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Highlights 

blaVIM-2 was mostly associated with ST233 and ST111, in Europe 

blaNDM-1 was mostly reported in Asia, distributed by different sequence types  

Significant protein prevalence differences in blaVIM-2+ or blaNDM-1+ accessory genomes 

blaVIM-2 gene frequently inserted in Tn402-like and Tn21 transposons 

blaNDM-1 gene frequently flanked by ISAba125 or IS91 insertion sequences 
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Abstract  

Pseudomonas aeruginosa are ubiquitous opportunistic pathogens that combine intrinsic and 

acquired multidrug resistance phenotypes. Carbapenem resistance has been expanding in this 

species, due to different types of acquired genes. In this study, we hypothesised that the spread of 

carbapenem-resistance among P. aeruginosa is influenced by phylogenomic features, being 

distinct for different genes. To test this hypothesis, we compared the genomes of P. aeruginosa 

harbouring blaVIM-2 or blaNDM-1 genes. The gene blaVIM-2 was selected because, although frequent, it 

is almost restricted to this species and blaNDM-1  due to its wide interspecies distribution. A group of 

genomes harbouring the genes blaVIM-2 (n=116) or blaNDM-1 (n=27), available in the GenBank, was 

characterized based on core phylogenomic analysis, functional categories in the accessory 
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genome and mobile genetic elements flanking the selected genes. Most blaVIM-2 gene hosts 

belonged to multilocus sequence types (ST) ST111 (n=32/116) and ST233 (n=27/116) and were 

reported in Europe (n=75/116). The blaNDM-1 gene hosts were distributed by different ST (ST38, 

ST773, ST235, ST357, ST654), frequently from Asia (n=11/27). Significant differences in the 

prevalence of functional protein/enzyme annotations per number of accessory genomes were 

observed between blaVIM-2+ or blaNDM-1+. The blaVIM-2 gene was frequently inserted in Tn402-like 

and Tn21 transposons family and rarely in IS6100, while blaNDM-1 gene was preferentially flanked 

by ISAba125 and bleMBL genes or associated with IS91 insertion sequence. The hypothesis that 

carbapenem resistance gene acquisition is not random among phylogenomic lineages was 

confirmed, suggesting the importance of phylogeny in the dissemination of antibiotic resistance 

genes.  

 

Keywords: Beta-lactamases, Mobile genetic elements, Phylogenetic diversity, Antibiotic 

resistance 
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1. Introduction 

Pseudomonas aeruginosa is one of the 12 priority pathogens listed by the World Health 

Organization (WHO) [1]. International surveillance programs [2] show the high rates of P. 

aeruginosa resistance against frontline antibiotics, particularly beta-lactams and carbapenems. 

High carbapenem resistance prevalence has been reported in clinical P. aeruginosa worldwide - 

Europe (8 to 58% of the isolates), South and East Asia (8 to 36% of the isolates) and North 

America (10 to 31% of the isolates) [3]. 

With genome sizes ranging 5.5 to 7.0 million base pairs [4], P. aeruginosa has the potential to 

adapt to changing environments and successfully compete in complex microbial communities [5,6]. 

A recent study that analysed 1 311 genomes of P. aeruginosa showed that among the 54 272 

genes identified, only nearly 1% represented the core, while about 50% were unique genes [4]. 

According to Freschi et al. 2019 [7] the core genome was dominated by functions related to RNA 

processing (COG cluster A), chromatin structure and dynamics (COG cluster B), cell division and 

partitioning (COG cluster D), metabolism and transport of amino acids (COG cluster E), 

nucleotides (COG cluster F), coenzymes and lipids (COG cluster H and I), transcription and 

translation (COG cluster J and K). In contrast, drug resistance, secretion systems (COG cluster L, 

U and V),  and other functions mainly related to survival in changing environments have been 

frequently observed in the accessory genome [4,8]. Core features and the dynamic gene 

acquisition revealed by the pangenome analyses support the ubiquitous character of the species 

[9], thriving across distinct natural environments (soil, water, plants) and animal or human bodies, 

including clinical settings [10].  

The first reports of acquired carbapenems resistance were in Enterobacteriaceae, and later in 

other Gammaproteobacteria, including P. aeruginosa [11–13]. The gene encoding the Verona 

integron-encoded metallo-beta-lactamase (VIM) was reported for the first time in P. aeruginosa in 

1997, isolated from a Hospital inpatient in Verona (Italy), as an integron-borne gene [14]. To date, 

at least 76 blaVIM variants have been reported, mostly in P. aeruginosa, with occasional reports in 

P. putida and Enterobacteriaceae [13,15]. The variant blaVIM-2 is the most frequent in P. aeruginosa, 

reported in more than 4% of chromosomes and whole-genome sequences (WGS) available at 
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Comprehensive Antibiotic Resistance Database (CARD) [15]. Whereas blaVIM can be considered a 

gene originally dispersed by P. aeruginosa, the gene encoding the New Delhi metallo-beta-

lactamase (NDM-1), another class B beta-lactamase, is widely disseminated through other 

bacterial groups, mainly within the order Enterobacterales. The blaNDM  gene was reported for the 

first time in Sweden in a hospital patient who travelled from India, diagnosed with an infection 

associated with a multidrug resistant Klebsiella pneumoniae [16]. The first report of blaNDM in P. 

aeruginosa resulted from routine screening of carbapenemase-producing Gram-negative bacteria 

in the Military Medical Academy in Belgrade, Serbia, in 2010 [17]. Currently, blaNDM-1 is reported in 

about 3.7% of the chromosomes and 0.7% of the whole genome sequences of P. aeruginosa 

available at CARD [15] 

Given the liability of P. aeruginosa for antibiotic resistance acquisition, and the distinct patterns of 

dissemination of the genes blaVIM-2 and blaNDM-1, these were considered interesting models to 

investigate possible phylogenomic drivers of resistance acquisition hypothetically reflected on the 

accessory genome and geographic distribution. Given the importance of geographic distribution, 

we used genomes available in public databases.  

 

2. Materials and Methods 

2.1. P. aeruginosa genomes selection 

P. aeruginosa genomes containing the genes blaVIM-2 (n=272) or blaNDM-1 (n=40) (Supplementary 

Table S1), available at NCBI Pathogen Detection isolates browser database 

(https://www.ncbi.nlm.nih.gov/pathogens/isolates/; accessed on 17.11.2020), were collected for 

this study. Five additional genomes, which at that time were not available at NCBI, one containing 

the blaVIM-2 [18], and four containing the blaNDM-1 gene [19], were also included (assembly 

accession numbers: GCA_020404715.1, GCA_022559565.1, GCA_020404785.1, 

GCA_020404825.1, and GCA_020404705.1) (Supplementary Table S1). Presumable duplicated 

genome sequences were eliminated whenever were deposited by the same authors/institution, had 

the same Multi Locus Sequence Type (ST), determined according to the MLSTFinder 

(https://cge.cbs.dtu.dk/services/MLST/)  and the same sample origin. In these cases, was selected 
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the one with the lowest number of contigs and highest genome coverage. After data trimming, a 

total of 116 blaVIM-2+ and 27 blaNDM-1+ genome sequences, produced with different DNA 

sequencing technologies, were considered for the study (Supplementary Table S1, highlighted in 

light blue). In addition, aiming a broader overview of carbapenemase encoding genes, the same 

database was queried for blaIMP-1+ (n=258) and blaSPM+ (n=35) genomes (accessed at 28-01-

2023), which were typed based on ST and geographic origin. 

 

2.2. Genome analysis 

The genomes were annotated using RASTtk pipeline [20], which output was used as input to the 

Roary: pan-genome pipeline [21]. The Roary pipeline used default settings, allowing the splitting of 

paralogs into clusters, and performing a core alignment using MAFFT [22]. The sequence identity 

threshold was settled by default at 95% and the core-genome was established for genes shared by 

99% of the genomes (Supplementary Table S2). The blaVIM-2+ or blaNDM-1+ strains genomes were 

first used to create a wgMLST scheme, including the common genes based on the default BLAST 

score ratio value of 0.6. From the wgMLST scheme was created the cgMLST, based on genes 

common to all the analysed genomes with sequence identity values of 99%, using chewBBACA 

tool [23]. The cgMLST scheme was then represented as a minimum spanning tree using the 

software Grapetree [24]. 

 

2.3. Functional annotation of the accessory genome 

The accessory genome, comprised of genes shared by < 95% of the analysed genomes, was 

annotated in each set of blaVIM-2+ and blaNDM-1+ genomes, based on functional categories. 

Functional annotation of deduced aminoacid sequences used the EggNOG database [25] based 

on the parameters 95% sequence coverage and 100% sequence identity, providing a Cluster of 

Orthologous Groups (COG) assignment for each protein-coding gene. For each functional category 

were identified (based on similar protein functions in UniProt (https://www.uniprot.org/) 

subcategories of the most represented protein families. The respective relative abundance over the 

total proteins annotated in each category was expressed as proteins percentage values and 
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graphically represented using the ggplot2 R package [26]. Kolmogorov-Smirnov means 

comparison was used to analyse the difference in protein distribution in blaVIM-2+ or blaNDM-1+ 

strains functional annotations using SPSS 26.0 (IBM SPSS Inc., Chicago, IL). 

 

2.4. Other antibiotic resistance genes 

The core- and accessory- blaVIM-2+ and blaNDM-1+ genomes were screened for antibiotic resistance 

genes, using the CARD Resistance Gene Identifier (https://card.mcmaster.ca/analyze/rgi) [15]. The 

prevalence of the identified genes among blaVIM-2+ and blaNDM-1+ genomes was represented 

graphically as a barplot and Venn diagram using the R packages ggplot2 and Venn.diagram [27]. 

Moreover, the antibiotic resistance gene prevalence in the analysed genomes was compared with 

the data available for all P. aeruginosa, blaIMP+ and carbapenems resistant P. aeruginosa available 

at CARD databases, based on NCBI deposited genomes (accessed on November 2021).  

 

2.5. blaVIM-2 and blaNDM-1 genetic environment and transposons comparative analysis 

The flanking regions of the blaVIM-2 and blaNDM-1 genes were analysed for 80 genomes, which 

permitted this inspection. For the other 63 (55 blaVIM-2+ and 8 blaNDM-1+) genomes, the targeted 

genes were in short contigs (800 to 3000 bp), hindering a proper analysis. Insertion sequences and 

mobile genetic elements were annotated using the IS finder (https://isfinder.biotoul.fr/blast.php) 

[28]. Transposons were identified by alignment against reference transposons described in the 

literature using MAFFT [22] and manually annotated using NCBI blast 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The structure of the transposons associated with blaVIM-2 or 

blaNDM-1 genes was depicted using the R package gggenes (available at 

https://github.com/wilkox/gggenes). 

 

3. Results  

Most of the 116 blaVIM-2+ and 27 blaNDM-1+ non-repetitive genomes examined were of clinical origin, 

and only 7 blaVIM-2+ and 1 blaNDM-1+ of environmental sources (e.g. home and hospital 

environments, animals associated, hospital effluent, or other unidentified sources) (Supplementary 
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Table S1). The blaVIM-2+ genomes were from strains isolated in Europe (n=64), Asia (n=17), South. 

America (n=22), Africa and the Middle East (n=5), North America (n=7), and one of unknown 

origin. The blaNDM-1+ genomes were from strains isolated in Asia (n=11), Europe (n=9), North 

America (n=3), South America (n=1), Africa (n=1), and two of unknown origin (Supplementary 

Table S1).  

3.1. Phylogenetic diversity and genome features 

The analysis of the whole gene set among blaVIM-2+ genomes revealed 33 527 genes (3 142 

present in ≥ 99%, 1 157 in 95-99%, 4 276 in 15-94%, and 24 952 in <15% of the strains). In the 

blaNDM-1+ genomes were identified 14 080 genes (4 599 present in ≥ 99%, 468 in 95-99%, 2 990 in 

15-94%, and 6 023 in <15% of the strains) (Supplementary Table S2). The phylogenomic 

relationships among blaVIM-2+ and blaNDM-1
+ genomes were assessed based on the core genome 

MLST (cgMLST) and Pasteur MLST, being the identified sequence types (STs) instrumental in the 

analysis of the results. As expected, the cgMLST-based phylogenetic analysis distributed the 

genomes according to the MLST types. Phylogenomic analysis suggested a close relationship 

among specific STs, for instance, between ST111 and ST233, ST175 and ST179, ST235 and 

ST357, or ST823, ST308 and ST773 (Figure 1). Despite the wide geographic distribution of the 

predominant phylogenetic lineages, various clades were mostly populated by genomes of some 

regions. For instance, ST823, ST308 and ST773 in Asiatic countries, or ST244, ST175, ST179, 

ST17 in European countries (mainly Portugal, Spain and Poland) (Supplementary Figure 1), which 

may suggest some degree of endemicity. However, the sample size and the fact that most 

genomes were of clinical isolates, with only 8 (7 blaVIM-2+ and 1 blaNDM-1+) from environmental origin 

scattered by different STs - ST111 (n=2), ST175, ST179, ST233, ST386, and ST823, and ST308 

(blaNDM-1+) (Supplementary Table S1, Figure 1), limits this interpretation. Identical core genomes 

(100%) were observed only for six pairs of genomes (ST111, ST244, ST233, ST823, ST175, 

ST235), most of the times of the same country except in the case of ST235. 

The diversity of STs was proportional to the number of blaVIM-2+ and blaNDM-1+ genomes. The blaVIM-

2+ genomes were distributed by 29 STs, being ST111 (n=32, from Europe, South America, and 

USA), ST233 (n=28, from Europe, Africa, South America, Asia, and USA), ST235 (n=14, from 
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Europe, Asia, and USA), and ST823 (n=8, from Asia/Oceania and USA), the predominant (Figure 

1A; Supplementary Figure S1 and Table S1). The blaNDM-1
+

 genomes were distributed by 9 STs, 

mainly in lineages closely related to ST823, most of which were represented by ST308/ST773 

(n=5, from Asia, and n=5, from Europe, Asia, USA, and unknown origin, respectively) and 

ST235/ST357 (n=4, from Europe, and n=4, from Asia, and Africa, respectively). Other blaNDM-1
+

 

genomes were observed in lineages closely related to ST111, specifically ST654 (n=4, from 

Europe, North America, and South America) and ST233 (n=2, from Myanmar and an unspecified 

location) (Figure 1; Supplementary Figure S1 and Table S1). Unique STs harbouring the blaNDM-1
+ 

gene (ST316, ST1023, or ST234) were closely related to the same lineages ST823 and ST111.  

 

3.2. Functional annotation of core and accessory genome 

Core and accessory genomes retrieved from comparative genomics analysis were functionally 

annotated using orthologs databases based on a 99% sequence identity criterion. The core-

genome functional analysis revealed negligible differences in the type of gene abundance 

between blaVIM-2+  and blaNDM-1+  genomes (data not shown). Based on the strict parameters 

used (95% coverage, 100% identity), the proteins annotated in accessory genomes were 3040 

for blaVIM-2+ and 775 for blaNDM-1+. For each functional category were identified (based on 

similar protein functions) subcategories of the most represented protein families (Figure 2). 

Aiming to assess if the accessory genome was distinct in both groups of genomes, the 

prevalence of major proteins (proteins per number of genomes) included in different functional 

subcategories was compared. Proteins involved in transport (e.g. carbohydrate transport, 

extracellular transport), metabolism (e.g. permeases, dehydrogenases, or ATPases) and 

transcriptional regulators were observed to be significantly (p-value < 0.05) more prevalent 

among blaVIM-2+  than blaNDM-1+ genomes. Protein subcategories like coenzyme catalysis, 

conjugation, virulence, ABC transporters, membrane-binding protein and pilus, secretion 

related proteins were observed significantly (p-value < 0.05) more abundant in blaNDM-1+ than 

in blaVIM-2+ genomes. 
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3.3. Other antibiotic resistance genes in P. aeruginosa blaVIM-2+ and blaNDM-1+  

Other antibiotic resistance mechanisms were part of the core-genome of both blaVIM-2+ and 

blaNDM-1+ P. aeruginosa, with efflux pumps representing 85% and 76% of the resistance genes 

identified, respectively. The other respective 15% and 24% resistance mechanisms, included 

beta-lactamase encoding and other genes (Supplementary Table S3). The identified efflux 

pump encoding genes were mainly part of Opr, Opm, Mex and Mux operons, representing 

56% in the blaVIM-2+ and 54% in the blaNDM-1+, of the total resistance genes. The prevalence of 

the genes encoding the efflux pumps observed in blaVIM-2+ and blaNDM-1+ genomes was not 

different from that reported in P. aeruginosa genomes available in the public database NCBI 

(n=7813), >90% (Supplementary Table S3). The beta-lactamase encoding genes observed in 

most/all the blaVIM-2+ and blaNDM-1+ genomes were represented by blaPDC-3 and blaOXA-850, while 

these genes have been reported in 26% and 32% of the P. aeruginosa isolates available at 

NCBI, respectively. 

Regarding the accessory genome, the blaVIM-2+ and blaNDM-1+ genomes shared ~ 53% of the 

antibiotic resistance genes (Figure 3). These were mostly related to aminoglycoside resistance 

(47%), with beta-lactams resistance representing 6% of the genes (Figure 3). The prevalence 

of antibiotic resistance genes observed in the blaVIM-2+ and blaNDM-1+ genomes was compared 

with that of 7813 P. aeruginosa genomes available in the CARD database. As expected, the 

blaVIM-2+ and blaNDM-1+ genomes presented a higher prevalence of antibiotic resistance genes 

than the average for the species (Supplementary Table S3). The clearest examples of these 

were the gene aac(3)-I associated with aminoglycoside resistance, present in 77% of the 

blaVIM-2+ genomes andaph(3')-III/IV/VI/VII (aminoglycoside resistance), cat and floR, 

associated with phenicol resistance, and qnrB, quinolone, respectively, present in 66, 70, 74 

and 52%of the blaNDM-1+ genomes, in comparison with < 1% of the average of all P. 

aeruginosa genomes (Supplementary Table S3). These values are also higher than those 

observed in the average of the carbapenemase encoding genomes (Supplementary Table 

S3). Indeed, aminoglycoside resistance seems to be part of the background resistance profile 

of carbapenem resistance strains. In genomes harbouring other carbapenemase encoding 
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genes, aminoglycoside resistance was the most prevalent resistance genotype, mainly 

represented by the families aac(6'), aph(3’) and aadA, observed in 53%, 55% and 66% of the 

genomes (Supplementary Table S3). The co-occurrence of other carbapenem-resistance 

genes with blaVIM-2+ or blaNDM-1+, suggested that redundancy for this type of resistance may 

occur, as blaVEB and blaCTX-M  was observed in 1% of the blaVIM-2+, and blaVEB and blaGES in 

15% and 7% of the blaNDM-1+ genomes, respectively. However, such redundancy is not 

comparable with the observed for blaIMP-1 genomes where the co-occurrence of  blaVEB was 

observed in all the 31 genomes analysed (Supplementary Table S3). Among the blaVIM-2+ 

genomes analysed in this study, blaIMP or blaKPC were observed in two ST111 genomes, in a 

distinct genomic environment of blaVIM-2. Also, two ST654 blaNDM-1+ genomes contained the 

blaGES gene integrated into the same mobile genetic element of blaNDM-1.  

 

3.4. Transposons and mobile genetic elements associated with blaVIM-2 and blaNDM-1 genes  

The genetic environment of the genes blaVIM-2 and blaNDM-1 inserted in contigs with >3000 bp 

was analysed. This analysis unveiled five main genomic environments, three including blaVIM-2 

or blaNDM-1, and two identified only in blaNDM-1
+ genomes. In the group of 61 blaVIM-2

+ genomes 

that gene was included in Tn21 transposon structures (n=17), Tn402-like transposons (n=23), 

or in insertion sequences IS6100 (n=19), while seven could not be identified (e.g. related to 

Tn3 family). In the group of 27 blaNDM-1
+

 genomes that gene was flanked by ISAba125 and the 

bleomycin resistance gene bleMBL (n=8) and IS91 (n=19), 8 of which included also an IS6100 

sequence (Figure 4). The most commonly observed structure including blaNDM-1 was 

represented by IS91 which flanked the gene on both sides (Figure 4B). The Tn21 depicted in 

Figure 4, besides the mer operon, transposase (tniA) and resolvase, includes an integron 

containing blaVIM-2 or blaNDM-1 and other antibiotic resistance genes, mostly aminoglycoside 

resistance genes. A particular Tn21 structure (Figure 4C) was observed in a blaNDM-1+ genome 

(GCA_020404785.1, whose genome was sequenced for this study) where that gene was 

flanked by ISAba125 and bleMBL inserted upstream to an integron containing another 

carbapenemase resistance gene, blaGES. The Tn402-like element presented a structure similar 
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to the Tn21 in transposase and resolvase, including an integron containing blaVIM-2 or blaNDM-1 

and other antibiotic resistance genes (Figure 4). As observed for Tn21, also the Tn402-like 

was described including blaNDM-1 flanked by ISAba125 and bleMBL as the unique ARG. The 

complete transposons Tn21 and Tn402-like were associated with blaNDM-1 only in 9 of the 27 

genomes. Finally, the insertion sequence IS6100 was observed upstream or downstream of 

integrons including blaVIM-2 (Figure 4) or the blaNDM-1 genetic environment. The same genetic 

environment was observed in blaVIM-2+ and blaNDM-1+ genomes, sometimes without other genes 

or including other antibiotic resistance genes. The only exception was ISAba125 and IS91 

associated only with blaNDM-1 (Figure 4). 

 

4. Discussion 

P. aeruginosa is a ubiquitous multidrug resistant pathogenic species distributed worldwide [29]. 

Despite the large number (>3000) of sequence types deposited in the public database PubMLST 

(available at https://pubmlst.org/organisms/pseudomonas-aeruginosa), beta-lactamase-producing 

P. aeruginosa belongs mostly to ST235, ST111 and ST233 [30,31]. The frequent and broad beta-

lactam resistance observed in this species has motivated the therapeutical use of carbapenems, 

against which acquired resistance has increased in prevalence and expanded geographically [30]. 

The genes blaVIM-2 and blaNDM-1 analysed in this study exemplify distinct modes of carbapenem 

resistance evolution in P. aeruginosa. The gene blaVIM-2 is a genetic variant of a gene originally 

detected in this species, the blaVIM-1, that has considerably higher activity against carbapenems, 

which may explain the fact that VIM-2 is a dominant carbapenemase produced by P. aeruginosa 

[30]. Although spread among P. aeruginosa, the variant VIM-2 is not frequently detected in other 

species [32], although have been reported sporadically in Enterobacteriaceae and Burkholderiales 

[33,34]. In contrast, P. aeruginosa blaNDM-1+ was firstly reported in Enterobacteriaceae having now 

a broad phylogenetic diversity of hosts. While blaVIM-2 has been associated with ST111 and 

European countries [30], blaNDM-1 has been frequently identified in ST235, and also in ST233, 

ST111, or ST654 strains [35,36]. Also globally disseminated is the blaIMP-1 gene, associated with P. 

aeruginosa ST357 and many other distinct lineages of this species (e.g. ST235, ST234, ST621, 
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ST664) and of distantly related taxa, such as Enterobacterales and Acinetobacter baumannii, and 

presenting  a global distribution [30]. In contrast,  the blaSPM-1 gene associated with the groEL gene 

and the mobile genetic element, IScr4, was firstly reported in P. aeruginosa in 2002, with evidence 

of a restricted local (mainly Brazil) and phylogenetic (mainly ST277) occurrence [37]. Curiously, 

such a limited distribution has been noted to other class B metalo-beta-lactamases described in P. 

aeruginosa isolates [30].  

Our results based on cgMLST confirm the phylogenetic distribution of the blaVIM-2+ and blaNDM-1+ 

genomes evidencing the wider presence of blaNDM-1 across a broader phylogenetic amplitude than 

blaVIM-2. An interesting result was the observation that some lineages may prevail in distinct 

geographic origins, like the lineage ST823/ST308/ST73 in Asiatic countries or the lineage 

ST244/ST175/ST179/ST17 in Portugal, Spain and Poland. ST179, although not widely distributed 

[12,38] has been considered as part of the international high-risk clones [30,36]. The geographic 

and phylogenetic distribution of acquired carbapenemase encoding genes can contribute to better 

understand the interplay between the external factors and intrinsic bacterial properties for the 

dissemination of resistance determinants.  

The rich accessory genome of P. aeruginosa has been associated with ubiquitous and 

worldwide distribution and adaptation to different environments [6]. Genes involved in metal or 

antibiotic resistance, biofilm formation and virulence present in the accessory genome of P. 

aeruginosa can probably explain the ability to survive under challenging conditions and 

environments [29]. The functional analysis of blaVIM-2+ and blaNDM-1+ accessory genomes 

showed a similar profile of protein involved in metals tolerance, antibiotic resistance and 

mobile genetic elements. In particular, it was observed the presence of proteins involved in the 

resistance to metals like copper (cop operon) or mercury (mer operon), being these operons 

described in genomes of bacteria adapted to metal contaminated environments  [5,40]. Other 

proteins with similar prevalence among blaVIM-2+ and blaNDM-1+ accessory genome were 

represented by mobile genetic elements like transposases, integrases and phage integrases. 

The consistent presence of mobile genetic elements in the accessory genomes of P. 

aeruginosa highlights the important role they may have in gene sharing and consequent 

                  



14 
 

genome improvement and adaptation processes [5,41]. Virulence factors were instead 

observed to be more prevalent among blaNDM-1+ than blaVIM-2+ accessory genomes, as well as 

conjugation and secretion systems related proteins. Secretion systems play an important role 

both in virulence and conjugation [5,42]. The protein abundance in accessory genomes 

reflects substantial differences between both groups of genomes analysed. In particular, the 

higher presence of secretion systems, virulence factors and conjugation elements in blaNDM-1+ 

may suggest the strong influence of horizontal gene transfer processes and also its clinical 

relevance.  

The mobilization of antibiotic resistance genes enriches the bacterial resistome, sometimes 

enhancing functions and mechanisms available in the intrinsic resistome [43]. The blaVIM-2 and 

blaNDM-1 are examples of such accessory genes that can increase the bacterial ability to 

survive to clinical treatments [44]. In P. aeruginosa, the intrinsic resistance is often due to 

efflux pump systems, often with multidrug resistance potential [43]. Most of the antibiotic 

resistance genes detected in the accessory genome of blaVIM-2+ and blaNDM-1+ genomes, as 

well as in other carbapenemase encoding strains, were associated with aminoglycoside 

resistance, which genes are frequently part of integron structures where other genes may be 

also transported, explaining the multidrug resistance phenotype [12]. The co-existence of 

different carbapenemase resistance genes in ubiquitous bacteria like P. aeruginosa is 

emerging as a serious threat [45]. The cases of multiple carbapenemase resistance genes 

may deserve a deep analysis, mostly defining their genomic environment, to avoid the spread 

of these lineages. 

The mobilization of carbapenemase resistance genes among P. aeruginosa can use different 

mechanisms [30]. Transposons are mobile genetic elements commonly involved in antibiotic 

resistance gene mobilization, being Tn21 and Tn402-like often associated with 

carbapenemase resistance genes. These findings were confirmed for the blaVIM-2+ and also for 

the blaIMP-1+ genomes (n=31) belonging to ST235, ST233 and ST111 that we examined in this 

study. Instead, blaNDM-1 has been described mostly flanked by insertion sequences IS91 or 

ISAba125 [36,46]. Interestingly, in genomes of isolates from Serbia, the blaNDM-1 flanked by 
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ISAba125 and bleMBL was included in Tn21 or Tn402-like transposons (Figure 4). The Tn21, in 

particular, was observed to include blaNDM-1 flanked by ISAba125 and bleMBL and another 

integron containing blaGES. The study of adaptative characteristics of bacteria and the 

monitoring of the high-risk clones, as well as the mobilization of carbapenem resistance 

genes, are valuable approaches to controlling the propagation of multidrug-resistant P. 

aeruginosa. 

The mobile genetic elements observed to be associated with the genes blaVIM-2 and blaNDM-1 in 

this study are present in about 3-4% of the P. aeruginosa genomes and have a wide 

distribution over distinct species (Supplementary Table S4). Besides P. aeruginosa, the same 

genetic mobile elements were observed in Klebsiella pneumoniae, Escherichia coli, 

Citrobacter freundii and Acinetobacter baumannii. K. pneumoniae and E. coli were the species 

with the highest share of the elements Tn21 (19% and 23%), Tn402-like (22% and 20%, 

respectively) and IS6100 (28% and 26%, respectively). Although these two species shared 

also the highest proportion of IS91 (22% and 29%, respectively) or ISAba125 (19% and 27%, 

respectively), P. aeruginosa shared 19% and 15% of each and A. baumannii 15% of ISAba125 

(Supplementary Table S4). Considering that A. baumannii is a likely reservoir of ISAba125 [47] 

a higher percentage of share would be expected. Bonnin et al. [47] suggested that A. 

baumannii that originally had the ISAba125 element, acquired the blaNDM gene through the 

acquisition of the Tn125 transposon that was after transferred to Enterobacteriaceae or P. 

aeruginosa. These observations show that the mobile genetic elements observed to carry the 

genes blaVIM-2 or blaNDM-1 are spread over distinct phylogenetic groups, confirming 

Enterobacteriaceae as major reservoirs of transposons and insertion sequences responsible 

for antibiotic resistance acquisition [11]. These results also confirm the widest phylogenetic 

distribution of IS91 and ISAba125, observed in this study to be associated with the blaNDM-1 

gene [36,46].  

 

5. Conclusions 
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While carbapenem resistance is widespread among P. aeruginosa, it is suggested that distinct 

genes tend to be associated with different mobile genetic elements and phylogenetic lineages. 

The same mobile genetic elements that carry the genes blaVIM-2 and blaNDM-1, are observed in 

other Gammaproteobacteria, suggesting the frequent inter-genus genetic exchange. However, 

these may have preference for some specific lineages within the P. aeruginosa species, 

seeming to have a non-random geographic distribution. The study of the interplay between 

phylogenomic lineages, mobile genetic elements and accessory genome is essential to better 

understand the ecology of antibiotic resistance and, therefore, how it can be controlled.  
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Figure 1. Phylogenetic distribution of blaVIM-2+ and blaNDM-1+ strains. A) Minimum spanning tree based on 

cgMLST, reporting the phylogenetic distribution of blaVIM-2+ and blaNDM-1+ strains identified with the ST 

(different colors). B) Minimum spanning tree based on cgMLST, reporting the phylogenetic distribution of 

blaVIM-2+ and blaNDM-1+ strains identified by ST numbers in the nodes and colored by ARGs harbored. The 

isolation source is indicated by a red circle around the nodes referring to environmental isolated strains. 

The branches label refers to the number of locus differing between the strains reported. 
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Figure 2. Functional analysis of blaVIM-2+ and blaNDM-1+ genomes. Barplot with the functional annotation of proteins relative abundance retrieved from the 

accessory genomes of blaVIM-2+ and blaNDM-1+ strains. The bars refer to the functional categories: C. Energy production and conversion, D. Cell cycle control and 

mitosis, E. Amino Acid metabolism and transport, F. Nucleotide metabolism and transport, G. Carbohydrate metabolism and transport, H. Coenzyme 

                  



26 
 

metabolism, I. Lipid metabolism, J. Translation, K. Transcription, L. Replication and repair, M. Cell wall/membrane/envelop biogenesis, N. Cell motility, O. Post-

translational modification, protein turnover, chaperone functions, P. Inorganic ion transport and metabolism, Q. Secondary Structure, S. Function Unknown, T. 

Signal Transduction, U. Intracellular trafficking and secretion, and V. Defense mechanisms. 

In the figure are reported the number of proteins in each sub-category and indicated with an * the statistical differences (p-value < 0.05) between blaVIM-2+ and 

blaNDM-1+ functional sub-categories analysed. 
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Figure 3. Antibiotic resistance profile analysis of blaVIM-2+ and blaNDM-1+ accessory genomes. The barplot represents the antibiotic resistance genes carried by 

blaVIM-2+ (grey bars), blaNDM-1+ (blue bars) genomes, and shared between both. The bars correspond to the genes relative abundance considering the total 

number of strains analyzed (116 blaVIM-2+ and 27 blaNDM-1+). The antibiotic resistance genes are reported and grouped in the barplot sections from left to right 

based on the antibiotic class (aminoglycosides, tetracycline, macrolides and quinolones, beta-lactams, and others). The overview of the antibiotic resistance 

genes in blaVIM-2+ (grey circle) and blaNDM-1+ (blue circle) are reported in the Venn diagram. 
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Figure 4. Transposons organization and genetic environment of blaVIM-2 or blaNDM-1 in the analyzed P. aeruginosa genomes. In the figures are reported the 

most representative transposons organization and genomic environments of blaVIM-2or blaNDM-1 harbored by the analyzed P. aeruginosa strains. The gene blaVIM-2 

was described as associated principally with insertion sequences IS6100, Tn402-like and Tn21 transposons (A). The gene blaNDM-1 was described as associated 

with the insertion sequence IS91 (B) and Tn21 and Tn402-like transposons including the ISAba125-blaNDM-bleMBL (C). In all the transposons and genetic 

environments represented, the aminoglycosides resistance genes are colored in green shape, the insertion sequences in orange, antibiotic resistance genes in 

red, Tni modules in beige, mercury resistance genes in brown, integrase (intl1) in blue and other genes in white. The transposons sequences annotation was 

curated manually using BLAST databases and similar transposons were aligned using MAFFT. The distribution of MGEs analysed in blaVIM-2 + and blaNDM-1 + 

strains are described in Supplementary Table S5. 

The class 1 integron including the blaVIM, associated with IS6100 (A), was described in a plasmid by Botelho et al. (https://doi.org/10.1093/jac/dkx143) and 

chromosome (our study) with 100% of sequence identity.  

The Tn402 and Tn21 transposons family harbouring blaVIM reported in (A) were previously published by Botelho et al. ( https://doi.org/10.1093/jac/dkx143)  

and  Zee et al. (https://doi.org/10.3389/FMICB.2018.02057) and selected as examples.  
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