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Genetic landscape and evolution of
Acinetobacter pittii, an underestimated
emerging nosocomial pathogen
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As a member of Acinetobacter calcoaceticus-baumannii complex, Acinetobacter pittii has been an
emerging concern in nosocomial infection due to its increasing prevalence and multidrug resistance
(MDR). However, its population structure remains broadly unknown, hampering efficient tracing of
its transmission and evolution. In this study, we developed a distributed core genome multilocus
sequence typing (dcgMLST) for A. pittii based on 750 genomes and employed it to map the genetic
landscape and evolution of A. pittii. The results demonstrated that two hierarchical clustering (HC)
levels effectively correspond to genetic diversity from species (HC1100) to natural populations
(HC450), as well as that a predominant lineage, HC1100_4, accounts for 33.9% of A. pittii strains.
Subsequent analysis revealed that specific gene gain and loss events within HC1100_4 are linked to
adaptations to environmental stress.Moreover, we identified a cluster ofmultidrug-resistant plasmids
PT_712 responsible for the dissemination of blaNDM-1 genes within the genus of Acinetobacter. This
study provides a framework for characterizing genetic diversity, evolutionary dynamics, molecular
population distribution, and tracing of A. pittii, which has the potential to improve infection control
strategies and public health policy.

Pathogenic bacteria in genus Acinetobacter, particularly those of Acineto-
bacter calcoaceticus-baumannii (ACB) complex, pose severe threats to
human health worldwide due to their wide adaption capacity to different
environments and multidrug resistance (MDR)1. Acinetobacter baumannii
(A. baumannii) is a leading cause of nosocomial infections, and
carbapenem-resistant A. baumannii has been regarded a critical threat,
calling for efficient and prompt controlling measures2. Other ACB bacteria,
while less renowned, were also frequently associated with 11%–37% of
nosocomial infections caused by Acinetobacter worldwide, demanding
further investigations3–5.

Initially recognized as genospecies 3,Acinetobacter pittii (A. pittii) was
proposed as a formal species in the ACB complex since 20116. In recent
decades, the potential of A. pittii as a nosocomial pathogen has likely been
underestimateddue to the lackof proper techniques todistinguish it fromA.
baumannii.With advancements in diagnostic technology,A. pittii has been
increasingly identified in nosocomial infections7,8, with its detection rates in

blood samples occasionally surpassing those of A. baumannii9,10. This
highlights A. pittii as an emerging nosocomial pathogen on a global scale11.
Although its clinically drug resistance is not as severe as that of A.
baumannii12, there has been a rise in the isolation multi-drug resistant
strains13, carrying genes responsible for carbapenemases14, and gene
mutations associatedwith colistin resistance15. Given thatA. pittii inhabitats
a wide range of environments, including water16, soil17, wild animal18, and
food19, itmay have the capacity to disseminate drug resistant factors, such as
antimicrobial resistances gene blaNDM

20. Considering its widespread
environmental presence and increasing prevalence in both nosocomial and
community infection across various regions11,21, it is imperative to investi-
gate the population structure and genetic characteristics of A. pittii, espe-
cially under the framework of the One Health strategy.

The core genomic multi-locus sequence typing (cgMLST) schemes
facilitated the rapid population assignments and genetic analysis of many
bacterial pathogens, and the distributed cgMLST (dcgMLST) schemes
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further enabled decentralized use and sharing of cgMLST data22. In this
study, we complied the largest collection to date of 750 A. pittii genomes,
sourced from public databases (726 genomes) and our own sequencing
results (24 genomes). Utilizing this dataset, we established a dcgMLST
scheme specific tailored for A. pittii and conducted practical application.
Based on this scheme, we hierarchically separated A. pittii genomes into
three distinct clustering levels reflecting vary levels of genetic diversity, and
revealed the global predominance of amajor lineage,HC1100_4.Moreover,
we identified a cluster of multidrug-resistant IncX plasmids responsible for
the dissemination of blaNDM-1 genes across Acinetobacter species.

Results
Distributed cgMLST scheme and the species tree based on 726
A. pittii genomes
We retrieved all 726 A. pittii genomes from NCBI GenBank (as of April
25th, 2024), to build a comprehensive dataset (Supplementary Data 1)
encompassing strains isolated from 30 countries/regions across six con-
tinents (Fig. 1a). All strains were isolated in the past 34 years, with over 70%
isolated after 2010. Over half (53.5%) of the strains were from East Asia,
followed by North America (25.2%) and Europe (13.4%). Some A. pittii
strains may be sourced from same hospital as they are genetically almost
identical. To reduce the over-representation of such strains, we estimated
the average nucleotide identities (ANIs) of all genomes and built a subset of
217 representative sequences by selecting one random sequence from each
of the 217 single-linkage clusters (SLCs) with a threshold of > 98%. We
estimated a pan-genome of 18,882 genes for the representative genomes
using PEPPAN23, including 2840 soft-core genes that were shared by ≥ 95%
of the representative genomes. These soft-core genes were also shared by
94–100%of the genomes in thewhole dataset, andwere used to establish the
dcgMLST22,whichuses theMD5hash function to assign eachgene a 128-bit
integer allelic ID based on its sequence. Using the dcgMLST scheme, we
compiled all A. pittii genomes into allelic profiles of no more than 2840
integers. Pairwise comparisons of genetically closely related A. pittii gen-
omes revealed a linear correlation between the dcgMLSTalleles and the core
genomic SNPs, with approximately 1.33 SNPs for each allelic difference
(Supplementary Fig. 1a).

We estimated the genetic relationships of all 726 A. pittii genomes
using the SLC algorithm in pHierCC24. The results included multiple
hierarchical clustering (HC) configurations designated as HC[threshold]
(e.g., HC450, HC1100), the number indicates the specific SLC threshold
used for clustering. Among all 2840 possible levels, HC450 and HC1100
generated the most separating clusters (Fig. 1b and Supplementary Fig. 1b)
according to their Silhouette scores. We plotted the frequencies of genome
pairs with different dcgMLST allelic differences and found that these two
aforementioned levels all fell into valleys with substantially fewer genome
pairs (Fig. 1b), indicating their representation of genetically separated
populations in A. pittii (Supplementary Fig. 1c).

The maximum-likelihood phylogenetic tree of all A. pittii genomes
displayed eleven major clusters with the top four of HC1100_4 (n = 246),
HC1100_15 (n = 59), HC1100_11 (n = 46), and HC1100_2 (n = 36).
Compared to the HC1100, MLST has some unassigned genomes and some
misassignments, such as ST63 andST64 cluster (Fig. 1c). To further evaluate
the performance of dcgMLST on population assignments, we compared the
phylogenetic tree of HC1100, HC450 with Pasteur’s ST, PopPUNK and
HierBaps by plotting a Sankey diagram (Supplementary Fig. 2a, b) and
calculated their pairwise AMI values (Table 1). As shown in Tabel 1,
HC1100 and HC450 performed well on the phylogenetic tree, with almost
all HC1100s highly corresponding to the HierBaps clusters, HC450s to the
PopPUNK clusters.

Geographical distribution and resistome among A. pittii HC1100
populations
All A. pittii genomes were separated into 148 HC1100 clusters and 215
HC450 clusters. Particularly, we identified a predominant cluster,
HC1100_4, that accounted for over 1/3 of the available A. pittii genomes.

HC1100_4 has been themost abundant lineageworldwide over the past two
decades in all major geographic regions (Fig. 2a). Furthermore, HC1100_4
was subdivided into 23HC450 clusters,manyofwhich exhibited geographic
specificities. For example, over 80% of HC450_4 and HC450_76 strains
were from East Asia, all HC450_33 strains were from North America.
Notably,HC1100_4was less commonly found in human-associated sample
(32%) than others from environments (40%) (Fig. 2a). Meanwhile, 122 of
the 148 HC1100 clusters contained only 1 and 2 genomes, represented by
long branches diverging from the root of the phylogeny. The majority of
these rare HC1100 clusters were found in East Asia (48%), North America
(18%), and Europe (9%), coincident with the isolation frequencies of the
strains.

We identified fourteen classes of antibiotic resistance genes (ARGs) in
A. pittii genomes (Fig. 2b). The majority of the strains carried genes asso-
ciated with resistance to cephalosporin (98.1%), followed by those to ami-
noglycoside (67.1%), carbapenem (22.7%), macrolide (16.3%), sulfonamide
(15.6%) andothers.Notably, blaOXA-58 (7.5%) andblaNDM-1 (6.8%)were the
predominant carbapenemase gene and both widely found in 10 and 14
HC1100 clusters, respectively. Additionally, a few strains also carried
qnrD/qnrVC6 (0.4%)andmcr-1.1 (0.1%) genes, associatedwith resistance to
either quinolone, and colistin, respectively. Therewere considerable (22.9%)
MDR strains, predominantly isolated from China and Japan (Supplemen-
tary Data 1). However, no significant association was found between the
number of ARG and geographic distribution (P = 0.2) (Supplementary
Fig. 3). From the perspect of sources, resistance pattern was observed dis-
tinct among human-associated, wild animal, and environmental samples
(Fig. 2c, d). Analysis of all 57 complete genomes demonstrated that most
ARGs on the chromosome were scattered as mobile genetic elements
(MGEs) across the genomes (Supplementary Fig. 4).

HC1100_4 adaptation related core-genome evolution
To investigate the genetic context of thepredominantHC1100_4 lineage,we
compared its accessory genes with those in its neighboring lineages of
HC1100_2 andHC1100_128.To this end, aRandomForestmodel basedon
all 18,882 pan-genes was trained to find genes differentiating these HC1100
clusters and those differentiating themwith otherHC1100s.We found that,
compared to other HC1100 clusters, the most recent common ancestor of
these three lineages experienced a genome expansion, with enrichment of
328 accessory genes while only depleting 178 genes. Subsequently, after the
divergence ofHC1100_4 fromHC1100_2 andHC1100_128, it experienced
a genome reduction, with over twice of more gene depletions (200 genes)
than enrichments (78 genes).We categorized themost enriched or depleted
genes into Clusters of Orthologous Genes (COGs) and found substantial
over-representation of genes associated with stress responses, including
biofilm formation, metal response, and oxidative stress. Furthermore, we
found that 64% of the genes enriched in HC1100_4 fell into six genomic
islands (GEIs) in the chromosome (Fig. 3a–c). These GEIs were unlikely
associated with MGEs because we did not find integrases or transposons
around them. Instead, genes from the same island were functionally asso-
ciated, likely representing results of long-term natural adaptations.

Specifically, GEI 1 includes three hypothetical genes along with pepN
and aldA, which are involved in alanine hydrolysis metabolism and defense
against hypochlorite, respectively25,26. GEI 2 consists of five genes related to
capsule and LPS synthesis, potentially involved in antigen synthesis27. GEI 3
comprises six genes associated with environmental resistance andmetal ion
tolerance. djlA may work synergistically with dnaJ to promote bacterial
growth28. cusR and czcO help bacteria survive in high-metal
environments29,30. mdtA plays a key role in MDR as efflux pump31. arsC
and arsH help bacteria tolerate arsenic compounds and may contribute to
oxidative stress response32. GEI 4 includes a set of genes that collectively
encode subunits of L-tartrate dehydratase33. GEI 5 contains the gcvA and
fabG genes which ensure bacterial survival and adaptability under different
environmental conditions34,35. GEI 6 encompasses six genes. acrE involved
in bacterial MDR36, srrA senses environmental signals and regulates
metabolism37, argS encodes arginyl-tRNA synthetase38, ribX and ribY
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Fig. 1 | Population structure of A. pittii genomes. a Geographic distribution of A.
pittii genomes. The block color represents the number of strains. b Frequencies of
genome pairs with different dcgMLST allelic differences and Silhouette scores of
different pairwise allelic distances. Two levels, HC450 and HC1100, fell into valleys
with substantially fewer genome pairs, which genetically separated natural popu-
lations in A. pittii. HC450 exhibited the farthest separation distances between
lineages within its cluster, with a Silhouette score of 0.60. HC1100 represented the

optimal hierarchical clustering scheme (interval peak) for pairwise allelic distances
greater than 1000 core alleles, achieving a Silhouette score of 0.48. cThe evolutionary
tree ofA. pittii based on 2840 core genes in the 217 representative genomes. HC1100,
Pasteur MLST, geography, and isolate year were shown in the outer rings. The map
wasmodified from open-source data in [https://github.com/antvis/L7]. Source Data
is provided as Source Data.
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involved in riboflavin (vitamin B2) biosynthesis39, and hpxO functions in
carbon and nitrogen acquirement during nucleotide metabolism40. Overall,
HC1100_4 experienced substantial gene loss while acquiring six GEIs. Such
gene content variations might be associated with the predominance of the
lineage, giving it survival advantages in various environments, including
MDR, heavy metal tolerance, and diversified metabolic capabilities.

dcgMLST typing platform and application
We constructed an online platform for A. pittii, available on the database
PathoBase hosted by Soochow University. Population assignment, genome
annotation, and plasmid prediction results will be yield in 5 to 20min after
uploading genome or sequencing data (Fig. 4a).

We applied the PathoBase to analysis 24A. pittii collected in this
study (Table 2 and Fig. 4b). The cohort was divided into 16 distinct
HC1100s and 17 HC450s. The HC1100_4 was the largest cluster,
accounting for five isolates from three cities, followed by four HC1100
clusters that each contained two isolates and 11 singletons. Notably, three
isolates identified carrying blaNDM-1, one in chromosome (HC1100_65)
and two on PT_712 plasmids (HC1100_65, HC1100_4). We used the
PT_712 in A. pittii WZ-35 (NZ_CP168074.1) (https://www.ncbi.nlm.
nih.gov/nuccore/NZ_CP168074.1/) as the reference sequence, which
indicated the PT_712 plasmids in A. pittii were approximately 270 KB in
length, sharing the majority of backbone genes and carrying the same set
of ARGs of blaNDM-1, aph(3’)-VIa, aac(3)-IId, blaOXA-58, msr(E), mph(E),
and floR (Fig. 4c).

Plasmid driven blaNDM-1 transmission in Acinetobacter
For further understanding of PT_712, we assigned plasmid types (PTs)
for all plasmids in 57 completely sequenced genomes. Twenty-three PTs
were identified as resistant PT (Fig. 5a). PT_712 and PT_3057 were the
two most frequent (6/21) plasmids carring the most ARGs, with an
average of 9.3 ARGs in PT_712 and 6.7 ARGs in PT_3057, while other
PTs carried an average of 0.1 to 1.5 ARGs. Apart from common resistant
genemsr(E) (6/6) and mph(E) (6/6), aac(3)-IId (5/6), floR (4/6), and sul2
(4/6), it is particularly noteworthy that PT_712 carring blaNDM-1 (3/6)
and blaIMP (3/6) that confer resistant to carbapenem41,42

. A study in
Thailand showed that PT_712 enables the A. pittii strain A436 resistance
to meropenem43, another study from China reported the A. pittii strain
AP2044 carrying PT_712 exhibited a distinct elevated MIC value
(≥ 1024mg/L) for third-generation cephalosporins44. Both projects con-
firmed that the plasmid PT_712 possess and enhance the multidrug-
resistant capability of A. pittii.

PT_712 was identified in 5 HC1100s of A. pittii. We suppose it may
transfer amongdifferent populations, and evenacrossAcinetobacter species.
We scanned 6949 publicly available Acinetobacter genomes with clear
source by PathoBase, and identified 20,752 plasmids from 654 PTs. PT_712
was themost frequently detected plasmid among the genus (Supplementary
Data 2), with the highest prevalence of 27.4% in A. baumannii, followed by
A. pittii (11.3%) andA. ursingii (8.5%). Notably, 38.7% PT_712 plasmids in
Acinetobacter carried blaNDM-1 genes (SupplementaryData 3). Phylogenetic
reconstruction of PT_712 plasmids showed that two PT_712 plasmids
identified in this study fell into a China-enriched deep clade in the tree.
There were other clades of PT_712 primarily found in the USA and South

America countries, exhibiting geographic specificity (Fig. 5b and Supple-
mentary Data 3).

We then built a plasmid-species interaction network of Acinetobacter
by connecting each species with the PTs predicted in it, and visualized it in
Gephi (Supplementary Data 4). We also measured the importance of each
node in the network using two centrality metrics of hub and average
weighted degree (Fig. 5c). Remarkably, PT_712 ranked the fourth in node
hub score (0.11) and the third in average weighted degree (7.3), under-
scoring its significant role in transferring horizontal gene transfers
(Fig. 5d, e).

Discussion
A. pittii is a member of the ACB complex that associated with nosocomial
infections6. It is often overlooked, mainly due to its relatively low drug
resistance and detection rate in comparison to A. baumannii. However,
emerging evidence indicates that MDR A. pittii strains are increasingly
implicated in hospital-acquired infections11,45,46. The interpretation of
clinically relevant genomic information from A. pittii are challenging, pri-
marily due to the limited understanding of its genetic framework. In this
study, we developed a distributed core genome multilocus sequence typing
(dcgMLST) scheme for A. pittii, based on an analysis of 750 genomes. This
approachhas unveiled a global lineage distribution ofA. pittii. Furthermore,
we applied the data analysis pipeline of the dcgMLST scheme to A. pittii
strains from four cities in East China, identifying a plasmid carrying the
blaNDM-1 gene, which is capable of horizontal transfer within the genus of
Acinetobacter.

Currently, there is no accurate and specific typing scheme for A. pitti,
scientists always implement the MLST frameworks developed for A.
baumannii47 for clinical and epidemic application. As clinical and public
health interests in A. pittii rise, the necessity for advanced genomic tools
becomes evident. The cgMLST scheme is widely recognized for monitoring
disease outbreaks and tracing transmission pathways22,48. By utilizing stable
genetic markers, cgMLST facilitates robust and reliable comparisons of
genetic relatedness across strains, thereby minimizing the impact of indels
and enhancing its application in epidemiological and evolutionary
research49. However, cgMLST schemes necessitate the reconstruction of a
central database for the nomenclature of added alleles and sequence types.
The species-specific dcgMLST scheme we developed for A. pittii can
nomenclature added alleles and sequence types directly, and update the
central database automatically22. HierBaps50,51 and PopPUNK52 are widely
used tools for species clustering analysis. The AMI values between HC1100
and HierBaps, as well as HC450 and PopPUNK, were significantly closer
than those observed with MLST (Table 1), with almost all HC1100s and
HC450s showing highly correspondence to the HierBaps and PopPUNK
clusters, respectively (Supplementary Fig. 2). Moreover, HierBaps has
limited scalability and is unable to assign types to newly introduced gen-
omes, while PopPUNK clusters are unstable and may merge when strains
are added50–52. All these suggested that hierarchical clustering based
dcgMLSToffers satisfying phylogenetic compatibility, outperform the other
schemes.

An important outcome from the population structure analysis is the
extensive global dissemination and persistent detection rates of HC1100_4,
which constitutes 33.9% of A. pittii genomes. This phenomenon is

Table 1 | Statistical analysis results of four clustering methods

AMI value vs. HC450 HC1100 HC1100 (HC1100_4 excluded) HierBaps PopPUNK MLST

HC450 – – – 0.7045 0.9631 0.8039

HC1100 – – – 0.9352 0.7328 0.7568

HC1100 (HC1100_4 excluded) – – – 0.9093 0.8485 0.8888

HierBaps 0.7045 0.9352 0.9093 – 0.6927 0.7404

PopPUNK 0.9631 0.7328 0.8485 0.6927 – 0.7907

MLST 0.8039 0.7568 0.8888 0.7404 0.7907 –
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Fig. 2 | Distribution and antibiotic resistance gene (ARG) profile of A. pittii.
a Prevalence of HC1100s in different periods (nBefore 2000s = 13, n2000-2010 = 97,
nAfter 2010s = 511), geography (nAmerica = 179, nAsia = 386, nEurope = 89) and host
(nHuman-associated = 580, nOthers = 87). b Prevalence of ARGs in HC1100s. The filled
squares by different colors indicate the resistance genes were carried, and blankmean not.

AGly aminoglycoside, FO fosfomycin, MA macrolide, CHL chloramphenicol, SUL
sulfonamide, TET tetracycline. cThe prevalence of ARGs inA. pittii across different hosts
(nHuman-associated = 580, nAnimals = 21, nEnvironments = 66). d The number of ARGs in A.
pittii across different hosts (nHuman-associated = 580, nAnimals = 21, nUnknown = 59,
nEnvironments = 66). Source Data is provided as Source Data.
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reminiscent of the International Clone 2 observed in A. baumannii53. By
analyzing the pan-genome of A. pittii, it was revealed that the HC1100_4
lineage exhibits frequent variation in gene composition, primarily involving
acquired genes related to environmental adaptability. Given its widespread
distribution and environmental adaptability, an increase in infection and
drug-resistant strains is likely inevitable, necessitating heightened attention
and research on A. pittii. To facilitate practical application, we have inte-
grated the dcgMLST scheme and genome analysisworkflow forA. pittii into
PathoBase.Application of this scheme to 24A. pittii genomes demonstrated
that the dcgMLST on PathoBase is effective for genome typing and popu-
lation analysis, including the prediction of plasmids, ARGs, and virulence
factors. Furthermore, our analysis revealed that PT_712 was exclusively
predicted within the genus Acinetobacter without specificity to any parti-
cular species in the phylogenetic tree (Fig. 5b). This suggests the potential for
cross-species transmission of the plasmid.Notably, a significant findingwas
that there are already some strains of A. pittii harbored blaNDM-1, blaIMP

carrying PT_712 plasmids. As blaNDM-1 and blaIMP confer resistance to
carbapenems41,42, the last resort antibiotics for severe gram-negative infec-
tions, the spread of blaNDM-1-carrying PT_712 is particularly concerning.

We acknowledge the limitations inherent in this study, which include
the relatively small number of strains in the database and the geographically
biased distribution of strain origins. These limitations may contribute to
potential instability in strain typing and introduce biases in the geographical
representation of strain distribution.

In conclusion, we have dressed the gap in knowledge regarding the
population structure of A. pittii by developing a dcgMLST scheme. From a
global perspective, our findings indicated thatA. pittii exhibits considerable
genetic diversity and possesses relatively fewer ARGs, compared to A.
baumannii. It had a dominant epidemic lineage HC1100_4, whose success
may be partially attributed to the acquisition of certain key genes. Fur-
thermore, we identified the presence of plasmid PT_712 across multiple
Acinetobacter species, suggesting its potential for inter-species transmission
within the genus. A. pittii warrants increased attention from both clinical

and environmental perspectives, particularly within the framework of the
One Health strategy.

Methods
Antimicrobial susceptibility testing
The antimicrobial susceptibility analysis was carried out using the Kirby-
Bauer disk diffusion method. The minimum inhibitory concentration
(MIC) breakpoints were interpreted according to CLSI-202354. Fifteen
antibiotics belonging to 5 categories were tested: Ceftazidime (CAZ),
Cefepime (FEP), Ceftriaxone (CRO), Imipenem (IPM), Meropenem
(MEM), Piperacillin/Tazobactam (TZP), Ticarcillin/Clavulanic acid (TCC),
Tobramycin (TOB), Gentamicin (GEN), Amikacin (AMK), Levofloxacin
(LVX), Ciprofloxacin (CIP), Trimethoprim/ Sulfamethoxazole (SXT),
Minocycline (MNO), and Doxycycline (DOX).

Whole genome sequencing and data collection
Twenty-four strains of A. pittii isolated in 2015, 2021, and 2023 were
retrieved from the strain repositories of four local hospitals located in dif-
ferent cities across East China. Ethical approval was reviewed and given by
the Ethics Committee of Taizhou Hospital (KL20240118). With Ethics
Committee’s waiver of informed consent, anonymous host information of
these strains was recorded in Supplementary Data 5. Total DNA of each
isolate was purified and recovered by a silica gel column (D3146, HiPure
Bacterial DNA kit) after incubation. Paired-end libraries with insert sizes of
~300 bp were prepared following Illumina standard genomic DNA library
preparation procedure (VAHTS Universal DNA Library Prep kit for Illu-
minaV3) and sequenced on an IlluminaNovaSeq6000 using the S4 reagent
kits (v1.5) according to the manufacturer’s instructions. The sequencing
reads of each isolatewere quality-trimmed and assembled into contigs using
EToKi49. In addition, 799 assembled genomes were downloaded from the
NCBI GenBank database on April 25, 2024. To ensure the quality of the
genomes, we kept only assemblies with N50 values more than 10 KB, and
total sizes between 3.69 and 4.32 MB were retained, after which using

Fig. 3 | Enriched genes of A. pittii HC1100_4 lineage. a Genes enriched in
HC1100_4 fell into six genomic islands in the chromosome. The genome circle map
of WZ-35 (HC1100_4) chromosome with annotated locations of enriched genes.
The number of enriched genes at different positions on the chromosome of WZ-35
was shown in the bar graph. Top six genomic islands with well-defined functions

were marked in pink and specifically shown to contain genes. Using COGs to clarify
the function of each gene by different colors. b The prevalence of enriched genes on
six genomic islands in lineage HC1100_4 compared to its pre-lineages HC1100_2
and HC1100_128. c Enriched genes and depleted genes in the HC1100_4 lineage
compared to its pre-lineages HC1100_2 and HC1100_128.
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Fig. 4 | Application of dcgMLST to 24 clinical A. pittii. a Flowchart of the
dcgMLST scheme applied to the analysis of collected strains. b Twenty-four A. pittii
isolates collected from East China. The antimicrobial susceptibility test (AST) was
performed to test the susceptibility of 24 isolates. Three isolates were MDR. ARGs
and plasmids were annotated by differently colored squares. Three MDR isolates
carried blaNDM-1, two of which were from PT_712. Phylogenetic trees and typing

results of these strains were shown by using dcgMLST. CAZ ceftazidime, FEP
cefepime, CRO ceftriaxone, IPM imipenem, MEM meropenem, TZP piperacillin/
tazobactam, TCC ticarcillin/clavulanic acid, TOB tobramycin, GEN gentamicin,
AMK amikacin, LVX levofloxacin, CIP ciprofloxacin, SXT trimethoprim/sulfa-
methoxazole, MNOminocycline, DOX doxycycline. c The structure and functional
genes of plasmid PT_712 in WZ-35. Source Data is provided as Source Data.

https://doi.org/10.1038/s42003-025-08156-y Article

Communications Biology |           (2025) 8:738 7

www.nature.com/commsbio


fastANI v1.3355, and only 726 genomes that exhibited ≥95% ANIs to the
reference GCF_000191145.1 [PHEA-2, CP002177] were kept in down-
stream analysis.

Phylogenetic analysis and genomic annotation
We used EToKi align module to align all the genomes with
GCF_000191145.1 [PHEA-2, CP002177]. Phylogeny of A. pittii was esti-
mated using EToKi phylo module based on 460,000 SNPs after removal of
recombinant regions using RecHMM. The phylogenetic trees in
Figs. 1 and 2 were visualized using the iTOL v5 platform for clear and
comprehensive representation56. The 7-geneMLST ST of each genome was
in silico predicted after comparing the genomic sequences using BLASTn
v2.11.057 onto the allelic sequences for Pasteur’s schemes, both hosted on
PubMLST58.MLSTprofilewas then clustered into differentCCswith eBurst
v1.0.559. For sequence types (STs) that were not documented in the
PubMLST database during our study period, including those resulting from
previously unreported combinations of the seven MLST gene loci or the
detection of alleles, we classified them as unassignable. ARGs in each gen-
ome were predicted using AMRFinderPlus v3.11.2660, and the virulence
genes were predicted based on BLASTp searches against the VFDB 2022
release61, with ≥ 90% identity and ≥ 70% coverage, respectively. Further-
more, the types of OCL and cps were predicted using Kaptive v2.0.362.
Finally, plasmids were predicted by KleTy PlasT module using its default
setting63.

Characterization of core genome and dcgMLST scheme
To identify core genes suitable for thedcgMLSTscheme,wefirst built a set of
representative genomes that retain most of the genetic diversities while
removing redundancy caused by genetically virtually similar genomes. To
do that, we assessed the pair-wise genetic distances of all genomes using

Kssd v1.164, and grouped genomes into SLCs that shared ≥ 99.5% identity.
One sequence with the greatest N50 value was chosen for each cluster,
resulting in the final set of 217 representative genomes annotated using
Prokka v1.14.665.

DTy pipeline was employed to build the dcgMLST based on pan-
genome estimated by PEPPAN v1.0.522,23. Reference sequences for each pan
genewere selected by choosing one allele for each cluster of≥ 90% identities
using EToKi MLSTdb. The MLSTdb module also identifies potential
paralogous genes with ≥ 90% identities, which were removed from the
scheme. Based on the DTy results, we extracted a subset of 2840 core genes
from them by selecting each gene that was (1) present in ≥ 95%of genomes,
and (2) maintained intact open reading frames in > 94% of its alleles. These
core genes were used as the basis of the dcgMLST scheme.

All genomeswere then genotyped using the dcgMLST scheme byDTy
again. Each allele in the dcgMLSTwas designated based on a 128-digitMD5
hash value of its sequence, rather than an arbitrary sequential integer from a
central database in the traditional cgMLST schemes. This allowed each
genome to be characterized as a collection of up to 318,505 MD5 hash
values, which each represented a unique core gene allelic sequence. This
methodwas described byZhong et al. 22.We thenhierarchically grouped the
allelic profiles of all genomes into multi-level clusters using pHierCC in its
development mode and statistically evaluated the consistencies and cohe-
siveness of each cluster using the pHCCeval module in the pHierCC
package24. Hierarchical levels assigned by pHierCC pipeline showed natural
population structures inside A. pittii, which could be recognized by
Silhouette’s score.

Based on the species tree described above, we compared dcgMLST
clusters to other methods. The MLST CCs were estimated as clusters of
single-locus variants of the 7-geneMLST profiles by the eBURST algorithm
implemented in the goeBURST software59. Furthermore, we used

Table 2 | Genome summary of 24 clinical A. pittii from East China

Strain NCBI assembly Location Isolate
year

MLST
(Pasteur)

HC450 HC1100

TZ-01 GCA_039887985.1_ASM3988798v1_genomic.fna Taizhou, Zhejiang 2021 – 493 493

TZ-02 GCA_039887875.1_ASM3988787v1_genomic.fna Taizhou, Zhejiang 2021 93 19 4

TZ-04 GCA_039887665.1_ASM3988766v1_genomic.fna Taizhou, Zhejiang 2022 – 668 668

TZ-05 GCA_039887655.1_ASM3988765v1_genomic.fna Taizhou, Zhejiang 2022 – 705 705

TZ-06 GCA_039887775.1_ASM3988777v1_genomic.fna Taizhou, Zhejiang 2022 795 134 134

TZ-07 GCA_039887295.1_ASM3988729v1_genomic.fna Taizhou, Zhejiang 2022 795 134 134

TZ-08 GCA_039887475.1_ASM3988747v1_genomic.fna Taizhou, Zhejiang 2022 – 662 662

TZ-10 GCA_039887695.1_ASM3988769v1_genomic.fna Taizhou, Zhejiang 2023 93 19 4

TZ-11 GCA_039887425.1_ASM3988742v1_genomic.fna Taizhou, Zhejiang 2023 205 157 8

TZ-13 GCA_039887635.1_ASM3988763v1_genomic.fna Taizhou, Zhejiang 2023 119 15 15

TZ-14 GCA_039887235.1_ASM3988723v1_genomic.fna Taizhou, Zhejiang 2023 119 15 15

TZ-15 GCA_039887595.1_ASM3988759v1_genomic.fna Taizhou, Zhejiang 2023 93 19 4

TZ-17 GCA_039887375.1_ASM3988737v1_genomic.fna Taizhou, Zhejiang 2023 629 5 5

TZ-18 GCA_039887285.1_ASM3988728v1_genomic.fna Taizhou, Zhejiang 2023 – 711 711

TZ-19 GCA_039887245.1_ASM3988724v1_genomic.fna Taizhou, Zhejiang 2023 629 5 5

WX-20 GCA_039887275.1_ASM3988727v1_genomic.fna Wuxi, Jiangsu 2023 – 607 607

WX-21 GCA_039887975.1_ASM3988797v1_genomic.fna Wuxi, Jiangsu 2022 – 611 611

WX-22 GCA_039888005.1_ASM3988800v1_genomic.fna Wuxi, Jiangsu 2022 93 19 4

WX-23 GCA_039887525.1_ASM3988752v1_genomic.fna Wuxi, Jiangsu 2022 249 66 66

WX-25 GCA_039887995.1_ASM3988799v1_genomic.fna Wuxi, Jiangsu 2022 214 181 139

WX-26 GCA_039887485.1_ASM3988748v1_genomic.fna Wuxi, Jiangsu 2022 1611 187 65

HZ-33 GCA_039887735.1_ASM3988773v1_genomic.fna Hangzhou, Zhejiang 2023 – 714 714

WZ-35 GCA_039888065.1_ASM3988806v1_genomic.fna Wenzhou, Zhejiang 2015 64 17 4

WZ-38 GCA_039888245.1_ASM3988824v1_genomic.fna Wenzhou, Zhejiang 2015 1611 187 65
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Fig. 5 | The significance of PT_712 in Acinetobacter. a The network diagram
illustrating the relationship between plasmids and their associated ARGs in the
complete genomes of A. pittii. b The phylogenetic tree of PT_712. The 106 PT_712
and the two collected PT_712 were used for cluster analysis. The species, geography,
isolate year, and blaNDM-1 were annotated in the outer circle of the phylogenetic tree.
The plasmid PT_712 has the characteristic of specific transmission in the genus

Acinetobacter. And they were sporadic throughout the world and randomly carries
blaNDM-1. c–e Importance of PT_712 in the genus Acinetobacter. cNetwork plots of
PTs and all Acinetobacter sp. d The hub values of the top 10 plasmids were shown
with the bar graph, with PT_712 as the red column. e The weighted degree values of
the top 10 plasmids were shown with the bar graph, with PT_712 as the red column.
Source Data is provided as Source Data.
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PopPUNK to create a database and used the bgmm (Gaussian
Mixture Modeling algorithms) model to separate them into 212 clusters52.
Finally, we also explored HierBaps to obtain the 1-level clusters, which
eventually resulting in 144 results50,51. All clustering schemes were pairwise
compared using AMI value, which can be reproduced following formula
below66:

AMIðU ;VÞ ¼ MIðU ;VÞ � E½MIðU;VÞ�
maxðHðUÞ;HðVÞÞ � E½MIðU;VÞ�

MI(U, V) is the Mutual Information between clustering results U and
V. E[MI(U,V)] is the expected value ofMutual Information, accounting for
the influence of random factors. H(U) and H(V) are the entropies of clus-
tering results U and V, respectively.

Pan-genome diversification analysis by Random Forest
Pan-genome was concluded by PEPPAN as described above, resulting in a
presence/absence matrix for 18,882 ortholog gene within A. pittii. To dis-
criminate the HC1100 specific genes, we passed the gene presence/absence
matrix to a pythonmodule ‘RandomForestClassifer’ from sklearn ensemble
package67 to train a model with parameters ‘n_estimators = 1000, ran-
dom_state = 42’. The importance of each feature was exported by Random
Forestmodel’s attribution.Thematrix and thePython codewere available at
https://github.com/Naclist/Wang-et-al-repo-for-A.-pittii.git and can be
reproduced following the documentation.

We employed a random forest model to screen for feature genes.
During the construction of the random forest model, we optimized the
parameters through grid search to ensure optimal model performance.
Specifically, we adjusted hyperparameters such as the depth of decision
trees, the minimum number of samples required for node splitting, and
the number of bootstrap iterations. Based on the trained random forest
model, we extracted the feature importance scores for each gene, which
reflect the degree of influence each gene has on predicting the target
phenotype. To ensure the robustness of the selection, we repeated this
process on an independent dataset. Subsequently, we assessed the sta-
tistical significance of the feature genes using Pearson’s correlation
analysis. The significance of the association score (P-value) for each gene
was determined by comparing the observed association scores with a null
distribution generated through Monte Carlo simulations, which modeled
the random gain and loss of HC1100 unrelated traits along the clonal
phylogeny. For functional inference, significantly associated genes
(P < 0.001) were mapped to the aforementioned coding sequence pan-
genome, and the alleles of each gene locus were annotated using COG
(Clusters of Orthologous Groups of proteins) classification68. This
approach ensures robust identification of genes linked to specific traits
and their functional characterization.

We integrated an analysis pipeline for A. pittii, which includes tools
of dcgMLST/HierCC-based population assignment, antibiotic resistance
gene annotation, and plasmid prediction. This integrated pipeline has
been deployed on PathoBase, an open platform operated by Soochow
University. Registered users can upload, assemble, analyze, and down-
load genomic data online. The pipeline is efficient, can complete analysis
of a 4 MB A. pittii assembled genome within 5min and raw data
for 20min.

Statistics and reproducibility
Statistical analyses were conducted using established bioinformatics pipe-
lines and custom algorithms to ensure robustness. Hierarchical clustering
(HC) of A. pittii genomes was performed using pHierCC with thresholds
(e.g., HC450, HC1100) optimized via Silhouette scores to reflect natural
population structures. AdjustedMutual Information (AMI) was calculated
to compare clustering consistency across methods (HierBaps, PopPUNK,
MLST). A Random Forest model (n_estimators = 1000, grid search-
optimized hyperparameters) was trained on the pan-genome presence/
absence matrix (18,882 genes) to identify lineage-specific gene enrichment/

depletion. Statistical significance of feature genes (P < 0.001) was assessed
using Pearson’s correlation and Monte Carlo simulations. Antimicrobial
resistance prevalence across hosts and regionswas analyzedwith descriptive
statistics.

The study utilized 750A. pittii genomes (726 public, 24 newly
sequenced), spanning 30 countries and 34 years, tominimize sampling bias.
Redundant genomes were filtered by average nucleotide identity (ANI ≥
98%), generating a representative subset of 217 strains. Sequencing data for
new isolates were processed with EToKi and assembled using Illumina
protocols (paired-end libraries, NovaSeq 6000). Quality control included
N50 (> 10 KB) and size thresholds (3.69 to 4.32MB). Phylogenetic trees
were reconstructed from 460,000 SNPs, with recombination regions
removed using RecHMM. All analyses, including dcgMLST allele assign-
ment (MD5 hash-based), plasmid typing, and ARG annotation, were
automated via PathoBase.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The assembled genome and raw reads for each A. pittii isolates have been
deposited in the NCBI BioProject database under accession code
PRJNA1114632. PT_712 plasmids’ sequences are both available on GitHub
at https://github.com/Naclist/Wang-et-al-repo-for-A.-pittii.git (DOI:
10.5281/zenodo.15301292). PT_712 inWZ-35 genome can be found under
Nucleotide accession number NZ_CP168074.1. Source data of each Figure
and Table can be found in Supplementary Data, Supplementary Table, and
are available from the corresponding author on reasonable request. Source
data are provided as Supplementary Data .

Code availability
PathoBase link: https://pathobase.iotabiome.com/. Documentation for
PathoBase and code for PlasT are both available on GitHub at https://
github.com/Naclist/Wang-et-al-repo-for-A.-pittii.git (https://doi.org/10.
5281/zenodo.15301292).
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