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% Check for updates Carbapenem-resistant Acinetobacter baumannii (CRAB) is a persistent noso-
comial pathogen that poses a significant threat to global public health, parti-
cularly in intensive care units (ICUs). Here we report a three-month
longitudinal genomic surveillance study conducted in a Hangzhou ICU in 2021.
This followed a three-month study conducted in the same ICU in 2019, and
infection prevention and control (IPC) interventions targeting patients, staff
and the ICU environment. Most A. baumannii isolated in this ICU in 2021 were
CRAB (80.9%; 419/518) with higher-level resistance to carbapenems. This was
accompanied by the proportion of global clone 2 (GC2) isolates falling from
99.5% in 2019 to 50.8% (213/419) in 2021. The phylogenetic diversity of GC2
increased, apparently driven by regular introductions of distinct clusters in
association with patients. The remaining CRAB (40.2%; 206/419) were a highly
clonal population of ST164. Isolates of ST164 carried blanpwm.1 and blaogxa-»3
carbapenemase genes, and exhibited higher carbapenem MIC5o/MICqq values
than GC2. Comparative analysis of publicly available genomes from 26 coun-
tries (five continents) revealed that ST164 has evolved towards carbapenem
resistance on multiple independent occasions. Its success in this ICU and
global capacity for acquiring resistance determinants indicate that ST164
CRAB is an emerging high-risk lineage of global concern.

Acinetobacter baumannii is a Gram-negative bacterial pathogen that extensive resistance to antibiotics. Carbapenem-resistant A. bau-
causes ventilator-associated pneumonia and bloodstream infections in  mannii (CRAB) are often only sensitive to tigecycline and polymyxins®,
critically ill hospital patients globally"*. The morbidity and mortality and can persist in hospital environments for extended periods'.
associated with A. baumannii infections are exacerbated by its Resolving CRAB outbreaks can require modifications to practice and
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infrastructure that imposes significant clinical, logistical, and financial
costs*. In 2024, the World Health Organisation (https://www.who.int/
publications/i/item/9789240093461) reiterated its declaration of
CRAB as a priority organism (Critical group) for which novel ther-
apeutics are urgently required’.

Given the limited options for antimicrobial chemotherapy, infec-
tion prevention and control (IPC) strategies must play a substantial
role in limiting the impact of CRAB in hospitals®. Effective genomic
surveillance has the capacity to inform IPC approaches by defining
outbreaks and identifying sources and pathways for bacterial trans-
mission. Recent hospital studies have demonstrated the utility of
whole-genome sequencing (WGS) for high-resolution characterisation
of A. baumannii outbreaks or persistent populations®’. The crucial
need to develop a thorough understanding of the longer-term per-
sistence, transmission and evolution of CRAB populations in nosoco-
mial settings provided the motivation for undertaking this study.

In August-October 2019, we conducted a 13-week genomic sur-
veillance study of CRAB in a 28-bed intensive care unit (ICU) located in
Hangzhou, China'®. We found that the ICU CRAB population was
dominated by representatives of global clone 2 (GC2), which is one of
two clones that account for the majority of CRAB globally®. Consistent
with global reports, carbapenem resistance in this GC2 population was

Table 1] Clinical data of patients who were in the ICU during
this study

Item Number of patients Percentage
Sex

Male 79 60.3% (79/131)
Female 52 39.7% (52/131)
Age (Years)

0-5 0 0 (0/131)

6-64 53 40.5% (53/131)
265 78 59.5% (78/131)
Patients’ ward source

Admission ICU directly 91 62.3% (91/146%)
General Surgery 26 17.8% (26/146)
Infectious Disease 6 4.1% (6/146)
Orthopaedics 4 2.7% (4/146)
Gastroenterology 3] 2.1% (3/146)
Neurology 3 2.1% (3/146)
Respiratory Medicine 3 2.1% (3/146)
Haematology 8 2.1% (3/146)
Others 7 4.8% (7/146)
Length of ICU stay

0-10 days 78 53.4% (78/146)
11-20 days 31 21.2% (31/146)
21-30 days 12 8.2% (12/146)
>31 days 25 17.1% (25/146)
Antimicrobials used in the ICU

Carbapenems® 25 19.2% (25/131)
Cefoperazone/Sulbactam 19 14.5% (19/131)
Piperacillin/Tazobactam 53 40.5% (53/131)
Levofloxacin 6 4.6% (6/131)
Moxifloxacin 2 1.5% (2/131)
Polymyxin B 6 4.6% (6/131)
Tigecycline 8 6.1% (8/131)
Unused 7 5.3% (7/131)

#146:Eight patients were admitted into the ICU and discharged from the ICU multiple times
during the 3-month sampling period. Thus, the number is 146 and not 131.
®lmipenem, memropenem, ertapenem.

conferred by the blapxa-»3 carbapenemase gene, which was present in
composite transposons Tn2006 or Tn2009 inserted at several differ-
ent chromosomal sites'°, Comparative analyses revealed that the GC2
population in this ICU was phylogenetically diverse, and the diversity
appeared to have been shaped by independent introductions of mul-
tiple distinct GC2 clusters to the ICU. We detected putative CRAB
transmission events between bed units and rooms within the ICU, and
the spatiotemporal co-location of diverse CRAB clusters facilitated
three horizontal gene transfer events over the course of the study™.

Informed by that first study, we planned to implement a set of IPC
interventions and then perform a follow-up study to evaluate their
effectiveness in reducing the prevalence of CRAB in the ICU. However,
ICU operations were interrupted by the outbreak of COVID-19 in early
2020, and access to the ICU was restricted. Consequently, the imple-
mentation of planned CRAB-focused interventions was delayed until
September 2020. Once introduced, the suite of interventions targeted
ICU patients, the ICU environment (including equipment and sinks),
and ICU staff (Supplementary Table 1). Full access to the ICU was
restored in late November 2020, enabling us to conduct a second
high-resolution genomic surveillance study, with a methodology
identical to that of our pre-COVID-19 pandemic study, in
May-July 2021.

Here we describe the follow-up longitudinal study of A. baumannii
in this Hangzhou ICU. Over a 13-week period, we applied a deep-
sampling approach to ICU patients and the ICU environment. All A.
baumannii isolates were whole-genome sequenced. The structure and
dynamics of this population were compared to those from our original
study to evaluate the population’s longer-term development, and its
response to IPC interventions. Moreover, a global phylogenetic and
geographic distribution analysis of the high-risk emerging ST164 CRAB
lineage was performed to lay a foundation for targeted infection pre-
vention and control (IPC) strategies to control the spread of this clone
in ICUs.

Results

A. baumannii infections were rare despite a high abundance in
patients and bed units

A total of 131 patients (79 male; 52 female; median age 68 years;
interquartile range [IQR] = 55.5-77.5) were sampled over the 3-month
study period (Table 1). The median length of patient stay, from
admission to discharge or the end of the study, was 10 days (IQR:
5-21.5 days). Most patients (53.4%) were in the ICU for <10 days, but
17.1% were present for >31 days. Moreover, the median length of ICU
stay of A. baumannii-infected patients (clinical isolative positive) was
28.5 days (IQR: 24-42.3 days). The median length of other ICU patients
was 9 days (IQR: 5-16 days). The length of stay (LoS) of A. baumannii-
infected patients was significantly longer than other patients in the
ICU. Samples were taken each Tuesday, and patients were screened
within the first 48 h after admission when possible. “Bed units”, defined
as the environmental sites of each bed and its associated equipment,
were sampled on 363/364 (99.7%) planned sampling occasions, as one
patient was undergoing bedside surgery on a single planned sampling
occasion. Patients were sampled on 303/346 (87.6%) planned
occasions.

A total of 5341 samples were collected from patients and envir-
onmental sites. A. baumannii was isolated from 505 samples: 382/4450
(8.6%) environmental samples and 123/891 (13.8%) patient samples.
Bed units yielded more environmental isolates (374/4317, 8.7%) than
communal areas outside bed units (8/133 samples, 6.0%). Within bed
units, ventilators (56/281 samples, 19.9%) and ventilator shelves (40/
275 samples, 14.6%) yielded the most A. baumannii. Of the 131 patients
screened, 41.2% (54/131) were A. baumannii-positive on at least one
sampling occasion, with most of the positive samples originating from
nasogastric tube (33/174, 19.0%) or oral (40/220, 18.2%) swabs, fol-
lowed by rectal swabs (38/273, 13.9%), nasojejunal tube (4/49, 8.2%),
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endotracheal tube (5/94, 5.3%) and tracheostomy tube (3/81, 3.7%).
A set of 13 isolates obtained from diagnostic clinical specimens were
collected from 10 patients over the study period; one from an
abdominal excision exudate and 12 from sputum.

Most ICU A. baumannii were carbapenem-resistant

Over the study period, 19.1% (25/131) of ICU patients were treated
with carbapenems imipenem, meropenem, or ertapenem. MIC
testing of all 518 A. baumannii in this collection revealed that the
rates of resistance to both imipenem and meropenem were 80.9%
(419/518) (Fig. S4). A larger proportion of patient isolates (116/123;
94.3%) were CRAB than environmental isolates (303/382; 79.3%).
However, the isolation rate of CRAB clinical strains of patients
decreased from 8.6% (2019) to 7.6% (2021). The B-lactam/B-lacta-
mase inhibitor combinations cefoperazone/sulbactam and piper-
acillin/tazobactam were administered to 14.5% (19/131) and 40.5%
(53/131) of patients, respectively. The resistance rates to these
combinations were 80.3% (416/518) for cefoperazone-sulbactam
(1:1) and 81.1% (420/518) for cefoperazone-sulbactam (2:1). Resis-
tance rates to sulbactam alone, ciprofloxacin, and amikacin were
80.9% (419/518), 80.9% (419/518), and 23.0% (119/518), respectively.
All isolates were sensitive to colistin and tigecycline.

To quantify levels of carbapenem resistance in the CRAB popu-
lations from before and after the intervention period, we compared
the imipenem MICs that would be sufficient to inhibit 50% (MICs) and
90% (MICyo) of all isolates in each collection. For the 419 CRAB isolated
in this study, the MICso and MICqq to imipenem were 64 and 128 mg/L,
respectively. The imipenem MICso/MICqq values for the 551 CRAB
isolated in our first study were 32 and 64 mg/L, respectively. This data
reflects an increase in carbapenem resistance levels in this ICU
between 2019 and 2021. However, total sensitivity to colistin and
tigecycline remained consistent across study periods.

Whole-genome sequencing revealed shifts in the circulating
CRAB population

All (n=518) A. baumannii isolates were whole-genome sequenced
(Supplementary Data 1). Genome sequence data revealed that the
population included representatives of 36 different sequence types
according to the Pasteur MLST scheme (Fig. 1A). Most of the diversity
was seen amongst the carbapenem-sensitive population, which inclu-
ded isolates from 34 different STs, 20 of which were represented by a
single isolate each. Only three of these STs were represented by ten or
more isolates: ST240, ST40, and ST221. The carbapenem-resistant
population was comprised of just two sequence types: ST2/GC2 (213
isolates; 50.8%) and ST164 (206 isolates; 49.2%). The presence of
ST164, accounting for approximately half of the CRAB isolates in this
study, represents a major shift from 2019, where the CRAB population
was dominated by GC2 (548/551; 99.5%) (Fig. 1A). ST164 isolates were
obtained from clinical specimens in this ICU earlier in 2021, and this ST
has recently been described as a new international clone (IC11), with
reports of human infections in Europe, Asia, Africa and the Middle
East". Imipenem MICso/MICoq values for the 206 ST164 isolates were
128/128, and 32/64 mg/L for the 213 GC2 isolates, indicating that the
appearance of ST164 was responsible for the overall increase in car-
bapenem resistance between studies.

GC2 and ST164 were isolated throughout the study period and
across the ICU (Fig. 1B). On 37/364 (10.2%) sampling occasions, GC2
and ST164 were isolated from the same bed unit. Despite their near-
even prevalence in the ICU environment and patients, GC2 strikingly
accounted for 12/13 (92.3%) clinical isolates obtained over the study
period, with the remaining sputum isolates belonging to ST164. In
contrast to GC2 and ST164, carbapenem-sensitive (CSAB) STs
appeared sporadically over the course of the study and were generally
localised to a single room, patient or time point (Fig. S5).

The GC2 population shifted significantly between studies
through the introduction of multiple discrete sub-clusters
Consistent with our first study, carbapenem-resistance in GC2 CRAB
isolates was conferred by the carbapenemase gene blaoxa-;. To
determine the genomic contexts of these blapxa.»3 genes, we exam-
ined 19 hybrid-assembled complete GC2 genomes and screened the
collection of 213 GC2 draft genomes with signature sequences indi-
cative of the Tn2006 or Tn2009 insertions identified in our first
study'. This revealed that the chromosomal positions encountered in
the first study accounted for blagxa.»3 carriage in all GC2 isolates col-
lected here (Fig. 2A; Supplementary Data 1). Additionally, one hybrid-
assembled genome (DETAB-E2110) contained two copies of Tn2006,
with the second copy found in the 13,545bp plasmid pDETAB10/
Tn2006 (Fig. S6). pDETAB10/Tn2006 was generated by the insertion of
Tn2006 into the backbone of the 8731bp R2-T1 type plasmid pDE-
TAB10, which was present in 75/547 (13.7%) GC2 isolates in our first
study and 175/213 (82.2%) GC2 isolates here. Screening this collection
with the signatures of this insertion revealed that pDETAB10/Tn2006
was not present in any other isolates. DETAB-E2110 had MIC values of
128 and >128 mg/L for imipenem and meropenem, which were the
equal-highest observed in this collection.

Although the GC2 isolates collected here shared Tn2006/Tn2009
insertions with the GC2 clusters examined in our previous study,
chromosomal segments that contain transposons can be exchanged
by homologous recombination between distinct A. baumannii
strains'?, so we sought phylogenetic evidence to assess cluster persis-
tence in this ICU. To determine whether the GC2 population observed
in this study was derived from that present in 2019, we constructed a
phylogeny from the GC2 genomes obtained here, along with repre-
sentative genomes for each of the 17 GC2 clusters identified in our first
study (Fig. 2A). The phylogeny featured three large clusters (labelled x,
yand z in Fig. 2A) that included 49, 72 and 92 GC2 genomes from this
study. Each of the large clusters was separated from the others by long
branches in the phylogeny. Representatives of 16 GC2 clusters from
the 2019 study were confined to the diverse central cluster (x in
Fig. 2A), with a single representative present in one of the two more
clonal clusters, cluster 24 (C24) (y in Fig. 2A). Within the diverse central
cluster, representatives from the 2019 study were largely distinct from
isolates collected here, with the exception of C16, which differed from
isolate DETAB-P494 by just one core-gene SNP (cgSNP). Overall, the
GC2 population was more diverse in 2021 than it was in 2019, which is
consistent with frequent and ongoing introductions of distinct GC2
clusters to the ICU. Further supporting this, some 2021 GC2 clusters
(C18-23) appeared briefly in the ICU, and were present for no more
than three sampling weeks (Fig. 2B). These will be referred to as
transient GC2 clusters.

To detect putative patient-associated introductions to the ICU
over the course of this study, we identified instances where, apart from
in week 1, the first isolates of transient GC2 clusters appeared in patient
samples. We found six such instances, involving six different clusters
(Fig. 2C). Within transient clusters, isolates differed by 0-4 cgSNPs.
The numbers of patient samples within each transient cluster
(C18-C23) were 1, 5,1, 7, 1 and 2, respectively (Fig. 2C). C22 was
represented by a single patient isolate, but isolates of the other five
clusters were found in two or more different environments each. These
included the bed units occupied by the patients that initially carried
the clusters, and either bed units within the same rooms (C18, C19,
C21), bed units in different rooms (C23), or a communal cleaning cart
(C20) (Fig. 2C). C19 and C21 were carried by two patients each, and the
second patient that each cluster was isolated from most parsimo-
niously acquired C19/C21 from their contaminated room environ-
ments. All six transient GC2 clusters that first appeared in patient
samples disappeared from the ICU following the departure of the last
patient that carried them (Fig. 2C).
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The largest GC2 clusters, C24 and C25, were present in most (10/13
for C24) or all (13/13 for C25) study weeks (Fig. 2B). The largest cluster,
C25, only contained genomes from this study, all of which differed
from one another by 0-6 cgSNPs (Supplementary Data 2). Isolates in
C24 differed from one another by 0-11 cgSNPs, and from the
2019 study representative C2 genome by 5-10 cgSNPs (Supplementary
Data 2). As representatives of C24 and C25 were already present in the
first week of this study (Fig. 2B), we did not capture their introductions
to the ICU, so cannot determine whether they were introduced in
single or multiple events. However, the presence of sub-clusters of C24
and C25, containing isolates that do not differ at the cgSNP level (O
cgSNPs) but were found in multiple bed units or rooms, is evidence for
the ongoing transmission of C24 and C25 within the ICU.

ST164: A dominant emerging clone recently introduced but fully
established in the ICU

ST164 was not detected in this ICU in our first study. Over the course of
this study, we obtained 206 ST164 isolates from 26 different sample
types from patients and the ICU environment. The three most com-
mon positive sample types were oral (17/206, 8.3%), nasogastric tube
(12/206, 5.8%) and rectal (12/206, 5.8%) swabs for patients, and bedside
table (25/206, 12.1%), ventilator (22/206, 10.7%) and bed rail (16/206,
7.8%) swabs for the environment.

It was, therefore, important to establish whether this lineage had
been introduced recently or had persisted in the ICU for an extended
period. To assess their structural diversity, eight ST164 isolates were
hybrid-sequenced to generate complete genomes. All eight complete
genomes consisted of a 3.9 Mbp chromosome and five plasmids,
pDETEC17-pDETEC21, that ranged from 12,790 to 2309 bp (Fig. 3A).
Screening the entire collection of 206 ST164 short-read assemblies
revealed that the five plasmids were present in almost all ST164 isolates
(pDETABI19 195/206; pDETABI17 201/206; others 206/206).

All ST164 genomes contained five acquired antibiotic resistance
genes (ARGs). Four of these encoded beta-lactamases: blanpm-1, blaoxa-
23, blacars16 and ampC (also called blanpc). In the complete ST164
genomes, all ARGs were located in the chromosome (Fig. 3A). The
blaypy: gene was in the complex transposon Tn6924" inserted
downstream of gimS, along with the bleomycin resistance gene bleyg,
and the aminoglycoside resistance gene aphA6. The remaining beta-
lactamase genes were in four ISAbal composite transposons: blaoxa-»3
in two copies of Tn2006, ampC in Tn6168, and blacagg16 in a novel
transposon named Tn7735 (Fig. 3A). Screening draft genomes with the
junction sequences associated with all five ARG-containing insertions
revealed that they were totally conserved across this ST164
population.

The near-total conservation of mobile genetic elements and
chromosomal insertion sites suggested that the ST164 population in
this ICU was highly clonal. To confirm this, we determined cgSNPs
between all isolates in this collection and found that they ranged from
0 to 21. We did not find evidence for the introduction of ST164 clusters
with patients over the course of this study, and we were aware that the
same ST had been isolated from a sputum specimen collected in this
ICU in January 2021*, four months prior to this study. We therefore
used the genome of that clinical isolate, DETAB-R21, as a reference for a
time-dated phylogeny for the genomes generated here (Fig. 3B). The
time-dated phylogeny was consistent with this ST164 population
having diversified from an initial introduction to the ICU in mid-2020.
The two deepest branches in this phylogeny had estimated dates of
divergence from a common ancestor in April 2020, giving rise to
clusters 164-A and 164-B (Fig. 3B). DETAB-R21 clustered with 164-B.
Both 164-A and 164-B were present in the first and last weeks of this
study, but were not present in every intervening week, with no 164-A
isolates in week 11 and no 164-B in weeks 3 and 12 (Fig. 4). Clusters 164-
C (present in weeks 5-13) and 164-D (weeks 2, 5-10), emerged from 164-
A and 164-B, respectively (Fig. 3B), and were not present in the ICU at

the outset of the study (Fig. 4). Notably, the first isolates of 164-C and
164-D were derived from environmental samples rather than patient
samples, consistent with their emergence from a pre-existing ICU
population rather than from patient-associated introductions over the
course of this study.

Over the course of the study, we observed 10 clear instances
where patients were admitted to the ICU, were A. baumannii-negative
at one or more sampling points, but then yielded ST164 from sub-
sequent oral, rectal or tube swabs. All of these patient-derived ST164
isolates were identical (O cgSNPs; Supplementary Data 3) to one or
more isolates that had previously been obtained from the ICU envir-
onment or from other ICU patients. We conclude that these events
represent acquisition of ST164 from the population persisting in the
ICU. Acquisition events involved three of the four ST164 phylogenetic
clusters: ST164-A in 3/10 cases, ST164-B in 4/10, and ST164-C in 3/10. In
one further case, a patient who produced GC2 from their first
screening samples appeared to acquire ST164-D, which was isolated
from a subsequent oral swab and a clinical sputum sample.

Persistence of CRAB in the ICU results in clinically relevant CRAB
acquisition by patients

Using the phylogenetic evidence described above, we sought to
determine the derivation of each of the 13 CRAB clinical isolates col-
lected over the course of this study and, therefore, to identify the
routes through which they might have been acquired by these 10
patients over the study period. Most (12/13) of the clinical isolates were
GC2, and amongst these, 10 were C25, one was C24, and one was C21.
The remaining clinical isolate was ST164-D. Representatives of all four
of these clusters were present in multiple patient and environmental
samples prior to their appearance in clinical samples, but to avoid any
ambiguity associated with small numbers of cgSNPs (<4), we focused
on comparing identical (O cgSNP) isolates when describing clinically-
relevant CRAB acquisition in the ICU.

The GC2 C21 cluster appears to have been introduced to the ICU
by patient 200 (P200) (see above), who was admitted to the ICU from
either the community or a different hospital (data not available). The
presence of C21 in a P200 clinical sample is, therefore, indicative of
acquisition outside this hospital, before the development of clinically
relevant symptoms requiring sputum sample collection in this ICU.
The GC2 C24 isolates obtained from P172 were identical to isolates
obtained from P172’s first screening samples on arrival to the ICU,
which might suggest that they carried C24 on arrival. However,
because C24 was circulating in the ICU (see above), and identical iso-
lates had been obtained from other patients and the ICU environment
prior to the admission of P172, it is also possible that P172 acquired C24
in the ICU before their first screening samples were taken.

In the remaining eight cases, patients had been CRAB-negative at
one or more sampling points prior to the development of symptoms
that necessitated clinical sample collection. In three of these cases,
isolates identical to the clinical isolates (O cgSNPs) had previously been
isolated from the ICU environment. It, therefore, seems most parsi-
monious that these patients acquired CRAB in the ICU. The five
remaining clinical isolates were not identical to any other isolates in
the collection but differed from multiple isolates by <4 cgSNPs. We
conclude that acquisition in the ICU was responsible for the majority (9
or 10/10) of CRAB found in clinically relevant patient samples over the
course of this study.

Global epidemiology and carbapenemase gene distribution

in ST164

To explore the global distribution of ST164 isolates, we chose four
representative strains from our study to represent the total diversity
observed in this ICU and further incorporated 131 ST164 publicly-
available genomes that were collected in 26 countries from five con-
tinents between 2017 and 2023 (Supplementary Data 4). Overall,
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Fig. 3 | Genomic characteristics of ST164 A. baumannii. A Schematic overview of
the genome of ST164 isolates DETAB-P462. The chromosome is shown as a large

circle with the locations of antibiotic resistance genes, MLST alleles, capsule (K) and
outer core (OC) loci indicated. To the right, plasmids pDETAB17-21 and their sizes
are shown (not to scale). B Time-dated phylogeny of the ST164 population exam-
ined in this study. Prominent branch dates are labelled, and the colours to the right

of the phylogeny reflect ST164 clusters or the presence of antibiotic-resistance
genes and plasmids as outlined in the key. SNP distances between the four ST164
clusters are indicated in circles filled in various colours. The blue arrow indicates
the position of DETAB-R21, the reference isolated that was isolated in this ICU in
early 2021. Source data are provided as a Source Data file.

ST164 strains are primarily distributed in Asian countries (Fig. 5C).
Most publicly-available ST164 genomes (95.6%; 129/135) were isolated
from patients, and the highest numbers of isolates were collected
between 2016 and 2019 (Fig. 5A and B). The most common KL type in

global ST164 isolates was KL47 (63.4%, 83/131), which differs from the
GC2isolates where KL30 (43.2%, 92/213) and KL93 (33.8%, 72/213) were
most common. ST164 genomes could be further divided into ST234
(20%, 27/135), ST1418 (54.8%, 74/135) and novel types (25.2%, 34/135)
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using the Oxford MLST scheme (Fig. 5A). ST164 genomes differed by
between 3 and 6,037 cgSNPs (Supplementary Data 5), and could be
divided into seven main clades via evolutionary branches (Fig. 5A). All
isolates assigned to Clade 1 were from the USA and carried the blanpm-1
cabapenemase gene. Isolates from Clade 6 exhibited the widest geo-
graphical distribution, with representatives isolated on five different
continents. The largest cluster, Clade 7, is dominated by strains iso-
lated from Thailand. Notably, strains collected in China formed a
monophyletic cluster, Clade 2. Importantly, Clade 2 strains harboured
the highest number of carbapenemase genes, which were carried in
multiple transposons, including Tn6924, Tn7735, and up to three
copies of Tn2006. Isolates of other clades (clade 1, clade 3-7) carry at
most one carbapenem resistance gene. Moreover, all strains from
clade 1 carry blanpym-, and the majority of clade 3-7 isolates only har-
boured blapxa.»3. Co-carriage of blanpm1 and blaoxa-»3 has so far only
been seen in China and Malaysia.

Discussion

This follow-up observational study has allowed us to assess the influ-
ence of bundled IPC interventions on an endemic ICU CRAB popula-
tion, in a region where CRAB prevalence is highest globally”. The
nature of bundled intervention strategies complicates assessments of
the impacts of individual IPC measures, and this was further compli-
cated here by the time that passed between studies, as well as by the
changes to ICU access and practice associated with responses to
COVID-19. However, the unique timing of our studies on either side of
the emergence of COVID-19 also afforded us an opportunity to
determine the joint impacts of the intervention strategies as well as the
COVID-19 pandemic on antimicrobial resistance in A. baumannii.

The early and middle periods of the COVID-19 pandemic were
associated with increased rates of antibiotic prescribing in China',
which may have augmented resistance levels in nosocomial bacterial
populations. Increased prescriptions of 3-lactam antibiotics (including
carbapenems) and tigecycline, which have been reported across mul-
tiple studies', are particularly concerning in the context of A. bau-
mannii. The phenotype-agnostic approach to sampling in this study
allowed us to determine that the majority (80.8%) of A. baumannii in
this ICU were CRAB. We observed an increase in the magnitude of
carbapenem resistance in this ICU, with MIC5o/MICy values doubling
between our 2019 and 2021 studies. The increase in carbapenem
resistance levels was driven by the emergence of ST164, which co-
produced NDM-1and OXA-23 carbapenemases. Despite the increase in
carbapenem resistance, all isolates obtained in 2021 remained sensi-
tive to colistin and tigecycline, though monitoring CRAB populations
for resistance to these last-resort antibiotics should remain a high
priority.

Following IPC interventions, we observed a decrease in the
numbers of CRAB isolated from patients and from the ICU environ-
ment and saw a reduction in both the total number of clinical isolates
(from 19 in 2019 to 13 in 2021) and the number of patients from which
clinical isolates were obtained: 12/140 patients (8.6%) in 2019, and 10/
131 patients (7.6%) in 2021. However, IPC practices remained imperfect,
with multiple examples of GC2 CRAB clusters being imported to the
ICU before spreading to different bed units or rooms and being
acquired by patients, highlighting the significant challenges associated
with prevention of CRAB transmission in hospital wards once it has
colonised the hospital environment. More importantly, A. baumannii
could persist in the oral cavity based on the positive samples of oral
swabs in ICU patients. Our previous research showed A. baumannii
DETAB-R21 was isolated from an oral swab in the ICU", which was
considered as one colonisation isolate. Moreover, a study by A M
Richards et al. showed subgingival colonisation by A. baumannii could
increase the risk of refractory periodontitis”. Apart from oral coloni-
sation, a study by Patrick M. Ketter et al. revealed the gastrointestinal
(GI) tract has been found to be a major reservoir for A. baumannii, as

well as to potentially contribute to the development of multidrug
resistance’®. Our study also showed that nasogastric tubes have a high
CRAB isolation rate. These persistent carriage strains in patients
require further attention in the ICU. We used a highly-stringent O-
cgSNP cut-off for assessing putative transmission events over the
course of this study. This allowed us to unambiguously implicate
environmental persistence in the development of hospital-acquired
infections. New data presented here adds to our previous findings that
suggested GC2 clusters were being imported to the ICU regularly from
external sources. We hypothesise that other wards within this hospital,
as well as patients transferred from other hospitals, serve as a source
for incoming CRAB strains. If this is the case, hospital-wide IPC mea-
sures or highly stringent screening and isolation of CRAB-positive
patients prior to ICU admission will be required to ultimately prevent
CRAB spread in the ICU. To further prevent its dissemination in this
ICU, the patients can be admitted directly to the isolation ward and
cared for by only one nurse if the screening result is positive before the
patients prior to the ICU admission.

A striking finding here was the reduction in the prevalence of GC2
amongst CRAB isolates, falling from 99.5% in 2019 to 50.8% in 2021.
The remainder of the 2021 CRAB population was comprised of a highly
clonal set of ST164 isolates that appear to have been diversifying in the
ICU since mid-2020. This study has, therefore, added further context
to the recent recognition of the emergence of ST164 as an interna-
tional A. baumannii clone", with our data specifically highlighting this
clone’s capacity to establish itself and persist in an ICU environment,
even in direct competition with clusters of the highly successful GC2.
Based on the global view of diversity amongst ST164 genomes, we
speculate that this clone has spread widely in Asia, particularly in China
and Thailand, and has acquired carbapenemase genes on multiple
independent occasions. Strikingly, it appears that the convergence of
blaoxa2s and blanpy has occurred twice in ST164, highlighting the
potential this clone has for accumulating carbapenem resistance
determinants. All ST164 strains isolated in Hangzhou carry blanpm-1
and blaoxa-»3 simultaneously, suggesting that this particular sub-clone
has been highly successful in our hospital settings. While ST164 caused
fewer infections than GC2 in this ICU over the 2021 study period, its
presence in one clinical specimen, and in clinical specimens collected
previously in this ICU and elsewhere™, along with its high carbape-
nem resistance levels, suggest that it is a lineage that urgently requires
surveillance and further characterisation. In addition, the most com-
mon KL type was KL47 in the 131 global ST164 isolates. One recent
study from the United Kingdom showed the majority of the KL47
isolates belonged to GC2 and ST164 clone'. KL47 type was also iden-
tified in ST16, ST215 and ST374 isolates (Pasteur MLST scheme). These
different ST types, which carry KL47, would potentially reveal the
capsular loci interaction of their common ancestors.

The increase in CRAB diversity between 2019 and 2021, including
the appearance of ST164 and the diversification of GC2, was likely a
product of regular imports to the ICU over an approximately 20-
month period. However, it would be interesting to determine whether
IPC interventions have introduced new selective pressures and con-
tributed to population turbulence. If so, these environmental condi-
tions might be selected for fitter lineages that can better establish
persistence in hospital environments. Under such conditions, IPC
measures might have differential effects at the strain level, and effec-
tive responses will require informed, dynamic IPC strategies. Experi-
mental characterisation of diverse CRAB lineages will be needed to
assess their variable ability to persist in hospital environments and
ultimately infect patients. The GC2 cluster C25, which was persistent in
this ICU and prominent amongst clinical isolates over the course of this
study (10/13; 76.9%), is an intriguing target for future laboratory stu-
dies that might address these questions.

A limitation of this study is that the IPC interventions did not
occur immediately after the first study in 2019 due to the COVID-19
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pandemic. COVID-19 may have played a role in CRAB population
changes in the ICU, considering the surge in cases, increased antibiotic
use, and associated IPC measures. Hence, it is difficult to accurately
measure the impact of IPC interventions and COVID-19 on the ICU
CRAB population. We expect that the CRAB population was influenced
by the combined effects of both our IPC interventions and COVID-19-
related changes to clinical practice.

In conclusion, we report on the emergence of a new CRAB clone,
ST164, in this Hangzhou ICU. Our data show that ST164 was as suc-
cessful as the globally dominant clone GC2 in this ICU setting, but
exhibited higher carbapenem resistance levels due to dual production
of NDM-1 and OXA-23 carbapenemases. Through comparative ana-
lyses, we found that ST164 has been isolated in 26 countries from five
continents, and has evolved towards carbapenem resistance on mul-
tiple independent occasions. We conclude that ST164 is an emerging
high-risk lineage which requires urgent global surveillance, and our
findings will lay a foundation for the formulation of more reasonable
and effective targeted IPC strategies for ICU staffs, patients and the
environment.

Methods

Consent and research ethics

Ethical approval and informed consent were obtained by the Sir Run
Run Shaw Hospital (SRRSH) Zhejiang University local ethics committee
(approval number 20190802-1). This work was part of a study regis-
tered as a clinical trial with ClinicalTrials.gov (NCT04310722).

IPC interventions implemented before this study

A bundled set of interventions (from September 2020 to July 2021)
that aimed to address the abundance of CRAB in this ICU was imple-
mented 8 months prior to the outset of this study. The interventions
included changes to daily practice in the ICU, alongside raising staff
awareness around the issue. The interventions are listed in Supple-
mentary Table 1. Briefly, patient care was modified by introducing
“water-free” cleaning methods and by installing disinfection devices
for liquid waste. ICU sinks ceased operation. Environmental cleaning
was performed more regularly, with particular attention paid to end-
of-stay cleaning procedures and communal surfaces such as keyboards
used routinely by ICU staff. Education for staff was enhanced, and
enforcement of hand hygiene practices was targeted through com-
pliance monitoring and the introduction of a compliance management
system.

Study design and sample collection

This longitudinal study was conducted in a 28-bed ICU in SRRSH,
Hangzhou, China, from May to July 2021. A map of the ICU is presented
in Fig. S1. Unless sampling was perceived to be medically detrimental,
ICU patient sampling was planned for the beginning of the study or on
admission to the ward and weekly thereafter. Patient samples were
routinely collected from oral and rectal swabs, and from nasogastric,
nasojejunal, endotracheal, or tracheostomy tube swabs when present.
Clinical samples were obtained from patients as part of normal medical
practice (the specific process of microbiological diagnostics was
shown in Fig. S2), and all A. baumannii obtained from clinical samples
over the study period were retained. Equipment, sinks and other sur-
faces within patient rooms were swabbed weekly. Equipment, surfaces,
and sinks in communal areas outside patient rooms were sampled
monthly. The overall flow chart is shown in Fig. S3.

Sample processing and species identification

Environmental surfaces (approximately 10 x10 cm) were swabbed
with sterile swabs (COPAN, Italy) pre-moistened with 2 mL TSB sup-
plemented with 0.1% sodium thiosulfate (Sangon Biotech, China). The
swabs were immediately placed into 14-mL sterile tubes containing
2 mL TSB with 0.1% sodium thiosulfate and then incubated for 24 h at

37 °C. After culture, 20 pL overnight bacteria were streaked onto Aci-
netobacter CHROMagar plates (CHROMagar, Paris, France), followed
by overnight incubation at 37 °C.

For patient samples, rectal swabs containing Cary-Blair Transport
Medium (Gongdong, Taizhou, China) were used and other swabs were
moistened using 0.9% saline before sampling. These swabs were plated
directly onto Acinetobacter CHROMagar plates and incubated at 37 °C
for 24 h. Based on red colour and morphology, a single, isolated colony
of presumptive A. baumannii was selected and streaked onto a
Mueller-Hinton (MH) agar plate (Oxoid, Hampshire, UK), then incu-
bated again at 37 °C for 24 h. A single, isolated colony from the MH
plate was selected and stored for downstream analyses.

Species identification was confirmed using Matrix-assisted laser
desorption ionisation-time of flight mass spectrometry (MALDI-TOF
MS) (bioMérieux, France) and 16S rRNA gene sequencing.

Antimicrobial susceptibility profiling

Minimum inhibitory concentrations (MICs) of meropenem, imipenem,
polymixin B, tigecycline, cefoperazone/sulbactam (1:1), cefoperazone/
sulbactam (2:1), sulbactam, amikacin and ciprofloxacin were measured
using the broth microdilution method of plate for “Susceptibility
testing of non-fastidious Gram Negative isolates”. Results were inter-
preted according to the Clinical and Laboratory Standards Institute
2021 guidelines and European Committee on Antimicrobial Suscept-
ibility Testing (EUCAST) 2023 breakpoint tables (http://www.eucast.
org/clinical_breakpoints/) for polymyxin B (S: <2mg/L, R: >2 mg/L).
Tigecycline results were interpreted based on Food and Drug Admin-
istration (FDA) guidelines. Escherichia coli ATCC 25922 was used as the
quality control strain.

lllumina sequencing

Collected isolates were all subjected to Illumina sequencing (Hang-
zhou Digital-Micro Biotech Co., Ltd., China). Briefly, DNA was isolated
using the Qiagen Mini Kit (Qiagen, Germany). Libraries were prepared
using the TruePrepTM DNA Library Prep Kit V2 (Vazyme) according to
the manufacturer’s protocol. Paired-end sequencing (2x150-bp reads)
was performed on the lllumina HiSeq X Ten platform (Illumina Inc., San
Diego, CA, USA).

Oxford nanopore sequencing

Long-read sequencing (Hangzhou Digital-Micro Biotech Co., Ltd.,
China) was performed for 60 isolates chosen after lllumina sequencing
on the basis of phylogenetic, resistance gene and plasmid diversity.
Genomic DNA was extracted using the Gentra® Puregene® Yeast/Bact.
Kit (Qiagen, Germany) according to the manufacturer’s protocol with
minor modifications. In brief, libraries were prepared using the SQU-
LSK109 Ligation Sequencing Kit (Oxford Nanopore Technologies, UK)
in conjunction with the PCR-Free ONT EXP-NBD104 Native Barcode
Expansion Kit (Oxford Nanopore Technologies, UK) according to the
native barcoding genomic DNA protocol. DNA was processed without
the optional shearing steps to select for long reads. After quantifica-
tion of the individual libraries by Qubit and normalisation of library
concentrations, the library was sequenced on the GridION X5 platform
(Oxford Nanopore Technologies, UK).

Bioinformatic analyses
Sequence reads were trimmed, assembled using Unicycler v0.4.8 and
assessed for quality. MLST was used to determine multi-locus
sequence types with the Pasteur and Oxford typing schemes?.
Typing of capsular polysaccharide (KL) was conducted with Kaptive
2.0 and Bautype 1.0”. AMRFinder vl was used to identify antimicrobial
resistance genes?. Plasmid replicons were typed using the Hamidian
lab typing scheme®.

Snippy v4.4.5 (https://github.com/tseemann/snippy) was used to
align Illumina reads against a corresponding reference hybrid
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assembly (A. baumannii DETAB-R21, GenBank accession GCA_
024205285.1) and generate a core genome alignment (3,709,099 bp).
Polymorphic sites (120 polymorphic sites) were extracted with Gub-
bins v2.4.0, excluding those that were predicted to occur via
recombination®’. Phylogenies were constructed from these poly-
morphic sites using IQtree v2.0.3. Divergence dating was undertaken
with the least-squares method implemented by IQTree v2.0.3, using
the previously generated tree, Gubbins fasta file, and a GTR+G
model***, SNP-distances were calculated from the Gubbins-filtered
polymorphic sites file using SNP-dists 0.6.3 (https://github.com/
tseemann/snp-dists).

Global analyses for ST164

To construct a global phylogeny for the ST164 CRAB clone, we
downloaded 24,084 A. baumannii genome sequences from the
National Center for Biotechnology Information (NCBI) database
(search conducted on 11.12.2023). All A. baumannii genome sequences
were analysed by mlst v2.19.0 (https://github.com/tseemann/mlst) and
ABRicate v1.0.1 with the Resfinder 4.0 database”, aiming to identify
sequence types (STs) and antibiotic resistance genes. Quality control
was performed using FastANI v1.33 and QUAST v5.0.2%%, Assemblies
with a genome size greater than five million base pairs, an N50 smaller
than 15,000 or a genome average nucleotide identification (ANI) of
<95% were excluded from further analysis. Following this, 135 genomes
(four representative strains from this study and 131 global genomes,
SNPs difference: 3-6037) were used to generate a full-length whole-
genome alignment with the complete genome of A. baumannii DETAB-
R21 (GenBank accession GCA_024205285.1) as the reference using the
methods described above. The resulting tree was annotated in iTOL
v5¥. The global distribution of ST164 CRAB carrying different carba-
penemase genes was visualised using GraphPad Prism 8.0, ChiPlot vl
(https://www.chiplot.online/) and Adobe Illustrator CC 2023.

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

Data availability

All sequence data and genome assemblies generated in this study have
been submitted to GenBank under the BioProject accession
PRJNA1034534. The individual Illumina sequence read accession
numbers of all 518 A. baumannii isolates are listed in Supplementary
Data 6. The raw data of patients’ clinical data and MICs of all 518 A.
baumannii isolates are provided in the Source Data excel. Source data
are provided with this paper.
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