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Abstract

Acinetobacter baumannii is an opportunistic pathogen linked to healthcare-associated infections and the
dissemination of multidrug-resistant phenotypes in critical hospital settings. In this study, we performed
a comparative genomic analysis of clinical isolates identified as A. baumannii by routine hospital
microbiology, obtained from an intensive care unit in Northeastern Brazil and classified as susceptible
(SEN), multidrug-resistant (MDR), or extensively drug-resistant (XDR). Fifteen isolates were subjected to
whole-genome sequencing; after quality control, 14 genomes were included in the main comparative
analyses. Genome assembly metrics, functional composition, pangenome, resistome, virulome, Pasteur
MLST, core-genome phylogeny, phenotype—genotype concordance, and FastANI-based taxonomic
refinement were evaluated. MDR and XDR isolates carried a higher burden of antimicrobial resistance
(AMR) genes than SEN isolates. Pangenome analysis revealed a conserved core genome combined with
variable accessory content, whereas the virulome was relatively conserved across phenotypic groups.
Quinolone resistance-determining region (QRDR) mutations in gyrA and/or parC were detected in
ciprofloxacin-resistant isolates, supporting the role of chromosomal mechanisms in fluoroquinolone
resistance that may not be captured by analyses restricted to acquired resistance genes. FastANI
analysis further revealed taxonomic discrepancies in two susceptible isolates, highlighting the
complementary value of WGS for hospital surveillance and taxonomic refinement within the
Acinetobacter calcoaceticus—baumannii complex. Overall, our findings indicate that antimicrobial
resistance in these clinical isolates is a multifactorial phenomenon shaped by clonal diversity, accessory
genome variation, AMR gene burden, chromosomal resistance mechanisms, and taxonomic complexity
within the ACB complex.

INTRODUCTION

Acinetobacter baumannii is a Gram-negative opportunistic pathogen of major clinical relevance,
particularly in healthcare-associated infections and intensive care units (ICUs). Its clinical importance is
related to its ability to cause ventilator-associated pneumonia, bloodstream infections, urinary tract
infections, wound infections, and persistent colonization in critically ill patients (1). In addition, A.
baumannii has a remarkable ability to survive on hospital surfaces, resist desiccation, form biofilms,
tolerate adverse environmental conditions, and persist under intense antimicrobial pressure, features
that favor its maintenance and dissemination in critical hospital settings (2).

Antimicrobial resistance in A. baumannii represents a global public health problem. The World Health
Organization has included carbapenem-resistant A. baumannii among the priority bacterial pathogens
for research, development of new therapeutic alternatives, and strategies to prevent and control
antimicrobial resistance (3). This scenario is particularly concerning in ICU settings, where the
combination of vulnerable patients, frequent use of invasive devices, previous exposure to broad-
spectrum antimicrobials, and hospital selective pressure favors the emergence and dissemination of
multidrug-resistant (MDR) and extensively drug-resistant (XDR) phenotypes (4). Resistance mechanisms
in A. baumannii are diverse and often act in combination. These include the production of beta-
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lactamases, particularly OXA-type carbapenemases, overexpression of AmpC beta-lactamases, efflux
pumps, alterations in outer membrane permeability, target modifications, chromosomal mutations, and
acquisition of resistance genes through mobile genetic elements (5).

Historically, the epidemiological investigation of A. baumannii relied on molecular typing methods, such
as pulsed-field gel electrophoresis (PFGE), to assess clonal relationships among isolates. Subsequently,
multilocus sequence typing (MLST) schemes, including the Oxford and Pasteur schemes, enabled more
standardized interlaboratory classification and comparison through the definition of sequence types
(STs) and clonal complexes (CCs) (5,6,7). In Brazil and other Latin American countries, molecular and
genomic studies have demonstrated the circulation of multiple A. baumannii lineages, including clonal
complexes of both regional and international relevance. Among these, CC79/ST79 has frequently been
associated with South America and the dissemination of multidrug-resistant clinical isolates, whereas
CC15/ST15 and CC1/ST1 show broader international circulation and have also been reported in Brazilian
hospitals (8,9,10). Recent genomic studies have shown that hyperendemic carbapenem-resistant A.
baumannii clones in Brazil include CC1, CC15, CC79, and CC25, reinforcing that local epidemiology
results from the coexistence of regional lineages and international clones (8,10, 11, 12).

Despite the clinical relevance of A. baumannii, important gaps remain regarding the genomic diversity of
clinical isolates from ICUs in Northeastern Brazil. Regional studies are essential because the circulation
of clones, resistance genes, mobile genetic elements, and virulence profiles may vary according to
hospital, geographic, and temporal contexts. Thus, integrating phenotypic and genomic data can
contribute to understanding not only which isolates are resistant, but also which genomic trajectories
support the emergence, persistence, and diversification of these phenotypes. In this study, we performed
a comparative genomic analysis of clinical Acinetobacter baumannii isolates by routine hospital
microbiology, obtained from an ICU in Northeastern Brazil and classified as susceptible (SEN), multidrug-
resistant (MDR), or extensively drug-resistant (XDR). We aimed to investigate the genomic determinants
associated with different resistance phenotypes and to assess the complementary value of whole-
genome sequencing (WGS) for hospital surveillance, molecular characterization, and taxonomic
refinement within the Acinetobacter calcoaceticus—baumannii complex.

MATERIALS AND METHODS
Study design and ethical approval

This study included clinical isolates initially identified as Acinetobacter baumannii by routine hospital
microbiology and recovered from the Intensive Care Unit of University Hospital Walter Cantidio (HUWC),
located in Fortaleza, Ceara, Northeastern Brazil. Isolates were collected between May 2019 and April
2024. The study was approved by the local Research Ethics Committee under CAAE no.
03300218.2.0000.5054 and approval no. 3.143.258. As the study used anonymized bacterial isolates
obtained as part of routine microbiological care, informed consent was waived.
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The isolates were recovered from patients with suspected infection or colonization and originated from
different clinical sources, including tracheal aspirates, bronchoalveolar lavage, blood cultures, urine,
surgical wounds, sterile body fluids, tissue fragments, and rectal surveillance swabs. Only one isolate per
patient and per species was included to avoid sample redundancy (Table 1).

Table 1

Clinical and microbiological characteristics of the isolates included in the study.

Isolate
ID

RES014

RES047

RES052

RES079

RES087

RES131

RES158

RES168

RES186

SENOO0O1

SENO00O06

SENOO10

SENO0015

SENOQO17

Primary
clinical
specimen

Tracheal
aspirate

Tracheal
aspirate

Blood

Blood

Tracheal
aspirate

Tracheal
aspirate

Left thigh
Blood
Abdominal
fluid
Hepatic
abscess
Blood
Blood

Urine

Blood

Collection
date

05/07/2019

07/05/2019

07/16/2019

08/26/2019

09/17/2019

02/07/2020

10/17/2020

11/17/2020

12/24/2020

08/16/2023

11/18/2023

12/26/2023

02/14/2024

04/11/2024

Collection
hospital

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

HUWC

Species
identification

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Acinetobacter
baumannii

Resistance
classification

MDR

MDR

XDR

MDR

MDR

XDR

XDR

MDR

XDR

SEN

SEN

SEN

SEN

SEN

Clinical source, collection date, hospital of origin, initial microbiological identification, and antimicrobial
resistance classification of the 14 isolates included in the main comparative genomic analyses. SEN,
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susceptible; MDR, multidrug-resistant; XDR, extensively drug-resistant; HUWC = University Hospital
Walter Cantidio;

Microbiological identification and antimicrobial susceptibility testing

Initial bacterial identification and antimicrobial susceptibility testing were performed as part of routine
hospital microbiology using the automated VITEK 2 Compact system (bioMérieux). Phenotypic results
were classified as susceptible, intermediate, or resistant according to the interpretive criteria adopted by
the laboratory, based on CLSI guidelines (13) and institutional documentation.

The following antimicrobials were evaluated: amikacin, ampicillin/sulbactam, cefepime, cefoxitin,
ceftazidime, ceftriaxone, cefuroxime axetil, ciprofloxacin, colistin, gentamicin, imipenem, meropenem,
piperacillin/tazobactam, and tigecycline. Based on antimicrobial susceptibility profiles, isolates were
classified as susceptible (SEN), multidrug-resistant (MDR), or extensively drug-resistant (XDR), according
to the international definitions proposed by Magiorakos et al. (14). MDR was defined as non-
susceptibility to at least one agent in three or more antimicrobial categories, whereas XDR was defined
as non-susceptibility to at least one agent in all but two or fewer antimicrobial categories.

Selection of isolates for whole-genome sequencing

Fifteen isolates initially identified as A. baumannii were selected for whole-genome sequencing,
distributed into three phenotypic groups: five SEN, five MDR, and five XDR isolates. This selection aimed
to represent different antimicrobial resistance profiles observed in the hospital routine. After sequencing
and evaluation of genome assembly metrics, one XDR isolate, RES179, was excluded from the main
comparative analyses due to an anomalous genome size, incompatible with the expected size for A.
baumannii, suggesting possible mixed culture, contamination, or assembly artifact. Therefore, the main
analyses were conducted with 14 genomes, comprising five SEN, five MDR, and four XDR isolates.

Genomic DNA extraction

Isolates were stored at - 80°C until DNA extraction. For bacterial recovery, frozen stocks were cultured
overnight in tryptic soy broth at 37°C under agitation. On the following day, bacterial colonies were
collected and subjected to genomic DNA extraction using the Wizard Genomic DNA Purification Kit
(Promega), according to the manufacturer's recommendations. DNA concentration and purity were
assessed by NanoDrop spectrophotometry, and isolated DNA samples were stored at - 80°C until library
preparation.

Library preparation and sequencing
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Genomic libraries were prepared using the Illumina DNA Prep kit according to the manufacturer’s
protocol. Liquid-handling steps were automated using the Dragonfly Discovery and Mosquito liquid
handling systems (SPT Labtech). DNA was subjected to fragmentation, magnetic bead-based
purification, indexing, amplification, and size selection using SPRI Select beads (Beckman Coulter).
Library size and concentration were assessed by Qubit fluorometry. Sequencing was performed on the
[llumina NextSeq 1000/2000 platform using paired-end reads.

Quality control, genome assembly, and annotation

FASTQ files generated by sequencing were subjected to a processing workflow for quality control,
removal of low-quality sequences, and de novo bacterial genome assembly. Initial steps included read
quality assessment, trimming/QC, and assembly into contigs by institutional bacterial WGS workflow at
Fiocruz, Ceard. The resulting contigs were assessed using QUAST, including total genome size, number
of contigs, N50, and GC content (15). Initial structural and functional annotation of the genomes was
performed using Prokka, which identifies coding sequences, rRNAs, tRNAs, and other bacterial genomic
elements (16).

Assembly metrics were used to assess the suitability of genomes for downstream comparative
analyses. Genomes with sizes incompatible with the expected range for A. baumannii, excessive
fragmentation, or evidence suggestive of possible assembly artifacts were removed from the study.

Taxonomic refinement by Average Nucleotide Identity

As a complementary taxonomic quality-control step, assembled genomes were compared with reference
genomes of A. baumannii and A. nosocomialis using Average Nucleotide Identity (ANI), calculated with
FastANI (17). An approximate ANI threshold of 95% was considered as a reference for bacterial species
delineation. This analysis was performed after the main comparative analyses to evaluate the
consistency between routine microbiological identification and genome-based species-level
classification.

Pangenome analysis

Pangenome analysis was performed from genome annotation files using Panaroo, a graph-based tool
designed to construct bacterial pangenomes while reducing errors arising from genome fragmentation,
spurious genes, and annotation inconsistencies (18). The resulting gene presence/absence matrix was
used to evaluate shared and exclusive genes among the SEN, MDR, and XDR groups.

Detection of antimicrobial resistance genes

As a complementary analysis, AMRFinderPlus was run using the A. baumannii organism-specific option
and the --plus parameter to investigate chromosomal mutations associated with quinolone resistance

Page 7/30



(19, 20). Initially, acquired genes and determinants associated with antimicrobial resistance detected in
the assembled genomes were considered. Identified genes were organized into a binary
presence/absence matrix by isolate.

Virulome characterization

Virulence-associated genes were identified by genome screening against virulence factor databases,
including the Virulence Factor Database (VFDB). Genomic sequences were compared with reference
virulence genes by sequence similarity, using minimum identity and coverage thresholds to define gene
presence or absence. Detected genes were subsequently organized into a binary presence/absence
matrix by isolate for comparison among phenotypic groups (21, 22, 23).

MLST typing

In silico MLST typing was performed using the mist tool version 2.33.1. Available schemes for
Acinetobacter baumannii were evaluated, with emphasis on the Pasteur scheme as the main framework
for epidemiological interpretation. The Pasteur scheme includes seven housekeeping genes: cpn60,
fusA, gltA, pyrG, recA, rplB, and rpoB. The formal definition of novel STs depends on submission to and
validation by curated databases, such as PubMLST/BIGSdb (6, 24).

Core-genome phylogeny

Phylogenetic reconstruction was performed by maximum likelihood using IQ-TREE version 3.1.2 (25).
ModelFinder was used to select the best-fit evolutionary model according to the Bayesian information
criterion (BIC) (26), and branch support was estimated using ultrafast bootstrap with 1,000 replicates
(27). The alignment comprised 14 sequences and 2,389,549 nucleotide sites, of which 199,862 were
parsimony-informative. The best-fit model was GTR + F+I+R3. Pairwise maximum-likelihood distances
generated by IQ-TREE from the same core-genome alignment were additionally examined to assess fine-
scale relatedness among isolates sharing the same Pasteur ST.

KL and OCL locus typing by Kaptive

As a supplementary analysis of surface-structure diversity, in silico typing of capsular polysaccharide
locus (KL) and lipooligosaccharide outer core locus (OCL) was performed using Kaptive with A.
baumannii-specific reference databases (28). The best matching locus, predicted type, assignment
confidence, identity, and coverage were recorded.

Statistical analysis

Categorical variables were expressed as absolute and relative frequencies. Continuous variables were
described as means or medians according to data distribution, accompanied by interquartile ranges
when appropriate. Comparisons among SEN, MDR, and XDR groups were performed using Fisher’s exact
test for categorical variables and the Kruskal—Wallis test for continuous variables, when applicable. A p-
value < 0.05 was considered statistically significant. Statistical analyses and graphical visualizations
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were conducted in the R/RStudio environment using packages for data manipulation, multivariate
analysis, graph construction, heatmaps, Venn diagrams, and phylogenetic visualization.

RESULTS

Genome assembly quality and definition of the analytical
dataset

The 14 genomes included in the analyses showed assembly metrics compatible with downstream
bacterial whole-genome comparative analyses (15, 29). Genome size ranged from approximately 3.7 to
4.1 Mb, with an average GC content of around 39%. The number of contigs ranged from 47 to 161,
indicating moderate heterogeneity in assembly fragmentation. The number of predicted coding
sequences ranged from 3,394 to 3,822 genes per isolate, suggesting overall structural conservation
among the analyzed genomes, despite specific differences in gene content. Genome size, number of
contigs, and N50 values are shown in Fig. 1.

As a complementary taxonomic refinement analysis, the assembled genomes were compared using
FastANI. Most isolates showed higher genomic similarity to A. baumannii, with ANI values above the
approximate species-level threshold. However, two susceptible isolates, SEN0O006 and SEN0O017, showed
higher similarity to A. nosocomialis than to A. baumannii. SENO0O6 showed 98.90% ANI with A.
nosocomialis and 92.47% ANI with A. baumannii, whereas SEN0017 showed 98.62% ANI with A.
nosocomialis and 92.21% ANI with A. baumannii. These isolates were retained in the main analyses
because they reflected the initial microbiological classification used in the hospital workflow, and the
taxonomic refinement results are reported in Supplementary Table S1.

Phylogenomic structure and distribution of Pasteur STs

Core-genome-based phylogenomic analysis revealed clusters partially associated with antimicrobial
resistance phenotypes. Some MDR and XDR isolates grouped in closely related branches, suggesting
shared ancestry or partial clonal dissemination. However, phylogenetic dispersion was also observed
among isolates with similar resistance phenotypes, indicating that resistance may have emerged
through independent acquisition of genetic determinants in different lineages, rather than exclusively
through expansion of a single resistant clone. The core-genome phylogenetic tree is shown in Fig. 2.

Maximume-likelihood phylogenetic tree inferred from the core-genome alignment of 14 isolates. The
alignment contained 2,389,549 nucleotide sites, including 199,862 parsimony-informative sites.
Phylogenetic reconstruction was performed using IQ-TREE v3.1.2 with ModelFinder for evolutionary
model selection. The best-fit model according to the Bayesian information criterion was GTR + F+I+R3,
and branch support was estimated using ultrafast bootstrap with 1,000 replicates. Tip colors indicate
antimicrobial resistance phenotype: susceptible (SEN), green; multidrug-resistant (MDR), blue; and
extensively drug-resistant (XDR), red.
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MLST typing using the Pasteur scheme demonstrated clonal diversity among the evaluated isolates. The
following sequence types were identified: ST79, ST15, ST1, ST638, ST781, ST1082, and ST1356, in
addition to one XDR isolate with an undetermined ST. ST79 was the predominant sequence type,
identified in four MDR isolates and one XDR isolate, suggesting its importance within the evaluated
dataset. Despite sharing the ST79 assignment, the four MDR isolates were not phylogenetically
homogeneous. RES014, RES047, and RES079 formed a closely related subcluster, whereas RES087
showed greater core-genome divergence and clustered more closely with the XDR ST79 isolate RES052,
demonstrating that ST79 affiliation did not correspond to a single MDR clone. ST15 was detected in
isolates with distinct phenotypes, including one MDR and one XDR isolate, indicating that the same
clonal background may be associated with different degrees of antimicrobial resistance.

Pasteur MLST profiles of clinical isolates initially identified as A. baumannii, grouped by resistance
phenotype. Pasteur MLST identified multiple sequence types, including ST79, ST15, ST1, ST638, ST781,
ST1082, and ST1356. One XDR isolate, RES186, showed an undetermined Pasteur ST due to an
ambiguous or incompletely resolved fusA locus reported as Pas_fusA(431?), and was therefore
conservatively retained as ST undetermined (STND).

Among susceptible isolates, greater ST diversity was observed, including ST1356, ST638, ST1082, and
ST781. This clonal heterogeneity among SEN isolates was consistent with the greater dispersion
observed in analyses based on gene-content profiles. The XDR isolate RES131 was assigned to ST1,
whereas RES186 showed an undetermined Pasteur ST due to incomplete or ambiguous resolution of the
fusA locus, despite exact assignment of the other six loci included in the Pasteur scheme. Therefore,
RES186 was conservatively retained as ST undetermined and was not interpreted as a novel ST. The
distribution of Pasteur STs by isolate and resistance phenotype is shown in Fig. 3.

Pangenome structure and genes shared among resistance
phenotypes

Pangenome analysis demonstrated the presence of a large set of genes shared among the three
phenotypic groups, indicating substantial conservation of the core genome among the analyzed isolates.
Approximately 3,949 genes were common to the SEN, MDR, and XDR groups, indicating that most of the
gene content was conserved within the evaluated dataset. Despite this conservation, differences were
observed in accessory gene content associated with resistance phenotypes. MDR isolates showed the
highest number of exclusive genes, with 361 genes restricted to this group, followed by SEN isolates,
with 252 exclusive genes, and XDR isolates, with 88 exclusive genes. The distribution of shared and
phenotype-associated genes is represented in the Venn diagram shown in Fig. 4A.

Functional classification of phenotype-associated genes revealed relevant differences among groups.
Among genes exclusive to the SEN group, no AMR genes were identified in the functional pangenome
analysis, whereas genes related to DNA regulation and repair accounted for approximately 37% of this
set. In MDR isolates, genes related to DNA regulation/repair were also well represented, accounting for
approximately 19.6% of exclusive genes, in addition to virulence-associated genes, which represented
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approximately 9.8% of this repertoire. In XDR isolates, a higher relative proportion of genes associated
with antimicrobial resistance was observed, representing approximately 18% of exclusive genes,
together with mobilome-related genes, which accounted for approximately 17.9%. The functional
distribution of phenotype-associated genes is shown in Fig. 4B.

Principal component analysis based on the gene presence/absence matrix revealed partial clustering
patterns among isolates. MDR isolates formed a more compact cluster, suggesting greater similarity in
accessory gene content. In contrast, XDR isolates showed a more heterogeneous distribution, with some
isolates positioned close to MDR isolates and others more distant (Fig. 4C).

Comparative pangenome analysis of SEN, MDR, and XDR isolates initially identified as A. baumannii. (A)
Venn diagram showing shared and phenotype-associated genes among resistance groups. (B)
Functional distribution of phenotype-associated genes, including antimicrobial resistance, metabolism,
mobilome, DNA regulation/repair, and virulence-related categories. (C) Principal component analysis
based on gene presence/absence profiles. Each point represents one isolate colored by resistance
phenotype. (D) Distribution of phenotype-associated genes, including AMR genes, annotated genes,
hypothetical proteins, and virulence-associated genes. The pangenome analysis highlights a conserved
core genome combined with variable accessory gene content among resistance phenotypes.

Global functional analysis of the genomes showed a predominance of functionally annotated genes in
all groups, although a substantial proportion of the coding repertoire remained classified as hypothetical
proteins. The mean number of functionally annotated genes was approximately 1,954 in SEN isolates,
2,025 in MDR isolates, and 2,017 in XDR isolates. In parallel, a mean of 1,479 hypothetical proteins was
observed in SEN isolates, 1,677 in MDR isolates, and 1,508 in XDR isolates. MDR isolates showed a
higher mean number of hypothetical proteins compared with the SEN and XDR groups (Fig. 4D).

Resistome profile

Resistome analysis, performed as a complementary curated AMR-specific screening, revealed
substantial heterogeneity in the distribution of genes associated with antimicrobial resistance. This layer
should be interpreted separately from the functional pangenome classification described above: the
functional pangenome analysis considered phenotype-associated accessory genes from genome
annotation, whereas the resistome analysis specifically screened curated AMR determinants using
AMRFinderPlus. The resistome Venn diagram showed genes detected exclusively in SEN isolates (n =7),
genes exclusive to XDR isolates (n = 3), one gene shared between SEN and XDR isolates, most shared
genes occurring between MDR and XDR isolates (n = 26), and only one gene common to all three groups
(Fig. 5A).

The mean AMR gene burden was higher in MDR isolates, with an average of 15.6 genes per isolate,
followed by XDR isolates, with an average of 13.2 genes per isolate, and SEN isolates, with an average of
2.8 genes per isolate. The AMR gene presence/absence heatmap showed more extensive resistance
gene profiles among MDR and XDR isolates, whereas SEN isolates carried fewer detected determinants
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(Fig. 5B). Among determinants observed in XDR isolates, genes associated with aminoglycoside and
beta-lactam resistance were notable, including aac(3)-la, aac(6')-lb, and blaOXA variants, whereas MDR
isolates showed a broad AMR gene repertoire, particularly involving beta-lactams, aminoglycosides,
tetracyclines, and phenicols (Fig. 5C).

Comparative analysis of antimicrobial resistance genes detected among SEN, MDR, and XDR isolates
initially identified as A. baumannii. (A) Venn diagram showing shared and phenotype-associated AMR
genes. (B) Presence/absence heatmap of AMR genes identified by whole-genome sequencing-based
resistome screening. Blue cells indicate gene presence and red cells indicate gene absence. Hierarchical
clustering was based on AMR gene presence/absence profiles. (C) Relative distribution of AMR gene
classes across resistance phenotypes, including aminoglycosides, beta-lactams, macrolides, phenicols,
quinolones, rifamycins, sulfonamides, tetracyclines, and trimethoprim-associated resistance
determinants.

Comparison between antimicrobial susceptibility and
genomic markers

Before interpretation of complementary genomic analyses, phenotypic results obtained using the VITEK
2 Compact system were compared with genomic markers initially detected in the resistome. This
analysis allowed evaluation of concordance between antimicrobial susceptibility profiles observed in
routine hospital microbiology and genomic determinants identified by WGS. In the comparison matrix,
SEN isolates showed a predominantly concordant profile, with phenotypic susceptibility and absence of
specific markers for most evaluated antimicrobials.

Among MDR and XDR isolates, broad concordance was observed for several antimicrobials, particularly
when phenotypic resistance was associated with the presence of compatible genomic markers.
However, specific discordances were also identified. Ciprofloxacin initially appeared as phenotypic
resistance without a corresponding acquired resistance marker in several resistant isolates, whereas
some antimicrobials, such as gentamicin, showed cases of genomic marker detection without
corresponding phenotypic resistance. The initial phenotype—genotype concordance matrix is shown in
Fig. 6.

Heatmap comparing antimicrobial susceptibility results obtained using the VITEK 2 Compact system
with acquired resistance markers detected by genome-based resistome screening. Each tile represents
the comparison between one isolate and one antimicrobial agent. Concordant profiles indicate
resistant/intermediate phenotypes supported by compatible genomic markers or susceptible
phenotypes without specific markers. Discordant profiles include phenotype-only resistance, genotype-
only markers, and antimicrobials without direct genomic mapping. Quinolone resistance-associated
QRDR mutations were assessed separately using AMRFinderPlus and are reported in Supplementary
Table S2.
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As a subsequent complementary analysis, AMRFinderPlus was run using the A. baumannii organism-
specific option, allowing the identification of point mutations associated with quinolone resistance. The
gyrA_S871L mutation was detected in all MDR and XDR isolates included in the main analysis, whereas
parC_S84L was identified in a subset of these isolates, including RES168, RES131, RES158, and RES186
(Supplementary Table S2). These findings provide genomic support for the phenotypic ciprofloxacin
resistance observed in antimicrobial susceptibility testing and indicate that the apparent initial
discordance largely resulted from an analysis restricted to acquired resistance genes.

Virulome profile across resistance phenotypes

Virulome analysis demonstrated high conservation of virulence-associated genes among the analyzed
isolates. The Venn diagram revealed a common core of 111 virulence genes shared among SEN, MDR,
and XDR isolates, indicating that a large proportion of the virulence-associated repertoire was preserved
regardless of resistance phenotype (Fig. 7A). In addition, five genes were exclusive to SEN isolates and
22 genes were shared between MDR and XDR isolates, whereas no genes were exclusively restricted to
either the MDR or XDR group in this analysis.

The mean number of virulence genes was slightly higher among MDR and XDR isolates than among SEN
isolates, with approximately 113—114 genes per isolate in the resistant groups and approximately 99
genes per isolate in the susceptible group. Despite this numerical difference, the overall virulome profile
was more conserved than the resistome, suggesting that the isolates share a common set of genes
associated with colonization, persistence, and adaptation to the hospital environment.
Presence/absence gene analysis identified specific variations in selected determinants. The cpaA and
ata genes, associated with immune evasion and adhesion/biofilm formation, respectively, were absent in
XDR isolates. In contrast, effectors associated with the type VI secretion system, including tse7, tse2,
and tse3, were detected in XDR isolates but absent among MDR isolates. The virulome heatmap and the
functional distribution of virulence categories are shown in Figs. 7B and 7C.

Comparative analysis of virulence-associated genes among susceptible (SEN), multidrug-resistant
(MDR), and extensively drug-resistant (XDR) isolates initially identified as A. baumannii. (A) Venn diagram
showing shared and phenotype-associated virulence genes. (B) Presence/absence heatmap of
virulence-associated genes detected by genome-based screening. Blue cells indicate gene presence and
red cells indicate gene absence. Hierarchical clustering was based on virulence gene presence/absence
profiles. (C) Relative distribution of virulence functional categories across resistance phenotypes,
including adhesion and biofilm formation, nutrient acquisition and metabolism, surface and immune
interaction, secretion systems/effectors/toxins, and virulence regulation.

KL/OCL typing by Kaptive

To evaluate surface-structure diversity among the studied isolates, in silico typing of capsular
polysaccharide locus (KL) and outer core/lipooligosaccharide locus (OCL) was performed using Kaptive.
Among MDR isolates, three showed a KL22/K3 profile associated with OCL10, whereas RES087 showed
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KL49/0CL10 and RES168 showed KL81/K2 associated with OCL7. Among XDR isolates, RES052
showed KL9/K9-0CL10, RES131 showed KL1/K1-OCL1, and RES158 and RES186 showed KL81/K2-OCL7
(Supplementary Table S3). These findings suggest additional diversity in surface structures among the
evaluated clinical isolates. KL/OCL assignments for SEN0006 and SEN0017 should be interpreted with
caution, as FastANI analysis indicated higher similarity of these isolates to A. nosocomialis than to A.
baumannii, whereas the Kaptive reference databases used in this analysis were specific for A. baumannii.

DISCUSSION

This study demonstrates that clinical isolates initially identified as Acinetobacter baumannii from an ICU
in Northeastern Brazil present antimicrobial resistance as a multifactorial phenomenon that cannot be
explained solely by clonal expansion or by the absolute number of resistance genes. The integration of
the analyses performed in this study revealed a scenario of genomic diversity in which different lineages
may reach MDR and XDR phenotypes through distinct evolutionary trajectories. This pattern is
consistent with recent genomic studies describing A. baumannii as a pathogen with high genomic
plasticity, in which resistance, hospital adaptation, and environmental persistence result from the
interaction of acquired genes, chromosomal mutations, mobile genetic elements, accessory genome
variation, and clonal background (5, 12, 30). Thus, our findings reinforce that genomic surveillance of
clinical isolates should go beyond the simple detection of AMR genes, incorporating population
structure, pangenome composition, chromosomal resistance mechanisms, virulence factors, and
taxonomic accuracy within the Acinetobacter calcoaceticus—baumannii complex.

Phylogenomic analysis and Pasteur MLST typing indicated that resistance phenotypes were not
associated with a single clonal lineage. ST79 was predominant among MDR isolates and was also
detected in one XDR isolate, a finding compatible with the relevance of CC79/ST79 in Brazil and South
America (12). Importantly, the four MDR isolates assigned to ST79 did not represent a single genetically
homogeneous group. Although RES014, RES047, and RES079 formed a closely related core-genome
subcluster, RES087 showed substantially greater genomic divergence and was more closely related to
the XDR isolate RES052 than to the other MDR ST79 isolates. Moreover, closely related isolates were
observed across different resistance phenotypes, indicating that phylogenetic relatedness and
MDR/XDR classification were not strictly congruent. Brazilian genomic studies have demonstrated the
circulation of multiple A. baumannii clonal complexes, including CC79, CC15, CC1, and CC113, with CC79
frequently associated with multidrug-resistant clinical isolates and regional dissemination in South
America (10, 11). The presence of ST79 in the analyzed dataset therefore reinforces the importance of
South American lineages in the local epidemiology of A. baumannii in Fortaleza, Ceard, Brazil.

The identification of ST15 and ST1 expands this epidemiological interpretation. ST15/CC15 has been
described in Brazilian and South American isolates, including MDR lineages associated with carbapenem
resistance, whereas ST1/CC1 corresponds to an internationally disseminated lineage (31). The
coexistence of ST79, ST15, and ST1 in the same hospital dataset suggests that the evaluated ICU does
not reflect the expansion of a single clone, but rather the presence of lineages with different evolutionary

Page 14/30



and epidemiological histories. This pattern is consistent with large-scale WGS studies showing that
international clones coexist with relevant regional lineages and that Latin America presents clonal and
resistance profiles distinct from those observed in other geographic regions (5). Recent global studies
have shown that, although international clones dominate part of the epidemiology of carbapenem-
resistant A. baumannii, local and regional lineages may play an important role in hospital dissemination,
reinforcing the need for genomic studies in geographic areas that remain underrepresented in global
surveillance datasets (5, 31).

Less frequently documented STs in this dataset, such as ST638, ST781, ST1082, and ST1356, appear
less prominently in the recent literature compared with ST79, ST15, and ST1. However, their presence
among susceptible isolates suggests additional clonal diversity within the sampled population. This
diversity among SEN isolates may reflect lower selective pressure from specific antimicrobials,
differences in the clinical origin of the isolates, or limitations related to the small sample size. These
findings further support the importance of regional WGS studies, particularly in areas underrepresented
in global genomic surveillance databases.

The isolate RES186 showed an undetermined Pasteur ST due to incomplete or ambiguous resolution of
the fusA locus, despite exact assignment of the other six loci included in the Pasteur scheme.
Complementary BLAST inspection indicated a signal compatible with fusA_431, although it was
fragmented or only partially resolved. Therefore, classification as ST undetermined is more appropriate
than assigning a novel ST. The formal definition of novel STs depends on submission to and validation by
specific curated databases, such as PubMLST/BIGSdb (24).

Pangenome analysis revealed a large set of genes shared among groups, indicating substantial
conservation of the core genome, but also demonstrated differences in accessory gene content among
phenotypes. MDR isolates showed the highest number of exclusive genes, followed by SEN and XDR
isolates. The lower number of exclusive genes in the XDR group suggests that the extensively resistant
phenotype does not necessarily depend on a broad and distinct repertoire of exclusive genes. Instead,
XDR isolates may represent lineages that acquired specific determinants, chromosomal mutations,
regulatory changes, or genomic rearrangements capable of expanding the resistance spectrum without
producing a large expansion of the exclusive gene set (30, 32). This interpretation is consistent with the
absence of an exclusively XDR cluster in both PCA and phylogeny, suggesting that extreme resistance
may emerge through independent trajectories.

The functional composition of phenotype-associated genes further supports the role of the accessory
genome in hospital adaptation. The presence of mobilome-related genes among genes associated with
resistant groups suggests the contribution of mobile genetic elements, plasmids, transposons,
integrons, or genomic islands to the acquisition and redistribution of adaptive determinants. In A.
baumannii, the accessory genome is recognized as a central component of genomic plasticity and may
contribute to antimicrobial resistance, environmental survival, stress response, and persistence on
hospital surfaces (33, 34).
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The resistome showed a higher mean AMR gene burden in MDR and XDR isolates than in susceptible
isolates. This trend is expected given the greater antimicrobial exposure and selection pressure in
critical healthcare settings. However, in the present dataset, the XDR group did not show the highest
absolute AMR gene burden despite exhibiting a broader resistance phenotype. This result suggests that
the XDR phenotype does not depend solely on the quantitative accumulation of resistance genes, but
may reflect the presence of specific determinants, chromosomal mutations, regulatory changes,
genomic rearrangements, or combinations of resistance mechanisms. This interpretation is compatible
with the multifactorial nature of resistance in A. baumannii, in which beta-lactamases, efflux pumps,
permeability alterations, loss or modification of porins, mutations in antimicrobial targets, mobile
elements, and genomic context may act in combination to broaden the resistance spectrum (5, 30, 32,
35). These findings indicate that resistome architecture does not follow a simple separation between
susceptible and resistant isolates, but rather involves partial overlap of genetic determinants among
phenotypes.

The detection of resistance-associated determinants among isolates classified as susceptible should be
interpreted in light of the analytical layer used and the biological context. Genes such as blaADC variants,
blaOXA variants, and tet(39) may be present without necessarily producing phenotypic resistance to the
antimicrobial tested. In A. baumannii, intrinsic or acquired beta-lactamases may depend on insertion
sequences or promoter elements, such as ISAba1l or ISAba125, to reach expression levels sufficient to
affect the resistance phenotype (36, 37). Therefore, the mere presence of genes such as b/laADC or
blaOXA variants should not be interpreted in isolation as clinical resistance. Similarly, tetracycline
determinants such as tet(39) are associated with efflux and tetracycline resistance, but their relationship
with phenotype depends on genetic context, expression, and the specific antimicrobial evaluated
(38,39,40). Thus, in the present study, the detection of these genes in isolates classified as susceptible
should be interpreted as the presence of resistance-associated determinants, and not as direct evidence
of phenotypic resistance (32, 37, 38, 41).

Comparison between the phenotypic profile obtained using VITEK and genomic resistance markers
revealed biologically interpretable discordances. In the initial matrix, ciprofloxacin appeared as
phenotypic resistance without a corresponding acquired resistance marker in several MDR and XDR
isolates. This pattern is expected when the analysis is restricted to acquired genes, because
fluoroquinolone resistance in A. baumannii frequently involves chromosomal mutations in quinolone
resistance-determining regions, especially in gyrA and parC (42, 43). Complementary analysis with
AMRFinderPlus identified gyrA_S87L in MDR and XDR isolates and parC_S84L in a subset of these
isolates, providing genomic support for the phenotypic ciprofloxacin resistance observed in
antimicrobial susceptibility testing. Therefore, the apparent initial discordance does not necessarily
represent a failure of the genomic approach, but rather highlights the need to integrate acquired
resistance genes and chromosomal mutations for accurate resistance interpretation.

The discordance observed for gentamicin may reflect the limited specificity of some aminoglycoside
resistance markers when interpreted only at the class level. Determinants such as aadA, encoding
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ANT(3")(9)-type aminoglycoside nucleotidyltransferases, are classically associated with streptomycin
and spectinomycin resistance; therefore, their detection alone should not be interpreted as a reliable
predictor of gentamicin resistance (44, 45). The presence of aminoglycoside resistance genes should be
interpreted considering gene—drug specificity, since different aminoglycoside-modifying enzymes have
distinct substrate spectra (44, 46, 47).

In contrast to the resistome, the virulome was relatively conserved across phenotypic groups. Most
isolates retained a broad repertoire of genes associated with adhesion, biofilm formation, nutrient
acquisition, cell surface structures, regulation, and secretion systems. This pattern suggests that the
capacity for colonization, persistence, and hospital adaptation may be preserved regardless of
resistance phenotype. Discrete changes, such as the absence of cpaA and ata in XDR isolates and the
presence of T6SS effectors in XDR isolates, may indicate specific variations in selected virulence
determinants, but not a global remodeling of the virulome (2, 48, 49). Therefore, whereas the resistome
appears to more clearly differentiate MDR/XDR isolates from susceptible isolates, the virulome seems to
reflect a common adaptive background shared by the evaluated clinical isolates.

Kaptive analysis added an additional layer to genomic characterization by revealing diversity in loci
associated with capsular polysaccharide (KL) and outer core/lipooligosaccharide (OCL). These loci
encode important bacterial surface structures and may influence biologically relevant properties in A.
baumannii, including host interaction, immune evasion, serum resistance, biofilm formation,
environmental persistence, and susceptibility to bacteriophages. In the present study, different KL/OCL
profiles were observed among isolates, including KL22/K3-OCL10 in multiple MDR isolates, KL81/K2-
OCL7 in RES168, RES158, and RES186, KL9/K9-OCL10 in RES052, and KL1/K1-OCL1 in RES131. This
pattern suggests additional diversity in surface structures among clinical lineages, even in a small
dataset, and reinforces that hospital adaptation in A. baumannii may involve not only resistance genes
but also variation in surface components with potential impact on persistence, transmission, and host-
pathogen interaction. However, these findings should be interpreted as exploratory, since KL/OCL typing
was performed in silico and was not accompanied by functional assays assessing capsule expression,
biofilm formation, serum resistance, or virulence (1, 28, 50).

A methodologically relevant finding was the FastANI-based taxonomic refinement. Although the isolates
were initially identified as A. baumannii by routine hospital microbiology, SEN0O006 and SEN0O017 showed
higher genomic similarity to A. nosocomialis than to A. baumannii. This result should be interpreted in the
context of the well-recognized difficulty of discriminating closely related species within the Acinetobacter
calcoaceticus—baumannii complex using conventional phenotypic or automated methods. The retention
of these isolates in the main analyses reflects the original clinical classification used in the hospital
workflow and allows transparent discussion of how WGS may reveal taxonomic discrepancies not
detected in routine microbiology. Thus, this finding provides evidence of the complementary value of
genomics for hospital surveillance.
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Our findings contribute to understanding the genomic diversity of clinical isolates from the A. baumannii
complex in an ICU in Northeastern Brazil. The results indicate that antimicrobial resistance in this
context is supported by multiple biological layers, including clonal diversity, variable accessory gene
content, AMR genes, QRDR mutations, relative conservation of the virulome, and WGS-based taxonomic
refinement. Together, these findings reinforce that genomic surveillance can complement hospital
microbiology by enabling the understanding not only of which isolates are resistant, but also of which
genomic trajectories may sustain the emergence and persistence of these phenotypes in the hospital
environment.

CONCLUSION

This study demonstrates that clinical isolates identified as Acinetobacter baumannii from an ICU in
Northeastern Brazil exhibit relevant genomic diversity and distinct antimicrobial resistance profiles. MDR
and XDR phenotypes were associated with a higher AMR gene burden, but were not explained
exclusively by the absolute number of resistance determinants, suggesting additional contributions from
the accessory genome, specific resistance determinants, chromosomal mutations, and independent
evolutionary trajectories. The virulome was relatively conserved across groups, indicating the
maintenance of repertoires associated with colonization, persistence, and hospital adaptation. The
comparison between VITEK results and genomic markers revealed interpretable discordances,
particularly for ciprofloxacin, which were subsequently supported by the detection of QRDR mutations in
gyrA and/or parC. In addition, FastANI-based taxonomic refinement revealed discrepancies between
routine microbiological identification and genome-based classification in part of the susceptible
isolates. Together, these findings reinforce that WGS adds value to hospital surveillance by integrating
resistance, virulence, clonal structure, pangenome composition, and taxonomic resolution within the
Acinetobacter calcoaceticus—baumannii complex.
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Figure 1. Genome assembly quality metrics of clinical Acinefebacter baxmannii isolates.

Boxplots showing genome size, number of contigs, and N50 values among susceptible (SEN), multidrug-resistant (MDR), and extensively drug-resistant (XDR) isolates initially
identified as Acinerobacter baumannii. Each point represents one isolate. One XDR isolate was excluded from downstream analyses due to an anomalous genome size incompatible
with the expected genome size of 4. baumannii. The remaining assemblies showed genome sizes, GC content, contig numbers, and N50 values compatible with downstream
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comparative genomic analyses.
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Figure 2. Core-genome phylogeny of clinical Acinetobacter bamannii isolates.

Core-genome phylogeny

@  RESO014
(] RES047
RES079
RES087
RES052

——&  RES131
I SEN0001
SEN0015

———@& - SEN0010

RES158

RES168

RES186

——@ SEN0017

—0 SEN0006

0.15 0.1 0.05 0

Maximum-likelihood phylogenetic tree inferred from the core-genome alignment of 14 isolates. The alignment contained 2,389,549 nucleatide sites, including 199,862 parsimony-
informative sites. Phylogenetic reconstruction was performed using IQ-TREE v3.1.2 with ModelFinder for evolutionary model selection. The best-fit model according to the
Bayesian information criterion was GTR+F+I+R3, and branch support was estimated vsing ultrafast bootstrap with 1,000 replicates. Tip colors indicate antimicrobial resistance
phenatype: susceptible (SEN), green; multidrug-resistant (MDR), blue; and extensively drug-resistant (XDR), red.
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Figure 3. Pasteur MLST distribution among clinical Acinefobacter banmannii isolates.
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Pasteur MLST profiles of clinical isolates initially identified as 4. baumannii, grouped by resistance phenotype. Pasteur MLST identified multiple sequence types, including ST79,
ST15, 8T1, ST638, ST781, ST1082, and ST1356. One XDR isolate, RES186, showed an undetermined Pasteur ST due to an ambiguous or incompl etely resolved fusA locus reported
as Pas fusA(4317?), and was therefore conservatively retained as ST undetermined (STND).
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Figure 4. Pangenome structure and accessory gene distribution according to resistance phenotype.

A)

C)

Comparative pangenome analysis of SEN, MDR, and XDR isolates initially identified as 4. baumarrii. (A) Venn diagram showing shared and phenotype-associated genes among
resistance groups. (B) Functional distribution of phenotype-associated genes, including antimicrobial resistance, metabolism, mobilome, DNA regulation/repair, and virulence-related
categories. (C) Principal component analysis based on gene presence/absence profiles. Each point represents one isolate colored by resistance phenotype. (D) Distribution of
phenotype-associated genes, including AMR genes, annotated genes, hypothetical proteins, and virulence-associated genes. The pangenome analysis highlights a conserved core
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Figure 5. Resistome profiles of clinical Acinetobacter baumannii isolates.
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Comparative analysis of antimicrobial resistance genes detected among SEN, MDR, and XDR isolates initially identified as A. hawmannii. (A) Venn diagram showing shared and
phenotype-associated AMR genes. (B) Presence/absence heatmap of AMR genes identified by whole-genome sequencing-based resistome screening. Blue cells indicate gene
presence and red cells indicate gene absence. Hierarchical clustering was based on AMR gene presence/absence profiles. (C) Relative distribution of AMR. gene classes across
resistance phenotypes, including aminoglycosides, beta-lactams, macrolides, phenicols, quinolones, rifamycins, sulfonamides, tetracyclines, and trimethoprim-associated resistance
determinants.
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Figure 6. Initial phenotype—genotype comparison between VITEK antimicrobial susceptibility testing and acquired resistome markers.
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Heatmap comparing antimicrobial susceptibility results obtained using the VITEK 2 Compact system with acquired resistance markers detected by genome-based resistome
screening. Each tile represents the comparison between one isolate and one antimicrobial agent. Concordant profiles indicate resistantfintermediate phenotypes supported by
compatible genomic markers or susceptible phenotypes without specific markers. Discordant profiles include phenotype-only resistance, genotype-only markers, and antimicrobials
without direct genomic mapping. Quinolone resistance-associated QRDR mutations were assessed separately using AMRFinderPlus and are reported in Supplementary Table S2.
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Figure 7. Virulome profiles of clinical Acinetobacter baumannii isolates.
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Comparative analysis of virulence-associated genes among susceptible (SEN), multidrugresistant (MDR), and extensively drug-resistant (XDR) isolates initially identified as A.
baumannii. (A) Venn diagram showing shared and phenotype-associated virulence genes. (B) Presence/absence heatmap of virulence-aszociated genes detected by genome-based
screening. Blue cells indicate gene presence and red cells indicate gene absence. Hierarchical clustering was based on virulence gene presence/absence profiles. (C) Relative
distribution of virulence functional categories across resistance phenotypes, including adhesion and biofilm formation, nutrient acquisition and metabolism, surface and immune
interaction, secretion systems/effectors/toxins, and virulence regulation.
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