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Abstract

Background: Pulmonary infections caused by non-diphtheriae corynebacteria are increasing. However, rapid
identification of Corynebacterium species poses a challenge due to the low genetic variation within the genus.

Methods: Three reference strains and 99 clinical isolates were used in this study. A qPCR followed by high-
resolution melting (HRM) targeting ssrA was performed to simultaneously identify C. striatum, C. propinquum and C.
simulans. To further evaluate this assay’s performance, 88 clinical sputum samples were tested by HRM and the
detection results were compared with those of the traditional culture method and multiple cross-displacement
amplification (MCDA) assay.

Results: The melting curve produced by a pair of universal primers generated species-specific HRM curve profiles
and could distinguish the three target species from other related bacteria. The limit of detection of HRM assay for
DNA from the three purified Corynebacterium species was 100 fg. Compared with the culture method, HRM
detected 22 additional positive specimens, representing a 23.9% relative increase in detection rate. The HRM assay
had 98.4% (95% confidence interval [CI], 90.5–99.9%) sensitivity and 100% (95% CI, 82.8–100%) specificity.
Additionally, 95.5% concordance between HRM and MCDA (κ = 0.89 [95% CI, 0.79–0.99]) was noted.

Conclusions: The HRM assay was a simple, rapid, sensitive, and specific diagnostic tool for detecting C. striatum, C.
propinquum, and C. simulans, with the potential to contribute to early diagnosis, epidemiological surveillance, and
rapid response to outbreak.
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Background
The genus Corynebacterium is composed of aerobic,
non–spore-forming, pleomorphic, Gram-positive bacilli
with worldwide distribution. The most well-established
and well-described pathogen in this genus, C. diphtheria,
is the main causative agent of diphtheria, the incidence
of which has dropped due to effective vaccination pro-
grams [1]. However, in recent years, there has been a
considerable increase in reports of non-diphtheriae Cor-
ynebacterium species, which have been linked to mul-
tiple hospital outbreaks and nosocomial infections [2–4].
Although these microorganisms are common compo-
nents of the skin microbiota and mucous membranes,
their clinical significance as emerging respiratory patho-
gens has been demonstrated by various studies [4–6]. Of
note, recent reports show that multidrug-resistant strains
of the species C. striatum are emerging rapidly [7–10].
Early detection and identification of Corynebacterium spe-
cies are essential to intervention and infection treatment
efforts.
Traditionally, these microorganisms have been routinely

identified by biochemical tests using the API Coryne sys-
tem (bioMérieux, Craponne, France) or the RapID CB
PLUS system (Thermo Fisher Scientific, Waltham, MA,
USA) in clinical microbiology laboratories [11, 12]. How-
ever, these methods have low sensitivity, and are time-
consuming and unreliable for species identification, espe-
cially in the case of C. simulans, due to its similarities with
C. striatum [13, 14]. Identification by 16S ribosomal ribo-
nucleic acid (rRNA) and rpoB gene sequencing produces
more reliable results, but is slow and cost prohibitive in
developing countries [15, 16]. Matrix-assisted laser
desorption/ionization–time-of-flight mass spectrometry
(MALDI-TOF MS) has been applied to perform accurate
species-level identification of Corynebacterium spp. clin-
ical isolates, but this technology is not yet fully accessible
to clinical microbiology laboratories in resource-limited
settings [17]. Also, MALDI-TOF requires pure cultures as
starting material, which precludes rapid diagnosis. There-
fore, suitable detection assays that are rapid, reliable, and
cost-effective are always in demand for effective control
and treatment strategies against infections caused by
emerging Corynebacterium species.
The high-resolution melting (HRM) assay, a recently

developed technique based on quantitative real-time
polymerase chain reaction (qPCR) that detects genetic
variation in deoxyribonucleic acid (DNA) sequences,
provides a good alternative for molecular diagnosis [18].
Before HRM analysis can be performed, the region of
interest is amplified using PCR in the presence of a
fluorescent dye (EvaGreen) that is homogenously inter-
calated into the double-stranded (ds) DNA. After PCR,
the amplicon is gradually heated at increasing tempera-
tures, and the ds PCR product denatures into two single

strands, releasing the binding dye and leading to a de-
crease in fluorescence level. The rate of dissociation of
the amplicon mainly depends on GC-content, sequence
length, complementarity, and nearest-neighbor thermo-
dynamics [19]. A specific and characteristic melting pro-
file can be produced for the amplicon by monitoring
changes in fluorescence intensity. The HRM assay is an
easily implemented, closed-tube method that can simul-
taneously detect closely related species within approxi-
mately 2 h. In addition, it is not restricted to cultured
material, but can detect DNA extracted directly from
clinical specimens. The HRM technique has been suc-
cessfully employed in concurrently identifying and dif-
ferentiating between several pathogens, such as bacteria,
viruses, and fungi [20–23].
In this study, we report the development of a qPCR–

based HRM assay capable of detecting C. striatum, C.
propinquum, and C. simulans, as well as distinguishing
between them in pure cultures and clinical specimens
with increased specificity and sensitivity.

Methods
Bacterial strains
Three reference strains (C. striatum ATCC 6940, C. pro-
pinquum DSM 44285, and C. simulans DSM 44415) and
99 clinical isolates were used in this study (Add-
itional file 1). All clinical isolates were recovered from
pulmonary specimens (80 sputum samples, 14 tracheal
aspirates, and 5 bronchoalveolar lavage fluid samples) of
patients clinically suspected of having respiratory tract
infections, and were collected from 2016 to 2018 in the
Department of Clinical Laboratory Medicine, Peking
University People’s Hospital, Beijing, China. The organ-
isms were identified by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-
TOF MS) using the Vitek MS (bioMérieux, France) sys-
tem and the results were confirmed by 16S rRNA gene
sequencing.

Genomic DNA extraction
We extracted genomic DNA from reference strains and
clinical isolates using QIAamp DNA Mini Kits (QIAG
EN, Hilden, Germany) in accordance with the manufac-
turer’s instructions. DNA concentration and purity were
measured using a spectrophotometer (NanoDrop ND-
1000; Thermo Fisher) at A260/280. Purified DNA were
kept at − 20 °C for subsequent experiments.

Genomic target selection and primer design for HRM
As the ssrA gene, which encodes a transfer-messenger
RNA (tmRNA), is highly conserved and phylogenetically
informative [24], it was selected as the target. The se-
quences of ssrA loci for three reference strains were ob-
tained from published genomes in GenBank (National
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Center for Biotechnology Information [NCBI], Bethesda,
MA, USA; https://www.ncbi.nlm.nih.gov/genbank/) and
aligned using SeqMan software (version 7.1.0; Fig. 1). In
order to identify the best primer pair, 20 pairs of primers
were designed based on the ssrA gene in the conserved
region using CmSuite software version 8.0 (https://www.
scied.com/pr_cmpro.htm). C. striatum, C. propinquum,
and C. simulans were tested by PCR using 20 primer
sets. The primers ssrA-Fwd (5′-TCAGCGTGACTACG
CCCTC-3′) and ssrA-Rev (5′-RCYTCGCCAGGGCTTC
TC-3′) displayed positive amplification and were se-
lected for qPCR and HRM assays (data not shown).

qPCR and HRM assays
A qPCR assay was set up containing the following com-
ponents per reaction:
15 μl 2× Taqman PCR Master Mix (Thermo Fisher);

0.9 μl Primer F (10 μΜ); 0.9 μl Primer R (10 μΜ); 0.3 μl
Rox Reference Dye II (100×); 1.5 μl EvaGreen, 20× in
water (Biotium, Fremont, CA, USA); 1 ng DNA sample;
and nuclease-free water to a total reaction volume of
30 μl. The qPCR assay was performed and validated
using the ABI QuantStudio 6 Flex system (Thermo
Fisher Scientific, USA) with the following run condi-
tions: 1 cycle of 95 °C for 10 min, followed by 35 cycles
of 95 °C for 15 s and 63 °C for 45 s. Next, HRM analysis
was initiated by raising the temperature to 95 °C for 15 s
and decreasing it to 60 °C for 1 min. Then, the melting
curves were generated by increasing the temperature
from 60 °C to 95 °C in increments of 0.025 °C/s. All of
the amplicons were tested in triplicate to detect tech-
nical errors. The HRM data were analyzed using

QuantStudio™ Real-Time PCR Software version 1.3. All
of the experiments were performed in triplicate.

Evaluation of the sensitivity of the HRM assay
To assess the sensitivity of the HRM assay for identifica-
tion of Corynebacterium species, the genomic DNA tem-
plates of three reference strains were serially diluted
with distilled water (10 ng, 100 pg, 10 pg, 1 pg, 100 fg,
and 10 fg per μl) to define the limit of detection. DNA
templates of Nocardia farcinica were used as the nega-
tive control, and distilled water was the blank control.
Each DNA concentration was assayed in duplicate by
HRM.

Evaluation of the specificity of the HRM assay
To assess the specificity of the HRM assay, the PCR-
HRM reactions were performed under the conditions
described above with purely genomic DNA templates
(10 ng/reaction) from 60 C. striatum, 3 C. propinquum,
6 C. simulans, and 30 non-target clinical samples (Add-
itional file 1). All of the strains were cultured overnight
on brain–heart infusion ager at 37 °C. Bacterial genomic
DNA from all of the cultured strains were extracted
using QIAamp DNA Mini Kits (Qiagen, Germany) in ac-
cordance with the manufacturer’s instructions. Analysis
of each sample was carried out twice independently.

Practical application of HRM in clinical sputum samples
In total, 88 human sputum samples were recovered from
hospitalized patients with pulmonary infections. These
samples were previously identified using the culture
method and stored at − 70 °C until use in the HRM

Fig. 1 Sequence alignment of the ssrA from each Corynebacterium species. In the consensus line, capital letters represent conserved bases
whereas lowercase letters represent substitutions or deletions. Gaps are shown as hyphens
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assay. To evaluate the practical application of the novel
HRM method, we employed this assay in routine detec-
tion for 88 clinical sputum samples, and compared the
results with those of the traditional culture method and
the multiple cross displacement amplification (MCDA)
assay developed in a previous study [25]. The DNA tem-
plates from the sputum samples were extracted using a
Wizard® Genomic DNA Purification Kit (Promega,
Fitchburg, WI, USA) in accordance with the manufac-
turer’s instructions. The extracted genomic DNA were
used for HRM and MCDA tests. This experiment was
carried out in duplicate independently.

DNA sequencing
To further confirm the reliability of the HRM assay, all
of the HRM-positive/culture-negative amplicons from
qPCR-HRM were sent to Sangon Biotech (Shanghai,
China) to undergo direct sequencing in both strands. In
brief, the PCR amplicons produced from ssrA were puri-
fied with a QIAquick PCR purification kit (QIAGEN,
Germany) and subjected to sequencing using the
primers ssrA-Fwd and ssrA-Rev on the ABI PRISM 7500
Sequence Detection System (Applied Biosystems, USA).
The sequencing results were analyzed using SeqMan
software, and were further compared with the reference
samples using the Basic Local Alignment Search Tool
(BLAST; NCBI; https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Statistical analysis
To analyze assay sensitivity and specificity, we used the
conventional culture method as the gold standard for
the culture-positive specimens, while using consensus
results from both the HRM and MCDA assays as a ref-
erence standard for the remaining specimens. The sensi-
tivities of the HRM and MCDA assays were determined
by the following equation:

number of true positive= number of true positive þ number of false negativeð Þ � 100%:

Specificity was determined by the following equation [26]:

number of true negative= number of true negative þ number of false positiveð Þ � 100%:

Additionally, 95% confidence intervals (CIs) were cal-
culated for sensitivity and specificity using the Wilson
score method. We used McNemar’s chi-square test to
assess whether the performances of these tests were dif-
ferent. A P < 0.05 was considered to indicate statistical
significance. The agreement levels between HRM and
MCDA results were measured using Cohen’s kappa test,
which was calculated as described previously [27].

Results
HRM analysis for identification of C. striatum, C.
propinquum, and C. simulans
A pair of universal primers (ssrA-Fwd and ssrA-Rev),
designed to detect C. striatum, C. propinquum, and C.
simulans in HRM analysis, amplified fragments of 233,
240, and 233 bp, respectively, for these species. In the
HRM analysis, C. striatum and C. propinquum each had
a single peak, while C. simulans produced two melting
peaks (Fig. 2a). A distinct HRM peak was observed in
the normalized melting curves, allowing them easy to
distinguish from each other. The melting temperatures
for C. striatum, C. propinquum, and C. simulans using
HRM primers were 88.91 °C, 88.44 °C, and 87.86 °C, re-
spectively. Specifically, a high-resolution difference plot
was constructed using the curved shape of C. striatum
as a baseline, which indicated that these three species
were indeed different through the HRM curves (Fig. 2b).

Limit of detection of the HRM assay
To assess the sensitivity of the HRM assay, serial dilu-
tions (10 ng–10 fg) of total genomic DNA extracted from
the three reference strains were subjected to a HRM
assay. The decreasing concentrations of genomic DNA
are presented from left to right in Fig. 3. The limit of de-
tection of the HRM assay was 100 fg of genomic DNA
per reaction for C. striatum, C. propinquum, and C.
simulans.

Analytical specificity of the HRM assay
To determine the specificity of the HRM assay, the
purely genomic DNA extracted from 60 C. striatum, 3
C. propinquum, 6 C. simulans, and 30 non-target strains
were tested using the HRM assay under the standard
conditions described above. As expected, all 69 cultured
samples belonging to C. striatum, C. propinquum, and
C. simulans were amplified and formed unique and re-
producible melting curves (Additional file 2). In contrast,
the 30 non-target strains showed no melting curves.
These results suggested that the HRM assay targeting
ssrA identified C. striatum, C. propinquum, and C. simu-
lans with 100% specificity.

Evaluation of the HRM assay using clinical sputum
samples
To further assess the suitability and usefulness of the
HRM assay as a tool for Corynebacterium spp. detection,
a total of 88 clinical human sputum samples were ana-
lyzed using the traditional culture method, a MCDA
assay, and a HRM assay. The results are summarized in
Table 1. In the 88 sputum samples, the culture produced
42 positives (47.7%), the MCDA produced 59 (67.0%),
and the HRM assay produced 63 (71.6%).
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Specimens were defined as true positives if: (i) C. stri-
atum, C. propinquum, or C. simulans were recovered
from the culture; or (ii) both MCDA and HRM results
were positive for a culture-negative specimen [28–30].
Among the 42 culture-positive samples, the MCDA
assay produced five false-negative results, while the
HRM assay produced one (Table 2).
Ultimately, 22 culture-negative specimens were found

to be positive by the MCDA and HRM assays, results
that were further confirmed by nucleic acid sequencing.
These 22 specimens were considered true positives. Sen-
sitivity was calculated to be 65.6% (95% CI, 52.6–76.7%)
for the culture method, 92.2% (95% CI, 82.0–97.1%) for
the MCDA assay, and 98.4% (95% CI, 90.5–99.9%) for

the HRM assay; specificities were 100% (95% CI, 82.8–
100%) for all three assays (Table 3). No significant differ-
ences in sensitivity or specificity were found between the
MCDA and HRM assays (McNemar’s chi-square test,
P > 0.5). However, the HRM assay was more sensitive
than the culture method (P < 0.001), and 95.5% concord-
ance between the MCDA assay and our HRM assay (κ =
0.89 [95% CI, 0.79–0.99]) was noted.

Discussion
Due to being common components of the skin micro-
biota, non-diphtheriae Corynebacterium species are usu-
ally thought of as colonizers or contaminants [31, 32].
Because of this, as well as challenges in identification,

Fig. 2 Representative HRM analysis for differentiating Corynebacterium species. a Normalized melting curves; b difference plot using C. striatum as
the baseline

Fig. 3 Limit of detection of the HRM assay
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they have not received a great deal of attention [33]. In
recent years, the clinical relevance of these microorgan-
isms has been recognized, particularly as a cause of
respiratory-tract infections [5, 6, 34, 35]. A rapid, simple,
specific, and sensitive molecular technique for identify-
ing and differentiating between these species is essential
for outbreak detection, epidemiological surveillance, and
direct patient treatment, as most strains of C. striatum
are resistant to multiple antimicrobials.
However, differentiation between these species re-

mains difficult due to the low genetic variation between
them. C. striatum, C. propinquum, and C. simulans have
similar colony morphologies and cultural characteristics.
C. simulans and C. striatum share high genetic hom-
ology, and their biochemical reactions are very similar
[36]. Misidentification of C. simulans or C. propinquum
as C. striatum by VITEK MS MALDI-TOF MS was ob-
served in our investigation (data not shown), and this
has also been reported previously [8]. Currently, few
commercially available assays can rapidly differentiate
between these species, and published assays rely on the
use of pure cultures.
In this study, we developed a HRM assay that could

differentiate between C. striatum, C. propinquum, and
C. simulans in cultured samples and clinical specimens
within approximately 2 h after DNA extraction. Analysis
of the normalized melt curve produced with the univer-
sal primers generated species-specific HRM curve pro-
files. The three species were clearly differentiated by the
melting temperature of the dissociation curves, with
melting peaks at 88.91 °C for C. striatum, 88.44 °C for C.

propinquum, and 87.86 °C for C. simulans. Furthermore,
these three strains were successfully identified based on
their different plots, which were mutually distinct.
We also evaluated the limit of detection of the newly

established HRM assay. This assay could detect quan-
tities as low as 100 fg using DNA from pure cultures as
templates. Assay specificity was further evaluated by
testing the genomic DNA of 69 corynebacteria clinical
isolates and 30 non-target strains. Results showed that
the high discriminatory power of the HRM assay devel-
oped for C. striatum, C. propinquum, and C. simulans
also gave it the ability to specifically distinguish these
three species from other related bacteria.
Furthermore, we showed that HRM could be applied

to direct tests of clinical sputum samples. Among the 42
culture-positive samples, all were identified by HRM,
while one false negative result occurred. This one sample
was also found to be negative by the MCDA assay. This
result suggested that DNA might have been lost or de-
graded during the preparation, processing, and storage
of the sputum samples.
Furthermore, 22 samples were identified as negative by

the culture method, but identified as positive by HRM
and MCDA assays. In our study, the culture method was
likely to miss one quarter (22/88) of Corynebacterium
spp.-positive samples. Putative sensitivity increased from
65.6% using the culture method to 98.4% using the
HRM assay. Compared with the culture method, the use
of the HRM assay to detect the three Corynebacterium
spp. could potentially improve overall sensitivity and re-
duce turnaround times.
Our HRM assay was also comparable to the MCDA

method, showing a high concordance rate (95.5%) [25].
MCDA technology has revolutionized the detection of
pathogens, but the established MCDA method can iden-
tify only one Corynebacterium species, C. striatum. In
addition, this method requires the use of five pairs of
primers, which can generate a complex mixture of vari-
ous DNA products, and it can be difficult to distinguish
between specific and non-specific products [37]. Com-
pared with the MCDA assay, the HRM method we de-
veloped based on a pair of universal primers could
specifically identify three Corynebacterium spp. in only
one test.

Table 1 Identification of Corynebacterium species in clinical
sputum samples by culture, MCDA assay, and HRM assay

Culture MCDA HRM

C. striatum 39 59 60

C. propinquum 2 NA 2

C. simulans 1 NA 1

Total 42 59 63

MCDA multiple cross-displacement amplification, HRM high-resolution melting,
NA No detection

Table 2 Comparison of the HRM and MCDA assays with the
culture method

Culture Total

Positive Negative

MCDA Positive 37 22 59

Negative 5 24 29

HRM Positive 41 22 63

Negative 1 24 25

Total 42 46 88

HRM high-resolution melting, MCDA multiple cross-displacement amplification

Table 3 Performance of the culture method, MCDA assay, and
HRM assay in clinical sputum sample analysis

Method TP TN FP FN Sensitivity (95% CI) Specificity (95% CI)

Culture 42 24 0 22 65.6% (52.6–76.7) 100% (82.8–100)

MCDA 59 24 0 5 92.2% (82.0–97.1) 100% (82.8–100)

HRM 63 24 0 1 98.4% (90.5–99.9) 100% (82.8–100)

TP true positive, TN true negative, FP false positive, FN false negative, CI
confidence interval, MCDA multiple cross-displacement amplification, HRM
high-resolution melting
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In the present study, 95.3% of pulmonary infections
were caused by C. striatum, 3.1% by C. propinquum, and
1.6% by C. simulans, as identified by HRM. Among
members of Corynebacterium spp., C. striatum and C.
propinquum have been recognized as pathogens of the
respiratory tract, and have been found in cases of pneu-
monia and chronic obstructive pulmonary disease
(COPD) in hospital settings [4, 38–40]. A comparative
study noted that C. striatum was the most prevalent
non-diphtheriae Corynebacterium found in sputum
specimens, and found that it caused a large proportion
of respiratory infections [1]. The high incidence of noso-
comial outbreaks caused by C. striatum highlights the
importance of routine species-level identification to
avoid further spread and outbreaks [41].
Unlike C. striatum and C. propinquum, C. simulans

has not been described as a cause of respiratory infec-
tion. Only a few well-documented infections have been
reported, including one case of acute pyogenic spondyl-
itis, one prosthetic joint infection, and one case of endo-
carditis [42–44]. The recovery of C. simulans from a
respiratory specimen here appears to be novel and has
clinical relevance, emphasizing its potential role as a
causative pathogen of respiratory tract infections.
There were several limitations in our study. i) Sample

sizes of C. propinquum and C. simulans clinical isolates
were small. This was because, despite our efforts, we
could not find additional isolates. ii) C. pseudodiphtheri-
ticum and C. amycolatum, which other reports have
shown to be common non-diphtheriae corynebacteria
[35], were not available for this study; this might have
been due to differences in the geographical distribution
of non-diphtheriae corynebacteria.
Despite these limitations, our study has some strengths.

First, the HRM method can identify and differentiate be-
tween C. striatum, C. propinquum, and C. simulans directly
from clinical sputum samples without isolating and cultur-
ing the pathogens. This meets the need for rapid diagnosis
and, more importantly, yields high diagnostic accuracy in
culture-negative samples. Second, this assay could poten-
tially be applied to recognize novel or unusual Corynebac-
terium spp. in clinical specimens by targeting single loci,
with no need to design new assays; this is supported by pre-
vious research [45]. Third, this technique produced results
in 2 h with no need for gel electrophoresis of the PCR
products, avoiding sample cross-contamination. Finally,
HRM analysis is a cost-effective method using common
and widely available reagents and equipment, making it es-
pecially suitable for resource-limited settings.

Conclusions
In conclusion, the HRM assay described in this study is
the first developed for the detection and identification of
C. striatum, C. propinquum, and C. simulans from pure

cultures and clinical specimens. It outperformed the cul-
ture method, proving to be capable of detecting many
samples the culture method missed. The present study
demonstrated this HRM assay to be a simple, rapid, ac-
curate, sensitive, specific, and cost-effective diagnostic
approach. The HRM assay is a promising alternative for
identifying Corynebacterium spp., effectively comple-
menting current methods used in clinical microbiology
laboratories, and has the potential to contribute to early
diagnosis and epidemiological surveillance.
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