studied Acinetobacter. populations. We further 

analyzed SNPs density (the number of SNPs within 1Mb window size) using SRplot data 

visualization (Tang et al., 2023) of both A. species and found similar trend of SNPs 

distribution. The first 1Mb window size of SNPs of both genomes consists of SNPs lower 

than 10000 while the second, third and fourth 1Mb window size consists of SNPs lower 

than 16666, 19999 and around 13333 SNPs respectively (Figure 4.8). Similarly, there 

were 4 and 8 SNPs in A. baylyi 9822 and A. baumannii 1425 respectively with reference 

to chromosome 2 (Figure 4.8). Therefore, we can say that there is a consistent 

distribution pattern of SNPs across both species, with the density of SNPs decreasing 

with increasing genomic distance. Notably, analysis of SNPs within specific 

chromosomal regions, such as chromosome 2, revealed varying numbers of SNPs 

between the two species, indicating potential genomic differences even within closely 

related regions. These findings underscore the genetic complexity and diversity within 

Acinetobacter populations, with implications for understanding their evolutionary 

dynamics and adaptation mechanisms (Pu et al., 2019). 
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Figure 4.8: The number of SNPs present per Mb window size in investigated organism. 

Figure 4.8(A): A. baumannii 1425, Figure 4.8(B):  A. baylyi 9822  

(Note: Chr1= NZ_CP043953.1, Chr 2= NZ_CP043954.1) 

 

Table 4.9: SNPs and Indels identification and annotation summary 

 

Sample SNP and Indels Count 

Total No. 

of SNPs 

and Indels 

No. of 

Homozygous 

SNPs and 

Indels 

No. of 

Heterozygous 

SNPs and 

Indels 

No. of 

Genic 

SNPs and 

Indels 

No. of 

Intergenic 

SNPs and 

Indels 

1425 59373 58494 879 54271 5102 

33 31 2 6 27 

9822 58729 57692 1037 53548 5181 

27 26 1 6 21 
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4.13 Determination of Virulence Associated Genes 

We determined the presence of virulence genes in our investigated organisms with 

reference to A. baumannii strain AB00057. Each virulence factor plays a crucial role in 

the pathogenicity of A. baumannii and its ability to cause infections (Lucidi et al., 2024). 

All the virulence genes present in A. baumannii strain AB00057 were present in both of 

our investigated species except hemO and basC was absent in A. baumannii 1425 and A. 

baylyi 9822 respectively. The main types of virulence factors, their corresponding genes, 

and their presence in A. baumannii strain AB0057 are detailed in (Table 4.10).  

Under the category of adherence, outer membrane proteins like ompA, facilitates 

adherence to host cells and colonization, thereby establishing a foothold for infection 

(Nie et al., 2020). Additionally, biofilm formation, a pivotal aspect of virulence, involves 

the expression of various genes such as adeF, adeG, adeH, bap, and Csu pili encoding 

proteins crucial for biofilm development and stability all of which were present in our 

investigated species. Moreover, the bacterium employs PNAG (Polysaccharide poly-N-

acetylglucosamine) mediated by pgaA, pgaB, pgaC, and pgaD genes as a protective 

shield within biofilms, enhancing its resistance against host defenses and antimicrobial 

agents (Gedefie et al., 2021). Enzymatic virulence factors such as phospholipases C and 

D (plcC and plcD) contribute to membrane disruption and nutrient acquisition, while iron 

uptake mechanisms mediated by genes like barA, barB, and bas genes ensure survival 

within the iron-restricted host environment (Hasan et al., 2015).  Furthermore, the 

bacterium utilizes hemO for heme utilization and regulatory elements including quorum 

sensing (abaI and abaR) and two-component systems (bfmR and bfmS) to modulate gene 

expression in accordance to environmental cues, facilitating adaptation and evasion of 

host defenses (Artuso et al., 2023).  Lastly, the expression of pbpG gene confers serum 

resistance, a critical attribute enabling A. baumannii 1425 to withstand host immune 

responses and persist within the bloodstream, contributing to its pathogenicity and 

virulence. Therefore, the presence of all these virulence genes in A. baumannii 1425 

suggest strong pathogenic potential (Kyriakidis et al., 2021). 
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Table 4.10: Virulence genes and associated information of the A. species under 

investigation. 

Virulence 

factor Class 

Virulence 

Factors 

Related 

Genes 

A. baumannii 

AB0057  

 

A. baylyi 

9822 

A. baumannii 

1425 

Adherence Outer 

membrane 

protein 

ompA AB57_3344 orf00598 orf00603 

Biofilm 

formation 

AdeFGH 

efflux 

pump/transport 

autoinducer 

adeF AB57_2662 orf01147 orf01140 

adeG AB57_2663 orf01146 orf01139 

adeH AB57_2664 orf01145 orf01138 

Biofilm-

associated 

protein 

Bap AB57_3113 orf00743 orf00748 

Csu pili csuA/B AB57_2570 orf01238 orf01231 

csuA AB57_2569 orf01239 orf01232 

csuB AB57_2568 orf01240 orf01233 

csuC AB57_2567 orf01241 orf01234 

csuD AB57_2566 orf01242 orf01235 

csuE AB57_2565 orf01243 orf01236 

PNAG 

(Polysaccharid

e poly-N-

acetylglucosa

mine) 

pgaA AB57_2499 orf01309 orf01301 

pgaB AB57_2497 orf01310 orf01302 

pgaC AB57_2496 orf01311 orf01303 

pgaD AB57_2495 orf01312 orf01304 
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Table 4.10: Continued 

Virulence 

factor Class 

Virulence 

Factors 

Related 

Genes 

B. baumannii 

AB0057  

 

A. baylyi 

9822 

A. baumannii 

1425 

Enzyme Phospholipase 

C 

Plc AB57_0084 orf01427 orf01419 

Phospholipase 

D 

plcD AB57_3442 orf00497 orf00500 

Iron uptake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Acinetobactin barA AB57_2806 orf01057 orf01046 

barB AB57_2805 orf01058 orf01047 

basA AB57_2820 orf01044 orf01033 

basB AB57_2819 orf01045 orf01034 

basC AB57_2812  NF orf01040 

basD AB57_2811 orf01052 orf01041 

basF AB57_2809 orf01054 orf01043 

basG AB57_2808 orf01055 orf01044 

bash AB57_2804 orf01060 orf01049 

basI AB57_2803 orf01061 orf01050 

basJ AB57_2802 orf01062 orf01051 

bauB AB57_2814 orf01050 orf01038 

bauC AB57_2816 orf01048 orf01036 

bauD AB57_2817 orf01047 orf01035 

bauE AB57_2815 orf01049 orf01037 

bauF AB57_2822 orf01043 orf01032 
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Table 4.10: Continued 

Virulence 

Factor Class 

 

 

 

 

Iron uptake 

Virulence 

Factors 

Related 

Genes 

C. baumannii 

AB0057  
 

A. baylyi 

9822 

A. baumannii 

1425 

Hame 

Utilization 

hemO AB57_0991 orf02722    NF 

Quorum 

sensing 

abaI AB57_0151 orf03440 orf03430 

abaR AB57_0153 orf03437 orf03427 

Two-

component 

system 

bfmR AB57_0796 orf02893 orf02877 

bfmS AB57_0797 orf02892 orf02876 

PbpG pbpG AB57_0326 orf03329 orf03318 

 

(Note:  NF=Not Found) 

4.14 Determination Antibiotic Resistance Genes (ARGs) 

Using ResFinder, several ARGs were determined in  A. baumannii  and A. baylyi under 

investigation (Florensa et al., 2022). Two important resistance genes, blaADC-25 and 

blaOXA-98, that are crucial in granting resistance to beta-lactam antibiotics were found in 

our investigation. The blaADC-25 sequence similarity study showed a 96.9% sequence 

similarity with the reference sequence (accession number EF016355). This gene, which is 

often associated with beta-lactam resistance, is one notable strategy by which A. 

baumannii evades the effects of this class of antibiotics. Comparably, our analysis 

showed that blaOXA-94 had an even greater sequence identity to its reference sequence 

(accession number AY750907), at 99.88%. These results highlight how common 

antibiotic resistance is in Acinetoacter and how important it may be clinically. 
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4.15 Codon Usage Analysis in VRGs and ARGs 

4.15.1 Functionally related genes have comparable genomic composition 

The analysis of GC content in various virulence and antibiotic resistance genes of A. 

baumannii and A. baylyi revealed several distinct variation in GC content between 

different gene clusters and also significant similarity in GC range within same cluster and 

functionally related genes (Table 4.11). Genes involved in membrane proteins and 

adherence, such as ompA, displayed a GC content of 39%. In contrast, the adeF, adeG, 

and adeH genes, which are part of the ADEF gene cluster involved in biofilm formation 

and antibiotic resistance, exhibited higher but similar  GC contents of 44% (for adeH) 

and 45% (for adeF and adeG), highlighting their role in the AdeABC efflux pump 

system. Antibiotic resistance genes like blaADC-25 (36%) and blaOXA-98 (39%), which 

are responsible for β-lactamase production, showed lower GC contents. On the other 

hand, the csu gene cluster, associated with biofilm formation, had GC contents ranging 

from 29% to 42% (csuA 29%, csuB 30%, csuC 37%, csuD 40%, and csuE 42%). The pga 

gene cluster, which also contributes to biofilm matrix development, showed GC contents 

closely clustered between 39% to 43% (pgaA 39%, pgaB 41%, pgaC 42%, and pgaD 

43%). The bap gene, crucial for biofilm matrix formation, had a GC content of 37%. Iron 

acquisition genes within the bau cluster displayed relatively high and similar GC 

contents: bauB (41%), bauC (40%), bauD and bauE (42%), bauF (40%), and hemO 

(41%). The hemO gene, involved in iron utilization, had a GC content similar to that of 

the bau cluster genes, which may be due to functional similarity. Stress response and 

pathogenicity-related genes, such as plcC (42%), plcD (42%), barA (42%), and barB 

(43%), also exhibited higher and comparable GC contents. Finally, the genes bfmR and 

bfmS (both 42%), along with pbpG (43%), are involved in biofilm formation and 

peptidoglycan biosynthesis. Regulatory genes such as abaI (41%) and abaR (39%) play 

important roles in signaling and resistance regulation. The comparable GC content across 

these genes also suggest close functional relationship. Moreover, The analysis of GC 

content at the third codon position (GC3s) and the first and second codon positions 
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(GC12) also  revealed notable variations among the different cluster of  genes while close 

similarity within same cluster and functionally related genes (Table 4.11). Genes within 

the same cluster or with related functions often exhibit similar GC content due to shared 

evolutionary pressures and genomic environments. These similarities arise because 

functionally related genes are typically maintained in similar genomic contexts, which 

influences their GC content and contributes to their overall functional coherence. 

Therefore, it is clear that all the genes have higher AT content as GC-rich nucleotides are 

energetically unfavorable for pathogenic microbes. This is because AT-rich metabolites 

such as ATP are abundant in human host due to their low synthetic cost (Dietel et al., 

2019). The ready availability of A/T rich metabolites also facilitates subsequent 

replication of the bacterium promoting rapid growth and easier access to nutrients (Dietel 

et al., 2019; Sharma et al., 2023). 

Table 4.11: Genomic Composition of VRGs and ARGs 

Genes T3s C3s A3s G3s GC3s GC12 GC 

ompA 0.50 0.14 0.44 0.20 0.26 0.45 0.39 

adeF 0.45 0.23 0.41 0.10 0.28 0.54 0.45 

adeG 0.42 0.25 0.36 0.16 0.34 0.50 0.45 

adeH 0.45 0.19 0.43 0.13 0.27 0.53 0.44 

csuA 0.65 0.07 0.44 0.11 0.13 0.37 0.29 

csuB 0.59 0.12 0.46 0.10 0.16 0.36 0.30 

csuC 0.50 0.13 0.42 0.21 0.26 0.43 0.37 

csuD 0.48 0.22 0.34 0.23 0.34 0.43 0.40 

csuE 0.40 0.21 0.38 0.25 0.36 0.45 0.42 

pgaA 0.55 0.15 0.41 0.22 0.27 0.45 0.39 

pgaB 0.46 0.20 0.42 0.21 0.30 0.46 0.41 

pgaC 0.50 0.18 0.32 0.22 0.31 0.47 0.42 

pgaD 0.44 0.18 0.35 0.26 0.34 0.47 0.43 

plcC 0.51 0.17 0.41 0.18 0.27 0.48 0.42 
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Table 4.11: Continued 

Genes T3s C3s A3s G3s GC3s GC12 GC 

plcD 0.50 0.17 0.42 0.18 0.27 0.49 0.42 

barA 0.41 0.16 0.43 0.17 0.28 0.48 0.42 

barB 0.47 0.16 0.39 0.17 0.27 0.51 0.43 

basA 0.47 0.16 0.39 0.25 0.31 0.42 0.38 

basB 0.51 0.20 0.43 0.16 0.27 0.44 0.38 

basC 0.49 0.22 0.41 0.17 0.29 0.46 0.41 

basD 0.49 0.18 0.45 0.15 0.25 0.44 0.38 

basF 0.49 0.15 0.42 0.20 0.26 0.47 0.41 

basG 0.51 0.22 0.35 0.21 0.32 0.43 0.39 

basH 0.54 0.19 0.40 0.22 0.28 0.38 0.35 

basI 0.49 0.17 0.49 0.24 0.27 0.34 0.32 

basJ 0.56 0.10 0.47 0.18 0.21 0.42 0.35 

bauB 0.44 0.22 0.42 0.22 0.32 0.45 0.41 

bauC 0.45 0.23 0.29 0.21 0.35 0.42 0.40 

bauD 0.44 0.22 0.26 0.25 0.38 0.44 0.42 

bauE 0.46 0.23 0.32 0.26 0.37 0.44 0.42 

bauF 0.43 0.26 0.45 0.17 0.32 0.44 0.40 

hemO 0.45 0.19 0.47 0.18 0.29 0.47 0.41 

abaI 0.43 0.21 0.46 0.13 0.28 0.48 0.41 

abaR 0.44 0.13 0.48 0.22 0.27 0.44 0.39 

bfmR 0.53 0.19 0.35 0.16 0.28 0.49 0.42 

bfmS 0.47 0.20 0.36 0.23 0.33 0.46 0.42 

pbpG 0.52 0.12 0.34 0.19 0.25 0.51 0.43 

csuAB 0.55 0.14 0.45 0.05 0.16 0.50 0.39 

bap 0.55 0.14 0.42 0.16 0.23 0.44 0.37 

blaADC-25 0.49 0.18 0.47 0.16 0.26 0.41 0.36 
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Table 4.11: Continued 

Genes T3s C3s A3s G3s GC3s GC12 GC 

blaOXA-98 0.49 0.21 0.44 0.14 0.27 0.45 0.39 

 (Note:  Genomic values are expressed as decimals in the table; for example, 0.39 

represents 39%.) 

4.15.2 Codon Usage Bias is consistent within Gene Clusters 

The ENC-GC3 figure unveiled a diminished codon usage bias within the genes. Genes 

showed a deviation just below the curve (Figure 4.9), indicating a weak impact of 

mutational bias on codon usage in the genes. This observation suggests that translational 

selection pressure exerts a more dominant impact compared to other factors. 

Additionally, when the average ENC value for a given gene exceeds 35, it indicates a 

reduced bias in codon usage (Andargie & Congyi, 2022). The ENC levels of the genes 

ranged from 36.94 in csuAB   to 59.79 in bauD (Table 4.12). We observed a consistent 

ENC values among the genes within same cluster. For instance, the genes bauB, bauC, 

bauD, bauE and bauF that fall within the same cluster showed the ENC value of above 

50 while ompA gene responsible for adherence showed ENC value of only 41.5. Here the 

CUB   in different cluster of genes are variable as they do  not face the same stringent 

selection pressures related to virulence and host adaptation (Beceiro et al., 2013). 

 

Figure 4.9: ENC plot analysis of VRGS and ARGS in A. baumannii 1425 and A. baylyi 

9822. 
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Table 4.12: Codon usage bias analysis in ARGs and VRGs 

Genes Nc L_sym L_aa Gravy Aromo RSCU 

(Axis1) 

RSCU 

(Axis2) 

P2 CAI 

ompA 41.51 255.00 259.00 -0.35 0.09 0.22 0.15 0.45 0.80 

adeF 44.50 401.00 406.00 -0.20 0.05 0.07 -0.09 0.50 0.81 

adeG 44.07 1023.00 1059.00 0.32 0.08 0.20 -0.09 0.49 0.78 

adeH 47.52 472.00 482.00 -0.22 0.06 -0.13 0.06 0.49 0.81 

csuA 38.85 180.00 182.00 0.04 0.10 0.15 0.39 0.31 0.87 

csuB 37.18 165.00 172.00 -0.32 0.11 0.05 0.35 0.36 0.85 

csuC 47.01 266.00 277.00 -0.33 0.08 0.10 -0.13 0.44 0.82 

csuD 51.50 817.00 832.00 -0.34 0.11 -0.03 -0.13 0.45 0.77 

csuE 54.74 325.00 339.00 -0.09 0.10 -0.17 -0.11 0.47 0.74 

pgaA 47.18 786.00 812.00 -0.72 0.13 0.04 0.04 0.45 0.81 

pgaB 45.14 632.00 664.00 -0.50 0.10 0.16 -0.06 0.47 0.80 

pgaC 42.74 386.00 419.00 0.17 0.13 0.18 -0.11 0.46 0.80 

pgaD 44.70 129.00 139.00 0.02 0.11 0.16 -0.06 0.46 0.77 

Plc 43.88 690.00 722.00 -0.49 0.11 0.19 -0.03 0.47 0.81 

plcD 44.49 690.00 722.00 -0.50 0.11 0.17 -0.03 0.47 0.80 

barA 48.65 520.00 536.00 0.43 0.06 -0.04 0.01 0.47 0.79 

barB 44.68 514.00 531.00 0.32 0.06 0.03 0.06 0.47 0.80 

basA 50.22 594.00 615.00 -0.15 0.08 -0.12 0.03 0.44 0.77 

basB 48.20 654.00 675.00 -0.28 0.11 -0.02 -0.09 0.46 0.82 

basC 48.63 425.00 436.00 -0.33 0.10 -0.03 -0.06 0.46 0.79 

basD 49.04 945.00 980.00 -0.23 0.09 -0.10 0.05 0.45 0.81 

basF 49.04 273.00 289.00 -0.26 0.09 -0.11 -0.01 0.46 0.80 

basG 47.71 364.00 383.00 -0.22 0.12 -0.05 -0.14 0.45 0.77 

bash 53.01 234.00 244.00 -0.36 0.11 -0.02 0.04 0.42 0.77 

basI 49.26 248.00 251.00 -0.26 0.14 -0.48 0.31 0.39 0.76 

basJ 41.69 379.00 389.00 -0.34 0.07 0.01 0.17 0.41 0.85 

bauB 53.69 309.00 322.00 -0.23 0.07 -0.12 -0.13 0.48 0.77 
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Table 4.12: Continued 

Genes Nc L_sym L_aa Gravy Aromo RSCU 

(Axis1) 

RSCU 

(Axis2) 

P2 CAI 

bauC 54.83 303.00 315.00 1.09 0.13 -0.14 -0.02 0.44 0.75 

bauD 59.79 304.00 313.00 1.17 0.11 -0.14 -0.27 0.45 0.74 

bauE 53.96 247.00 256.00 -0.12 0.07 -0.12 -0.27 0.47 0.75 

bauF 50.75 276.00 286.00 -0.42 0.09 -0.47 -0.13 0.48 0.78 

hemO 47.79 193.00 199.00 -0.42 0.10 -0.13 -0.20 0.47 0.80 

abaI 53.67 182.00 188.00 0.00 0.11 -0.35 0.15 0.47 0.79 

abaR 51.95 223.00 238.00 -0.36 0.11 -0.20 0.23 0.45 0.79 

bfmR 39.24 232.00 238.00 -0.38 0.05 0.45 -0.07 0.46 0.82 

bfmS 47.95 530.00 549.00 -0.16 0.09 0.12 -0.17 0.47 0.77 

pbpG 37.95 335.00 348.00 -0.16 0.05 0.32 0.01 0.47 0.84 

csuAB 36.94 175.00 178.00 -0.04 0.07 0.35 0.26 0.45 0.86 

Bap 43.44 3217.00 3272.00 -0.25 0.09 0.07 0.08 0.43 0.83 

blaAD

C-25 

48.34 370.00 383.00 -0.41 0.11 0.02 -0.14 0.45 0.78 

blaOX

A-98 

46.87 260.00 274.00 -0.28 0.09 -0.08 0.18 0.46 0.79 

 

4.15.3 Variable Impact of Mutational Pressure across different Gene Clusters 

Upon examining the neutrality plot across the genes of A. baumanii and A. baylyi, we 

observed regression line slopes (Figure 2, Supplementary Figures S1-1 to S1-5) close 

to zero, indicating minimal influence of mutational pressure on codon usage bias. 

Specifically, slopes ranged from 0.06 in bauD to 0.284 in csuAB, corresponding to 

mutational pressure effects ranging from 6 % to 28.4 %, respectively. Notably, the impact 

of mutational pressure was variable across different gene clusters. For instance, the two 

genes plcC and plcD that encode the enzyme phospholipase have almost equal (21%) 

impact of mutational pressure (Figure 4.10). Similarly, the regulatory genes bfmR and 
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bfmS showed close (17.8% and 18.8%) of mutational pressure acting across them (Figure 

4.10). Moreover, the genes like bauC (8%), bauD (6%), bauE (6.8%) responsible for 

biofilm formation showed lowest impact of mutational pressure amongst all the genes. 

Additionally, the ARGs blaADC-25 and blaOXA-98 also showed 18.5% and 19% effect 

of mutational pressure respectively (Figure 4.10). Therefore, we can say that the impact 

of mutational pressure in genes within same cluster and across functionally related genes 

are very similar. These results underscore the predominant influence of translational 

selection over mutational pressure in shaping codon usage patterns within the genes of A. 

baumannii and A. baylyi. Translational selection is evident in the consistent codon 

preferences observed across the genes, reflecting adaptive strategies for efficient protein 

synthesis and functional optimization (Plotkin & Kudla, 2011). Conversely, the higher 

impact of mutational pressure (28%) on genes like ompA compared to the other genes 

suggests differential evolutionary pressures  that influence genomic stability and codon 

usage bias (Sharp & Li, 1987). 
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Figure 4.10: Neutral Plot analysis of VRGs and ARGS 

Gene identification: A (plcC), B (plcD), C (bfmR), D (bfmS), E (blaADC-25) and F 

(blaOXA-98). 

(Note: The value of the slope is calculated as, y=mx+c which gives the impact of 

mutational pressure on the genes.)  
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4.15.4 Similarity in Translational Selection Levels within Gene Clusters and 

Functionally Related Genes 

Insights from the analysis of translational selection using P2 values (Peng et al., 2022) 

revealed significant variation in codon usage bias across the cluster of virulence and 

antibiotic resistance genes. Across all the genes, P2 values were notably low, ranging 

from 0.31 in cusA to 0.50 in adeF (Table 4.12) indicating a modest influence of natural 

selection on codon usage. In translational selection, values below 0.5 indicate weaker 

selection pressure, while values above 0.5 reflect stronger selection pressure. adeF was 

the only gene with a value of 0.50. This suggests that there is a moderate level of 

selection pressure acting on the translational process.  The level of translational selection 

within specific gene clusters and functionally related genes were very close to each other. 

For instance, the two genes in the cluster plcC and plcD have a p2 value of exactly 47 

while the regulatory genes namely abaL, and abaR involved in quorum sensing have a p2 

values of 47 and 45 respectively (Table 4.12). Similarly, the other two regulatory genes 

bfmR and bfmS also showed a very close p2 value of 46 and 47 respectively (Table 4.12). 

Therefore, we can say the selection is strong enough to have a noticeable effect on the 

efficiency of translation or the evolutionary dynamics of the genes investigated. In other 

words, translational selection has played a significant role in shaping codon usage across 

the virulence and antibiotic-resistance genes and the degree of influence varies among 

different gene clusters. 

 

4.15.5 Uniform CAI Values in Gene Clusters and their Correlation with RSCU and 

RAAU 

The assessment of gene expression levels in Acinetobacter genes was conducted using 

the Codon Adaptative Index (CAI) parameter. CAI values were computed using a 

reference set comprised of genes encoding ribosomal subunits (Saha et al., 2019; Ueda et 

al., 2004). Among the genes under investigation, CAI values ranged from 0.74 for cusE 
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to 0.87 for cusA (Table 4.12). We also observed a close similarity in CAI values within 

the genes falling under the same gene cluster as seen in the case of GC content and ENC.   

Furthermore, in the genes, a strong positive correlation between RSCU and RAAU with 

CAI indicates that genes with higher expression levels tend to utilize optimal codons 

more frequently (Dos Reis, 2003; Sharp & Li, 1987). In a majority of virulence genes, a 

highly significant correlation was observed between Axis 1 and Axis 2 of RSCU and 

RAAU data with CAI (Figure 4.11). This relationship suggests that natural selection 

favors codons that maximize translational efficiency, reflecting the adaptation of A. 

baumannii and A. baylyi to their specific environmental and physiological requirements. 

Furthermore, a high negative correlation of CAI with ENC provided additional evidence 

of the substantial influence of gene expression on the codon usage patterns within the 

virulence and antibiotic resistance genes (Figure 4.11) as a lower ENC value trends 

greater codon bias towards optimal codons and suggests that selective pressure for 

efficient translation drives the observed codon preferences (Sharp & Li, 1987). 
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Figure 4.11: Correlation analysis of genomic and codon usage parameters of ARGS and 

VRGS 

(Note: Significant correlations are indicated by colored circles in the numerical values. 

The colors highlight the strength and direction of the correlation: higher or lower 

positive and negative correlations. All correlations shown are significant α = 0.01 level) 
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4.15.6 GC Content and Protein Aromaticity Drive RAAU in the genes 

Conducting a comprehensive analysis on the RAAU data, a CoA was peformed to 

investigate potential factors linked with variations in amino acid usage across all the 

genes. The results of the multivariate statistical analysis revealed strong correlations 

between the aromaticity (Aromo) of encoded proteins and the two major principal axes 

(Axes 1 and 2) that separate genes based on RAAU data (Figure 4.11). This suggests that 

the aromaticity of encoded proteins plays a pivotal role in shaping the overall amino acid 

composition across genes in A. baumannii 1425 and A. baylyi 9822. Additionally, the 

GRAVY index, which indicates the mean hydropathic properties of a protein (positive 

values indicating hydrophobic, and negative values indicating hydrophilic) (Moura et al., 

2013), exhibited notably significant correlations with Axes 1 and 2 of RAAU data. 

Furthermore, the significant correlation of GC content and Axes 1 and 2 of RAAU data 

underscored the substantial impact of compositional constraints on the amino acid usage 

patterns in the genes of the bacterium. (Figure 4.11). A moderate impact of gene 

expression level on amino acid usage trends was revealed by the substantial correlation of 

CAI and RAAU data (Figure 4.11). This suggests that genes with higher expression 

levels may exhibit distinct amino acid usage preferences, potentially linked to 

translational efficiency or protein folding requirements (Raghava & Han, 2005).  The 

length of protein coding sequences (CDS) exhibited weak correlations with RAAU data, 

indicating a limited influence on amino acid usage in the genes of A. baumannii 

1425(Figure 4.11). This suggests that genes with higher expression levels may exhibit 

distinct amino acid usage preferences, potentially linked to translational efficiency or 

protein folding requirements (Raghava & Han, 2005). 

Notably, it was observed that the aromaticity of the encoded gene products displayed 

significant moderate correlations with GC content in the majority of the genes (Figure 

4.11). This emphasizes that GC content stands out as a key factor influencing the amino 

acid composition of all the genes in A. baumannii 1425 and A. baylyi 9822. This 

association further highlights the intricate interplay between genomic characteristics and 
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protein biophysical properties in driving evolutionary strategies within the virulence and 

antibiotic resistance genes (Parvathy et al., 2022). 

4.15.7 Leucine and Alanine are Predominant in ARGs and VRGs 

We also investigated the individual frequencies of amino acids of all the ARGs and 

VRGs present in A. baumannii 1425 and A. baylyi 9822 using CodonW program. 

Surprisingly, majority of the genes showed their preference towards leucine and alanine 

amino acid while amino acids like cysteine, tryptophan and histidine were significantly 

avoided (Figure 4.12). The high prevalence of leucine (10 in csuAB to 223 in bap) 

suggests its importance in protein structure and function across A. baumannii and can be 

linked to the potential of A. baumannii  to utilize leucine as a secondary metabolite, 

enable them to thrive in harsh, artificially created environments,  (Ren & Palmer, 2023). 

Similarly, the frequency of alanine across all the members ranged from 9 in csuAB to 237 

in bap. Alanine being a major component of peptidoglycan (bacterial cell wall) justifies 

the higher frequency across all the genes (Trivedi et al., 2018). Moreover, cysteine (0 in 

hemO to 36 in basC) and tryptophan (0 in csuAB and bauE to 36 in bap) amino acids 

were noted with extremely low frequencies in all the virulence and antibiotic resistance 

genes. The lowest frequencies of amino acids like tryptophan and cysteine can be linked 

to efficient energy costing as synthesis of tryptophan like aminoacids require higher 

amount of energy  (Akashi & Gojobori, 2002). 
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Figure 4.12: Heatmap analysis of Amino acid frequency of VRGs and ARGs present in 

A. baumannii 1425 and A. baylyi 9822. 

 

4.16 Codon Usage Bias Aligns with Phylogenetic Clustering of Genes 

The provided phylogenetic tree (Figure 4.13), constructed using Mega11(Tamura et al., 

2021),  offers a comprehensive view of the evolutionary relationships among VRGs and 

ARGs in Acinetobacter  1425 and A. baylyi under investigation. Each branch and node in 

the tree represents a distinct cluster of ARGs and VRGs, shedding light on their shared 

ancestry and evolutionary divergence. 

The tree reveals distinct clusters of virulence genes, indicating both conserved 

evolutionary lineages and instances of gene acquisition or loss. For instance, genes such 

as ompA and adeF form a close cluster, suggesting a shared evolutionary history and 

potential functional overlap. In contrast, genes like basC and blaOXA-98 appear more 
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distantly related, indicative of independent evolutionary trajectories or differential 

selection pressures. Similarly, csuAB and bap appear to be closely related, indicating 

potential co-evolution or horizontal gene transfer events within these virulence 

determinants. Conversely, genes like adeH and pbpG exhibit a separate branch, implying 

distinct evolutionary trajectories or functional divergence within the genomes of A. 

baumannii and A. baylyi. Further exploration of the tree reveals additional insights into 

the evolutionary dynamics of virulence genes. For instance, the clustering of genes such 

as basB and abaI suggests shared evolutionary pressures along with functional 

associations. Similarly, the grouping of genes like basD, hemO, and bauB implies 

potential co-adaptation or gene co-expression within specific physiological contexts. 

Additionally, the placement of genes like plc, plcD, csuA, and basG within the same 

clade suggests functional conservation or genetic linkage among these virulence factors 

(Figure 4.13). 

The phylogeny of genomes as well as genes, reveals evolutionary relationships based on 

genetic similarities and divergence over time. CUB has been observed to correlate with 

phylogenetic topology in several ways, reflecting both shared ancestry and adaptive 

divergence among different genomes as well as genes. At a broad phylogenetic scale, 

genes that share a more recent common ancestor tend to exhibit similar patterns of codon 

usage. This similarity arises because closely related genes inherit similar genomic 

compositions, including codon usage preferences, from the ancestors (Dunn et al., 2013; 

Feng et al., 2024; Li et al., 2023; Yamamoto et al., 1999).  In our analysis, the clustering 

of genes like plcC and plcD, ompA and adeF together both in phylogenic as well as 

codon usage context suggests effect of codon usage on the phylogeny of genes. 
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Figure 4.13: Phylogenetic tree of all the VRGs and ARGs in A. baumannii 1425 and A. 

baylyi 9822 
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4.17 Similar Codon Bias and Expression Patterns across Interconnected Genes 

The network analysis of virulence genes and antibiotic resistance genes within 

investigated species revealed intriguing insights into the molecular interactions 

underlying pathogenicity and antimicrobial resistance mechanisms. With 39 nodes 

representing these genetic elements and 87 edges denoting their interactions, the network 

demonstrates a complex web of connections within these crucial components of bacterial 

physiology (Figure 4.14). The average node degree of 4.46 suggests that, on average, 

each virulence or antibiotic resistance gene interacts with approximately four others, 

highlighting a significant degree of interconnectedness within the network. For instance, 

A1S_1033, A1S_2304, A1S_2305, A1S_2306 are interconnected to each other in the 

interaction network (Figure 4.14). Apart from functional similarity, these protein genes 

also have identical degree of codon bias (ENC =41, 44, 44 and 47), similar GC content 

(39%, 44%, 44%, 45%), similar expression levels (CAI =0.80, 0.81, 0.78 and 0.81) as 

well as comparable effect of translational selection (45, 50, 49, 49) on them (Table 4.11 

and 4.12). Moreover, the high average local clustering coefficient of 0.723 indicates a 

propensity for these genes to form tightly knit clusters, indicative of functional modules 

or pathways. However, the most striking observation arises from the PPI enrichment p-

value, which is less than 1.0e-16, indicating a substantial deviation from random 

interaction patterns. This statistical significance underscores the non-random nature of 

the observed interactions, and strengthen our findings, to confirm that the selective 

pressures like translational selection and mutational forces are driving the connectivity 

within the network (Peng et al., 2022). 
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Figure 4.14: Protein Interaction Network Analysis of VRGs and ARGs present in A. 

baumannii 1425 and A. baylyi 9822 

(Gene Annotation :ompA = A1S_1033, adeF=A1S_2304, adeG=A1S_2305, 

adeH=A1S_2306, csuA=A1S_2217, csuB=A1S_2216, csuC=A1S_2215, 

csuD=A1S_2214, csuE=A1S_2213, pgaA=A1S_2162, pgaB=A1S_0938, 

pgaC=AIS_0939, pgaD=A1S_0940, plcC=A1S_0043, plcD=A1S_0043,barA=A1S_2378, 

barB=A1S_2375, basA=A1S_2391, basB=A1S_2390, basC=A1S_2384, 

basD=A1S_2383, basF=A1S_2380, basG=A1S_2379, bash=A1S_2374, 

basI=A1S_2373, basJ=A1S_2372, bauB=A1S_2386, bauC=A1S_2388, 

bauD=A1S_2389, bauE=A1S_2387, bauF=A1S_2392, abaI=A1S_0109, 

abaR=A1S_0111, bfmR=A1S_0748, bfmS=A1S_0749, pbpG=A1S_0237, 

csuAB=A1S_2218, bap=A1S_1073, blaADC-25=A1S_2367, blaOXA-98=A1S_1517) 
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Therefore, we can say that codon usage bias has played a crucial role in influencing the 

efficiency of protein translation and expression levels. Variations in codon preferences 

can affect how abundantly proteins are produced, which in turn impacts their 

representation within a protein interaction network. This bias can lead to differential 

expression of network components, potentially skewing interpretations of protein 

interactions and their functional roles (Dilucca et al., 2021).Understanding codon usage is 

very essential for accurate network construction and analysis, as it helps to align 

experimental data with actual protein dynamics and improves the reliability of 

predictions in both research and therapeutic contexts. 

4.18 Comparative insights and study limitations 

To further contextualize these findings, it is important to compare the codon and amino 

acid usage patterns observed in the Acinetobacter members with those previously 

reported in pathogenic members of the Clostridium (Sharma et al., 2023) and 

Staphylococcus genera (Arora et al 2025) as well as other ESKAPE pathogens (Dahal et 

al., 2024). Published analyses of Clostridium indicate a pronounced AT-rich codon usage 

bias and a restricted set of preferred codons, driven largely by mutational pressure and 

host adaptation (Sharma et al., 2023). In contrast, pathogenic Staphylococcus species are 

characterized by a preference for energetically favorable amino acids such as leucine, 

isoleucine, and lysine, while avoiding costly residues like cysteine and methionine, 

reflecting strong translational selection (Arora et al 2025). The ACB complex of 

Acinetobacter genus exhibits a unique intermediate profile: while it shares the selective 

pressure for efficient translation and the under-representation of energetically expensive 

amino acids with these genera, it is distinguished by its intermediate GC content, 

moderate codon usage bias, and distinctive codon pair preferences. Compared to other 

ESKAPE pathogens, such as Pseudomonas aeruginosa and Klebsiella pneumoniae which 

display high GC content and strong GC-rich codon usage or Enterococcus faecium, 

which is more AT-rich (Dahal et al., 2024), the ACB complex balanced GC and AT 

content and broader codon optimization strategies stand out as intermediate and flexible. 
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These differences underscore the genus- and niche-specific evolutionary pressures 

shaping codon and amino acid usage in pathogenic bacteria. Importantly, current 

comparative analyses suggest that the signatures of intermediate GC content, moderate 

codon bias, and flexible codon pair usage are most pronounced in the ACB complex and 

are not uniformly present across the entire Acinetobacter genus or among all ESKAPE 

pathogens, highlighting these features as distinctive and potentially adaptive hallmarks of 

the ACB complex itself. 

Codon usage analysis in genomics is subject to several inherent limitations that can 

influence the accuracy and relevance of the conclusions drawn. A key challenge lies in 

the fact that codon bias is often shaped by local genomic characteristics such as GC 

content, which varies throughout the genome and may drive codon preference 

independently of natural selection (Dahal and Bansal 2025). Moreover, most codon usage 

investigations tend to emphasize synonymous codons, under the assumption that they are 

less affected by selective forces than non-synonymous codons. This focus may 

inadvertently neglect the broader effects of non-synonymous substitutions and regulatory 

regions on gene functionality and organismal fitness (Arora et al., 2024). Additionally, 

the relationship between codon usage and translational efficiency or accuracy can be 

context-dependent, influenced by factors such as tRNA abundance and amino acid 

availability, elements that fluctuate with physiological conditions and are not always 

evident in static genome-based assessments (Arella et al., 2021).  

In our study, we limited the analysis to genes exceeding 300 base pairs to minimize 

sampling bias and improve the robustness of our results. However, this filtering criterion 

may have excluded certain genes in Acinetobacter genomes, particularly those that are 

unusually short, which might exhibit distinct codon usage profiles. Furthermore, some 

coding sequences annotated as “plasmid-like” were present in the dataset. These 

represent horizontally acquired genes from other genera, potentially introducing codon 

usage signals that are not representative of the core genome. Additionally, only a single 

representative genome was analysed per species. While this approach ensured 
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consistency and reduced computational complexity, it may not fully capture intraspecies 

variation, including effects of horizontal gene transfer or strain-specific codon usage 

patterns. Future studies incorporating multiple strains per species would help refine these 

observations. Therefore, while codon usage analysis offers meaningful insights into 

genome evolution and gene expression, its interpretation should account for these 

biological and methodological constraints (Arella et al., 2021;  Dahal and Bansal 2025). 
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CHAPTER 5: CONCLUSIONS 

The analysis of GC content in of whole genus Acinetobacter revealed significant 

variation, ranging from 35.71% in Acinetobacter equi to 46.21% in Acinetobacter 

indicus. The pathogenic Acinetobacter baumannii complex, which includes several 

clinically relevant species, exhibited an average GC content of about 39%, aligning with 

findings from other studies. This GC content influenced genome stability and gene 

functionality related to virulence and antibiotic resistance. Non-pathogenic species, like 

A. baylyi, showed slightly higher GC percentages, while pathogenic species tended to 

have greater AT content, which is energetically advantageous in host environments.  

The analysis also highlighted a preference for A and T-ending codons among pathogenic 

species, suggesting an evolutionary adaptation for rapid replication and virulence. In 

contrast, non-pathogenic species showed less bias towards A/T codons, reflecting 

different ecological strategies. The study found that codon usage bias was low across 

Acinetobacter genomes, with translational selection pressure being more influential than 

mutational pressure. Additionally, the parity plot analysis indicated a preference for 

thymidine over adenine and cytosine in the genomic compositions of pathogenic species, 

while A. baylyi displayed a different bias, hinting at its unique ecological adaptations.  

The analysis of translational selection revealed low P2 values across Acinetobacter 

species, indicating modest natural selection influence on codon usage. Notably, A. baylyi 

exhibited a higher P2 value, suggesting stronger translational selection pressure linked to 

its unique adaptations. Within the Acinetobacter baumannii complex, P2 values were 

consistently low, demonstrating that translational selection significantly shaped codon 

usage in these pathogens.  

Using the Codon Adaptation Index, gene expression levels varied among species, with 

values ranging from 0.49 in A. gyllenbergii to 0.66 in A. boissieri. The analysis indicated 

that genes with higher expression levels tend to utilize optimal codons more frequently, 

underscoring the role of natural selection in maximizing translational efficiency.  
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Examining codon context through RSCPU values revealed variability in overrepresented 

codon pairs among species, with A. junii having the fewest and A. marinus the most. This 

variability reflects evolutionary adaptations and niche-specific pressures. The analysis 

showed consistent preferences for GC and CT codon pairs across the ACB complex, 

indicating shared adaptive strategies and the avoidance of potentially detrimental pairs.  

The RAAU analysis identified strong correlations between protein aromaticity and amino 

acid usage, highlighting the influence of genomic features like GC content on amino acid 

composition. Individual amino acid frequency analysis showed a preference for leucine 

across all species, while cysteine and tryptophan were present in low frequencies, likely 

due to energy costs associated with their synthesis.  

Finally, phylogenetic analysis using the gyrB gene showed that A. populi was a terminal 

node, with members of the ACB complex being genetically close. Genetic distances 

indicated evolutionary divergences among the species, emphasizing how molecular 

strategies help Acinetobacter adapt to various ecological niches and environmental 

challenges.  

Molecular identification confirmed samples as A. baumannii (1425) and A. baylyi (9822). 

Whole-genome sequencing yielded 12,508,241 reads for A. baumannii and 15,363,662 

for A. baylyi, with alignment percentages of 43.68% and 54.68%, respectively. Gene 

identification revealed 3,294 genes in A. baumannii and 3,305 in A. baylyi, with mean 

gene lengths of 943 bp and 944 bp. The variant analysis uncovered 59,373 SNPs in A. 

baumannii and 58,729 in A. baylyi, indicating substantial genetic diversity. SNP density 

analysis showed a consistent distribution pattern across both genomes, with decreasing 

SNP density correlating with increasing genomic distance.  

Detection of virulence genes, based on A. baumannii strain AB00057, indicated that most 

virulence factors were present in both species, except hemO and basC, which were absent 

in specific strains. Key virulence factors included outer membrane proteins for adherence 

and genes involved in biofilm formation (e.g., adeF, adeG, pga genes). Enzymatic factors 
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such as plcC and plcD contribute to nutrient acquisition, while iron uptake genes (e.g., 

barA, barB) enhance survival in iron-restricted environments. The presence of these 

virulence genes in A. baumannii and A. baylyi suggested significant pathogenic potential.  

Using ResFinder, key resistance genes like blaADC-25 and blaOXA-98, crucial for beta-

lactam antibiotic resistance, were identified. The sequence of blaADC-25 showed 96.9% 

similarity to its reference, while blaOXA-94 exhibited a 99.88% similarity, underscoring 

the clinical importance of antibiotic resistance in Acinetobacter.  

Analysis of GC content revealed variations among gene clusters. For instance, ompA 

(39% GC) differed from the adeF, adeG, and adeH genes (44-45% GC), associated with 

biofilm formation. Antibiotic resistance genes showed lower GC contents (e.g., blaADC-

25 at 36%). The pga gene cluster (39-43% GC) indicated a relationship between GC 

content and function, suggesting shared evolutionary pressures. Overall, genes exhibited 

higher AT content, likely due to the energetic advantages of AT-rich metabolites in host 

environments.  

The ENC-GC3 analysis indicated weak codon usage bias across genes, suggesting a 

stronger influence of translational selection than mutational bias. ENC values ranged 

from 36.94 (in csuAB) to 59.79 (in bauD), reflecting variability in codon usage bias 

within different gene clusters. This variation is attributed to differing selection pressures 

faced by genes related to virulence and adaptation to host environments.  

Neutrality plot analysis revealed minimal mutational pressure on codon usage bias in A. 

baumannii and A. baylyi genes, with slopes ranging from 0.06 to 0.284. This variability 

indicated that genes within the same cluster experience similar mutational pressures. For 

instance, phospholipase genes plcC and plcD both exhibit a 21% impact, while biofilm-

related genes like bauC and bauD show lower impacts (6-8%). This suggests that 

translational selection predominantly shapes codon usage patterns, reflecting adaptive 

strategies for efficient protein synthesis.  
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Analysis of P2 values revealed modest natural selection pressure on codon usage, with 

values ranging from 0.31 to 0.50 across genes. Notably, the gene adeF exhibited the 

highest P2 value of 0.50, indicating moderate selection. Regulatory genes like bfmR and 

bfmS showed close P2 values, suggesting a consistent selection pressure across 

functionally related genes. Overall, translational selection plays a significant role in 

shaping codon usage among virulence and antibiotic-resistance genes.  

The Codon Adaptation Index (CAI) analysis indicated CAI values between 0.74 and 

0.87, reflecting consistent expression levels within gene clusters. A strong positive 

correlation between Relative Synonymous Codon Usage (RSCU) and CAI suggests that 

genes with higher expression utilize optimal codons more frequently. This correlation 

emphasized the role of natural selection in optimizing codon usage for translational 

efficiency.  

Multivariate analysis identified significant correlations between protein aromaticity and 

amino acid usage patterns. The GRAVY index and GC content also influenced amino 

acid composition, underscoring the interplay between genomic characteristics and protein 

properties. Higher expression levels correlated with distinct amino acid preferences, 

suggesting that translational efficiency and protein folding requirements shape these 

patterns.  

Amino acid frequency analysis revealed a strong preference for leucine and alanine in the 

ARGs and VRGs of A. baumannii and A. baylyi. The prevalence of leucine suggested its 

importance in protein structure, while an abundance of alanine is attributed to its role in 

peptidoglycan structure. Conversely, amino acids like cysteine and tryptophan were 

significantly less frequent, possibly due to their higher energy synthesis costs.  

Phylogenetic analysis illustrated evolutionary relationships among ARGs and VRGs, 

revealing clusters that reflect shared ancestry. Genes such as ompA and adeF were 

closely related, suggesting functional overlap, while others displayed independent 

evolutionary trajectories. The correlation between codon usage bias and phylogenetic 
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relationships indicates that closely related genes share similar codon preferences due to 

inherited genomic characteristics.  

Network analysis of virulence and antibiotic resistance genes revealed significant 

interactions among 39 nodes and 87 edges, highlighting their interconnectedness. Genes 

like A1S_1033 and its neighbors demonstrated similar codon biases, GC content, and 

expression levels, indicating functional modules. A high average local clustering 

coefficient and significant PPI enrichment p-value suggest that selective pressures drive 

these interactions. A highly similar degree of codon usage patterns within functionally 

related genes as well as genes within the same cluster further helped interpret protein 

interactions and their functional roles.  

In conclusion, this study not only enhanced our understanding of how Acinetobacter 

species evolve, adapt, and diversify in response to selective pressures encountered in 

various ecological niches and host environments but also showed the unique genomic 

signature of ACB complex entirely different from other members of the genus.  These 

findings contribute valuable insights into the genomic strategies underpinning the 

pathogenic potential of ACB complex, metabolic versatility, and evolutionary success, 

with implications for biomedical research, antibiotic resistance studies, and public health 

interventions targeting Acinetobacter infections. Future research could further explore 

these genomic insights to develop targeted therapies and mitigate the impact of 

Acinetobacter-associated infections. The detection of ARGs and VRGs in non-pathogenic 

species A. baylyi 9822 suggests its potential pathogenicity shortly. Leveraging these 

findings, species-level detection of Acinetobacter species in clinical cases must be 

initiated. Future research endeavors can focus on elucidating the functional roles of 

characterized VRGs and ARGs, validating protein-protein interactions, and developing 

targeted interventions to mitigate antibiotic resistance and improve antimicrobial 

therapies. This multifaceted approach holds promise for advancing our understanding of 

Acinetobacter physiology, pathogenesis, and evolution, ultimately informing strategies to 

combat this global health-threatening species. 
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