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isolate from Russia.
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1 | INTRODUCTION

Cystic fibrosis (CF) is among the most common life-limiting genetic
diseases in South Africa and occurs at an incidence of 1:3000,
1:10,300, and 1:14,000 in White, mixed-race and Black South African
population groups, respectively.>? Pseudomonas aeruginosa (P.
aeruginosa) is recognized as one of the most significant lung
pathogens among people with CF (pwCF) in South Africa® and
persistent lung colonization with P. aeruginosa has been associated
with poorer outcomes.®™>

People with CF typically acquire P. aeruginosa independently
from the environment and as such, each person with CF is often
found to be infected or colonized with a single genetically distinct,
non-clonal strain of P. aeruginosa, that is unique to that person and
not shared with other pwCF.® However, there have been multiple
reports globally where pwCF that have shared environments such as
CF clinics, or geographical locations, also shared genetically identical
P. aeruginosa strains.*” These shared P. aeruginosa strains, which have
also been referred to as epidemic or transmissible strains have been
associated with increased virulence, multidrug resistant (MDR) and
higher mortality rates.®? Australia has been reported to have some of
the highest numbers of epidemic P. aeruginosa strains in pwCF,1%11
with the most prevalent being P. aeruginosa AUST-01 (ST649), AUST-
02 (ST775), and AUST-03 (ST242).*** The P. aeruginosa AUST-03
(ST242) strain was first described in pwCF from Tasmania in 2003
and has caused outbreaks in Tasmania and other regions in
Australia,*12

The use of advanced molecular techniques such as whole
genome sequencing (WGS) that can aid in better understanding the
underlying genetic mechanisms contributing to antibiotic resistance
and also identify epidemic strains of P. aeruginosa in South Africa is
limited. This was previously due to the high cost of WGS in South
Africa, however, the recent decrease in WGS and global initiatives to
make WGS more accessible in low to middle income countries
(LMICs) has made the use of WGS more cost-effective for
researchers in South Africa. To our knowledge, epidemic strains of
P. aeruginosa have not been reported in pwCF from South Africa.
Here we report the presence of the epidemic P. aeruginosa AUST-03
(ST242) strain detected with WGS in pwCF at a public hospital in
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MexCD-OprJ, MexEF-OprN, and MexXY-OprM were the most clinically relevant
antibiotic resistance determinants and were detected in all of the isolates. The study
isolates were the most closely related to a 2020 P. aeruginosa AUST-03 (ST242) CF

Conclusion: Epidemic MDR P. aeruginosa strains are present at South African public

CF clinics and need to be considered when implementing segregation and infection

control strategies to prevent possible spread and outbreaks.

antibiotic resistance, cystic fibrosis, Pseudomonas aeruginosa AUST-03, South Africa

Gauteng, South Africa. We further described the genomic character-
istics conferring antibiotic resistance in the P. aeruginosa AUST-03
(ST242) isolates from this study and made phylogenetic comparisons
with global isolates of P. aeruginosa ST242 (AUST-03) from pwCF.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The study was granted ethical approval by the University of the
Witwatersrand Human Research Ethics Committee (Reference
number: M1811104) and by the University of Pretoria, Faculty of
Health Sciences, Research Ethics Committee (Reference number:
466/2018). Sputum specimens were obtained following the provision
of written informed assent and consent from the study participants

and their parents, respectively.

2.2 | Study background and setting

The current study investigates the epidemic strain P. aeruginosa
AUST-03 (ST242) that was identified in two children with CF
attending a clinic at a public hospital in Johannesburg, South Africa.
This CF clinic was part of a larger parent study conducted over the
period May 2019-February 2020 at this hospital and at a second
hospital, that recruited a total of 10 pwCF that were known to be
infected or colonized with P. aeruginosa. Both of these hospitals are
among the largest public hospitals attending to pwCF in the Gauteng
province of South Africa, however, no pwCF infected or colonized
with P. aeruginosa AUST-03 (ST242) were found at the second
hospital. The hospital currently investigated in this study was the
larger of the two with a population of about 56 pwCF and it
exclusively attends to children with CF (<18 years old). The majority
of the children at this clinic are White (31/56), followed by children
that were of Black (15/56), mixed race (6/56), and east Indian (4/56)
ancestry. A total of seven of these children colonized with
P. aeruginosa were recruited from this hospital for the parent study
and an equal number of White (3 pwCF) and Black (3 pwCF) children
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were included in the parent study, with the seventh being a child of

mixed-race ancestry.

2.3 | P. aeruginosa isolation and analysis

A single sputum specimen was collected from pwCF by means of
spontaneous expectoration or after the administration of percussion
exercises, with the assistance of the attending physiotherapist at the
CF clinic. The sputum specimens were cultured on Pseudomonas CN
agar (Oxoid) and incubated (Vacutec) at 37°C for up to 72 h. Multiple
colonies were selected from each sputum specimen due to the
possibility of pwCF being colonized with multiple or variant strains of
P. aeruginosa. Up to 10 presumptive P. aeruginosa colonies of varying
size and morphology were selected from the Pseudomonas CN agar
(Oxoid) plate of each sputum specimen and sub-cultured onto 5%
sheep blood agar (Diagnostic Media Products). Genomic DNA was
extracted using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo
Research) and P. aeruginosa species confirmation was performed by
conventional polymerase chain reaction (PCR) assays using previously
described primers*® and the following thermocycling conditions:
95°C for 5 min; 28 cycles of 95°C for 30s, 57°C for 30s, 72°C for
1 min; and 72°C for 10 min. P. aeruginosa ATCC 27853 was used as a
positive control.

Antibiotic susceptibility testing (AST) was performed on PCR
confirmed P. aeruginosa isolates using the disk diffusion technique
for the following antibiotics: cefepime (30 ug), ceftazidime (30 pg),
imipenem (10 pg), meropenem (10 ug), amikacin (30 pug), gentami-
cin (10 pg), tobramycin (10 pg), ciprofloxacin (5 ug), piperacillin/
tazobactam (110 ug), and aztreonam (30ug) and the broth
microdilution technique for colistin according to the Clinical and
Laboratory Standards Institute guidelines.’* Multidrug resistant
(MDR) P. aeruginosa isolates were defined as those displaying
resistance to one or more anti-pseudomonal antibiotics in at least
three or more antibiotic classes, while extensively drug resistant
(XDR) isolates were those displaying resistance to one or more
anti-pseudomonal antibiotics in all but two or less antibiotic

classes.t>1¢

2.4 | P. aeruginosa whole genome sequencing
(WGS) and analysis

Multiplexed, paired-end libraries (2 x 150 bp) were prepared using
the lllumina DNA Prep kit (lllumina), followed by WGS at 100x
coverage on the PCR confirmed P. aeruginosa study isolates using
the lllumina NextSeq. 2000 (lllumina Inc.) instrument. The raw
paired-end P. aeruginosa sequencing reads were processed using
the Jekesa pipeline v1.0, using tools and methodology that
included species identification and multi-locus sequence typing
(MLST) as previously outlined.'”*® Genomic antibiotic resistance

determinants in the study isolates were characterized using the

Comprehensive Antibiotic Resistance Database (CARD) v3.2.2%7
and ResFinder?° tools.

2.5 | Phylogenetic comparison of global and study
P. aeruginosa AUST-03 (ST242) isolates

A total of 61P. aeruginosa ST242 global genomes originating from
human specimens were retrieved from the National Center for
Biotechnology Information (NCBI) using the NCBI datasets tool
v15.12.02' and were analyzed together with genome assemblies
from our study isolates. Briefly, whole genome alignments were
performed using scapper?? and P. aeruginosa Zw92 strain (GenBank
accession RXAY00000000.1) was used as a reference. |Q-TREE
v2.0.3%2% was used to generate a maximume-likelihood phylogenetic
tree using GTR +F + ASC + R4 with 1000 bootstrap approximations
using UFBoot22* and the phylogenetic tree was visualized and
annotated using Microreact (https://microreact.org/).25 Global P.
aeruginosa ST242 isolates that were the most closely related to the
isolates from the study were also characterized for genomic antibiotic

resistance determinants as previously discussed in Section 2.4.

3 | RESULTS

3.1 | P. aeruginosa AUST-03 (ST242) colonized
participants from the study

The P. aeruginosa AUST-03 strain was found in a 16 year old male
(P2) and an 8 year old female (P4), who both attended CF clinics at
the hospital. Both children were determined to have been experien-
cing pulmonary exacerbations by attending clinicians and P4 who
required oxygen, later passed away. Background details on the two

study participants can be found in Table 1.

TABLE 1 Demographics of cystic fibrosis (CF) study participants
with Pseudomonas aeruginosa AUST-03.

Patient P2 P4

Sex Male Female

Race Black White

Age 16 8

CFTR mutation 3120+1G>A x2 AF508x1; 394delTTx1

BMI 19.3 14.1

Pancreatic
insufficiency; asthma

Comorbidities Pancreatic insufficiency;
cystic fibrosis related

diabetes

Lung status Exacerbation Exacerbation

Sputum
collection date

July 2019 July 2019


https://microreact.org/
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3.2 | Molecular identification and phenotypic
characterization of P. aeruginosa AUST-03 (ST242)
isolates from the study

A total of 10 isolates of P. aeruginosa ST242 and one P. aeruginosa
ST242 isolate as confirmed with PCR and MLST were isolated from
the sputum of P2 and P4, respectively. In total, 11 isolates of the
epidemic P. aeruginosa ST242 (AUST-03) strain were recovered from
the study participants and the AST results showed that the majority
of these isolates from P2 [70% (7/10)] were MDR, while the one
isolate from P4 was XDR. The following antibiotic resistance rates
were recorded among the P. aeruginosa AUST-03 isolates from the
study: ciprofloxacin 100% (11/11), cefepime 73% (8/11), gentamicin
64% (7/11), amikacin 36% (4/11), tobramycin 18% (2/11), ceftazi-
dime 18% (2/11), imipenem 18% (2/11), piperacillin-tazobactam 18%
(2/11), meropenem 9% (1/11), aztreonam 9% (1/11), and 9% colistin
(1/11). Table 2 details the morphological characteristics and AST

profiles of the study isolates.

3.3 | Phylogenetic and genomic antibiotic
resistance characteristics of the P. aeruginosa
AUST-03 (ST242) isolates

Some genetic variation was observed in the 11 P. aeruginosa ST242
isolates from the study as the isolates formed multiple minor clusters
and singletons (Figure 1), however the isolates were generally all very
closely related. This variation may have been due to mutations
caused by the varied microenvironment in the Iungs.26 Two isolates
from each study participant (P2 JHB VIII and P4 JHB Ill) clustered
very closely together which may have been indicative of strain
sharing at this hospital, as they were unrelated and had no other
common or shared environment. The P. aeruginosa ST242 study
isolates were the most closely related to a P. aeruginosa ST242 isolate
from Russia (SAMN23763320) that was isolated from a person with
CF in 2020. The study isolates were also closely related to isolates
from Australia, China, Spain and the USA.

The WGS results of the 11 P. aeruginosa AUST-03 isolates from
the study showed that the main genomic basis of antibiotic resistance
in the P. aeruginosa isolates was efflux pump mediated. Genes
conferring the MexAB-OprM, MexCD-Opr), MexEF-OprN, and
MexXY-OprM efflux pumps were detected in all of the study isolates
and mutations in the mexR, mexT, nalC, and nfxB genes were detected
in all of the isolates that conferred the upregulation of these efflux
pumps. Additional efflux pumps emrE and pmpM genes were also
detected in all of the study isolates that confer resistance to
fluoroquinolones and aminoglycosides, respectively. The antibiotic
resistance genes (ARGS): blapxa-50, blaoxa-1034, blappc.3, blappc.374,
and crpP were also found in all of the isolates, however, these genes
are considered to play a minor role in P. aeruginosa antibiotic
resistance. Acquired mutations in genes were found in the isolates
that conferred resistance to fluoroquinolones (gyrA (3/11), gyrB (8/
11) and parE (1/11)) and colistin (omrAB (11/11)). Details on the major
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antibiotic resistance determinants of the P. aeruginosa AUST-03

isolates from the study have been illustrated in Figure 2.

4 | DISCUSSION

The P. aeruginosa AUST-03 strain detected in the current study
setting was found in two children with CF, a female aged 8 years old
(P4) and a male aged 16 years old (P2). The children presented with
pulmonary exacerbations and other co-morbidities (Table 1). While
limited data is available on pwCF infected or colonized with P.
aeruginosa AUST-03, available studies have reported that P.
aeruginosa AUST-03 has been associated with increased pulmonary
exacerbations.'1?” It is also difficult to determine whether P.
aeruginosa AUST-03 infects a specific age group of pwCF as only
one other study was found in the literature that investigated P.
aeruginosa AUST-03 (then referred to as AES-111).27 In that study,
Bradbury and colleagues found P. aeruginosa AUST-03 in pwCF aged
19 to 34 years old, however, this study mostly recruited from
outreach clinics attended by adults with CF.2” The current study
could also not establish a correlation between age and P. aeruginosa
AUST-03 infection as only two children had this strain. A larger study
at the hospital involving adults with CF will be required to better
establish the prevalence of this strain at the hospital and the age
groups of pwCF affected. The P. aeruginosa AUST-03 isolates
infecting P2 were found to be monoclonal, while in P4, this strain
occurred as a polyclonal P. aeruginosa infection together with a
second novel strain (ST3820) that was described for the first time in
this study. Polyclonal infection was also observed by Bradbury

et al.,?’

who found three different P. aeruginosa strains, including
AUST-03 infecting one study participant.

The majority (8/11) of the P. aeruginosa AUST-03 isolates from
the study were MDR or XDR, which is in accordance with global
reports of P. aeruginosa AUST-03 of this strain having an increased
likelihood of displaying MDR antibiograms.2>1227 Ciprofloxacin
resistance was common to all of the P. aeruginosa AUST-03 isolates
from the study, this antibiotic is recommended by the South African
Cystic Fibrosis Consensus Guidelines (SACFCG) for the treatment of
P. aeruginosa exacerbations.” The high frequency of gentamicin
resistance (7/11) in the P. aeruginosa AUST-03 study isolates is also
noteworthy as inhaled gentamicin is recommended in pwCF from
South Africa for the eradication and chronic suppressive treatment of
P. aeruginosa.® In high income countries, tobramycin is used for this
purpose, however, the high cost of this antibiotic in South Africa has
limited its availability in public hospitals and as such, gentamicin is
used as a more cost effective alternative in these settings.2® This lack
of access to tobramycin may also explain the low rates (18% (2/11))
of resistance to this antibiotic in the study isolates. While most P.
aeruginosa AUST-03 isolates from the study were MDR, resistance to

t27 reserved for use in MDR

colistin, which is an antibiotic of last resor
Gram negative pathogens, was low. Only a single XDR P. aeruginosa
AUST-03 isolate (P4) was resistant to colistin and regrettably, this

patient (P4) passed away.
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FIGURE 1 Maximum-likelihood phylogenetic tree displaying the genetic relatedness of the Pseudomonas aeruginosa ST242 (AUST-03)
isolates from this study and from the global databases (A). Figure 1B displays a subtree from Figure 1A showing global isolates that were the

most closely related to the isolates from this study.

The current study is among the few to characterize the antibiotic
resistance determinants across the entire genomes of P. aeruginosa
isolated from pwCF in South Africa. The basis of antibiotic resistance in
the P. aeruginosa AUTS-03 isolates was mediated by multidrug efflux
pumps. The most clinically relevant of these were the MexAB-OprM,
MexCD-OprJ, MexEF-OprN, and MexXY-OprM efflux pumps which
were detected in all of the isolates. Furthermore, mutations in the
regulatory genes: nalC (S209R and G71E), nfxB (Type A), and mexRT of
the 11 study isolates were detected, that conferred the overexpression of
the MexAB-OprM, MexCD-OprJ), and MexEF-OprN efflux pumps,
respectively.3%3! The most clinically relevant acquired ARGs detected in
the study isolates was crpP (11/11) which confers resistance to
ciprofloxacin.®? Additionally, acquired mutations in the DNA gyrase
(gyrA_D87N (3/11) and gyrB (8/11)) and topoisomerase IV (parE (1/11))
genes were found that also confer resistance to fluoroguinolones such as
ciprofloxacin.®® While colistin resistance was low (1/11) in the study
isolates, mutations were found in the lipid A regulatory genes (pmrAB) of
all of the isolates that conferred enhanced colistin resistance,® creating a
potential for the future development of colistin resistance in the isolates.

Australia, which is the country where P. aeruginosa AUST-03 was
first described is among the top 10 overseas countries with tourists
visiting South Africa®* It could be plausible that the Australian P.
aeruginosa AUST-03 epidemic strain could have been introduced into
South Africa through visitors or immigrants traveling between the two
countries. While phylogenetic analysis found some genetic relatedness
between the study isolates from South Africa and four isolates from

Australia, a more in-depth analysis using a larger and more representative
number of isolates from both countries would be required to determine
whether any direct introduction occurred from Australia to South Africa.
Furthermore, it could not be determined whether the Australian isolates
were associated with any outbreaks in pwCF. The study isolates were
most closely related to a 2020 CF isolate from Russia, however,
introduction of this isolate between these two countries could not be
determined with the limited data set. The profiles of the antibiotic
resistance genes carried in the genomes of the P. aeruginosa AUST-03
isolates from this study were similar to those for the global isolates in the
subtree shown in Figure 1B, however, the isolates from this study carried
more genes related to crpP mediated ciprofloxacin resistance, colistin
resistance mutations (pmrA) and the mutations involved upregulation of
efflux pumps (nalC and nfxB) (Figure 2).

The current infection control strategies practised at the CF clinic
investigated are based on the segregation of pwCF infected or colonized
with P. aeruginosa from those that are not, by having the two groups
attend CF clinics on different weeks. However, the study findings suggest
that a revision of these practices may be required that isolates people
with P. aeruginosa AUST-03 during the weeks of the P. aeruginosa CF
clinics. This would assist in preventing the spread of this strain among
pwCF attending the clinics, as there is evidence of possible strain sharing
between P2 and P4, as two isolates from these children clustered very
closely together on the phylogenetic tree (Figure 1).

The detection in this study of the epidemic P. aeruginosa AUST-03
strain in pwCF from South Africa highlights the importance of routine
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FIGURE 2 Genomic characterization of antibiotic resistant determinants and clinically relevant antibiotic resistance mutations in the
Pseudomonas aeruginosa ST242 (AUST-03) isolates from the study and the 13 most closely related global isolates. Brown squares denote genes
that are present, green squares denote genes carrying nonsynonymous (missense, frameshift and nonsense) mutations, gray squares represent
genes carrying wildtype/synonymous mutations with limited contribution to antibiotic resistance. White squares represent genes that were

absent.

surveillance of CF lung pathogens. However, most CF clinics in public
hospitals have limited financial resources and important CFTR
modulator therapies such as Trikafta® are currently not available in
South Africa or are too costly for pwCF to purchase internationally.
Trikafta® could have been a life-saving intervention for the 8 year old
study participant, who carried the AF508 gene.2> The main limitation
from the study was the low numbers of pwCF that were investigated
and that adults were not included in the study, as P. aeruginosa AUST-
03 was previously primarily reported in adults with CF.2” Future
studies investigating P. aeruginosa across larger sample sizes and
geographic regions are warranted to establish the spread of the
epidemic P. aeruginosa AUST-03 strain across South Africa. Such
studies may also be beneficial in detecting other epidemic strains of P.

aeruginosa that can cause potential outbreaks in pwCF.

5 | CONCLUSION

The current study presents to our knowledge, the first report of an
epidemic strain of P. aeruginosa among pwCF from South Africa. The
P. aeruginosa AUST-03 from the study setting were MDR and

similarly to strains from previous outbreaks, were found in pwCF
experiencing pulmonary exacerbations. With the decrease in
WGS costs in South Africa, more frequent genomic surveillance of
CF pathogens is required. Epidemic strains of P. aeruginosa are
present at South African CF clinics and it is essential to take them
into account when implementing segregation and infection control

strategies.
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