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ARTICLE INFO ABSTRACT

Keywords: This study aimed to characterize serovar 1/2a, 1/2b, 1/2c and 4b of Listeria monocytogenes cultures based on High
Molecular epidemiology Resolution Melting (HRM) profiles, targeting 53 fragments in the region comprising prs, Listeria Pathogenicity
Lineages Island-1 (LIPI-1) and Idh loci, and 28 fragments of inlAB operon. Fifty L. monocytogenes cultures (28 of lineage I, 22

Listeria pathogenicity island-1
Internalins A and B
Surveillance

of lineage II) were tested. Real time PCR and EvaGreen-based HRM assays were performed, and the HRM profile
for each amplicon was compared to that of L. monocytogenes EGD-e strain. Considering all fragments tested, 45
HRM profiles were identified (Diversity Index = 99.35). Similarity analysis identified two main clusters: the first
consisted of 25 cultures, including all 1/2a and 1/2c strains, except for three isolates from food of serovar 4b; the
second group only included 1/2b and 4b isolates. Eighteen out of targeted amplicons showed constant HRM
characteristics irrespective of the serovar/lineage, and hlyA displayed the most stable melting behavior.
Conversely, thirteen amplicons were specific for 1/2b and 4b isolates, showing major variations within actA,
followed by prs, prfA, mpl and plcB genes. A fragment targeting an intragenic region (part of plcA and part of an
unknown gene) had a melting profile allowing differentiation between 4b and 1/2b isolates showing different Tm
variants. Amplicons of inlA and inlB exhibited the largest intra-strain melting differences, and one inIB fragment
could allow discriminating between 4b and 1/2b cultures, as well as between lineages. A greater level of genetic
diversity amongst 1/2a cultures compared to 1/2c, 1/2b and 4b isolates was observed, with variations identified in
LIPI-1, as well as within inlA and inIB genes. Sequencing analysis of amplicons with differential HRM profile from
EGD-e confirmed point mutations. The study findings underlines that HRM-based approach may be useful for
bacterial subtyping for epidemiological purposes when sequencing-based methods are not available.

1. Introduction

Listeriosis is a severe foodborne infection with a high fatality rate,
particularly amongst susceptible population groups, including the elderly,
unborn and newly delivered infants, pregnant women and the im-
munocompromised people (Charlier et al., 2017; Comandatore et al., 2017).

From a meta-analysis, the worldwide burden of listeriosis for 2010
was estimated as 23,150 cases, 5,463 deaths and 172,823 disability-
adjusted life-years (de Noordhout et al., 2014). The annual incidence of
listeriosis in Italy is lower (0.19-0.27 cases/100,000 inhabitants per
year) than that estimated in other areas of Europe (0.34-0.52/100,000
inhabitants per year), but the observed rate may be biased by under-
diagnosis or under-reporting (Zolin et al., 2017).

The implementation of strategies for effectively tracking foodborne
pathogens is essential for prevention and control of infectious diseases
(Sammarco et al., 2014), including listeriosis. Bioinformatics tools are

nowadays available to facilitate the comparison of L. monocytogenes
isolates, revealing differences at the genomic, transcriptomic, and pa-
thogenic levels (Bécavin et al., 2014; Tamburro et al., 2015a). However,
these tools, including Whole Genome Sequencing (WGS), are not yet
universally available, and expensive to implement.

Identification of L. monocytogenes serovar, lineage and clonal groups
represent the first approach for understanding intra-species genetic
differences, particularly related to the pathogenic potential (Doijad
et al., 2015; Tamburro et al., 2015b). Amongst the 13 well-recognized
serovars, 4b, 1/2a, 1/2b and 1/2c are associated with the majority of
human cases (den Bakker et al., 2010; Yin et al., 2015). Furthermore,
four evolutionary serovar-related lineages (I-IV) have been described
(Orsi et al., 2008; Rawool et al., 2016; Ward et al., 2008). Lineage I
includes serovar 4b, 1/2b and 3b, and the major epidemic clones as-
sociated with large outbreaks, as well as with sporadic human cases;
lineage II includes serovar 1/2a, 1/2c, 3a and 3c, and groups isolates
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from cases of human listeriosis (particularly serovar 1/2a) and the
majority of isolates from food and environment; lineage III comprises
4a and 4c strains isolated from animal hosts, and lineage IV is re-
presented by a divergent 4a subgroup (Lomonaco et al., 2015; Orsi
et al., 2011; Ward et al., 2008).

Molecular methods have progressively improved the discrimination
between strains according to variation in virulence-associated de-
terminants (Camargo et al., 2016; Takahashi et al., 2017; Tamburro
et al., 2010, 2015b).

High resolution melting (HRM) analysis can rapidly discriminate
DNA sequence variants using real time PCR amplification and melting
temperature (Tm) or curve analysis, without sequencing or hybridization
procedures (Tamburro and Ripabelli, 2017; Tamburro et al., 2018; Tong
and Giffard, 2012). Therefore, HRM analysis can improve L. mono-
cytogenes molecular characterization by exploiting sequence differences
within PCR fragments through direct melting and high-density data ac-
quisition (Tamburro and Ripabelli, 2017; Tong and Giffard, 2012).

HRM assays have been previously applied to Listeria species iden-
tification (Forghani et al., 2016; Jin et al., 2012; Ohshima et al., 2014;
Wang et al., 2010), and L. monocytogenes genotyping (Ohshima et al.,
2017; Pietzka et al., 2011; Sakaridis et al., 2014). We recently reported
the development and evaluation of a novel HRM approach for typing L.
monocytogenes cultures of serovar 1/2a and 1/2c (lineage II) (Tamburro
et al., 2018), targeting the region comprised between the prs and ldh
housekeeping genes, including Listeria Pathogenicity Island-1 (LIPI-1)
genes, and the inlAB operon.

In the present study, we describe the evaluation of that assay to map
sequence variations within L. monocytogenes cultures of serovar 1/2b
and 4b (lineage I), and to assess its usefulness for comparisons and
discrimination with the 1/2a and 1/2c (lineage II) isolates. The appli-
cation of the HRM approach here described is proposed as an alter-
native tool for the molecular characterization of L. monocytogenes ap-
plicable to discriminate between isolates of serovars 1/2a, 1/2b, 1/2c
and 4b belonging to the two main lineages associated with human lis-
teriosis, and may be a useful tool for the epidemiological investigations.

2. Materials and methods

2.1. L. monocytogenes cultures, DNA extraction and PCR-based serotyping
classification

Fifty L. monocytogenes cultures were analyzed (Table 1): 27 isolates
were provided from Gastrointestinal Bacteria Reference Unit, Food
Safety Microbiology Laboratory (GBRU, Public Health England, UK), and
the remaining from Laboratory of Hygiene culture collection (University
of Molise, Campobasso, Italy). Thirty-eight of the L. monocytogenes were
isolated from human listeriosis cases and 12 were isolated from food.

Pure cultures of L. monocytogenes were subcultured on Trypticase
Soy agar (Oxoid, Basingstoke, Hampshire, UK), and incubated at 37 °C
for 24 h. DNA was extracted by Maxwell® 16 Cell DNA Purification kit
(Promega, Enterprise Rd, Southampton, UK) using automated Maxwell®
16 Instrument (Promega), according to manufacturers' instructions.
Serogroup was identified by Multiplex-PCR assay (Doumith et al., 2004;
Tamburro et al., 2010), while PCR-based lineage classification was
carried out in other studies (unpublished data), as previously described
(Ward et al., 2004).

2.2. Real time PCR and HRM assays

For this study, 81 primer pairs, previously designed (Tamburro
et al., 2018) for the analysis of 1/2a and 1/2c cultures by using the
published genome sequence of L. monocytogenes EGD-e strain (serovar
1/2a, lineage II, NCBI Reference Sequence: NC_003210.1), were uti-
lized. Oligonucleotides amplified fragments within the prs and Idh loci,
including LIPI-1 genes (markers from LPAI-1 to LPAI-53), and the inlAB
operon (markers from LINT-1 to LINT-28). Both real time PCR and HRM
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Table 1
L. monocytogenes cultures isolated from human cases and food analyzed in this
study.

Strain Country Source Lineage Serovar
LM1 UK Food 1 4b
LM2 UK Food I 4b
LM4 UK Food I 4b
LM6 UK Human I 4b
LM8 UK Food I 4b
LM9 UK Human I 4b
LM11 UK Human I 4b
LM12 UK Food I 4b
LM13 UK Food I 4b
LM15 UK Food I 1/2b
LM18 UK Human I 1/2b
LM21 UK Human 1 4b
LM29 UK Human I 1/2b
LM32 UK Food I 4b
LM34 UK Human I 1/2b
LMOO01 Italy Human I 1/2b
LMO02 Italy Human 1 1/2b
LMO04 Italy Human 1 4b
LMOO05 Italy Human I 4b
LMOO07 Italy Human I 1/2b
LMOO08 Italy Human I 4b
LMO09 Italy Human I 4b
LMO10 Italy Human I 1/2b
LMO11 Italy Human 1 1/2b
LMO13 Italy Human I 4b
LMO14 Italy Human I 4b
LMO20 Italy Human I 4b
LMO28 Italy Human I 4b
LM3 UK Human I 1/2a
LM5 UK Human I 1/2a
LM7 UK Human 11 1/2¢
LM14 UK Human I 1/2a
LM16 UK Food I 1/2a
LM17 UK Food I 1/2a
LM19 UK Human 11 1/2a
LM20 UK Food I 1/2a
LM22 UK Food I 1/2a
LM23 UK Human 11 1/2a
LM24 UK Human I 1/2a
LM35 UK Human I 1/2¢
LMO06 Italy Human I 1/2a
LMO12 Italy Human I 1/2a
LMO15 Italy Human I 1/2a
LMO16 Italy Human 1I 1/2a
LMO17 Italy Human I 1/2a
LMO18 Italy Human I 1/2a
LMO19 Italy Human 1I 1/2a
LMO21 Italy Human I 1/2a
LMO23 Italy Human I 1/2a
LMO26 Italy Human I 1/2a

were previously developed and standardized (Tamburro et al., 2018).
Briefly, PCRs were performed in 20 pl, with 2 pl of 1:10 diluted genomic
DNA, 1x PCR Gold Buffer (Applied Biosystems, Thermo Fisher Scien-
tific, UK), 0.25mM dNTP mix (Invitrogen, Thermo Fisher Scientific),
2mM MgCl, (Applied Biosystems), 0.5 EvaGreen™ (Biotium, Hay-
ward, CA), 1 U/ul AmpliTaq® Gold DNA polymerase (Applied Biosys-
tems), and 0.5uM of forward and reverse primers (Eurogentec Ltd.,
Hampshire, UK).

Amplifications were carried out in a single run in ten replicate ex-
periments on EGD-e using Fast Real-time 7500 PCR instrument (ABI
FAST 7500 SDS, Applied Biosystems) version 2.0.1, at the following
conditions: 95 °C for 10 min; 30 cycles at 95 °C for 10s, 58 °C for 15s,
and 72 °C for 40s. Products were heated at 95 °C for 5s, annealed at
50 °C for 30's, and HRM was performed from 60 °C to 95 °C (Tamburro
et al., 2018), rising at 1°C/s with 25 acquisitions per 1°C step (i.e.
when the temperature at which such product melts is determined, the
melting interval should be reduced to a maximum of 25 °C ensuring that
the melting programs start/end at least 10°C before/5°C after the
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expected Tm value; twenty-five acquisitions/°C are considered suffi-
cient to result in a resolution appropriate for HRM analysis; https://
lifescience.roche.com/documents/High-Resolution-Melting-
Optimization-Strategies.pdf). Each L. monocytogenes culture was tested
at least in duplicate for all markers, and a negative control (water
without DNA) was included in all batches of reactions. The EGDE-e
strain was used as the internal positive control, tested 10 times to
evaluate the assay reproducibility and repeatability. At least two pre-
viously amplified markers each for prs-LIPI-1-ldh region and inlAB op-
eron were included in all reactions. L. innocua NCTC 11288 provided by
GBRU (Public Health England, UK) was also analyzed to verify the
absence of LIPI-1 targets.

Tm intervals using these primers for the 81 markers on the EGD-e
strain were calculated as previously reported (Tamburro et al., 2018).

2.3. Data analysis

From ten replicate experiments on EGD-e, Tm mean, standard de-
viations (SD) and small-number standard deviations (z = SD multiplied
by 1.05, which corresponds to the square root of number of assays on
EGD-e/ number of assays on EGD-e minus 1), were calculated. The
highest z value amongst all the fragments was multiplied by 3 (ob-
taining Q), and this result was applied to Tm mean of all amplicons
( £ Q), as previously reported (Tamburro et al., 2018). This approach
was used for the estimation of Tm interval comprised between a lower
(Tm mean minus Q) and an upper (Tm mean plus Q) limit for each
fragment. The z value was multiplied by 3 according to the normal
(Gauss) distribution of the quantitative variables, where the area
comprised between *+ 1, 2, and 3 standard deviations from the mean is
68%, 95%, and 99.7%, respectively. In particular, 99.7% of the area of
any normal distribution is within three standard deviations of the mean
(there is 0.3% chance that the assay would give a Tm outside the range,
with the assumption that DNA sequence is different).

The HRM analysis on 50 L. monocytogenes cultures was performed in
comparison to the results on EGD-e, and a sequence divergence (var-
iant) was estimated when Tm was outside these limits. A HRM profile
was assigned to each isolate considering the Tm values and their var-
iants amongst the tested markers.

A Simpson's Index of Diversity based on the targeted fragments,
including the region encompassing prs/LIPI-1/ldh, and the inlAB op-
eron, was determined to assess the discriminatory power of the method
(Hunter and Gaston, 1988).

Furthermore, using Tm values and related variants for each am-
plicon, a tree of relatedness (dendrogram) for a character-based clus-
tering on the 50 L. monocytogenes cultures was generated through
BioNumerics software (Applied Maths, Belgium) v6.1, with the as-
sumptions that data were categorical and independent. Hence, the
Unweighted Pair Group Method with Arithmatic Mean UPGMA algo-
rithm was used for cluster analysis.

A subset of PCR fragments showing Tm variants were sequenced to
confirm point mutations. Sanger sequencing was carried out using the
forward and reverse primers of specific targets amplification. FASTA
sequences provided by Eurofins Genomics (Ebersberg, Germany) were
evaluated using BioNumerics software (Applied Maths) and compared
against EGD-e strain by clustalW multiple alignment.

2.4. Key resources table

Resource Source Identifier

Chemical

Gold

MgCl2

Organism

EDGE N/A N/A
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3. Results
3.1. PCR-serogrouping classification

Nineteen (38.0%) and 9 (18.0%) strains were of serovar 4b (ser-
ogroup IV) and 1/2b (serogroup III) respectively, while 20 (40.0%) and
2 (4.0%) belonged to serovar 1/2a (serogroup I) and 1/2c (serogroup
II). Hence, twenty-eight (56.0%) cultures were classified into lineage I
and 22 into lineage II (Table 1).

3.2. HRM profiling of L. monocytogenes cultures

The L. innocua strain NCTC 11288 tested for the HRM assay did not
show any amplification for all LIPI-1 fragments, while were detected
the prs (LPAI-1, 2, and 3) and ldh (LPAI-50, 51, 52, and 53) house-
keeping genes in Listeria genus, and their melting profiles were com-
prised within the EGD-e limits.

HRM profiles amongst the 50 L. monocytogenes cultures (Fig. 1) were
forty-five; a Simpson's Index of Diversity (D) of 99.35 was obtained. The
majority of the cultures segregated into two groups, which corre-
sponded to the lineage classification. Considering Tm values for all
targets, 25 HRM profiles out of 28 lineage I cultures and 21 profiles out
of 22 lineage II cultures were identified; D = 0.998 for lineage I and
D = 0.996 for lineage II. Cultures of serovar 1/2a had a greater level of
genetic diversity than all other serovars. Amongst the targeted genes,
the hlyA fragments had the most stable Tms, irrespectively of the
lineage and serovar compared to the other fragments showing typical
Tms within lineage or serovar. In particular, the main differences be-
tween lineage I and II were observed for the fragments targeting the prs,
prfA, plcA, mpl, actA and plcB genes.

HRM results identified eighteen (LPAI-1, 3, 4, 6, 8, 9, 13-16, 21, 24,
27, 40, 46, 48, and INT-25, 26) out of the 81 targets, which generated
stable Tm characteristics irrespectively of the lineage.

Generally, targets generated a single different Tm from the EGD-e
strain, although 17 (LPAI-12, 19, 20, 31, 32, 35, 41, and 51; LINT-2, 3,
4, 6, 13, 14, 16, 20, and 24) of them provided two variants, and one
(LINT-28 targeting inlB) produced three variants (Fig. 1).

The similarity analysis for the 81 markers identified two main
clusters (Fig. 2). Cluster A consisted of 25 cultures (from LM24 to
LM20), all classified within lineage II (serovar 1/2a and 1/2c), except
for LM2, LM4, and LM32, which were isolated from food (Fig. 2), and
were classified as serovar 4b by both conventional serotyping and PCR-
based serogrouping.

In contrast, cluster B included only cultures within lineage I (from
LM15 to LMO14). Identical HRM profiles were generated by LM2 and
LM4 cultures from food (serovar 4b), and LM7 and LM35 from human
cases (serovar 1/2c). These four isolates had identical HRM patterns for
all markers except for LPAI-51 as compared to EGD-e. Amongst the
tested cultures of lineage II, 1/2a isolates showed a greater degree of
variation than all other serovars, although isolates LM3, LM5, LM23
and LMO21 showed the highest level of similarity (Fig. 2). In com-
parison with EGD-e, the main differences in melting profiles were ob-
served for markers within the actA, Idh, and both inlA and inlB genes
(Fig. 1).

The HRM method segregated cultures of lineage II (cluster A) from
lineage I (cluster B) based on their melting behavior, except for LM2,
LM4, and LM32 food isolates. Within lineage I, the inter-strain com-
parisons revealed that LM12 and LM9, as well as LM11 and LM13 were
the only cultures that generated the same Tm profiles for all fragments
(Fig. 2), and were all of serovar 4b. Furthermore, cultures of serovar 1/
2b were clearly distinguished from 4b.

Compared with EGD-e and the remaining cultures of lineage II,
there were consistent differences for 21 markers amongst the 1/2b and
4b isolates, mainly located within region from prs to ldh, encompassing
LIPI-1. Nevertheless, these Tm profiles were conserved within the
lineage I, as cultures shared the same Tm irrespectively of the serovar.
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Fig. 2. Dendrogram generated using Tms of 81 gene fragments for each of 50 L. monocytogenes cultures.

Specific markers were identified for discriminating isolates within
lineage I: LPAI-2 (prs), LPAI-5 (prfA), LPAI-17 (unknown/mpl), LPAI-18
(mpl), LPAI-22 (mpl), LPAI-23 (mpl/unknown), LPAI-31/32/33/34
(actA), LPAI-35 (actA/plcB), LPAI-38 (plcB), and LPAI-41 (Imo206).
Interestingly, the LPAI-12 fragment (targeting part of plcA and part of
an unknown gene) showed a Tm profile that not only allowed differ-
entiating lineage I from II (Fig. 3), but also discriminated between
cultures of serovar 4b and 1/2b, since Tm variants were found to be
serovar specific.

Based on the inlA and inIB genes, the 50 L. monocytogenes cultures
showed the largest Tm differences compared to all markers, with the
exception of INT-25 and INT-26 (both targeting inlB gene) that always
generated a constant Tm behavior.

Considering the inlAB operon, the INT-28 fragment represented the
most useful marker to discriminate between cultures of lineage I and II,
showing typical Tm profiles, which also differentiated serovar 4b from
1/2b isolates.

Although only some fragments with Tm variants were sequenced,
the alignments performed in comparison with EGD-e (used as the
comparator) showed significant findings in relation to lineage I and II
classification, consistent with the dendrogram, drawn on generated
Tms. Sequencing results are reported in Table 2, and refer to 11 and 5
fragments targeting prs/LIPI-1/ldh and inlAB, respectively.

Analysis showed that cultures of lineage I with Tm variants com-
pared to EGD-e had sequence differences, with point mutations that in
most cases were conserved/constant, and may be considered as stable

markers for strains discrimination. Particularly, these variations were
found for LPAI-2 (prs), LPAI-31, LPAI-32, LPAI-33 (all targeting actA),
LPAI-35 (actA/plcB) and LPAI-38 (plcB), as well as for LINT-28 (inlB). As
shown in Table 2, alignments revealed consistent variations within
specific fragments valuable for discrimination between lineage I and II,
and others suggesting a serovar identification.

4. Discussion

Despite the low incidence, invasive human listeriosis is one of the
most serious foodborne diseases under European surveillance causing
high hospitalization and mortality (Zolin et al., 2017; European Food
Safety Authority and European Centre for Disease Prevention and
Control EFSA and ECDC, 2018). Since multistate or multinational out-
breaks occur, it is important to generate typing data for characterizing
of L. monocytogenes from different sources and countries (Allard et al.,
2018; Camargo et al., 2016; Lomonaco et al., 2018), integrating con-
ventional with molecular epidemiology (Nyarko and Donnelly, 2015;
Sammarco et al., 2014).

A wide range of subtyping methods have been used to study the
intra-species genetic diversity, ecological distribution, and differences
in virulence potential within L. monocytogenes (Poimenidou et al., 2018;
Orsi et al., 2011). Pulsed-field gel electrophoresis (PFGE) is considered
as the “gold standard” fingerprinting method (Amato et al., 2017) used
within PulseNet network established by the Centers for Diseases Control
(CDC, Atlanta), which is committed to find and use the best techniques
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Fig. 3. Representation of Tm variations reflecting sequence divergences within the plcA gene in 1/2a, 1/2c, 4b and 1/2b L. monocytogenes isolates.

to identify outbreaks. PFGE has several advantages, such as high con-
cordance with epidemiological relatedness; it can be applied as uni-
versal generic subtyping method for many different bacteria with the
choice of the restriction enzyme and electrophoresis conditions opti-
mized for each species; the DNA-based restriction patterns are stable
and reproducible; and it is still more discriminating than multi-locus
sequence typing for many bacteria (Sammarco et al., 2014; https://
www.cdc.gov/pulsenet/pathogens/pfge.html). However, PFGE does
not discriminate between all the unrelated isolates, and shows other
limitations, including the change in one restriction site that can result in
more than one band change; the relatedness may not represent a true
phylogenetic measure, and it does not differentiate isolates to the same
degree achieved through WGS. Indeed, at state of the art, PulseNet is
transitioning toward the WGS application enhancing the ability to de-
tect and solve outbreaks faster and with more accuracy based on

unambiguous, highly detailed data (Amato e et al., 2017; Stasiewicz
et al., 2015; https://www.cdc.gov/pulsenet/pathogens/pfge.html).

Although WGS is of a noteworthy power for epidemiological sur-
veillance, infection control and outbreak investigation, some limita-
tions such as investment in next-generation sequencing instrumentation
and specialized laboratory personnel, hamper its application in certain
instances (Hasnain et al., 2015; Kwong et al., 2016). Indeed, different
methods can prove a high level of characterization of the bacterial
strains.

In this study, a novel approach based on Tm differences identified
by HRM amongst the main virulence genes in L. monocytogenes is de-
scribed to characterize genetic variations without the need of sequen-
cing. This method was previously developed and evaluated for typing
1/2a and 1/2c (lineage II) L. monocytogenes cultures (Tamburro et al.,
2018), and it was found as reproducible and rapid in identifying



M. Tamburro, et al.

Table 2

Sequencing results amongst prs/LIPI-1/Idh and inlAB fragments showing Tm variants compared to EGD-e and potential markers for lineage classification.
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LPAI-2

EGD-e
LMOO07
LMOO08

EGD-e
LMOO07
LMOO08

EGD-e
LMOO07
LMO08

EGD-e
LMOO07
LMO08

GCGCTTCCGC
TAAAGCAAGA
GGTGCAACTA
TCCAATTGAT
C
C

AGGCGA--GT
T TGA
T TGA

GGCTGATCGT
G C
T C

GGCTGAAGTA
A
A

Alignment of LPAI-2 fragments in EGD-e
several mutations;
useful for lineage discrimination.
Tm variants similar to LMOO7 and LMO08 were found in all cultures of
and LM32 grouped within 1/2c and 1/2a

(1/2b) and

stable nucleotide variants

lineage I,
group.

AGCAACAATT
AGTCGTGAAC
GAATGATTAC
CACTTGAACG
T
T

TTAGTAGTGG
C A
C A

TTGAAAGCGC

ATGAACATCG

LMOO8 (4b)

except for 1LM2,

AATATTGTTA
CAATCACAGC
ACTTGATGCA
CAGTACGCCT
T
T

TTTCACCTGA
Cc
C

CGATTGCTAT

TT

revealed

M4,

(in bold),

TGCCTTATTA
GAAATTAGAG
TGCACCGCAA
TCTAAGTGAC

CCATGGTGGA

TATTGATAAA
G
G

TGGTTATGCC
CAAACTTAAT
ATCCAAGGTT
TATTTCAGCG
T
T

GTTACTCGTG
A
A

CGTCGTCCGC

(1/2a used as a comparator),
of these,

GTCAAGACCG
CGAAACTGCT
TCTTTGATAT
AACGTCATTT

CCCGTAAA-T
T A
T A

GTCCAAACGT
A
G

LPAI-31

EGD-e
LMO20
LMOO08

EGD-e
LMO20
LMOO08

EGD-e
LMO20
LMO08

EGD-e
LMO20
LMO08

EGD-e
LMO20
LMO08

EGD-e
LMO20
LMO08

GAAGAAATTG
GCGGGTTTTT

GTATCGAAAA
T
C

AATCCATCAC
GC
GC

AAACCAACCC
AT
AT

GAAACCGTAC
T AG
T AG

CAGTCAATTA
G C G
G C G

ATCGCCTAGC
TACCATTAAA

TAAGCGCACC
G
G

AGCCATTAAA

CTGTAAAGAC
G T
G T

TTAGGGAAAA
G
G

ATATGCCGAG

TGATTTAAGA
TCCGTTTGCT
A
A

GGCTCTGATA

TGTGTTTAAT
C
C

CGCACCAAAG
G
G

TAAAACACCC
G A
G A

CCTACCAGTA

GATAGAGGAA
AGCAGCCCGG
C
T

AGTGACATAA
C G
C A

AAAAAAACTA

CTAGCAGAAC
c
Cc

TTTATAGAAA

ATC
A
A

CAGGAAAACA
TTCCTTCGTT

CTAAAAAAAC
G
G

CAACGAAAAC

TTCCTGCCAC
AT
AT

AACAAGCAGA

CTCAAGAAAT
AAGTCCAAAG
G
C

GCCATTTAAG
A A
A A

AGTGACTAAA
CAC
CGC

AAAACCACAA
G G G
G G G

AACAAACAAG
G T
G T

LMOO07
17 were

Alignment of LPAI-31 fragments in LMO20 and LMOO8 (both 4b) compared with
EGD-e revealed 34 stable mutations (in bold) useful for 1lineage
discrimination, since the same Tm variants were also found in the other
1/2b cultures.

(continued on next page)
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LPAI-32

EGD-e
LMOO08
LMO20

EGD-e
LMO08
LMO20

EGD-e
LMO08
LMO20

CCTTCGTTAA
AAAAAAACGC
ACGAAAACAG

CCTGCCACAA
AT G
AT G

CAAGCAGAAA
G
G

Alignment of LPAI-32 fragments in LMO20 and LMOO0S8
mutations
since the same Tm variants were found in

EGD-e,

revealed
discrimination,

GTCCAAAGGT
CATTTAAGAA

TGACTAAAAA
cca
cca

AACCACAAGA
G G
G G

CAAACAAGCA

T G
T G

24

stable

ATCGAAAATA
TCCATCACAG
ACCAACCCCT
AT
AT

AACCGTACTT
T AG
T AG

GTCAATTAAT
C G
C G

AGCGCACCGG

CTCTGATAAG

CCATTAAATG TGTTTAATAA
GTAAAGACCG CACCAAAGCT

G T
G T

G
G

AGGGAAAATA AAACACCCTT

G
G

ATGCCGAGCC

(in

and were different from the 1/2a isolates.

bold)

A
A

TACCAGTAAT

(both 4b)
useful

TGACATAACT
AAAAACTACA
AGCAGAACTT
C
C

TATAGAAAAA

cC

compared with
lineage
1/2b cultures

for

LPAI-33

EGD-e
LMOO08
LMO20

EGD-e
LMO08
LMO20

EGD-e
LMOO08
LMO20

CGTTAAGTCC

AAACGCCATT

AAACAGTGAC
CGC
CAC

CCACAAAACC
T G G
T G G

CAGAAACAAA
G
G

Alignment of LPAI-33 fragments in LMO20 and LMOO0S8
mutations
since the same Tm variants were found in

EGD-e

revealed
discrimination,

AAAGGTATCG
TAAGAATCCA
TAAAAAACCA
A AT
A AT

ACAAGAAACC
G T
G T

CAAGCAGTCA

T GOC
TGZC

24

stable

AAAATAAGCG

TCACAGCCAT

ACCCCTGTAA
G
G

GTACTTAGGG
AG G
AG G

ATTAATATGC
G
G

CACCGGCTCT
TAAATGTGTT
AGACCGCACC

AAAATAAAAC
G
G

CGAGCCTACC

(in

bold)

GATAAGTGAC
TAATAAAARA
AAAGCTAGCA

ACCCTTTATA
A
A

AGTAATCCA

(both 4b)
useful

and were different from those of the 1/2a isolates.

ATAACTAAAA
ACTACAACGA
GAACTTCCTG
C A
C A

GAAAAACAAG

compared with
lineage
1/2b cultures

for

LPAI-35

EGD-e
LMO08
LMO10

EGD-e
LMO08
LMO10

EGD-e
LMO08
LMO10

TGCTAAAAGT GCAGAAGACG AAAAAGCGAA GGAAGAACCA GGGAACCATA
TCTTGCAATG TTAGCTATTG GCGTGTTCTC TTTAGGGGCG TTTATCAAAA

G
G

AAGAAAAAAT AATTAAAAAC ACAGAACGAA AGAAAAAGTG AGGTGAATGA

G G G
G G G

G T
G T

G
G

AAAAAGGTGG TTCTAGGTAT GTGCTTGATC GCAAGTGTTC TAGTCTTTC

A
A

Alignment of LPAI-35 fragments in LMOO08
with EGD-e revealed 12
discrimination,

C
C

stable mutations

(4b)

marker and were different from 1/2a cultures.

and LMO10
(in bold)

(1/2b)

CGACGTTAAT
TTATTCAATT
C
C

TATGAAATTC
G G
G G

(continued on next page)

compared
useful for lineage
since Tm variants were found in 1/2b cultures for this
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LPAI-38

EGD-e
LMOO07
LMO20

EGD-e
LMOO07
LMO20

EGD-e
LMOO07
LMO20

EGD-e
LMOO07
LMO20

EGD-e
LMOO07
LMO20

GAGAAGGGAA
ATATTAGTCA

ACTGTGCATA

TGGTAGCAAA
TGA
TGC

GGGCGAAAGC

GAAATTCTGA
Cc
Cc

Alignment of LPAI-38 fragments

with EGD-e

discrimination,

ATTTGACACA
ACCTATGCAC

TGAAAATTAC
T
C

AAGATTTTGC

GGACTACCCG
T
T

ATGGAAAAAG

revealed 8

GCGTTTTATA
GCCAATAATT

GTAGATACCA
G T
A C

TCAGATGACG
G
A

AAAATAGTCA

GATACAGTGG

different from 1/2a isolates.

in LMOOQ7
stable mutations
since Tm variants were found in 1/2b cultures and were

AATTAGGCCT AGCAATCCAT TATTATACGG
TTACCGCAAT ATCATACCCT CCAGGCTACC

A C A
cC T A

TTAAACACAA TTATCAAGCA ACGGAAGACA

A
A

TGAAAGACTG GCTCTATGAA AATGCGAAAA

A
A

ATGCGAAAAC TAAAAAATCA TATTTAGTAG

AACCTACTGG

(1/2Db)
(in bold)

A

and LMO10

useful

C
C

(4b)
for

LPAI-12

EGD-e
LMO08

EGD-e
LMOO08

EGD-e
LMO08

EGD-e
LMO08

ATGACATCGT
AGCTCATCGT
GAGCGGACAT
GCGAATATGC

AAACTAATGT

TTCCTATCTT

ACAGC

Alignment of LPAI-12 fragment in LMOOS8
7 mutations that could be useful for serovar discrimination,
variants for this strain and the remaining 4b cultures differed not only

TTGTGTTTGA

ATCATGTGTA

CCATTGTTTT

TTTTCCGCCT
A

GCGTTGCAAA

AAAGTGACTT
T

GCTAGTGGTT
CCTGGTATAG
GTAGTTACAG
AATGGGAAAG

TAATTCTTAT

TTATGTTGAG
C

TGGTTAATGT
AGAGCGCTGC
AGTTCTTTAT
TAAAAAAGTA
C

ACAAAATGGC

GCATTAACAT
T

(4b)

from 1/2a and 1/2c but also from 1/2b cultures.

CCATGTTATG
TAGGTTTGTT
TGGCTTATTC
TAAAATAAAA

CCCCTCCTTT

TTGTTAACGA

TCTCCGTTAT

GTGTCAGGTA

CAGTTATTAA

CAGAGTAATA
C

GATTAGTATA
A

CGATAAAGGG

compared with EGD-e revealed

LPAI-18

EGD-e
LMO10

EGD-e
LMO10
EGD-e
LMO10

EGD-e
LMO10

CTTGATATGA
GGTTACTTGA
TTCATAAATG

GAAAAAAATG

AGTTATGTCG
AT

TTAGTTTATA

Alignment

of

CAAAAGATAA
CCGATAATGA
GAGATTTGCA

CTATCGAAAA
T

GAAACCCAGT
T

ATATAAAATT

LPATI-18

fragment

GCTAGGCGTT

TGAAATCAAG

GCAAGGACAG
G

AGCATTTGAA

GAAAGAAAAA

GATTTTTGCT

in

ACGCATTATA
GTCCACGTCA
CTTAGGATTA

GCCATCGGTC
T

GAAATCATCC
A

GAGCCGGAAG

LMO10

(1/2b)

CGCTCGCGCT
CACCGGATAA
CTAATCAAAT

AGAGTGAAGC

TCAATTCCAG

TTGCGAGTTG

compared

AAGTTCTGGT

TAAAATCACT

AAAAATTACA
C

TCATGTGAAA

AACAAAACGC
G

G

(continued on next page)

compared
lineage

since Tm

with EGD-e
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revealed 9 mutations that could suggest lineage discrimination, since Tm
variants for this strain and all 1/2b and 4b cultures differed from EGD-
e, as well as from and 1/2a and 1/2c isolates.

LPAI-22
EGD-e
LMO10
EGD-e
LMO10
EGD-e
LMO10

EGD-e
LMO10

GCGGTTATCC AGTATTCGGC GGGATTGGAA TACGAAGGGC AATCAGGTGC GCTAAACGAG

A
TCGTTCGCCG ATGTTTTTGG TTATTTTATT GCGCCAAATC ATTGGTTGAT TGGTGAGGAT
C

GTCTGTGTGC GTGGGTCGCG AGATGGGCGA ATAAGAAGCA TTAAAGATCC TGACAAATAT
TA C

AATCAAGCGG CTCATATGAA AGATTACGAA TCGCTTCCAC TCACAGAGGA AGGCGACTGG
G T A

Alignment of LPAI-22 fragment in ©LMO10 (1/2b) compared with EGD-e
revealed 8 mutations suggesting lineage discrimination, since the Tm
variants for this strain and all 1/2b and 4b cultures differed from those
in 172a and 1/2c isolates.

LPAI-34

EGD-e
LMO20
EGD-e
LMO20

EGD-e
LMO20

ATATGCCGAG CCTACCAGTA ATCCAAAAAG AAGCTACAGA GAGCGATAAA GAGGAAATGA
AACCACAAAC CGAGGAAAAA ATGGTAGAGG AAAGCGAATC AGCTAATAAC GCAAACGGAA
T

AAAATCGTTC TGCTGGCATT GAAGAAGGAA AACTAATTGC TAAAAGTGCA GAAGACGAAA
T

AAGCGAAGGA AGAACCAGGG
A T

Alignment of LPAI-34 fragment in LMO20 (4b) compared with EGD-e revealed
4 mutations suggesting lineage discrimination, since the Tm variants for
this strain and all 1/2b and 4b differed from those in 1/2a and 1/2c
isolates.

LPAI-36

EGD-e
LMO20

EGD-e
LMO20

EGD-e
LM0O20

GTGGTTCTAG GTATGTGCTT GATCGCAAGT GTTCTAGTCT TTCCGGTAAC GATAAAAGCA
AATGCCTGTT GTGATGAATA CTTACAAACA CCCGCAGCTC CGCATGATAT TGACAGCAAA
A

TTACCACATA AACTTAGTTG GTCCGCGGAT AACCCGACAA ATACTGACGT AAATACGCAC
G T

TATTGGCT

Alignment of LPAI-36 fragment in LMO20 (4b) compared with EGD-e revealed
3 mutations suggesting lineage discrimination, since the Tm variants for
this strain and all 1/2b and 4b differed from those in 1/2a and 1/2c
cultures.

LINT-14
EGD-e
LMO08

EGD-e
LMO08

GGAACGACAA CATTTAGTGG AACCGTGACG CAGCCACTTA AGGCAATTTT TAATGTTAAG

TTTCATGTGG ACGGCAAAGA AACAACCAAA GAAGTGGAAG CTGGGAATTT ATTGACTGAA

CCAGCTAAGC CCGTAAAAGA AGGTCACACA TTTGTTGGTT GGTTTGATGC CCAAACAGGC
T A TT T G C

GGAACTAAAT GGAATTTCAG TA

(continued on next page)
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Alignment of LINT-14 fragment in LMOOS8
7 mutations suggesting lineage discrimination,

(4b) compared with EGD-e revealed

since the Tm variants for

this strain and all 1/2b and 4b cultures differed from those found in

1/2a and 1/2c isolates.

LINT-28
EGD-e CGAAGCCAAA ACACCAATTA CTACATGGTA TCAATTTAGC ATTGGTGGTA AAGTAATTGG
LMOO08 G A
LMOO7 T G
EGD-e TTGGGTCGAT ACCCGAGCAC TTAACACATT CTACAAACAA AGCATGGAAA AGCCAACCCG
LMOOS8 G T T T C TA T A
.MOOQ 7 G T c C T AA CcC G
EGD-e TTTAACTCGT TATGTCAGCG CCAATAAAGC TGGCGAATCG TACTATAAAG TCCCGGTAGC
LMO08 A A C A A G AAAT G A T T
Mo07 T T T A G G AAAT G A C C
EGD-e AGATAATCCA GTCAAAAGGG GTACTTTAG
LMOO08 GC A T A
LMOO07 AT G A T
Alignment of 1int-28 fragments in LMO08 (4b) and LMO07 (1/2b) compared
with EGD-e revealed several mutations; of these, 11 were commonly found
in LMO0O8 and LMOOQ7 (in bold) that could be useful for lineage
discrimination, since Tm variants were different from 1/2a isolates. The

other mutations may be useful for discriminating between serovar 1/2b and

4b, because Tm variants

in these

serovars were always different each

other and from 1/2a and 1/2c isolates.

variations in key virulence (comprised in the LIPI-1 and inlAB) genes
through the analysis of melting profiles of PCR products.

Here, the HRM analysis was further extended to L. monocytogenes
cultures of serovar 1/2b and 4b (lineage I). HRM identified specific
gene fragments for discrimination between cultures of lineage I and II,
which may show divergence in terms of virulence potential and origin
(Buchanan et al., 2017; Poimenidou et al., 2018). The method further
demonstrated the genetic diversity between isolates of the four serovars
tested, particularly amongst 1/2a cultures, according to other studies
(den Bakker et al., 2008; Camargo et al., 2016; Hadjilouka et al., 2018;
Poimenidou et al., 2018; Orsi et al., 2008), as well as with available
phylogenetic data, which demonstrated that isolates within lineage II,
including serovar 1/2a, can have higher recombination rates than
lineage I, possibly facilitating adaptation to different environments
(Orsi et al., 2008, 2011). Amongst the four serovars investigated here,
the HRM approach revealed that 4b strains are more genetically
homogeneous compared to the other serovars, particularly with respect
to 1/2a, as revealed with other techniques (den Bakker et al., 2008;
Bania et al., 2009; Poimenidou et al., 2018). Comparisons between
cultures of different serovars also underlined consistent Tm values from
fragments of hlyA and certain prfA and plcBfragments, while the most
frequent variations were found in plcA, mpl, and actA, suggesting a
different selective pressure acting on these genes within each serovar
(Orsi et al., 2008; Poimenidou et al., 2018).

By considering all targeted genes, HRM analysis revealed that the
hlyA and actA genes were the most stable and most diverse in terms of
Tms respectively, as previously reported (Poimenidou et al., 2018). The
variations observed within LIPI-1 were also confirmed in other studies
(Zhang et al., 2003), in particular for the actA gene, reporting that its
polymorphisms can be useful for subtyping and specific amongst
lineage (Bania et al., 2009). In this study, non-hemolytic L. mono-
cytogenes to evaluate stop codon or mutations in the hlyA gene were not
included. However, the occurrence of these strains is rarely described,

11

and the phylogenetic diversity of isolates with an altered hemolysis
phenotype is unclear, as well as their genetic and microbiological
characteristics. In a recent study (Maury et al., 2017), the hemolytic
activity of listeriolysin O (LLO), encoded by hlyA, was used as a phe-
notypic marker to screen for spontaneous virulence-attenuating muta-
tions. The results revealed that amongst 57,820 L. monocytogenes iso-
lated from a variety of sources, only sixty (0.1%) non-hemolytic isolates
were identified, whose phenotype resulted by hlyA mutations leading to
a single amino acid substitution or premature stop codon causing a
decreased virulence (Maury et al., 2017). The HRM approach for inlAB
was also valuable for typing isolates, according with a previous study,
reporting that the internalin sequences cluster into the evolutionary
lineages I and II (Tsai et al., 2006). In fact, the inlA and inIB genes, in
addition to actA, showed the greatest degree of diversity based on HRM
profiles, supporting that these should be considered as hyper-variable
possibly due to different host interactions (Cabanes et al., 2002). Fur-
thermore, some strains tend to lose the functionality of the InlA, protein
with a crucial role in human infections, leading to a reduced virulence
(Ragon et al., 2008) due to the expression of truncated forms, fre-
quently found in L. monocytogenes isolated from food products and the
environment, especially those of serovar 1/2a and 1/2c (Jacquet et al.,
2004). In this study, the inlA fragments were not tested in order to
identify potential premature stop codons. Anyway, to evaluate whether
the obtained HRM profiles for inlA can be useful for this purpose, results
were compared to those obtained when restriction fragment length
polymorphisms (RFLP) of inlA amplified products (Tamburro et al.,
2010; Rousseaux et al., 2004) has been previously carried for the Italian
strains included in the present study. Indeed, by considering RLFP re-
sults, these Italian strains had a profile referred to a complete/full-
length internalin A, except for LMO17, LMO18, LMO23 and LMO26 for
which a profile could not have been determined with this method, and
LMOO07 with a typical truncated profile that according to the RFLP
method indicated a premature stop codon. By analyzing HRM results on
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inlA, appreciable differences for LMOO7 strain were not found. Hence,
the evaluation of the HRM method as a tool for identifying truncated
internalins could be performed in additional studies by analyzing more
isolates with a well-definied truncated profile. Interestingly, the pro-
posed method also showed a good cost-effectiveness, by costing ap-
proximately 12.00€ per sample, excluding expenditures for plates and
bacteria cultivation, and real time PCR 96-well plates, as well as those
for the required instrumentation.

In conclusion, the proposed HRM approach provides a rapid, cost-
effective, accurate and reproducible method for L. monocytogenes sub-
typing, allowing the simultaneous detection and analysis of differences
within DNA sequences based on the melting measurements of the
virulence genes within LIPI-1, and inlA and inlB genes. The study
findings further underline the usefulness and convenience of certain
selected fragments for lineage I and II differentiation, suggesting the
application of the method in epidemiological investigations, due to
insights on clonal relationships for inter-strain comparisons. Additional
research is warranted to evaluate the usefulness and convenience of this
method for discrimination of L. monocytogenes cultures of lineages III
and IV.
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