
M A J O R  A R T I C L E

1524 • cid 2020:71 (15 September) • Pincus et al

Clinical Infectious Diseases

 

Received 13 July 2019; editorial decision 24 September 2019; accepted 30 September 2019; 
published online October 4, 2019.

aPresent address: Department of Microbiology and Immunology, Loyola University, Chicago, 
CTRE 218, 2160 S. First Ave.Maywood, IL 60153.

Correspondence: A.  R. Hauser, 303 E.  Chicago Ave., Ward 6–035, Chicago, IL 60611  
(ahauser@northwestern.edu).

Clinical Infectious Diseases®  2020;71(6):1524–31
© The Author(s) 2019. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/cid/ciz973

Long-term Persistence of an Extensively Drug-Resistant 
Subclade of Globally Distributed Pseudomonas aeruginosa 
Clonal Complex 446 in an Academic Medical Center
Nathan B. Pincus,1 Kelly E. R. Bachta,1,2 Egon A. Ozer,2 Jonathan P. Allen,1,a Olivia N. Pura,1 Chao Qi,3 Nathaniel J. Rhodes,4,5,6 Francisco M. Marty,7  
Alisha Pandit,7 John J.  Mekalanos,8 Antonio Oliver,9 and Alan R. Hauser1,2,

1Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA, 2Department of Medicine, Division of Infectious Diseases, Northwestern 
University Feinberg School of Medicine, Chicago, Illinois, USA, 3Department of Pathology, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA, 4Department of Pharmacy 
Practice, Chicago College of Pharmacy, Midwestern University, Downers Grove, Illinois, USA, 5Pharmacometrics Center of Excellence, Chicago College of Pharmacy, Midwestern University, 
Downers Grove, Illinois, USA, 6Department of Pharmacy, Northwestern Memorial Hospital, Chicago, Illinois, USA, 7Division of Infectious Diseases, Brigham and Women’s Hospital, Boston, 
Massachusetts, USA, 8Department of Microbiology and Immunobiology, Harvard Medical School, Boston, Massachusetts, USA, and 9Servicio de Microbiología y Unidad de Investigación, Hospital 
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Background. Antimicrobial resistance (AMR) is a major challenge in the treatment of infections caused by Pseudomonas 
aeruginosa. Highly drug-resistant infections are disproportionally caused by a small subset of globally distributed P. aeruginosa se-
quence types (STs), termed “high-risk clones.” We noted that clonal complex (CC) 446 (which includes STs 298 and 446) isolates 
were repeatedly cultured at 1 medical center and asked whether this lineage might constitute an emerging high-risk clone.

Methods. We searched P. aeruginosa genomes from collections available from several institutions and from a public database 
for the presence of CC446 isolates. We determined antibacterial susceptibility using microbroth dilution and examined genome 
sequences to characterize the population structure of CC446 and investigate the genetic basis of AMR.

Results. CC446 was globally distributed over 5 continents. CC446 isolates demonstrated high rates of AMR, with 51.9% (28/54) 
being multidrug-resistant (MDR) and 53.6% of these (15/28) being extensively drug-resistant (XDR). Phylogenetic analysis revealed 
that most MDR/XDR isolates belonged to a subclade of ST298 (designated ST298*) of which 100% (21/21) were MDR and 61.9% 
(13/21) were XDR. XDR ST298* was identified repeatedly and consistently at a single academic medical center from 2001 through 
2017. These isolates harbored a large plasmid that carries a novel antibiotic resistance integron.

Conclusions. CC446 isolates are globally distributed with multiple occurrences of high AMR. The subclade ST298* is respon-
sible for a prolonged epidemic (≥16 years) of XDR infections at an academic medical center. These findings indicate that CC446 is 
an emerging high-risk clone deserving further surveillance.
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Pseudomonas aeruginosa is a major cause of serious nosocomial 
infections. Antimicrobial resistance (AMR) in P.  aeruginosa 
is frequent and limits treatment options, which has led the 
Infectious Diseases Society of America [1] and the World 
Health Organization [2] to list this bacterium as a priority path-
ogen for the development of new antimicrobials. Surveillance 
of highly drug-resistant P. aeruginosa is critical to better under-
stand its epidemiology and limit its spread.

Multilocus sequence typing (MLST) has identified distinct 
patterns in the epidemiology of multidrug-resistant (MDR) and 

extensively drug-resistant (XDR) P. aeruginosa infections. While 
sporadic isolates may demonstrate high AMR, a large proportion 
of MDR/XDR infections are caused by a relatively small number 
of globally distributed sequence types (STs) termed “high-risk 
clones” [3–8]. Known high-risk clones such as ST235, ST111, 
and ST175 may possess a variety of resistance determinants, 
both horizontally acquired and mutational [3, 9, 10], suggesting 
that these clones’ high potential for acquiring AMR plays a role 
in their survival and spread in human populations [4]. While 
these STs are relatively common, other high-risk clones also con-
tribute to drug-resistant infections worldwide [3–5, 11], and it is 
likely that additional high-risk clones have yet to be described.

In this study, we investigated clonal complex (CC) 446, con-
taining major STs 446 and 298, as a potential emerging high-
risk clone. We describe the global distribution of this lineage 
and the presence of highly resistant isolates at both our institu-
tion and others. In doing so, we identified the persistence of an 
XDR ST298 subclade (ST298*) possessing a large novel AMR 
plasmid at 1 academic medical center for at least 16 years.
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METHODS

Bacterial Isolates and Antimicrobial Resistance Testing

Several collections of P.  aeruginosa isolates were evaluated 
(Table 1). These include 3 cohorts of isolates collected from pa-
tients and clinical settings at Northwestern Memorial Hospital 
(NMH) in Chicago: 100 bloodstream isolates collected 1999–
2003 (PABL) [12], 301 isolates from clinical specimens and 
hospital environments collected 2002–2009 (MolEpi), and 99 
isolates from patient samples collected 2013–2018 (PA-NM). 
Other patient isolates screened included 601 bloodstream iso-
lates collected from 10 public hospitals in Spain between 2008 
and 2009  (PASP) [13] and 100 isolates from patient samples 
collected at Brigham and Women’s Hospital in Boston between 
2015 and 2016 (BWH). Also included were 58 P. aeruginosa iso-
lates collected from multiple healthcare facility environments 
(eg, sinks) in the Chicago metropolitan area between 2017 
and 2018 (Hosp_Env). While these isolates were not collected 
from patients, they are healthcare-associated and could be of 
human origin or serve as a reservoir for potential infections. 
CC446 isolates were identified from these collections through 
postsequencing in silico MLST using allele sequences and 
MLST profiles listed in the PubMLST database [14].

Complete methods for antimicrobial resistance testing are 
described in the Supplementary Methods. Briefly, minimum 
inhibitory concentrations (MICs) against 8 antibacterial agents 
from 7 antipseudomonal classes were determined for each iso-
late using microbroth dilution [15]. Isolates were designated as 
multidrug-resistant (MDR) if they were nonsusceptible to an 
antibiotic from ≥3 classes and extensively drug-resistant if they 
were susceptible to antibiotics from ≤2 classes tested following 
standardized criteria [16].

Whole-genome Sequencing and Sequence Analysis

In addition to the isolates described above, 2483 P. aeruginosa 
genomes previously deposited in the National Center for 

Biotechnology Information (NCBI) database (accessed 26 
October 2017, deposited 2006–2017) were screened using in 
silico MLST to identify CC446 isolates. The PacBio platform 
was used to sequence isolate PABL048 to generate a complete 
CC446 genome. De novo assembly yielded the complete cir-
cularized genome and 1 circular plasmid (pPABL048). To de-
termine core genome single-nucleotide variants (SNVs), all 
CC446 genomes were aligned to the PABL048 chromosome. 
Phylogenetic relationships within CC446 were examined using 
core genome alignments to construct a maximum likelihood 
phylogenetic tree, which was then corrected for the impact of 
recombination. ST298* genomes with known isolation dates 
were then extracted from a recombination-filtered core genome 
alignment and the recombination-corrected tree and used to 
construct a Bayesian time-scaled phylogeny of this subclade. 
Complete methods for bioinformatic analyses are described in 
the Supplementary Methods.

RESULTS

Geographic Distribution of CC446 Isolates

In the process of investigating P. aeruginosa strains from col-
lections obtained at a single medical center (NMH), we noted 
an unusually large representation of isolates with the closely re-
lated ST298 and ST446 genotypes. BURST analysis identified 
these STs, which are single locus variants, as central members 
of a larger CC consisting of 20 STs. This CC was termed CC446 
after the likely group founder (Figure 1A).

Next, we used in silico MLST to screen 6 P. aeruginosa pa-
tient and healthcare environmental strain collections from 
Chicago, Boston, and Spain (a total of 1259 isolates) for CC446 
isolates and identified 54 (Table 1). Additionally, we screened 
2483 P. aeruginosa genomes previously deposited in the NCBI 
database to identify another 38 CC446 isolates (Table 1). In 
total, we identified 92 CC446 isolates (49 ST298 and 43 ST446; 
Supplementary Table 1). All CC446 isolates in this study were 

Table 1. Sequenced CC446 Isolates and Collection Source

Collection
No. of Iso-

lates
ST298 
(No.)

ST446 
(No.)

Total CC446 
(No.) Location Source Years

PABL 100 9 2 11 NMH Blood cultures 1999–2003

MolEpi 301 10 4 14 NMH Microbiology and molecular epidemi-
ology laboratory

2002–2009

PA-NM 99 4 1 5 NMH Patient samples 2013–2018

Hosp_Env 58 1 6 7 Chicago metropol-
itan area

Healthcare facility environments (eg, 
sinks)

2017–2018

BWH 100 2 1 3 Boston Patient samples 2015–2016

PASP 601 2 12 14 Spain Blood cultures 2008–2009

National Center for  
Biotechnology Information 

2483 21 17 38 Variousa Publicly available genome sequences …

Abbreviation: BWH, Brigham and Women’s Hospital; Hosp_Env, Hospital Environment; MolEpi, Molecular Epidemiology; NMH, Northwestern Memorial Hospital, Chicago, Illinois; PABL, 
Pseudomonas aeruginosa Bloodstream; PA-NM, Pseudomonas aeruginosa Northwestern Memorial Hospital; PASP, Pseudomonas aeruginosa Spain.
aUnited States, Argentina, Belgium, Canada, Columbia, France, Germany, Netherlands, Pakistan, Portugal, and Spain.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
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either ST298 or ST446, suggesting that these are the dominant 
clinical STs in this clonal complex. Whole-genome sequences 
were available for each of these isolates, and several had been 
previously published [17–21]. We also found multiple instances 
of CC446 strains mentioned in the literature and the PubMLST 
database for which whole-genome sequences were not avail-
able [7, 14, 22–26]. These CC446 isolates were cultured from 
North America, South America, Europe, Asia, and Oceania, 
indicating that CC446 is globally distributed (Figure 1B).

Antimicrobial Resistance of CC446 Isolates

We had access to the 54 CC446 isolates from the Chicago, Boston, 
and Spain collections and performed microbroth-dilution an-
tibiotic susceptibility testing on them (Supplementary Table 
2). Overall, 51.9% (28/54) of the isolates were MDR, of which 
53.6% (15/28) were XDR. AMR was most prevalent in isolates 
collected at NMH, with 76.7% (23/30) of isolates MDR and 
60.9% (14/23) of those XDR. In particular, almost all NMH 
ST298 isolates (21/23, 91.3%) were MDR, of which many 
(13/21, 61.9%) were XDR. Of the 14 Spanish CC446 isolates, 
4 ST446 isolates were MDR, 1 of which was XDR. One of 3 
CC446 isolates from Boston was MDR. In contrast to isolates 
collected from patient samples, none of the 7 healthcare en-
vironmental CC446 isolates were MDR. Additionally, 4 XDR 
ST298 strains from NMH showed nonsusceptibility to the re-
cently developed β-lactam/β-lactamase inhibitor combinations 
ceftazidime-avibactam and ceftolozane-tazobactam on disk dif-
fusion testing (Supplementary Table 2). The high prevalence of 
MDR/XDR isolates in this study, coupled with the global distri-
bution of CC446 (Figure 1B) and previous reports of AMR in 
this clonal complex [7, 18, 20, 21, 25], support the classification 
of CC446 as an emerging high-risk clone.

Identification of AMR Integron in1697 in NMH ST298 Isolates

To determine the genetic basis for the high rates of AMR in 
ST298 isolates from NMH, we identified resistance genes from 
their whole-genome sequences using the ResFinder database 
[27]. We identified a locus containing multiple AMR genes 
present in 16 MDR ST298 isolates from NMH. This locus was 
present in 76.2% (16/21) of MDR ST298 isolates from NMH, 
and 81.3% (13/16) of these isolates were XDR (Supplementary 
Table 2). Characterization of this locus revealed it to be a novel 
class 1 integron designated in1697 (Figure 2A). As is common 
for class 1 integrons, it consists of a 5’ conserved segment (5’-
CS) containing the intl1 integrase gene and a promoter driving 
cassette expression, several resistance gene cassettes, and a 3’ 
conserved segment (3’-CS) containing sul1 (sulphonamide 
resistance) and qacE∆1 (quaternary ammonium compound 
[QAC] resistance) [28]. Gene cassettes in in1697 include the 
β-lactamase blaOXA-10, aminoglycoside resistance genes aadB 
and aadA10e, and QAC resistance gene qacF. Isolates with 
in1697 showed high levels of gentamicin resistance (>128 µg/
mL) not seen among other CC446 isolates tested. These find-
ings suggest that a novel integron, in1697, contributes to the 
antibiotic resistance of some CC446 isolates.

Identification of a Large AMR Plasmid in NMH ST298 Isolates

To investigate the genomic context of in1697, we performed 
long-read sequencing and complete genome construction for 
1 in1697-positive isolate from NMH (PABL048). This yielded 
a 6 879 622 bp bacterial chromosome and revealed that in1697 
is located on a large plasmid (414  954  bp) that we named 
pPABL048 (Figure 2B). The plasmid pPABL048 contains 496 
coding sequences, some of which were predicted to encode 
for antimicrobial/disinfectant resistance proteins, heavy metal 

Figure 1. Clonal complex definition and global distribution of CC446. A, Global optimal eBURST diagram showing sequence types in CC446. The likely founder of the clonal 
complex (ST446) is indicated in light green, and subgroup founders (ST298 and ST1963) are indicated in dark green. B, World map indicating countries where CC446 isolates 
have been detected. Countries with at least 1 isolate associated with a genome analyzed in this study are shaded blue. Countries in which a CC446 isolate has been reported 
but no genome was available are shaded in black.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
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resistance proteins, and chemotaxis proteins (Supplementary 
Table 3). Screening both the PABL048 chromosome and 
plasmid against the virulence factor database identified sev-
eral predicted virulence factors on the plasmid, with 3 related 
to Type IV pili and 1 potentially related to carbon storage reg-
ulation (Supplementary Table 4) [29]. Sequencing reads for 
all isolates containing in1697 showed substantial alignment 
to pPABL048 (generally >90% sequence coverage) with few 
SNVs (≤4; Supplementary Table 5), indicating that these iso-
lates contain very similar plasmids. The exception is PS1875 
(57.6% alignment), which is missing a large contiguous por-
tion of the plasmid (data not shown). in1697 was not found 
outside the context of pPABL048. In summary, pPABL048 is a 
large ST298-associated plasmid containing a novel AMR class 
1 integron.

Two ST298 strains from NMH, PABL036 and PABL067, ex-
pressed a heterogeneous pattern of resistance. That is, some 
colonies from the same culture stock expressed high levels of 
gentamicin resistance while others did not. Whole-genome 
sequencing confirmed that this variable pattern of resistance 

was associated with the presence or absence of the AMR 
plasmid pPABL048 (Supplementary Table 5). This discrepancy 
accounts for the lack of in1697 in our initial whole-genome se-
quence of PABL067. These findings indicate that pPABL048 
can be spontaneously lost by some strains, which could poten-
tially cause inaccurate antibiotic susceptibility results.

To explore the function of the plasmid, we generated 
plasmid-cured variants of PABL048 (PABL048-c1 and 
PABL048-c2; Supplementary Table 5) and tested the impact 
of pPABL048 on AMR. Isolates lacking the plasmid showed 
reduced MICs to gentamicin and piperacillin-tazobactam 
compared with their isogenic partners possessing the plasmid 
(Table 2), indicating that pPABL048 encodes for resistance to 
these antibiotics.

Phylogenetic Analysis of CC446

To better understand the relationships between CC446 iso-
lates included in this study, we constructed a recombination-
corrected maximum likelihood phylogenetic tree based on core 
genome alignment to the PABL048 chromosome (Figure 3). 

Figure 2. Characterization of the plasmid pPABL048. A, Description of the antimicrobial resistance (AMR) class I integron in1697 of pPABL048. in1697 consists of a 5’ con-
served segment (5’-CS) with the integrase intI1 and promoter Pc, AMR cassettes, and a 3’ conserved segment (3’-CS) of qacE∆1 and sul1. Complete attC recombination sites 
were identified downstream of qacF and aadB, and truncated attC sites were identified downstream of blaOXA-10 and aad10Ae. in1697 appears to be part of a transposable-
like element that includes a partial tni transposon operon and has as its borders IRi and IRt (25-bp imperfect [92% identity] inverted repeats). B, Diagram of pPABL048 with 
rings (from in to out) showing guanine-cytosine (GC) skew, GC%, coding sequences, and position in base pairs. The location of in1697 is highlighted in red.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
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We found that while ST298 and ST446 are closely related, they 
are phylogenetically distinct. The majority (21/30) of CC446 
isolates from NMH clustered in a distinct ST298 subclade 
(designated ST298*), which was not seen in any of the other 
collections. Both pPABL048 and in1697 are exclusive to this 
subclade. ST298* isolates were collected between 2000 and 
2017 (with pPABL048 first detected in 2001). While ST298* 
was only detected at NMH, ST298 and ST446 isolates outside 
of this subclade were also present at NMH. This suggests that 
a prolonged local epidemic of ST298* had occurred in addition 
to the general circulation of other CC446 isolates. ST298* iso-
lates showed high levels of AMR, while sporadic CC446 iso-
lates from NMH were largely sensitive to antimicrobials, the 

exceptions being the ST446 isolates PS1946 (MDR) and PS1948 
(XDR; Supplementary Table 2).

Time-scaled Phylogenetic Analysis of ST298* Subclade

We used Bayesian phylogenetic analysis to construct a time-
scaled phylogenetic tree of 17 ST298* isolates with available 
collection dates (Figure 4). The most recent common an-
cestor for ST298* is estimated to have arisen in the year 1980 
(mean, 1980.9; 95% highest posterior density (HPD) interval, 
1973.8–1987.4). Based on this analysis, ST298* has been 
evolving at a rate of 1.80 (95% HPD interval, 1.32–2.29) core 
genome SNVs/year. This is comparable to previous estimates 
in nonhypermutable P. aeruginosa [30, 31].

Table 2. Minimum Inhibitory Concentrations of ST298* Pseudomonas aeruginosa Isolates With and Without pPABL048

 Name
 

pPABL048

Minimum Inhibitory Concentration (µg/mL)

Gentamicin Cefepime Ceftazidime Piperacillin-Tazobactam Meropenem Aztreonam Ciprofloxacin Colistin

PABL048 + >128–ns 8 2 64–ns 8–ns 32–ns 32–ns 0.5

PABL048-c1 - 4 4 4 16 4–ns 16–ns 16–ns 0.5

PABL048-c2 - 8–ns 4 4 16 4–ns 16–ns 16–ns 0.5

PABL036-GentR + >128–ns 8 4 32–ns 8–ns 16–ns 32–ns 0.5

PABL036-GentS - 4 4 4 16 8–ns 16–ns 32–ns 0.5

PABL067-GentR + >128–ns 8 4 64–ns 8–ns 32–ns 32–ns 0.5

PABL067-GentS - 4 4 4 16 4–ns 16–ns 32–ns 0.5

Abbreviations: +, plasmid pPABL048 is present; —, plasmid pPABL048 is absent; c, experimentally cured of pPABL048; GentR, derived from gentamicin-resistant colony; GentS, derived from 
gentamicin-sensitive colony; ns, nonsusceptible (intermediate and resistant); as defined by the Clinical Laboratory Standards Institute.

Figure 3. Recombination-corrected maximum likelihood phylogenetic tree of the CC446 isolates included in this study based on core genome alignment to the chromosome 
of PABL048. A, Midpoint-rooted circular tree annotated (from inner to outer rings) with sequence type, collection of origin, and the presence of in1697. B, Unrooted radial 
tree with sequence type and subclade indicated by blue (ST446), green (ST298), and gray (ST298*) outlines. Isolates collected from NMH are indicated with purple circles. 
Abbreviations: BWH, Brigham and Women’s Hospital;  Hosp_Env, Hospital Environment; NCBI, National Center for Biotechnology Information; NMH, Northwestern Memorial 
Hospital; SNV, single-nucleotide variant; PASP, Pseudomonas aeruginosa Spain.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
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Mutational Resistance in ST298*

While pPABL048, likely through in1697, contributes to in-
creased resistance to aminoglycosides and penicillins, acquired 
AMR genes do not explain the resistance of ST298* isolates to 
other antibacterials. We investigated whether mutations could 
explain these resistance patterns. PABL048 harbors a T83I sub-
stitution in GyrA and a S87L substitution in ParC that, in com-
bination, confer high fluoroquinolone resistance [32]. PABL048 
also possesses a 4 amino acid deletion (residues 12–15) and 
3 single amino acid substitutions in NalC compared with the 
reference strain PAO1. While the impact of these mutations is 
unknown, inactivation of NalC increases resistance to multiple 
antibacterials through MexAB-OprM efflux pump overproduc-
tion [33]. Mutations impacting the porin OprD can play a role 
in carbapenem resistance [34]. ST298* isolates, all of which are 
meropenem nonsusceptible, show multiple amino acid substi-
tutions of unclear significance in OprD compared with PAO1. 
The ST298* isolates with the highest meropenem resistance 
(PS2027, PA-NM-069, PA-NM-079, PA-NM-088) show both 
amino acid deletions from residues 12–54 as well as amino 
acid substitutions in residues 2–10 (Supplementary Figure 1). 
Ceftazidime resistance in the ST298* isolates PS1793, PS1796, 
and PS1797 is likely secondary to a deletion of amino acid res-
idues 2–30 in AmpD, leading to AmpC overproduction [35]. 
These 3 isolates also share 2-amino-acid substitutions in the 
plasmid-borne OXA-10, which may confer extended-spectrum 
β-lactamase activity. These substitutions include the G157D 

substitution previously seen in the extended spectrum OXA-10 
variant OXA-14 [36] as well as a F153S substitution. These find-
ings suggest that ST298* isolates have accumulated mutations 
that confer antibiotic resistance.

Comparative Genomics of pPABL048

While pPABL048 appears to be exclusive to ST298*, evidence 
of related plasmids can be seen in other isolates, including 
LLTF and MPVG from this study (Supplementary Table 5). 
We identified 16 complete plasmids with substantial se-
quence alignment (≥70% coverage) to pPABL048 in multiple 
Pseudomonas species (Supplementary Table 6), suggesting 
that pPABL048 is part of a family of large Pseudomonas 
genus plasmids. No similar plasmids were found in available 
sequences from non-Pseudomonas Gammaproteobacteria. 
We defined the “plasmid backbone” as sequence positions 
present in 16/17 of these plasmids (Supplementary Figure 
2A). While in1697 is not part of the backbone, other genetic 
features, such as replication and partitioning genes, a che-
motaxis locus, putative pilus locus, and a tellurium resist-
ance locus are common to these plasmids. The “backbone” 
replication protein gene common to these plasmids has not 
been characterized. Of note, other cases of integron-mediated 
AMR have been described in this family of plasmids [37–39]. 
To identify additional Pseudomonas isolates that may carry 
pPABL048-like plasmids, we screened publicly available 
draft genomes and identified 32 with >70% alignment to 

Figure 4. Time-scaled phylogenetic tree of ST298* isolates. Tips indicate date of isolation. Root is the estimated last common ancestor of these isolates (mean, 1980.9; 
95% highest posterior density interval, 1973.8–1987.4). The presence of in1697 is indicated by shaded bars on the right, with light gray indicating heterogenous presence in 
only some colonies for a given isolate.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz973#supplementary-data
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pPABL048 (Supplementary Table 7). Phylogenetic analysis of 
all 63 pPABL048-like sequence alignments shows that they 
do not appear to segregate by species (Supplementary Figure 
2B, C). Additionally, ST298* pPABL048 alignments form a 
distinct group, showing that pPABL048 itself has not been 
previously reported. These results indicate that pPABL048 
is a novel member of a family of large Pseudomonas genus 
plasmids.

DISCUSSION

In this study, we identified a subclade of CC446, termed 
ST298*, that is responsible for a prolonged epidemic of XDR 
P.  aeruginosa infections at NMH from at least 2001 through 
2017. Extensive antimicrobial resistance in ST298* was due in 
part to the presence of the large novel AMR plasmid pPABL048, 
but ST298* isolates lacking this plasmid were still universally 
MDR. The long-term persistence of ST298* P.  aeruginosa is 
clinically significant, both from the standpoint of infection pre-
vention at this institution and in highlighting the potential risk 
posed by CC446 at healthcare centers in general. Additionally, 
with its global distribution and multiple incidents of high AMR 
both from this study and other reports in the literature [7, 18, 
20, 21, 25], we provide evidence that CC446 is an emerging 
high-risk lineage of P. aeruginosa.

While we were able to identify the XDR subclade ST298* at 
NMH and show that it has repeatedly caused highly AMR in-
fections, we lack additional epidemiological data to link these 
cases. However, our findings suggest the existence of a persis-
tent reservoir for ST298* isolates over the last 2 decades. We hy-
pothesize that this reservoir could be within NMH itself, from a 
common source outside the hospital (eg, a long-term acute care 
hospital), or more widespread throughout Chicago healthcare 
settings. It is notable that the estimated date of emergence of the 
last common ancestor for the ST298* subclade (1980; Figure 4) 
is nearly 20 years prior to the opening of the current NMH in-
patient facility in 1999. It is important to note that only a limited 
number of isolates from Chicago came from sources outside of 
NMH, and we were unable to determine the extent to which 
ST298* has spread throughout the region. It will be critical to 
assess whether this lineage is unique to NMH or more wide-
spread. As such, future work integrating both microbiological 
and epidemiological approaches is needed to identify the reser-
voir and geographic spread of ST298*.

The plasmid pPABL048 containing the AMR integron 
in1697 has contributed to the XDR phenotypes of ST298* 
isolates. While pPABL048 is unique to ST298*, it is part of a 
family of large Pseudomonas genus plasmids. The involvement 
of both pPABL048 and related plasmids in drug-resistant in-
fections [37–39] highlights the clinical importance of this 
plasmid family. Further investigation is needed to determine 
the impact of the pPABL048 family of plasmids on bacterial 
phenotypes that could contribute to increased persistence 

or fitness, with a specific focus on predicted virulence fac-
tors that may affect adhesion, motility, and carbon storage 
(Supplementary Table 4).

Although recognized high-risk clones such as ST235, ST111, 
and ST175 are enriched for antibiotic resistance and cause a 
large proportion of MDR/XDR infections worldwide [3, 5–8], 
relatively susceptible isolates from these STs also occur [5, 8, 
18, 40]. Additionally, the genetic bases for AMR in these STs 
are diverse [3, 9], suggesting that the propensity to acquire 
antibiotic resistance is a hallmark of high-risk clones. Our 
findings show that CC446 has many of these same features. 
Although our study documents XDR ST298* isolates at only 
a single institution, CC446 organisms as a whole are respon-
sible for clinically significant infections worldwide (Figure 1B). 
While not all CC446 isolates tested in this study were MDR/
XDR, the frequency of these phenotypes unmasks the high po-
tential for AMR within this clonal complex. Previous findings 
support this, with multiple geographically distinct reports of 
MDR CC446 isolates [7, 18, 20, 21, 25]. Mechanisms of resist-
ance among these isolates are varied and include other AMR 
plasmids [20, 21], extended spectrum β-lactamases (eg, VIM-
2) [7, 21–24], and chromosomal mutations [17, 20, 21, 25]. 
These findings are consistent with the assertion that CC446 
represents an emerging high-risk clone with the potential to 
cause further MDR outbreaks.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, the 
posted materials are not copyedited and are the sole responsibility of the 
authors, so questions or comments should be addressed to the corre-
sponding author.
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