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Abstract 

Acinetobacter baumannii responsible to cause nosocomial infections in the hospital settings 

and a leading cause of 80% death across the globe. The genome of Acinetobacter baumannii 

comprises diverse genetic elements that play a critical role in carrying and disseminating 

antimicrobial resistance (AMR) genes. Thus, we integrated pan-genome analysis, 

phylogenomics and compositional analysis to elucidate the genetic landscape. Analyses 

revealed that A. baumannii has an open, highlighting its remarkable adaptability.  Additionally, 

phylogenomic analysis showed the global population was dominated by the high-risk 

carbapenem resistant sequence type ST2 lineage, although numerous other sequence types co-

existed. Mapping of AMR genes on different genomic segments indicated that resistance genes 

were primarily acquired through horizontal transfer, with genes from other Gram-negative 

bacteria including Klebsiella pneumoniae and Shewanella frigidimarina as donor organisms. 

Further Kullback–Leibler divergence–based analysis of genomic composition showed that 

genomic islands (GIs) act as semi-stable, compositionally constrained elements that 

preferentially retain AMR determinants. In other words, these islands are not transient 

collections of foreign DNA but stable genetic loci containing resistance genes. Clinically, our 

findings emphasized the need to monitor chromosomes, GIs, prophages and plasmids as 

reservoirs and vehicles of carbapenem resistance genes. Thus, our analysis revealed the 

evolutionary dynamics and genome architecture of A. baumannii underscores the importance 

of genomic surveillance and targeted interventions against this formidable pathogen.1 
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1. Introduction 

With the growing threat of antimicrobial resistance (AMR), pathogens have evolved from 

being simply classified as multi-drug resistant (MDR) to now being considered extensively 

drug-resistant (XDR) or pan-drug resistant (PDR) [1]. In recent years, A. baumannii, one of the 

ESKAPE pathogens, has emerged as a major concern in hospital settings across the world [2], 

[3]. WHO 2024 report, classified A. baumannii as a critical priority pathogen [4]. A. baumannii 

is a Gram negative, opportunistic, and nosocomial bacterium, majorly responsible for causing 

hospital acquired infections like pneumonia, urinary tract infection and blood infection [5], [6]. 

It has developed remarkable ability to resist a broad spectrum of antibiotics including 

carbapenems and colistin [7], [8]. The prevalence of MDR reported for 70% to 90% in the 

different parts of the world [9]. The mortality rate of A. baumannii infections ranges from 30% 

to 70% worldwide [9], [10].  

The potential of A. baumannii to acquire antibiotic resistance, form biofilms, and persist in 

hostile environments is largely attributed to its open pan-genome [11], [12]. On the basis of 

gene pool, pan-genome are classified in two categories i.e. open and closed. Open pan-genome 

is responsible for continuous evolution due to acquisition of new genes over time. The closed 

pan-genome represents a limited and fixed gene repertoire. The pan-genome consists of the 

conserved core genome and diverse accessory genome [13]. The core genes are essential for 

bacterial survival while the accessory genes provide advantage to adapt to different ecological 

niches. The accessory genome flexibility also plays a significant role in carrying AMR in the 

species [14]. Global epidemiological studies show that resistance dissemination is not random 

but strongly associated with specific high-risk clonal lineages, particularly sequence type ST2, 

one of the most dominant international clones, carrying blaOXA-23 gene [9]. According to 

2012-2014, antimicrobial testing leadership and surveillance (ATLAS), carbapenem resistant 

strain of A. baumannii from Asian countries have reported the presence of Class D β-lactamase 

gene blaOXA-23 in countries like Australia, China, Thailand, Philippines and Malaysia etc [9], 

[15]. Additionally, ST2 has been linked to the spread of carbapenem and colistin resistance 

genes, underscoring the evolutionary and epidemiological relevance of genome expansion. 
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The primary mechanism driving accessory genome diversity is horizontal gene transfer (HGT). 

HGT serves as a major vehicle of bacterial genome evolution due to acquisition of AMR genes 

and virulence factors [16]. Through plasmids, genomic islands (GIs), insertion sequences, and 

phages, A. baumannii acquires resistance genes such as carbapenemase-encoding blaOXA 

variants including blaOXA-23 [17]. Chromosomal integration of foreign DNA can generate 

GIs enriched in resistance determinants [18]. Studies have reported the role of GIs in various 

pathogenic bacteria for the spread of AMR [19]. GIs, particularly AbaR-type resistance islands, 

often carry clusters of resistance genes in A. baumannii [20]. Additionally, horizontally 

acquired elements are major contributors to the strain-level variability and clinical persistence.  

HGT does not merely alter gene content, it can also reshape genome composition. Genome 

composition, particularly AT and GC content, provides a foundational yet static snapshot of 

genetic architecture [21]. Genes acquired through HGT often differ significantly from the host 

chromosome, retaining distinct genomic signatures such as altered GC content and dinucleotide 

composition. Plasmids are the main contributors to genetic variation in bacteria due to their 

frequent movement between cells [22]. Although plasmids share some similarity with the host 

genome, their nucleotide composition often differs significantly, whereas phages are assumed 

to co-evolve with the chromosome and show higher similarity [23]. Also, plasmid–host 

similarity has been shown to correlate with GC content, GC-rich genomes accumulate fewer 

random mutations, while AT-rich genomes show greater sequence variation [24]. AT richness 

leads to the accumulation of DNA regions  and mutational biases [25]. While GC content 

provides a broad measure of genome composition, it lacks sensitivity to detect subtle structural 

variation. Higher-order nucleotide dependencies, such as dinucleotide or tetranucleotide 

frequencies, capture more detailed sequence organization and lineage-specific signatures, 

making them better suited for detecting the compositional footprints of horizontal gene transfer 

[26]. Although such regions may gradually ameliorate toward host composition, detectable 

compositional deviations frequently remain. Therefore, genome architecture reflects both 

vertical evolutionary history and episodic horizontal acquisition events. Quantitative 

approaches are therefore needed to assess how horizontal acquisition influences genome-wide 

compositional structure. 

Information theory as a quantitative measure used for assessing genomic complexity. 

Kullback–Leibler divergence (DKL), or relative entropy, has been widely applied to molecular 

biology for analyzing DNA and protein sequences [27]. In genomic applications, DKL 

quantifies how one probability distribution diverges from another based on probability 
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distributions [28]. By comparing tetranucleotide frequencies and the zero-order Markov model 

(mononucleotide), DKL provides a measure of information or relative entropy in DNA 

sequences [29]. Higher DKL values mean high relative entropy that indicates stronger 

nucleotide dependencies in the corresponding tetranucleotides. Stronger dependencies between 

adjacent nucleotides also suggest that the sequence carries more information. Conversely, 

lower DKL values reflect lower relative entropy means weaker dependencies, hence less 

information is carried by the DNA sequences. Importantly, DKL quantifies structural 

divergence rather than directly detecting HGT, but it provides a sensitive metric for identifying 

deviations in genomic organization. 

Despite extensive research on pan-genome structure, mobile genetic elements, resistance gene 

distribution, and clonal phylogeny in A. baumannii, these components are often examined 

independently. Pan-genome studies typically focus on gene presence–absence patterns without 

incorporating compositional metrics. HGT investigations frequently identify mobile elements 

without quantifying their genome-wide structural impact. Similarly, phylogenetic analyses 

describe lineage relationships without linking clonal expansion to compositional divergence. 

Thus, there is no integrated framework that quantitatively connects pan-genome expansion, 

horizontal gene transfer, genome compositional divergence, and clonal lineage evolution in A. 

baumannii. Understanding how accessory genome acquisition reshapes nucleotide architecture 

and how these changes relate to AMR dissemination requires a unified analytical approach. 

In this study, we analyzed 421 complete genomes of A. baumannii to investigate the 

evolutionary forces shaping its genomic architecture. We performed pan-genome analysis to 

characterize core and accessory gene dynamics and applied multilocus sequence typing 

(MLST) and phylogenetic reconstruction to assess lineage structure. Using an information-

theoretic approach based on DKL, we quantified compositional divergence across genomic 

regions to evaluate structural heterogeneity potentially associated with horizontal acquisition. 

Carbapenem-resistance and colistin-resistance genes were mapped across chromosomes and 

mobile genetic elements to assess their genomic context. By integrating pan-genome dynamics, 

compositional analysis, resistance gene localization, and phylogenetic structure, this study 

provides a comprehensive framework for understanding genome plasticity and AMR evolution 

in A. baumannii. 

2. Method 
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2.1 Data Retrieval and Annotation 

We screened the databases of microbes at Bacterial and Viral Bioinformatics Resource Center 

(BV-BRC) and Genbank at the National Center for Biotechnology Information database 

(NCBI) [30], [31]. The complete information of A. baumannii strains was retrieved from the 

databases (accessed on June 16, 2024). The high quality, complete genomes were downloaded 

and  annotated using Prokka version 1.14.6 [32]. Initially, we separated the chromosomes and 

plasmids for downstream analysis. 

2.2 Phage and Genomic Island Prediction 

Phages and GIs were predicted from chromosomal sequences of complete strains. Phigaro 

version 2.4.0 and PHASTER (PHAge Search Tool Enhanced Release) webserver were used to 

detect prophage regions [33], [34], [35]. Only 420 prophages were predicted in the strains. For 

GI prediction, we used AlienHunter version 1.7 using compositional bias [36].  

2.3 Pan-genome Analysis, Multilocus Sequence Typing, and Phylogenetic 

Relationship  

Roary version 3.13 was applied with default settings to generate the pan-genome of complete 

genomes of A. baumannii.[37]. The sequence typing of the 421 A. baumannii genomes was 

carried out using mlst v2.23.0 [38], [39]. For the sequence typing, we used the Pasteur scheme. 

For phylogenetic analysis, we used trimAl version v1.5.rev0 to remove extra or poorly aligned 

regions [40]. The evolutionary analysis was done using RAxML v8.2.12 [41] with 100 bootstrap 

using maximum likelihood method. Tree visualization was performed using a webserver tool 

named iTOL v7 [42]. 

2.4 Anti-microbial Resistance Prediction 

421 genomes of A. baumannii were selected for AMR analysis using AMRFinderPlus version 

3.12.8 [43]. Genes for carbapenem and colistin drug classes were identified in the genomes. To 

determine their genomic context, the positions of AMR genes were mapped onto the 

chromosome, GIs, phages and plasmids. The color gradient heatmap was constructed to 

visualize the distribution and relative abundance of carbapenem and colistin resistance genes 

across genome segments. 

2.5 Horizontal Gene Transfer 

For HGT analysis, protein sequences of AMR genes located within GIs, phages and plasmids 

were extracted. These sequences were analyzed using HGTector version 2.0b3 with default 

parameters [44]. The homologous sequences were identified via DIAMOND searches against 



6 

the NCBI non-redundant (nr) database [45]. For taxonomic classification,  the self group was 

set to A. baumannii (rank: species; taxon ID: 470), while the close group corresponded to the 

order Moraxellales (rank: order; taxon ID: 2887326). Homologs outside these groups were 

treated as distal taxa. Genes showing strong similarity to distal taxa but weak or no hits in the 

close group were flagged as putative horizontally transferred genes. 

2.6 Calculation of Kullback–Leibler divergence 

The DKL, also referred to as relative entropy, was used to quantify the compositional difference 

between the observed and expected tetranucleotide frequencies in DNA sequences.  

For a given DNA sequence, the set {z1,z2,...,z256} represents all possible tetranucleotides (4-

mers). The DKL between the observed distribution P (i.e., actual 4-mer frequencies in the 

sequence) and the expected distribution Q (estimated from mononucleotide composition under 

a zero-order Markov model) was calculated using the following formula: 

 

Here, P(zi) represents the observed frequency of the ith tetranucleotide in a given DNA 

sequence X. The expected frequency, Q(zi), is estimated using a zero-order Markov model 

based on the mononucleotide composition of the DNA sequence X. That is, all chromosomal 

sequences were used to calculate Q(zi) when the given sequence X is a chromosome; all GIs 

sequences were used when X is a GI; all phage sequences were used when X is a phage; and 

all plasmid sequences were used when X is a plasmid. 

Linear regression model was used to compare the DKL to AT content and sequence size across 

different types of sequences i.e chromosomes, GIs, phages and plasmids [29]. The Mann–

Whitney U test was used to compare DKL distributions among chromosomes, GIs, phages and 

plasmids due to the skewed nature of the data. 

3. Results 

3.1 Pan-genome of A. baumannii 

The pan-genome of A. baumannii was analyzed for the openness of its genome repertoire. 

Using the formula n = k * xα where k = 4240.29 and γ = 0.35, it was determined that the pan-



7 

genome is open, as indicated by the condition 0<γ<1. A total of 35475 genes were predicted in 

421 strains. These genes were classified into core genes (801; 99%<=strains<=100%), soft core 

genes (819; 95% <= strains < 99%), shell genes (3167; 15% <= strains < 95%), and cloud genes 

(30688; 0% <= strains < 15%). These categories accounted for 2.25%, 2.30% 8.92%, and 

86.50% of the total gene pool, respectively. Additionally, the pan-genome curve of A. 

baumannii did not reach a plateau as shown in Figure 1, indicating the potential for additional 

genes to be introduced with the inclusion of new strains.  

 

Figure 1: Pan-genome analysis of A. baumannii. The accumulative curve for the genomes of 

A. baumannii represented the size of pan and core genomes as the number of genomes 

increased. Green color represents the core genome and purple color represents the accessory 

genome.  

3.2 Phylogenetic relatedness 

The core-gene based phylogenetic tree revealed a distinct distribution of strains according to 

their antibiotic susceptibility profiles. A total of 421 strains were classified into three groups 
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named group 1 (CCS), group 2 (CR) and group 3 (CCR), based on their resistance to 

carbapenem and colistin antibiotics, as shown in Figure 2. The majority of strains in this 

group 2 belonged to sequence type ST2 and were predominantly distributed across Asia. Asian 

strains were assigned to ST622, ST25, and ST10, all of which exhibited carbapenem 

resistance. In North America, ST2 strains were prevalent, and ST2 was also commonly 

detected in Europe. Additionally, all ST49 strains from North America were carbapenem 

resistant. European strains were again dominated by ST2, with all ST636 strains from this 

region also displaying carbapenem resistance. In contrast, strains from South America and 

Oceania within Group 2 were more heterogeneous in ST composition. South American 

isolates belonged to ST79 and ST162, whereas strains from Oceania were assigned to ST2, 

ST25, and ST1. Group 1 showed limited clonal diversity but wide geographic distribution, 

whereas Group 3 was phylogenetically and geographically dispersed, comprising multiple 

STs across several continents. 
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Figure 2: Circular phylogenetic tree of 421 A. baumannii strains.  The first ring represents the 

antibiotic profile (inner side). The second ring represents multilocus sequence typing (MLST) 

and the third ring represents the different continents (outer side). 

3.3 Antimicrobial resistant gene across different genome segment 

We identified various genes associated with carbapenem and colistin resistance in 421 genomes 

of A. baumannii as shown in Figure 3. After mapping the positions of these genes across 

different genome segments, we found a total of 965 AMR genes in the chromosome, 101 in 

GIs, 11 in phages, and 1 in plasmids. Within the chromosome, out of 965 genes, 872 were 

associated with carbapenem resistance, 75 associated with carbapenem/sulbactam-durlobactam 

and 18 with colistin resistance. In GIs, all predicted genes were associated with carbapenem 

resistance. Among the identified resistance genes, blaNDM-2 (n=1), blaNDM-6 (n=1), and 

blaIMP-19 (n=1) and blaOXA-78 (n=1) were exclusively identified within GIs. In addition, 

blaOXA-23 (n=35), blaNDM-1 (n=30), blaOXA-58 (n=7), blaOXA (n=5), and blaOXA-235 

(n=1) were also detected in GIs. In phages, genes named blaOXA-23 (n=6), blaOXA (n=3), and 

blaOXA-72 (n=1) encoded for carbapenem resistance while mcr4.3 (n=1) gene responsible for 

colistin resistance. The single plasmid-associated gene named blaOXA-23 (n=1) was present 

in A. baumannii A20AB02 to confer resistance to carbapenem. Additionally, a gene named 

blaOXA-23 was distributed in all the genome segments i.e. chromosomes, plasmids, phages, 

and GIs. 
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Figure 3: Distribution of carbapenem and colistin resistant genes in different genomic segments 

i.e. chromosome, GIs, phages and plasmids. The color gradient shows the log count of each 

gene. 

3.4  Horizontal gene transfer in A. baumannii 

HGT plays a crucial role in bacterial evolution. Through lateral gene transfer, bacteria gain 

new phenotypic traits that enhance their ability to colonize diverse ecological niches. A total 

of 15 representative proteins involved in carbapenem and colistin resistance were analysed for 

HGT from mobile genetic elements, including GIs, phages, and plasmids. Genes encoding 

these proteins belong to metallo-β-lactamases like blaNDM-1, blaNDM-2, blaNDM-6, blaIMP-

19, and mcr-4.3. The potential donors of the transferred genes were mainly from the species of 

Klebsiella pneumoniae for blaNDM-1, blaNDM-2, blaNDM-6, blaIMP-19 and Shewanella 

frigidimarina for mcr-4.3.  

3.5 DKL difference in Chromosomes, GIs, Phages and Plasmids 

We examined whether information capacity, measured as DKL, differed among chromosomes, 

GIs, phages, and plasmids. As shown in Figure 4, GI exhibited the highest DKL values overall 

with median DKL values 0.082. DKL was significantly lower in Phages with median value 

0.066 compared to GIs. Chromosomes showed a further reduction in DKL value with median 

0.046 relative to GIs, while plasmids had the lowest DKL values with median 0.045 among all 

segment types, being significantly lower than chromosomes. Additionally, the largest contrast 

in DKL was observed between GIs and plasmids, indicating the greatest divergence in 

tetranucleotide composition relative to random expectations. Overall, all the results are 

statistically significant. GIs were the most compositionally biased DNA sequences, whereas 

plasmids exhibited the most random (least biased) nucleotide composition. 
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Figure 4: Kullback distribution of complete bacterial genomes segregated into chromosomes, 

GIs, phages and plasmids. (A) Scatter plot showing DKL distribution. (B)  Box plots showing 

the distribution of DKL across genomic segments. Median DKL values are indicated (GI = 

0.082, Phage = 0.066, Chromosome = 0.046, Plasmids = 0.045).  

3.4 Kullback Divergence vs AT content 
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We examined the relationship between AT content and DKL across chromosomes, GIs, 

plasmids, and phages using log-transformed DKL values. DKLwas treated as the response 

variable and AT content as the predictor in all regression analyses as shown in Figure 5. DKL 

exhibited segment-specific associations with AT content. GIs 

showed a moderate negative correlation, with AT content explaining 

most of the variance in DKL with R² = 0.59, whereas plasmids 

exhibited weak correlations with R² = 0.17. No correlation was 

identified in chromosomes and phages with R² = 0.09 and, R² ≈ 0.002 

respectively. All the given results for GIs, phages and chromosomes 

were predicted as statistically significant with p value > 0.05. The 

explanation for R² values and other details are given in Table 1 and 

Table 2. 

 

 

Figure 5: Log-transformed DKL is plotted against AT content using linear regression model. 

A. Plot represents the correlation between Chromosome AT content. B. Plot represents the 

correlation between GIs and AT content. C. Plot represents the correlation between phages and 
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AT content. D.  Plot represents the correlation between plasmids and AT content. Among all 

the highest correlation was observed between DKL in GIs and AT content.  

Table 1: Interpretation of R² values used to describe the strength of associations. 

S. No.  R² range Interpretation 

1. < 0.15 Negligible (very weak explanatory power) 

2.  0.15 – 0.50 Weak 

3. 0.50 – 0.75 Moderate 

4. > 0.75 Strong 

 

3.5 Kullback Divergence vs Size 

DKL was examined in relation to genome size across chromosomes, genomic islands, phages, 

and plasmids using regression analysis. The DKL was used as the predictor variable, with 

corresponding segment size as the response, to assess the correlation between segment size and 

compositional divergence. Based on predefined R² thresholds, GIs exhibited a weak negative 

correlation between size and DKL with R² = 0.18. In contrast to GIs, other segments like 

chromosomes, phages and plasmids showed a negligible association with R² = 0.10, R² = 0.01 

or less. Except for plasmids, other results were statistically significant as given in Table 2. 

3.6 Size vs AT content 

In prokaryotic organisms, chromosome size and AT content have been shown to be negatively 

correlated, with segment size treated as the response variable and AT content as the predictor. 

In this study, we carried out a regression analysis between size and AT content for  

chromosomes, GI, phages, and plasmids. We found a strong negative correlation for GIs 

between size and AT content with R2=0.82 followed by plasmids with R2=0.092. With 

R2=0.092, R2=0.02 or less, the size of plasmids, chromosomes and phages showed negligible 

association with AT content. All the results were statistically significant as given in Table 2.  

3.7 AT content vs Kullback Divergence and Size 

We assessed the combined effect of DKL, sequence size, and size squared on AT content using 

multiple regression across different genomic segments i.e. chromosomes, plasmids, phages, 
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and GIs. Here AT content was a response variable while DKL, sequence size, and size squared 

as the predictor variable. Among these GIs showed a strong negative correlation with R2=0.80, 

explaining a 80% of variance in AT content. Plasmids also exhibited a weak association with 

R2=0.20. On the other hand, with R2=0.02 or less for phages and chromosomes showed 

negligible associations and were not statistically significant given in Table 2. 

3.8 Kullback Divergence Between Different Antibiotic Resistant Groups 

DKL was measured for different AMR groups as shown in Figure 6. We divided the data into 

three groups i.e. group 1 comprised strains that were both carbapenem susceptible and colistin 

susceptible (CCS). Group 2 comprised strains that were characterized by carbapenem-resistant 

but colistin-susceptible (CR). Additionally, Group 3 included strains that were both 

carbapenem resistant and colistin resistant (CCR). A significant difference was observed 

between CCS and CR strains, indicating that the variable of interest differs between these 

groups with p = 0.01. With p < 0.05, no significant differences were detected between CCS 

and CCR strains or CR and CCR strains.  

Figure 6: Box plots showing comparison of DKL values among different resistance groups. 

group 1 comprised strains that were susceptible to both carbapenem and colistin. Group 2 
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comprised strains that were characterized by carbapenem-resistant but colistin-susceptible. 

Additionally Group 3 included strains that were resistant to both carbapenem and colistin. 

Table 2: Table of regression analysis for different genomic segments showing their R2 and 

p value. 

S.No. Relation Genomic 

Segment 

R2 p value  

1.  Kullback divergence and AT content 

for 

 

 

Chromosome 0.09 p < 0.001 

Genomic Islands 0.59 p < 0.001 

Phage 0.00 p = 0.355 

Plasmid 0.16 p < 0.001 

2.  Size and kullback divergence 

 

 

Chromosome 0.10 p < 0.001 

Genomic Islands 0.18 p < 0.001 

Phage 0.01 p = 0.02 

Plasmid 0.00 p = 0.568 

3.  Size and AT content 

 

 

Chromosome 0.02 p = 0.001 

Genomic Islands 0.82 p < 0.001 

Phage 0.02 p = 0.002 

Plasmid 0.09 p < 0.001 

4.  AT content vs kullback divergence and  

size 

 

Chromosome −2.47 p < 0.001 

Genomic Islands 0.80 p < 0.001 

Phage 0.02 p > 0.05 

Plasmid 0.20 p < 0.001 
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4. Discussion 

Due to its continuously evolving genome, A. baumannii has emerged as a critical nosocomial 

pathogen, leading to high morbidity and mortality worldwide [46]. According to a global cohort 

study conducted in 47 countries, approximately 96% strains of A. baumannii were reported to 

have cabapenem resistant genes [47]. Its adaptability under antimicrobial pressure and diverse 

environments arises from its genomic architecture, balancing a conserved core genome with a 

dynamic accessory genome [48].  

Our genomic analysis of 421 A. baumannii strains revealed an exceptionally diverse and 

dynamic gene pool. Using the Heap’s law model (γ=0.35) we confirmed that A. baumannii has 

an open pan-genome, meaning that each newly sequenced strain contributes novel genes. Such 

openness (0<γ<1) in A. baumannii is characteristic of species with high genome plasticity and 

frequent horizontal gene acquisition [49]. In our dataset, only ~2.3% of all genes are core genes 

and 2.3% soft core, whereas a vast majority ~86.5% are rare cloud genes found in strains. This 

remarkably small core-genome fraction implies that essentially all housekeeping functions are 

encoded by a relatively limited set of conserved genes, while the accessory genome is 

enormous [50]. According to Bhargavi et al. an open pan-genome of A. baumannii reflects its 

lifestyle as an opportunistic pathogen, helps in rapid adaptation to diverse environmental 

conditions due to acquisition of new virulence or resistance traits [51]. 

The core-gene based phylogeny of A. baumannii delineated three major clades with distinct 

clonal and geographic profiles. In our analysis, Group 2 is dominated by ST2 as the 

predominant lineage across Asia, Europe, and North America, and it was consistently 

associated with carbapenem resistance. Sharma et al. found that 80% - 90% of carbapenem-

resistant A. baumannii worldwide belonged to ST2 across the globe [9], [52]. We also observed 

continent-specific lineages, with Asian strains comprising ST622, ST25, and ST10, all of 

which were carbapenemase-positive. In contrast, strains from Oceania showed a more 

heterogeneous composition, including ST2, ST25, and the historically widespread ST1. 

Another study by Gopikrishnan et al. noted that ST2 remains the dominant clone in Asia, while 

local clones such as ST622 (India) and ST724 (Taiwan) are also emerging . Additionally, we 

observed ST636 in several European isolates, consistent with that pattern. In North America, 

we identified ST49 and ST636 with carbapenem resistance. ST49 is not a classical global clone, 

but its presence in our data suggested local expansion of a resistant lineage. In South America, 
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strains belonged to ST79 and ST162. Studies have identified ST79 as a lineage with broad 

geographic distribution across multiple countries, although it is particularly associated with 

Latin America [52]. ST162 has been reported as an emerging lineage with a geographically 

diverse distribution, particularly in South America, where it co-circulates with other regional 

clones such as ST79 and ST15 [53].  Group 1 had very limited ST diversity but was still widely 

distributed. Group 3 is phylogenetically and geographically mixed, containing numerous STs. 

Colistin resistance in A. baumannii remains relatively infrequent compared to carbapenem 

resistance [9]. Studies have reported a diverse range of sequence types distributed globally 

across Asia, Europe, and the Americas, encompassing both well-established epidemic clones 

and region-specific lineages. This underscores the epidemiology distribution of carbapenem-

resistant A. baumannii strains globally, one “high-risk” lineage ST2 predominates, while other 

lineages circulate to a lesser extent.  

 Mapping of AMR genes showed that carbapenemase and colistin-resistance genes are widely 

distributed but unevenly partitioned, with the chromosome GIs, prophages, and plasmids [29]. 

965 resistance genes in the chromosome, followed by genomic islands (101 genes), phages (11 

genes), and plasmids, which carried only one carbapenem resistance gene. In the chromosome, 

nearly all AMR genes (872/965) were carbapenemases or related β-lactamases, whereas only 

18 were colistin-related and 75 were dual carbapenem/sulbactam-durlobactam. This 

predominance of chromosomal β-lactamases showed A. baumannii carries multiple innate 

carbapenemase genes blaOXA variants in its core genome leading to an intrinsic resistance 

[54]. Additionally, GIs were strikingly enriched for resistance genes as we identified 101 AMR 

genes in GIs, all conferring carbapenem resistance. This is consistent with GIs functioning as 

resistance islands or “AbaR” elements in A. baumannii [20]. Importantly, we found several 

carbapenemase genes were found exclusively present on GIs including blaNDM-2, blaNDM-

6, blaIMP-19 and blaOXA-78. We also found dozens of other carbapenemase genes on GIs i.e. 

blaOXA-23 and blaNDM-1 indicating that resistance islands have accumulated a broad arsenal 

of β-lactamases. By contrast, phage carried only 11 AMR genes. These included blaOXA-23, 

blaOXA-72, blaOXA for carbapenem resistance and mcr-4.3 gene for colistin resistance. 

Karampatakis et.al. also reported the presence of blaOXA-23 and related genes in phages [49]. 

We have also identified a single mcr-4.3 gene within a phage. Previous study has shown that 

mcr-4 variants are typically plasmid-mediated and are believed to originate from Shewanella 

species reservoirs [55]. This suggests that, in addition to plasmids, phages may also contribute 

to the mobilization and dissemination of colistin resistance in A. baumannii. By comparison, 
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we found only one gene named blaOXA-23 on a plasmid. Wang et al. showed that blaOXA-23 

gene can insert in multiple sites and even co-exist on chromosome and plasmid within the same 

cell [56].  It is consistent with prior observations that many A. baumannii carbapenemases were 

carried on chromosomes as well as on plasmids. 

Together, these findings showed that AMR genes in A. baumannii are present not only within 

the chromosome but also across diverse mobile elements [57]. The presence of these genes in 

diverse bacterial species, including Escherichia coli, Klebsiella pneumoniae, and 

Pseudomonas aeruginosa, strongly supports their dissemination through HGT rather than 

vertical inheritance [58]. Consistent with this, our HGT analysis identified Klebsiella 

pneumoniae as the donor of several carbapenemases, including blaNDM-1, blaNDM-2, 

blaNDM-6, and blaIMP-19, whereas Shewanella frigidimarina was implicated as the source of 

mcr-4.3. Klebsiella is a notorious reservoir for blaNDM and other metallo-β-lactamases as the 

prototypical blaNDM-1 was first identified in K. pneumoniae from Indian strains [59]. 

blaNDM-1 exhibits higher binding affinity toward most cephalosporins, while showing 

comparatively lower affinity for carbapenems. Previous studies indicate that blaNDM and 

blaIMP genes are widely disseminated across Gram-negative bacteria, including Escherichia 

coli, Pseudomonas aeruginosa, and Acinetobacter spp [60]. Similarly, Shewanella baltica has 

long been recognised as the source of the mcr-4 family, which confers colistin resistance [55].  

Finally, we examined the compositional bias or information content of different genomic 

segments using DKL. We identified that information content of A. baumannii varies 

significantly among different segments of the genome. GIs showed the greatest DNA 

composition bias among all underscores their central role as hubs of HGT and evolutionary 

diversity in A. baumannii [61]. The high DKL observed in GIs is consistent with their 

acquisition from diverse donor lineages, resulting in nucleotide compositions that differ 

substantially from the host chromosome [18]. This suggests that over the period of time, GIs 

have undergone complete compositional amelioration into the host chromosome. In contrast, 

plasmids exhibited lower DKL, indicating a more compositionally heterogeneous, more 

random or partially ameliorated nucleotide structure consistent with other studies [29]. 

Although plasmids play a crucial role as vectors of HGT, their reduced information content 

likely reflects broad host range and less stability [24]. Nonetheless, the transition of plasmids 

into stably inherited genetic elements remains understudied.  

We also predicted the negative correlation between DKL and AT content observed in GIs 

further supports this interpretation. Regression analysis revealed the moderate negative 
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correlation  for GIs between chromosomes, phages and plasmids with R2 = 0.59. Plasmids and 

chromosomes showed weak correlation between DKL and AT content, This suggests that 

information was more linked to change in the AT content of A. baumannii. GIs with lower AT 

content and high DKL, consistent with the studies that GC-enriched regions are more stable or 

less prone to mutational changes [62]. Because AT-rich sequences tend to be more permissive 

and compositionally degenerate, increases in AT content can reduce detectable divergence 

from the genomic background, thereby lowering DKL. Bohlin and colleagues also showed that 

high DKL was generally associated with low AT content, indicating that more compositionally 

structured sequences tend to be relatively GC-enriched [29].  

Additionally, GIs with R2 = 0.18 showed weak inconsistent correlations with DKL and genome 

size. The weak correlation between size and DKL suggests that increases in size do not 

necessarily correspond to increases in information. Instead, high DKL in GIs appears to be 

driven primarily by nucleotide composition, donor lineage, and degree of compositional 

amelioration rather than by size [63]. On the other hand, lack of a correlation across 

chromosomes, phages and plasmids implies that information content is shaped by sequence 

organization and evolutionary history rather than genome expansion. Additionally, various 

studies have demonstrated that chromosome sizes are inversely proportional to in prokaryotic 

organisms.  

Generally, AT content is widely reported to correlate negatively with genome size.  Notably, 

GIs displayed a strong negative correlation between size and AT content (R² = 0.82). In 

contrast, this relationship was not observed in chromosomes, phage and plasmids. This 

indicates that the relation between genome size and AT is independent of AT and DKL. Again, 

only GIs showed strong but negative correlation of AT content with size and DKL with R² = 

0.80. On the other hand, plasmids also showed little negative correlation of AT content with 

size and DKL. This pattern suggests that GIs' higher information content (higher DKL) tend to 

be relatively smaller and more GC-enriched. Overall, high information potential reflects strong 

compositional bias, highlighting their central role in genome plasticity and rapid adaptive 

evolution.compositional amelioration into the host chromosome. In contrast, plasmids 

exhibited lower DKL, indicating a more compositionally heterogeneous, more random or 

partially ameliorated nucleotide structure consistent with other studies [29]. Although plasmids 

play a crucial role as vectors of HGT, their reduced information content likely reflects broad 

host range and less stability [24]. Nonetheless, the transition of plasmids into stably inherited 

genetic elements remains understudied. 
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5. Conclusion 

Our study integrates pan-genomics, phylogenomics and genome composition analysis to offer 

a detailed picture of A. baumannii genetics. We confirm that A. baumannii has an open, highly 

variable pan-genome, underscoring its adaptability. Its global population structure is dominated 

by ST2, spreading resistance worldwide, yet many diverse lineages coexist. AMR mapping 

analyses showed that resistance genes were frequently acquired horizontally rather than vertical 

transfer. These genes were acquired from two bacterial species named Klebsiella pneumoniae 

and Shewanella frigidimarina as potential donors. Additionally, DKL-based genome 

architecture analysis revealed that GIs are not merely transient collections of foreign DNA but 

semi-stable, compositionally constrained elements that preferentially retain AMR 

determinants.  From a clinical perspective, these findings emphasize the importance of 

monitoring chromosomes, GIs, phages and plasmids as reservoirs and vehicles of critical 

resistance determinants in A. baumannii. Ultimately, understanding these aspects is essential 

for designing more effective therapeutic interventions and limiting the spread of this 

formidable pathogen. 
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