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Abstract

Toxigenic diphtheria is rare in Australia with generally fewer than 10 cases reported annually;
however, since 2020, there has been an increase in toxin gene-bearing isolates ofCorynebacterium
diphtheriae cases in North Queensland, with an approximately 300% escalation in cases in 2022.
Genomic analysis on both toxin gene-bearing and non-toxin gene-bearing C. diphtheriae isolated
from this region between 2017 and 2022 demonstrated that the surge in cases was largely due to
one sequence type (ST), ST381, all ofwhich carried the toxin gene. ST381 isolates collected between
2020 and 2022 were highly genetically related to each other, and less closely related to ST381
isolates collected prior to 2020. The most common ST in non-toxin gene-bearing isolates from
North Queensland was ST39, an ST that has also been increasing in numbers since 2018.
Phylogenetic analysis demonstrated that ST381 isolates were not closely related to any of the
non-toxin gene-bearing isolates collected from this region, suggesting that the increase in toxigenic
C. diphtheriae is likely due to the expansion of a toxin gene-bearing clone that has moved into the
region rather than an already endemic non-toxigenic strain acquiring the toxin gene.

Introduction

Toxigenic Corynebacterium diphtheriae is the main aetiological agent of diphtheria, which mani-
fests itself as either respiratory or cutaneous disease. Respiratory diphtheria is life-threatening; it is
characterised by fever, neck swelling, and sore throat, which can lead to breathing and swallowing
difficulties. Cutaneous diphtheria results in non-healing ulcer-like skin lesions and can act as a
source of respiratory diphtheria in vulnerable people [1]. Until the establishment of widespread
vaccination, diphtheria posed a great threat to public health in Australia [2–5]. The C. diphtheriae
vaccination utilises the diphtheria toxoid and helps in protection against toxin-associated clinical
disease. In Australia, vaccines containing the diphtheria toxin are included in the National
Immunisation Program, where doses are funded for children at 2, 4, 6, and 18 months, and again
at 4 years of age. Further doses are provided in adolescence as part of school immunisation
programmes, as well as for pregnant women, but, although recommended, these are not funded for
adults. Vaccination does not prevent the carriage of C. diphtheriae but is estimated to reduce
onward transmission by 60% and may reduce the risk of severe disease [1].

In 2022, outbreaks of both cutaneous and respiratory diphtheria cases caused by
C. diphtheriae were reported in some European countries [6, 7]. Genomic analysis illustrated
several multi-locus sequence type (MLST) profiles amongst isolates in these outbreaks, suggest-
ing that they are not associated with a single clonal event but rather linked to risk factors
including migrant movement and low vaccination rates in particular populations. Similarly, an
increase in diphtheria cases caused by multiple genetic lineages of C. diphtheriae since 2017 in
Yemen has also been reported, where vaccination efforts were disrupted by civil war [8].

As a result of ongoing vaccination efforts in Australia, diphtheria is rare, with generally fewer
than 10 cases notified each year. Typically, cases are sporadic and associated with acquisition
outside of Australia. There have been fewer than 10 cases of respiratory diphtheria reported in
Australia since 2001, with two fatal cases occurring in 2011 and 2018 in the state of Queensland
[4, 9, 10]. The detection of the toxin gene inC. diphtheriae isolates is notifiable under Queensland
public health guidelines [11]; however, non-toxin gene-bearing C. diphtheriae is regularly
isolated from patients, primarily from wound swabs but also from throat swabs where it is a
commensal organism [5, 12]. Whilst occasional detections of toxin gene-bearing C. diphtheriae
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were reported previously, since 2020, North Queensland
(NQ) (defined as the region of Queensland north of the tropic of
Capricorn) has seen an increase in locally acquired toxin gene-
bearing diphtheria cases, with a significant surge during 2022
[13]. Between January and August 2022, 21 patients with a resi-
dential address in NQ had toxin gene-positive C. diphtheriae iso-
lated compared to 13 patients in the preceding 5 years (2017–2021).
A further three interstate cases in 2022 were identified as having
epidemiological links to the region.

Here we report on sequence typing of toxin gene-positive
C. diphtheriae isolates collected in Queensland between January
2017 and August 2022 and investigate the genetic diversity between
them and non-toxin gene-bearing isolates recovered in the NQ
region during this period.

Materials and methods

Isolate collection and DNA extraction

The clinical isolates included in this study are listed in Supplementary
Table S1. These comprised a selection of 131 C. diphtheriae isolates
received by the Queensland Health Public Health Microbiology
Reference Laboratory between January 2017 and August 2022,
including 51 toxin gene-bearing isolates from across Queensland
and 80 non-toxin gene-bearing C. diphtheriae from the NQ region.
A single toxin gene-bearing ST381 isolate from 2013 was also
included in the analysis, bringing the study sample to 132 isolates
in total. DNAwas extracted from isolates grown overnight at 37°C on
horse blood agar (Edwards Group Holdings, Murrarie, Australia),
using the QiaSymphony DSP DNA Mini kit (Qiagen, Hilden, Ger-
many), according to the manufacturer’s protocol.

DNA library and whole genome sequencing

Whole genome sequencing was performed on the isolates listed in
Supplementary Table S1 using the procedure described in our
previous studies [14, 15]. Briefly, DNAwas prepared for sequencing
using theNextera XT kit (Illumina, SanDiego, USA) and sequenced
on the NextSeq500 using the NextSeq 500 Mid Output v2 kit
(300 cycles) (Illumina), according to the manufacturer’s instruc-
tions. Sequence reads for the C. diphtheriae isolates were trimmed
with Trimmomatic v0.36 [16] and quality checked by FastQC
v0.11.5 and MultiQC v1.1 [17]. Sequences were de novo assembled
into contigs using the SPAdes assembler v3.12.0 [18]. Sequence files
have been submitted to the European Nucleotide Archive under
project accession number PRJEB58646.

Data analysis

Phylogenetic analysis was performed using single nucleotide poly-
morphism (SNP)-based typing. Core SNPs were determined for the
ST381 reference strain CD38 (SRR6816591, pubMLST id914) with
Snippy v4.3.6, using the default settings (available at https://github.
com/tseemann/snippy). Core SNPs from each sample were aligned
using Snippy-core. A Maximum Likelihood tree was generated
from the SNP alignment, using Fast Tree v2.1.10. Interactive tree
of life (iTOL) v5.6 was used for the visualization of the phylogenetic
tree [19]. MLST was performed in RidomSeqSphere+8.4.1 (Ridom,
Munster, Germany) according to the scheme described in [20],
available at https://bigsdb.pasteur.fr/diphtheria/. Abricate (https://
github.com/tseemann/abricate) was used to search for the presence
of acquired antimicrobial resistance genes using the resfinder

database [21]. Penicillin-binding protein (pbp) genes were investi-
gated using the allele scheme available at https://bigsdb.pasteur.fr/
diphtheria/, and by manual interrogation of the pbp2B gene for
mutations described in [22].

Results

Of the 51 toxin gene-positive isolates from all Queensland cases
between January 2017 and August 2022, 42 (82.3%) were recovered
from wound swabs and 9 (17.6%) from throat swabs. Ten (19.6%)
of the toxin gene-positive strains were thought to be acquired from
outside of Australia based on provided travel history, while the
remainder were from cases that had not reported any travel outside
of Australia. A single isolate with ST379 had a non-functional toxin
gene as previously described [12].

In early 2022, an increase in toxin gene-bearing C. diphtheriae
cases associated with NQ was observed, with 24 cases identified
between January andAugust 2022 compared to 6 cases in the region
in each of 2020 and 2021. Themajority of isolates in 2022were from
wound swabs (n = 18), with six from throat swabs. Of these six
patients, two presented with classic respiratory diphtheria symp-
toms, including toxin-mediated complications such as formation of
pseudo-membrane, myocarditis, or bulbar palsy, and were treated
with antitoxin, while four presented with mild respiratory illness.
All 24 cases had epidemiological links to NQ during their exposure
period; no international travel nor links to overseas travellers were
identified on investigation and all cases were therefore considered
locally acquired. Fourteen of the 24 cases were detected following
public health interventions; 2 were close contacts and 1 was a casual
contact (identified through contact tracing), with another 11 cuta-
neous cases detected through enhanced clinical surveillance in an
area where cases had occurred.

MLST analysis

MLST analysis of the 132 C. diphtheriae isolates (80 non-toxin
gene-bearing isolates from the NQ region and 52 toxin gene-
bearing isolates from across Queensland) identified 27 different
sequence types (STs). Toxin gene-positive strains isolated prior to
2020 exhibited a range of different STs; however, from January 2020
to August 2022, 29/34 (88.3%) of the toxin gene-positive isolates
were ST381. This ST had been relatively rare in Queensland before
this time, with only three representatives being isolated prior to
2020, and all were associated with travel to islands in the south-
western Pacific. Three ST381 isolates were identified in 2020 and
three in 2021 (Supplementary Table S1). Numbers of ST381
C. diphtheriae increased markedly in 2022 with 23 isolated between
January and August 2022. All of these ST381 isolates were
recovered from patients who either were residents of NQ or had
epidemiological links to this region.

Phylogenetic analysis

When all sequenced isolates were analysed by SNP analysis,
clustering based on STs was observed, with the ST381 clone
forming a group distinct from the other STs included in the
analysis (Figure 1). The analysis showed that the ST381 isolates
from 2020 to 2022 were more closely related to each other than to
ST381 cases from before 2020, with more than 120 SNPs
present between the pre-2020 isolates and the 2020–2022 isolates
(Figure 2). Among the 2020–2022 ST381 isolates, there were

2 Rikki M. A. Graham et al.

https://doi.org/10.1017/S0950268823000699 Published online by Cambridge University Press

http://doi.org/10.1017/S0950268823000699
http://doi.org/10.1017/S0950268823000699
http://doi.org/10.1017/S0950268823000699
https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
https://bigsdb.pasteur.fr/diphtheria/
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://bigsdb.pasteur.fr/diphtheria/
https://bigsdb.pasteur.fr/diphtheria/
http://doi.org/10.1017/S0950268823000699
https://doi.org/10.1017/S0950268823000699


fewer than 20 SNPs present between isolates, with no temporal
differences in clustering (isolates from different years showed
the same number of SNPs between them as isolates from the
same year). Further analysis of SNP differences found that none
of the other ST groups were as tightly clustered as the ST381
group.

The C. diphtheriae MLST Institut Pasteur database contains
information from two isolates of ST381, one being a Queensland
isolate from 2013 included in this study and the other being grown
from a cutaneous case in the state of New South Wales (NSW),
Australia, from 2015 (id914 used as the reference in the phylogen-
etic analysis). BURST analysis of the ST381 profile in the
C. diphtheriae MLST Institut Pasteur database revealed that the
closest sequence type to ST381 is the single locus variant (SLV)
ST461. Only one ST461 is in the MLST database – a cutaneous case
from 2016 also from NSW.

Other than ST381, themost common ST of isolates from theNQ
region was ST39. These strains were toxin gene negative but have
been increasingly isolated since 2018, with numbers rising from one
in 2018 to eight in 2022 (Figure 3).

The prevalence of different STs among toxin gene-positive
strains detected in Queensland appears to have changed between
2017 and 2022, with some STs present prior to 2022 becoming
less frequent, and a decrease in the diversity of STs seen in 2021
and 2022 when compared to previous years (Simpson’s diversity
index of 0.07 for 2021–2022 compared to 0.88 for 2017–2020).
ST381 was the only lineage among toxin gene-bearing strains
between January 2021 and August 2022, accounting for all but
one of 27 (96.3%) such strains from the NQ region (Figure 4).

AMR genes

Screening of the sequences for acquired AMR genes identified four
isolates with sul1, and one isolate with aph(30), aph(6)-Id, cmx1 and
sul1 (Figure 1).

Figure 1. Maximum likelihood tree built using SNP differences between Corynebacterium
diphtheriae isolates. Colours of leaves represent the year isolated andwhite stars on leaves
indicate that the isolate was from the NQ region. ST and AMR genes are indicated to the
right of the tree. Branch length represents genetic distance as indicated by the scale bar.

Figure 2. Maximum likelihood tree built using SNP differences between ST381
Corynebacterium diphtheriae isolates. Colours of leaves represent the year isolated
and white stars on leaves indicate that the isolate was from the NQ region. Branch
length represents genetic distance as indicated by the scale bar.
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Screening of sequences for pbp revealed the presence of pbp1A,
pbp1B, pbp2A, pbp2B, pbp2C, and pbp4 with alleles as shown in
Supplementary Table S1. The pbp2B mutation V535I and the
pbp2m gene were not found in any of the isolates.

Discussion

Phylogenetic analysis ofC. diphtheriae from theNQ region between
January 2017 and August 2022 has demonstrated that the genetic
population of C. diphtheriae in this region has changed over time,
with STs such as N01 and N05 decreasing and ST39 increasing in
the non-toxin gene-bearing C. diphtheriae population, and ST381
emerging as dominant in the toxin gene-bearing population. Iso-
lates of both ST39 and ST381 increased markedly in 2022. At a
genomic level, ST39 is not closely related to ST381; so despite their
increase in numbers at the same time in the same region, it is
unlikely that they are genetically linked, and these increases pos-
sibly represent changes in the bacterial population over time. This
change is potentially in response to a decrease in the introduction of

international strains due to public health interventions in Australia
during the COVID-19 pandemic, including border restrictions on
international arrivals, which may have allowed local strains to
expand. However, as we have only sequenced the non-toxigenic
strains fromNQ, we cannot comment on whether similar increases
in ST39 have occurred in other regions of Queensland, or more
widely in Australia.

The STs seen in the toxin gene-positive isolates included in this
study differ from the globally dominant STs reported, and in
contrast to the increases in C. diphtheriae incidence reported in
other countries, which have been polyclonal in nature with a range
of STs being reported [2, 6–8, 23], the increased incidence of toxin
gene-positive C. diphtheriae in NQ appears primarily linked to the
clonal expansion of ST381 alone. The reason for this is not known;
however, the tropical environment of NQ and social determinants,
including household overcrowding in the areas where most diph-
theria cases have been reported, may be contributing to transmis-
sion. Public health interventions in theNQ region in response to the
ST381 clonal expansion are continuing.

Figure 3. Numbers of isolates with different STs by year in (a) toxin gene-positive and (b) toxin gene-negative isolates. STs are shown on the columns as well as in the legend for
clarity.

Figure 4. Prevalence of STs per year for toxin gene-bearing Corynebacterium diphtheriae isolates. Circle size represents number of isolates and colours represent ST.
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All three ST381 cases identified in Queensland prior to 2020
were associated with travel to the southwest Pacific islands. Travel
history is not documented for the single ST381 case listed in the
C. diphtheriaeMLST Institut Pasteur database, nor for the isolate of
the nearest sequence type, ST461, but both originated from NSW,
Australia, in 2015–2016. Our phylogenetic analysis suggests that
during or prior to 2020, a particular clone of ST381, which does not
appear closely genetically linked to any of the previous ST381
detections, has rapidly expanded in the NQ region, resulting in a
cluster of locally acquired toxin gene-bearing cutaneous and
respiratory diphtheria cases. There is no evidence of sustained
circulation of toxigenic C. diphtheriae in Australia since the early
1990s [24].

A difference in ST prevalence was seen between the NQ non-
toxin gene-bearing strains and those reported in another Australian
study, where ST32 was the most commonly reported non-toxin
gene-bearing ST in the state of NSW, which is located to the south
ofQueensland [5]. Itmay be that in themore urban southern region
of Queensland, the C. diphtheriae population is similar to that seen
in the southern Australian states and this would make an interest-
ing future study.

Toxin gene-positive and non-toxin gene-bearing strains
tended to fall into different STs (Figure 1); however, ST849 and
ST516 contained both toxigenic and non-toxigenic strains. This
may represent loss or acquisition of the diphtheria toxin phage by
these strains, but overall, the genomic results indicate that for the
most part, toxigenic and non-toxigenic strains are genomically
distinct. The presence of the toxin gene in all ST381 isolates
included in this study suggests that clonal expansion of this strain
across NQ between 2020 and 2022 did not arise from the local
acquisition of the toxin phage by a non-toxigenic strain. Although
the production of diphtheria toxin by the toxin gene-positive
isolates was not confirmed phenotypically as the Elek test is no
longer carried out by any Australian laboratory, a correlation
between the presence of the toxin gene and the production of
the toxin has been described [25].

The presence of antimicrobial resistance markers was not
common in the strains analysed, with only four containing genes
associated with resistance, all of which were toxin gene positive
and from cases who had reported travel. One of these strains
(M1911202 and ST469 (Supplementary Table S1)) contained
multiple resistance genes, associated with resistance to macro-
lides, chloramphenicol, and sulfonamides; however, unfortu-
nately, information on the potential phenotypic resistance was
not available. This level of antimicrobial resistance is lower than
that seen in other countries [22, 26]. In 2011, there was a fatal
case of respiratory C. diphtheriae in Queensland caused by a
penicillin-resistant strain carrying the pbp2m gene [9, 10,
22]. Although several pbp genes were found in the isolates
analysed in this study, none had the pbp2m gene present or the
V535I mutation in the pbp2B gene that is associated with resist-
ance to penicillin [22].

This study reports on a spatially and temporally related increase
in toxin gene-positive C. diphtheriae cases in NQ, first noted in
2021 by both relevant public health authorities and the Queensland
microbiology reference laboratory. A source of possible bias of this
study is that some of the recent increase in toxin gene-positive
C. diphtheriae isolatesmay have been driven by the increased health
surveillance in this region leading to an increase in testing and
reporting of diphtheria, and increased isolation of diphtheroids that
may have previously been dismissed as skin flora.

Conclusions

In conclusion, this genomic analysis of C. diphtheriae has demon-
strated that an increase in cases of toxin gene-bearingC. diphtheriae
in NQ is likely due to an increase in one ST, ST381. This group
clusters closely together with higher genetic relatedness amongst all
2020–2022 ST381 isolates than to ST381 isolates from previous
years and is not closely related to non-ST381 isolates or any of the
non-toxin gene-bearing strains. Thus, this likely represents the
clonal expansion of a toxin gene-bearing strain that has moved
into this region rather than the result of an already endemic non-
toxigenic strain acquiring the toxin gene.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0950268823000699.
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