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A B S T R A C T

Bedbugs (Cimex lectularius and C. hemipterus) have reemerged as a major public health problem around the
world. Their bites cause various skin lesions as well as discomfort and anxiety. Their role as potential vectors of
various infectious agents is discussed. Accordingly, all suspected cases of bedbug infestations need to be
documented thoroughly, with an unequivocal identification of the arthropods involved, if any are present.
Although morphological identification is easily and quickly performed by entomologists or professionals, it can
be challenging otherwise. Also, distinguishing Cimex lectularius and C. hemipterus requires entomological ex-
pertise. MALDI-TOF mass spectrometry has been recently presented as an additional tool for arthropod identi-
fication. In this study, we assess the use of MALDI-TOF MS for the identification of laboratory and wild strains of
C. lectularius and C. hemipterus. Several body parts of laboratory reared C. lectularius specimens were used to
develop a MALDI-TOF MS protocol for bedbug identification, which was later validated using five other la-
boratory and wild populations of C. hemipterus and C. lectularius. A total of 167C. lectularius and C. hemipterus
bedbug specimens (98 laboratory specimens and 69 wild specimens) were submitted to MALDI-TOF MS analysis.
143/167 (85.63%) provided high quality MS spectra. The in-lab database was then upgraded with a total of 20
reference spectra from all bedbug populations and the rest of the MS spectra (123 bedbugs) were blind tested. All
specimens were properly identified to the species level using MALDI-TOF MS and 86,25% (69/80) were aptly
identified according to their origin with LSVs ranging from 1.867 to 2.861. MALDI-TOF MS appears as a reliable
additional tool for the identification of these two anthropophilic species.

1. Introduction

Bedbugs are small, flattened insects belonging to the Cimicidae fa-
mily and to the Cimex genus. All stages and both sexes are hemato-
phagous (Cannet et al., 2015). Although its taxonomy is still being
debated, the Cimex genus encompasses 23 currently recorded known
species spread all over the world (Akhoundi et al., 2020); and according
to Usinger, 1966, this genus is divided into four groups: Cimex hemi-
pterus group, C. lectularius group, C. pilosellus group, and C. pipistrelli
group. Cimex species usually have different geographic distribution,
which is often used to identify them. Cimex lectularius is a cosmopolitan
species but primarily live in temperate regions whereas C. hemipterus is
mainly found in tropical areas. The Cimex pilosellus group occupies the
Nearctic region (North America) and C. pipistrelli group is scattered all
over the Palaearctic region. Cimex species are also divided into three
groups according to their trophic preferences: bird bugs, bat bugs and

human bugs (bedbugs). However, in the absence of their preferred host,
several species can occasionally bite humans (Akhoundi et al., 2020;
Kassianoff, 1937; Usinger, 1966). Both Cimex lectularius – the common
bedbug – and Cimex hemipterus – the tropical bedbug – live in close
association with humans, usually biting them at night (Patel and Elston,
2012). The two bedbug species can coexist in the same area of some
tropical and subtropical regions such as in Florida, USA (Campbell
et al., 2016), East and South Africa (Kweka et al., 2009; Myamba et al.,
2002; Newberry and Mchunu, 1989; Usinger, 1966), West Africa
(Aigbodion and Megbuwe, 2008; Onah Isegbe et al., 2014; Gbakima
et al., 2002), Asia and the Middle East (Wang et al., 2013; Zhang et al.,
2020; Rosen et al., 1987; Venkatachalam and Beldavady, 1962;
Tawatsin et al., 2011) and Brazil (Nascimento, 2010; Zorrilla-Vaca
et al., 2015). In NDiop and Dielmo, two villages in Senegal, C. hemi-
pterus bedbugs were found in about 30% of the dwellings (Berenger and
Pluot-Sigwalt, 2017). Cimex lectularius bedbugs were also found in this
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country, especially in Dakar (Kassianoff, 1937). In recent years, C.
hemipterus infestations were documented in areas where they had never
been described before and appears to be in Europe where C. lectularius
is already widely established. Indeed, this tropical species has been
reported in Germany (Lederer, 1950), United Kingdom (Burgess, 2003),
Australia (Doggett et al., 2003), Russia (Gapon, 2016), Sweden (Persson
Vinnersten, 2017), Marseille, France (Berenger and Pluot-Sigwalt,
2017) and Italy (Masini et al., 2019), sometimes even living in sym-
patry in the same dwelling.

The contamination of belongings as well as homes by bedbugs, has
resulted in infestations of hotels, trains and other modes of transport,
constantly expanding the area in which bedbugs spread (Delaunay and
Pharm, 2012). Altogether, six species have been reported in Europe: C.
lectularius, C. hemipterus, C. pipistrelli, C. columbarius, C. dissimilis, and C.
emarginatus and three species in Africa: C. lectularius, C. hemipterus, and
C. pipistrelli (Akhoundi et al., 2020).

To date, little evidence and even less literature is available on the
potential role of bedbugs in the transmission of pathogens. More than
forty microorganisms have been suspected to be transmitted by bed-
bugs following their detection in bedbug samples. However, these could
be passively harbored in previously ingested blood without any possi-
bility of being transmitted (Delaunay et al., 2011). Recently, two stu-
dies evaluated the competence of C. lectularius for the transmission of
the two pathogens Borrelia recurrentis (El Hamzaoui et al., 2019) and
Bartonella quintana (Leulmi et al., 2015). In laboratory settings, insects
have excreted viable bacteria in their feces, highlighting the possibility
of stercorarian transmission of these two bacteria. As for in vivo studies,
Trypanosoma cruzi, the causative agent of Chagas disease, which is
known to be transmitted by triatomines but which has also been de-
tected in bedbugs, was acquired by bedbugs from parasitaemic mice
and transmitted to healthy mice (Salazar et al., 2015).

Although the epidemiology of bedbug-associated microorganisms
remains unclear, the presence of these insects is itself a public health
issue. Pruritus and dermatitis are often associated with bedbug bites
(Delaunay et al., 2009; DeShazo et al., 2012). The presence of un-
explained bite marks and the experience of sleeping in a room which is
suspected or confirmed to be infested often lead to psychological issues
including anxiety, nervousness and insomnia (Ashcroft et al., 2015).
MMoor Moreover, the eradication of a bedbug infestation may still also
lead to anxiety, stress and delusory parasitosis (Simonetti et al., 2008).
In such cases, as well as whenever bedbug infestations are suspected, it
is important to be able to identify the insects unequivocally. Due to
their small size, they can easily be misidentified as cockroaches or may
not even be identified as insects at all in their early stages. Therefore, an
entomologist or a professional is often needed to confirm the identifi-
cation. Morphologically distinguishing bedbugs from other arthropods
is not particularly challenging for people with entomological training,
however, the number of trained entomologist is decreasing, and few
people are able to identify bedbug species (Laroche et al., 2017b).
Moreover, the differentiation between the two bedbug species (C. lec-
tularius and C. hemipterus) is tedious (Péricart, 1973). Other relevant
methods for identifying arthropods include molecular biology, although
the running cost of the facilities and the comprehensiveness of re-
ference sequence databases can be a major drawback (Lo et al., 2015).

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) is used for the identification of bio-
molecules including proteins (Lin and Cai, 2018) based on the mea-
surement of their time-of-flight after being ionized by a laser and ac-
celerated, according to their mass-to-charge ratio, in a flight tube.
Thereby, the generated spectra represents a specific fingerprint sig-
nature of the tested sample (Yssouf et al., 2016). This tool which is now
widely used in routine clinical microbiology, has recently been applied
to the identification of arthropods (Laroche et al., 2017b; Yssouf et al.,
2016). Based on the comparison with reference spectra, it allows a low-
cost, rapid identification of arthropod samples which have reference
species counterparts in the database, without any specific

entomological knowledge. This technology has already been success-
fully used to identify several arthropod families such as mosquitoes
(Lawrence et al., 2018; Mewara et al., 2018; Raharimalala et al., 2017;
Schaffner et al., 2014; Yssouf et al., 2013b), ticks (Boucheikhchoukh
et al., 2018; Rothen et al., 2016; Yssouf et al., 2013a), fleas (Yssouf
et al., 2014; Zurita et al., 2018), tsetse flies (Hoppenheit et al., 2013),
sandflies (Arfuso et al., 2019; Chavy et al., 2019; Halada et al., 2018a,
2018b; Lafri et al., 2016; Mathis et al., 2015), culicoides biting midges
(Kaufmann et al., 2012; Kaufmann et al., 2011) and triatomines
(Laroche et al., 2017c).

In this study, we assessed the efficiency of MALDI-TOF MS for
identifying laboratory and wild strains of bedbug species, and its ro-
bustness to distinguish the two Cimex species C. lectularius and C.
hemipterus.

2. Materials & methods

2.1. Bedbug samples

A total of six different populations of two bedbug species were used
in this study. Two laboratory reared strains were used for MALDI-TOF
MS protocol standardization and database creation. Then, two wild
strains and two other laboratory reared strains were utilized to confirm
the robustness of the designed protocol for bedbug identification.

2.1.1. Bedbug rearing
The four laboratory strains of bedbugs, C. lectularius (London), C.

lectularius (Germany), C. lectularius (Sweden) and C. hemipterus (Kenya)
were obtained from the Cimex Store (Chepstow, UK). Cimex lectularius
(London) and C. hemipterus (Kenya) (Fig. 1) were reared in our la-
boratory in incubators, maintaining 60% humidity and 22 °C. The
bedbugs are fed once to twice a week with human blood obtained from
the “Etablissement Français du Sang” (EFS, French National blood
bank) accredited by the Institutional Animal Care unit within the IHU
Méditerranée Infection. Two milliliters of blood are placed in a Hemotek
artificial feeder machine (Hemotek 5 W1, Discovery Workshops, Ac-
crington, UK) covered by an artificial membrane of Parafilm (Sigma-
Aldrich, Saint-Louis, Missouri, USA), as previously described (Leulmi
et al., 2015). As for the laboratory reared strains C. lectularius (Ger-
many) and (Sweden), they were recently obtained alive from Cimex
Store (Chepstow, UK) where they were reared for more than 40 years
and since 2015 respectively. These strains were kept alive in our la-
boratory until they were prepared for MALDI-TOF MS analysis.

2.1.2. Wild bedbug sampling
The two wild bedbug species used in this study were collected from

two different geographical locations. The wild strain of C. lectularius
bedbugs was collected in a heavily infested home in an old building
located in the city center of Marseille, France (43°17′46.227 N –
5°22′11.829E) (Fig. 2, Supplementary Data 1 and 2). All collected
specimens were transported alive to our laboratory in Marseille where
they were sorted and morphologically identified (Usinger, 1966) before
being immediately prepared for MALDI-TOF MS analysis. Cimex hemi-
pterus bedbugs were collected alive from four houses located in four
neighboring rural villages in Senegal (Fig. 2, Supplementary Data 2):
N'Diop (13°41′ N - 16°22′ W), Dielmo (13°43′28.052” N - 16°24′51.814”
W), Medina (13°42′ N - 16°25′ W) and Passy (13°59′N - 16°16′W). All
collected specimens were sorted and morphologically identified
(Usinger, 1966) before being frozen at −20 °C to be transported to the
laboratory in Marseille for MALDI-TOF MS analysis.

2.2. Standardization of the preparation of laboratory strain of C. lectularius
for MALDI-TOF MS

Cimex lectularius (London) laboratory strain specimens were firstly
rinsed for five minutes with 70% ethanol and two successive baths of
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distilled water before being submitted to various types of dissection to
assess the quality of several body parts using MALDI-TOF MS.

Legs (Protocol L) of two groups including twenty C. lectularius
(London) specimens each were retrieved and crushed in 1.5-mL mi-
crocentrifuge tubes using< 106 μm glass beads (Sigma) and a Tissue
Lyser instrument (Qiagen, Hilden, Germany) at a frequency of 30
movements per second for three cycles of one minute each, either in
20 μL of 70% formic acid and 20 μL of 50% acetonitrile for the first
group (Protocol L1) or in 15 μL formic acid and 15 μL acetonitrile for the
second group (Protocol L2).

The heads (Protocol H) and cephalothorax (Protocol CT) of twenty C.
lectularius (London) were dissected, immersed for 2.5 min in distilled
water, rinsed with fresh distilled water and finally immersed for two
minutes in 200 μL of 70% formic acid and 200 μL of 50% acetonitrile.
The heads and cephalothorax were crushed separately using<106 μm
glass beads (Sigma) and a Tissue Lyser instrument (Qiagen) at a

frequency of 30 movements per second for three cycles of one minute
each in 20 μL of 70% formic acid and 20 μL of 50% acetonitrile in 1.5-
mL microcentrifuge tubes.

All homogenates (legs, heads, and cephalothorax) were centrifuged
at 7168 RCF for 30 s, and 1 μL of each supernatant was spotted onto a
steel target plate (Bruker Daltonics, Germany) in quadruplicate. One
microliter of a CHCA matrix suspension composed of saturated α-
cyano-4-hydroxycinnamic acid (Sigma), 50% acetonitrile, 10% tri-
fluoroacetic acid, and high-performance liquid chromatography
(HPLC)-grade water was directly spotted onto each sample on the target
plate to enable co-crystallization. The target plate was dried for several
minutes at room temperature before being inserted into the MALDI-TOF
MS instrument, as previously described (Yssouf et al., 2016).

Fig. 1. Pictures of Cimex lectularius (A) and Cimex hemipterus (B) bedbugs using Zeiss Axio Zoom V16 (Zeiss, Marly le Roi, France) stereomicroscope.

Fig. 2. Sampling of Cimex lectularius and Cimex hemipterus bedbugs in Marseille (a) and Senegal (b, c, d).
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2.3. MALDI-TOF MS application to the laboratory strain of Cimex
hemipterus

The heads of 38 C. hemipterus (Kenya) were dissected, immersed for
2.5 min in distilled water, rinsed with fresh distilled water and im-
mersed for two minutes in 200 μL of 70% formic acid and 200 μL of
50% acetonitrile. The heads were crushed separately using<106 μm
glass beads (Sigma) and a Tissue Lyser instrument (Qiagen) at a fre-
quency of 30 movements per second for three cycles of one minute each
in 20 μL of 70% formic acid and 20 μL of 50% acetonitrile in 1.5-mL
microcentrifuge tubes. The MALDI-TOF MS target plates were prepared
as mentioned above.

2.4. Application to other strains of Cimex lectularius and C. hemipterus
bedbugs

In order to confirm the robustness of the designed protocol for
bedbug identification and to check its ability to differentiate specimens
of the same species from different geographical origins, it was applied
to other strains of bedbugs. The protocol was firstly applied to wild
specimens of C. lectularius and C. hemipterus from different origins and
later using new specimens of the two reared strains previously used for
the standardization of the MALDI TOF MS protocol (C. lectularius
“London” and C. hemipterus “Kenya”), as described above. Finally,
specimens of laboratory strains of C. lectularius “Germany” and
“Sweden” were used to confirm the robustness of the protocol.

2.4.1. Bedbugs dissection and sample preparation for MALDI-TOF MS
analysis

At first, a total of 46 wild specimens of C. lectularius collected in
Marseille and 23 specimens of a wild strain of C. hemipterus collected in
Senegal (10 from Dielmo, five from Passy, four from Ndiop and four
from Medina) were rinsed for five minutes with 70% ethanol and two
successive baths of distilled water before being dissected using sterile
blades. The heads were used for MALDI-TOF MS analysis as previously
described (Protocol H) and the MALDI-TOF MS target plates were pre-
pared as described above. The rest of bedbugs bodies (thoraxes with
legs and abdomens) were cut longitudinally into two equal parts. One
body half was used for DNA extraction and molecular biology and the
other half was stored frozen (−20 °C) as backup for eventual com-
plementary tests. Afterwards, 20 new specimens of two other laboratory
strains of C. lectularius including 10 specimens initialy from Sweden and
10 specimens initialy from Germany, along with 20 new specimens of
the two laboratory strains previously used for the development of the
MALDI-TOF MS protocol (10C. lectularius “London” and 10C. hemipterus
“Kenya”), were tested following exactly the same rinsing, dissecting and
MALDI-TOF MS protocols.

2.4.2. DNA extraction and molecular identification of wild bedbugs
In order to confirm the morphological identification of wild bedbugs

from Marseille and Senegal, sixteen field collected specimens (eight
from each location) previously rinsed and dissected were randomly
selected and subjected to molecular analysis. The half body part of each
bedbug (half of thorax with legs and abdomen) previously stored for
molecular biology, was transferred to a 1.5 mL Eppendorf tube con-
taining 180 μL of G2 lysis buffer and 20 μL of proteinase K (Qiagen) and

incubated overnight at 56 °C for tissue lysis. DNA was then extracted
using EZ1 robot (Qiagen) together with the EZ1 DNA Tissue kit
(Qiagen) following manufacturer's recommendations. Nine C. lectularius
(London) and seventeen C. hemipterus (Kenya) laboratory strains
sourced from the Cimex Store (Chepstow, UK) and unambiguously
identified, were extracted to be used as reference following the same
DNA extraction protocol described above.

Standard PCRs amplifying a 951 base pair fragment of the 18S rDNA
gene (Weirauch and Munro, 2009) and a 710 base pair fragment of the
mitochondrial cytochrome c oxidase subunit I gene (COI) (Folmer et al.,
1994) (Table 1) were performed in an automated DNA thermocycler
(Applied Biosystems, Foster City, CA, USA) with AmpliTaq Gold master
mix (Applied Biosystems). The thermocycler program used for the
amplification of the 18S rDNA fragment consisted of initial heat acti-
vation step at 95 °C for 15 min followed by 39 cycles of denaturation
30s at 94 °C, annealing 30s at 48 °C and extension at 72 °C for 45 s; with
a final extension at 72 °C for 7 min. As for the COI fragment, the
thermocycler program used for the amplification consisted of initial
heat activation step at 95 °C for 15 min followed by 39 cycles of de-
naturation 30s at 95 °C, annealing 30s at 50 °C and extension at 72 °C
for one minute; with a final extension at 72 °C for 5 min. PCR mix
without DNA was used as negative control. The amplification products
were then subjected to electrophoresis through a 1.5% agarose gel
stained with SYBR Safe™ and visualized with the ChemiDoc™ MP ul-
traviolet imager (Bio-Rad, Marnes-la-Coquette, France). PCR products
of the positive samples were purified and sequenced as previously de-
scribed (Tahir et al., 2016). The obtained 18S rDNA and COI sequences
were assembled and analyzed using the ChromasPro software (version
1.7.7) (Technelysium Pty. Ltd., Tewantin, Australia). Corrected se-
quences were then blasted against the NCBI GenBank (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) to confirm species identity.

Consensus 18S rDNA and COI sequences obtained for laboratory and
wild strains of C. lectularius and C. hemipterus have been deposited in
GenBank and all FASTA sequences for both amplified genes (18S rDNA
and COI genes) are made available in Supplementary Data 3.

3. MALDI-TOF MS analysis

The performance of MALDI-TOF MS on each body part was assessed
by visually inspecting the quality of all the MS spectra obtained for each
protocol using ClinProTools 2.2 and Flex analysis v.3.3 software
(Bruker Daltonics). For further analyses, only good quality spectra were
selected, based on their reproducibility within each category, absence
of noise, and their global intensity. A principal component analysis was
created to compare good quality MS spectra obtained for each protocol
using ClinProTools 2.2 software. Three reference spectra per protocol
were selected to be entered into our in-lab database. For each experi-
ment, a blind test analysis was conducted using a database containing
all arthropod species of our in-lab database (Supplementary Data 4) and
only the reference spectra of the protocol being tested. The Log Score
Values (LSVs) were recorded for each protocol. The results of the da-
tabase queries are presented as LSVs for each spectrum, corresponding
to a matched degree of signal intensity of the mass spectra of the query
and the reference spectra. LSVs range from 0 to 3. LSVs enable a good
evaluation of the reproducibility between a queried spectrum and a
reference spectrum, as it is the result of thorough comparison of peak

Table 1
Primers used in this study for molecular identification of wild bed bugs.

Targeted gene fragment Reference Primer sequences

18S Weirauch and Munro, 2009 18S3f (5′-GTT CGA TTC CGG AGA GGG A-3′)
18SBi (5′-GAG TCT CGT TCG TTA TCG GA-3′)

COI Folmer et al., 1994 LCO1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′)
HC02198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′)
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positions and intensity between those two spectra (MALDI BioTyper
Help, Bruker). An LSV was obtained for each spectrum of the blindly
tested samples. For each specimen, the spectrum with the highest LSV
was selected for identification (Laroche et al., 2017c). The validated
protocol was chosen to be applied to other laboratory and wild strains
of C. hemipterus and C. lectularius bedbugs from different origins.

In order to visualize the similarity between MS profiles and the
distances, and to assist with selecting reference spectra, a dendrogram
of all tested species and strains was created using the dendrogram
function of MALDI Biotyper, version 3.0. The dendrograms are based on
the results of a Composite Correlation Index matrix (CCI). CCIs are
calculated by dividing spectra into intervals and comparing these in-
tervals across a data set. The composition of correlations of all intervals
provides the CCI, which is used as a parameter for defining the distance
between the spectra. A CCI match value of 1 represents complete cor-
relation, whereas a CCI match value of 0 represents a lack of correlation
(Laroche et al., 2017c).

Between two and five high-quality reference spectra of laboratory
and wild strains of C. hemipterus (Kenya and Senegal) and C. lectularius
(London, Germany, Sweden and Marseille) were entered into the da-
tabase, and all C. lectularius and C. hemipterus were subjected to a blind
test analysis (Table 2).

Using ClinProTools 2.2 software, a Principal Component Analysis
(PCA) was created to visualize the distinction between the MS profiles
of the two Cimex species. The same software was used to create two
average spectra of C. lectularius and C. hemipterus and to identify the
discriminating peaks between the two species.

4. Results

4.1. Standardization of the MALDI-TOF MS protocol on laboratory strain
of C. lectularius (London)

In order to select the best protocol, all the MS spectra obtained were
analyzed and compared. Neither Protocol L1 (legs in 20 μL of 70%
formic acid and 20 μL of 50% acetonitrile) nor Protocol L2 (15μL of
each) provided satisfying results. The quality of the spectra obtained
was too poor, based on intensity, reproducibility and noise, to select
these protocols for further analyses (Fig. 3A). Both Protocol H (heads)
and CT (cephalothorax) provided high quality and reproducible spectra
(Fig. 3A), however, a principal component analysis created using
ClinProTools 2.2 software, showed a difference between these two
protocols (Fig. 3B). The performance of the identification based on
these two protocols was assessed by adding high quality reference
spectra of each protocol separately to the database and submitting the
remaining samples for a blind test analysis. For each blind test, only the
reference spectra of the tested protocol were present in the database.
The LSVs resulting from the blind test of Protocol H were, on average,
higher and ranged from 1.818 to 2.415 (average: 2.26), compared to
the LSVs of Protocol CT which ranged from 1.857 to 2.136 (average:
2.04). All specimens were correctly identified as bedbugs when queried
against the in-lab database containing several arthropod families
(Supplementary Data 4).

Protocol H was selected for further analyses. This protocol also
distinguished between male and female C. lectularius. The average
profile of the female C. lectularius, created by ClinProTools 2.2 software,
included 92 peaks, compared to the average profile of the male C.
lectularius, which was composed of 103 peaks.

4.2. MS identification of two laboratory strains of the Cimex species

Thirty-eight laboratory C. hemipterus (Kenya) specimens were sub-
jected to MALDI-TOF MS analysis following the previously validated
protocol (Protocol H).

Thirty of the thirty-eight specimens (79%) provided high quality
spectra and were selected for further analyses. The Principal Ta
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Component Analysis (PCA), including randomly selected spectra from
20C. lectularius (London) and 20C. hemipterus (Kenya) (10 male and 10
female bedbugs each), revealed a clear distinction of their MS profiles
(Fig. 4A) as confirmed by the dendrogram (Fig. 5). Genetic algorithm
analysis, processed with ClinProTools software, revealed that a
minimum of two peaks (5908 and 5942 Da) were necessary to distin-
guish C. lectularius from C. hemipterus, with a “recognition capability”
(RC) value of 100%, coupled with a 100% “cross-validation” (CV)
value. Nevertheless, visual inspection of average spectrum of all C.
lectularius (London) spectra compared to the average spectrum of all C.
hemipterus (Kenya) spectra revealed many more discriminative peaks
(Fig. 4B).

The average profile of the female C. hemipterus, created using

ClinProTools 2.2 software, included 81 peaks, compared to the average
profile of the male C. hemipterus which was composed of 103 peaks.
These 103 peaks were, however, different than the 103 peaks of the
male C. lectularius profiles, since both male species were easily sepa-
rated using a PCA (Supplementary Data 5). Ten peaks were found to be
discriminative between male and female C. hemipterus using the genetic
algorithm (GA) model included the ClinProTools 2.2 software and are
listed in Supplementary Data 6. Manual inspection and validation of the
selected peaks by the operator gave a RC value of 100%, coupled with a
99.44% CV value. These values reflect the ability to distinguish be-
tween different spectra groups based on the chosen discriminative
peaks. The same analysis was also performed in order to highlight
discriminative peaks between average male and female C. lectularius

Fig. 3. (A) Representative MS profiles obtained with each protocol analyzed using the Flex analysis 3.3 software. a.u.: arbitrary units; m/z: mass-to-charge ratio; H:
head protocol; CT: cephalothorax protocol. (B) MALDI-TOF MS distinction of spectra from Protocol H using Cimex lectularius bed bugs heads (crosses; 4 specimens)
and Protocol CT using Cimex lectularius bed bugs Cephalothorax (circles; 4 specimens) illustrated on principal component analysis using ClinProTools 2.2 software.
a.u.: arbitrary units; m/z: mass-to-charge ratio.
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profiles. Ten peaks were also selected, as they provided 100% RC value
with 96.85% CV value. PCA analysis confirmed MS distinction between
male and female bedbugs of both species (Fig. 6) and further in-
formation regarding discriminative peaks is presented in Supplemen-
tary Data 6.

4.3. MS identification of wild and laboratory strains of the Cimex species

The laboratory strains C. lectularius (Germany), C. lectularius
(London), C. lectularius (Sweden) and C. hemipterus (Kenya) were ob-
tained from the Cimex Store where they were unequivocally identified.
As for the field collected bedbugs from Marseille and Senegal, they were
morphologicaly identified in our laboratory by an entomologist and
later using molecular biology. Morphological identification of C.

lectularius and C. hemipterus is mainly based on thorax dimensions. For
C. hemipterus, pronotum is less than 2.5 times as wide as long, contrary
to C. lectularius, for which pronotum is more than 2.5 times as wide as
long (Fig. 7) (Usinger, 1966).

Firstly, forty-six C. lectularius collected in Marseille, France and
twenty-three C. hemipterus collected in Senegal were then submitted for
MALDI-TOF MS analysis following the earlier validated Protocol H.
Thirty-seven of forty-six (80%) wild C. lectularius (Marseille) specimens
and nineteen of the twenty-three (82%) wild C. hemipterus (Senegal)
specimens provided reproducible and high-quality spectra. In a second
time, ten specimens of each laboratory strains C. lectularius (Germany),
C. lectularius (Sweden), C. lectularius (London) and C. hemipterus
(Kenya), have been submitted for MALDI-TOF MS analysis applying the
Protocol H. All (100%) C. lectularius (Germany), nine of ten (90%) C.

Fig. 4. (A) MALDI-TOF MS distinction of spectra from Cimex lectularius (crosses; 10 female, 10 male specimens) and Cimex hemipterus (circles; 10 female, 10 male
specimens) bed bugs illustrated on principal component analysis using ClinProTools 2.2 software. a.u.: arbitrary units; m/z: mass-to-charge ratio. (B) Superimposed
average spectra of Cimex lectularius (red) and Cimex hemipterus (green) with minimum discriminative peaks indicated with black arrows, obtained with ClinProTools
software. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lectularius (Sweden), eight of ten (80%) C. lectularius (London) and all
(100%) C. hemipterus (Kenya) specimens provided reproducible and
high-quality spectra.

The dendrogram which was created from randomly selected high-
quality spectra from all the wild and laboratory bedbug populations of
the two species revealed a specific clustering of the MS profiles ac-
cording to the species. It revealed also a specific clustering of the MS
profiles according to the populations for C. hemipterus, but such clus-
tering was not observed for C. lectularius populations (Fig. 5). All good
quality spectra from specimens used for protocol standardization were
submitted for a blind test analysis against the in-lab database, which
had been firstly upgraded with reference spectra from laboratory strains
of C. lectularius (London) and C. hemipterus (Kenya) only. Spectra from
specimens from different origins – used for MALDI-TOF MS protocol
validation – were queried against the in-lab database which had been
upgraded with reference spectra from the six populations of laboratory
and wild strains of C. lectularius (London, Germany, Sweden and Mar-
seille) and C. hemipterus (Kenya and Senegal).

First blind test queries of laboratory strains used for MALDI-TOF MS
protocol standardization resulted in correct identification of both C.
lectularius (London) and C. hemipterus (Kenya) spectra, with LSVs ran-
ging from 1.818 to 2.415 (average: 2.112) and 2.142 to 2.849 (average:
2.574) respectively.

Blind test analysis of the wild and laboratory specimens of bedbugs

used for MALDI-TOF MS protocol validation resulted in correct iden-
tification of all specimens of C. lectularius and C. hemipterus bedbugs to
the species level. All wild and laboratory C. hemipterus specimens were
properly identified according to their origin as C. hemipterus “Senegal”
(16/16) and C. hemipterus “Kenya” (8/8). Twenty six of thirty five
(74.28%) wild C. lectularius from Marseille were rightly identified as C.
lectularius “Marseille”. All specimens of C. lectularius “Sweden” (7/7)
were properly identified according to their origin as C. lectularius
“Sweden”. As for C. lectularius “Germany” and “London” six of seven
(85.71%) specimens of each were correctly identified according to their
origin as C. lectularius “Germany” and C. lectularius “London” respec-
tively. Only two specimens of C. lectularius “Germany” and C. lectularius
“London” strains (one specimen of each) matched with reference
spectra of the laboratory strain C. lectularius “Sweden” with LSVs of
2.502 and 2.275 respectively. Overall, 100% (123/123) of the speci-
mens were correctly identified according to the species and 86.25%
(69/80) were aptly identified according to their geographical origin.
Results of blind test analyses and LSVs ranges are detailed in Table 2.

4.4. Molecular identification of wild bedbugs

A total of 16 wild C. lectularius and C. hemipterus specimens, in-
cluding 8 specimens from each population (Marseille and Senegal), and
26 unambiguously identified reared laboratory specimens (9 C.

Fig. 5. Dendrogram obtained by cluster analysis of spectra obtained from 5 randomly selected Cimex lectularius and Cimex hemipterus specimens from the six
populations: London laboratory strain, Germany laboratory strain, Sweden laboratory strain, Kenya laboratory strain, Marseille wild population, Senegal wild
population. Laboratory strains are underlined.
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lectularius “London” and 17 C. hemipterus “Kenya”) from the Cimex
Store (Chepstow, UK), were randomly selected for molecular identifi-
cation. Good quality partial 18S rDNA gene sequences were obtained
for all tested Marseille's wild specimens (8 bedbugs) and for six of eight
wild specimens from Senegal. As for laboratory specimens, six good
quality partial 18S rDNA gene sequences were obtained for C. lectularius
(London) and eight for C. hemipterus (Kenya) begbugs. Good quality COI
gene sequences were obtained for four of the eight wild C. hemipterus
specimens from Senegal and for five of seventeen of C. hemipterus
(Kenya) laboratory specimens. As for Marseille's wild and London's la-
boratory C. lectularius specimens, no good quality COI gene sequence
was obtained.

BLAST analysis indicated high identity (100%) of all Marseille wild

and reared C. lectularius consensus 18S sequences with a reference C.
lectularius 18S rDNA gene sequence available in Genbank (Accession
Number: EU683121.1), thus confirming the morphological identifica-
tion.

As for the Senegal wild and laboratory strains of C. hemipterus, the
BLAST analysis indicated that the 18S rDNA gene sequences matched
with an identity of 99.90% and 100% query cover with a reference C.
lectularius 18S rDNA gene sequence in Genbank (Accession Number:
EU683121.1). However, the BLAST analysis of laboratory strain C.
hemipterus COI gene sequences revealed a high identity and query cover
(100% both) with reference C. hemipterus COI gene sequences in
Genbank (Accession Numbers: MG596826.1, MG770889.1). Senegal's
wild C. hemipterus obtained COI gene sequences matched with reference

Fig. 6. MALDI-TOF MS distinction of spectra from male (circles) and female (crosses) (A) Cimex lectularius specimens and (B) Cimex hemipterus illustrated on principal
component analysis using ClinProTools 2.2 software. a.u.: arbitrary units; m/z: mass-to-charge ratio.
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C. hemipterus COI gene sequences in Genbank with an identity ranging
from 99.39% to 100% and 100% query cover (Accession Number:
MG770889.1, MG596826.1).

Using MEGA version X (Kumar, Stecher, Li, Knyaz, and Tamura
2018) software, a multiple sequence alignment analysis of Marseille
and Senegal wild bedbugs 18S rDNA gene sequences with un-
ambiguously identified laboratory bedbugs (London and Kenya strains)
sequences together with reference sequences of C. lectularius and C.
hemipterus available in GenBank was performed, revealing a difference
in one nucleotide. A “C” base in all reference, reared and wild C. lec-
tularius specimens' sequences, is replaced by a “T” base in reference,
reared and wild C. hemipterus bedbugs sequences at the same position
(Supplementary Data 7). This data and COI gene BLAST result support
the initial morphological identification despite the results of 18S rDNA
gene BLAST analysis. (All COI and 18S rDNA gene FASTA sequences of
the wild and laboratory tested specimens are available in
Supplementary Data 3). 18S rDNA sequences of wild and laboratory
strains of C. lectularius (Marseille and London) have been deposited in
GenBank under the following accession numbers: MN088694,
MN088695 and MN088696, MN088697 respectively.

18S rDNA sequences of wild and laboratory strains of C. hemipterus
(Senegal and Kenya) have been deposited in GenBank under the fol-
lowing accession numbers: MN056504, MN056505, MN056506,
MN056507 and MN056500, MN056501, MN056502, MN056503 re-
spectively. COI sequences of laboratory and wild strains of C. hemipterus
(Kenya and Senegal) have been deposited in GenBank under the fol-
lowing accession numbers: MT423988, MT423989, MT423990,
MT423991, MT423992 and MT423993, MT423994, MT423995,
MT423996 respectively.

5. Discussion

There is currently an upsurge in the use of MALDI-TOF MS as a
result of its performance and inexpensive operating costs. The rapid
identification of microorganisms present in clinical samples has re-
volutionized clinical microbiology and is driving more and more la-
boratories towards using this approach (Lo et al., 2015, 2017; Seng
et al., 2010). The supplementary use of MALDI-TOF MS facilities for
medical entomology does not give rise to any additional costs, and MS
identification of arthropods has already been transferred to routine
practice in laboratories equipped with MS devices (Aubry et al., 2016;
Sambou et al., 2015).

In this study, we propose a user-friendly, rapid and low-cost ap-
proach for the routine identification of specimens suspected to be
bedbugs, which can be performed in any laboratory equipped with a
MALDI-TOF MS device. Simply dissecting the head of the insect makes
it possible to correctly identify the specimen to the species level,

without any further entomological skills being required. Nonetheless,
MALDI-TOF MS application on arthropods requires an important and
tedious protocol development stage. Indeed, several parameters can
influence the quality of the resulting spectrum, such as the selection of
the arthropod body part, the mix volume used for protein extraction,
the method and duration of grinding and the sample preservation. The
different protocol combinations are compared to finally choose the one
that provides the highest quality MS spectra.Once the suitable protocol
is found and validated, it can be consistently and easily applied for new
specimens identification (Yssouf et al., 2016). Similarly to previously
published articles, several body parts have been submitted to MALDI-
TOF MS analysis in order to obtain the highest quality spectra and
statistical tests have been used to help select the most relevant protocol.
Many reports have demonstrated the suitability of using legs for
MALDI-TOF MS arthropod identification (Yssouf et al., 2016), but
others have also highlighted the need to sometimes adjust the method
for other body parts, as it was the case for the identification of fleas
(Yssouf et al., 2014) and the detection of Plasmodium parasites in
mosquitoes (Laroche et al., 2017a). As for bedbugs, the quality of head-
derived MS spectra was greater than those obtained for legs, which are,
moreover, slightly more difficult to dissect properly without experi-
ence.

Therewith, cluster analysis clearly highlighted a distinction between
the two bedbug species in this study. It also allowed to distinguish
between populations of C. hemipterus species from different geo-
graphical origins (Fig. 5). However, such specific clustering of popu-
lations of the same species has not been observed on the dendrogram
for C. lectularius bedbugs. Nevertheless, except twelve of eighty speci-
mens (9 C. lectularius “Marseille”, 1 C. lectularius “Germany” and 1 C.
lectularius “London”) whose population has been misidentified, all the
other specimens from the six tested populations were properly identi-
fied according to their geographical origin when blind tested against a
database upgraded with reference spectra of C. lectularius (London,
Germany, Sweden and Marseille) and C. hemipterus (Kenya and Se-
negal). Blind test results revealed a clear distinction between the MS
profiles of laboratory and wild C. lectularius populations which was not
noticeable in the dendrogram. This distinction between wild and la-
boratory reared bedbugs might highlight an environmental impact on
the MS profiles. It is known that the number of reference spectra up-
graded into the database has a noticeable influence on the accuracy of
MALDI-TOF MS identification. The greater the number of reference
spectra upgraded into the database, the more precise the identification
by MALDI-TOF MS becomes (Ouarti et al., 2020). However, in our
study, the number of specimens tested to check the ability of MALDI-
TOF MS to differentiate specimens of the same species from different
geographical origins was limited. Nevertheless, the results obtained are
encouraging. It is probable that by enriching our in-lab database with

Fig. 7. Morphological differenciation of wild speci-
mens of (A) Cimex lectularius and (B) C. hemipterus
bedbugs from Marseille and Senegal respectively
based on pronotum dimensions. Pronotum is in-
dicated with red brackets. Cimex lectularius pronotum
(A) is more than 2 ½ times as wide as long; Cimex
hemipterus pronotum (B) is less than 2 ½ times as
wide as long. Pictures were obtained on a Zeiss Axio
Zoom V16 (Zeiss, Marly le Roi, France) stereo-
microscope. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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more reference spectra for each strain, we could obtain an even more
precise identification.

Variations in the MS profile according to the geographical area of
sampling have already been reported, particularly for mosquitoes
(Raharimalala et al., 2017). Moreover, a previous study on sandflies
showed, using molecular and morphometric geometric methods, the
existence of an intraspecific variability within populations of Phlebo-
tomus sergenti collected from different countries (Turkey, Israel, Syria
and Uzbekistan). Indeed, P. sergenti populations clusterized separately
according to their geographical origin into two distinct clades (North-
eastern and Southwestern) and mitochondrial haplotypes formed three
lineages with specimens from the same clade (Dvorak et al., 2011). On
the other hand, in a study on the influence of environmental, spatial
and temporal factors on MS spectra of ticks, the authors concluded that
the variability of the MS spectra is not only linked to geographical
origin, but rather to a combination of factors such as the type of habitat
and the season. Indeed, the geographical provenence only seemed not
to have a great impact on the MS spectra (Karger et al., 2019). Overall,
the protein profiles obtained by MALDI-TOF MS are therefore influ-
enced not only by the genetic diversity and the protein composition of
the arthropod itself, but also by the proteins provided by its environ-
ment and its way of life, which are often responsible for phenotypic
changes impacting its protein fingerprint, without necessarily having a
genotypic origin or repercussions. A previous study on mosquitoes
showed that there was a difference in the microbiota between wild and
laboratory reared specimens of the same species. Wild specimen's
midgut microbiota proved to be closely related to the bacterial com-
position and diversity of their larval gites (Tandina et al., 2016). As for
C. hemipterus bedbugs, this population-specific clustering could be at-
tributable to potential bedbug subpopulations, to the influence of var-
ious factors of their biotopes or even to the microbiome. Although
preliminary works have discussed that dendrograms cannot be used as
an additional phylogeny tool (Yssouf et al., 2013b), others have also
shown that they can be very discriminative. Indeed, the two congeneric
flea species Ctenocephalides canis and C. felis were successfully separated
on a dendrogram (Zurita et al., 2018) as well as the two complex spe-
cies Rhodnius prolixus and Rh. robustus (Laroche et al., 2017c). Previous
studies have already demonstrated the ability of MALDI-TOF MS to
distinguish between infected and uninfected arthropods (El Hamzaoui
et al., 2018; Fotso Fotso et al., 2014; Laroche et al., 2017a; Tahir et al.,
2017; Yssouf et al., 2015a, 2015b). It has also been reported that the
microbiota of laboratory-reared arthropods may be significantly dif-
ferent to that of a wild arthropod from the same species (Tandina et al.,
2016). Finally, insecticide resistance has been shown to modulate
protein expression in the malaria vector Anopheles stephensi (Vijay et al.,
2015). Variations in the resistance profile of the bedbug strain could be
associated with specific MS spectra. The MALDI-TOF MS profiling al-
gorithm is based on the comparison of protein fingerprints and this
approach does not allow the accurate identification of each biomolecule
involved in the MS spectra. To identify these molecules, other pro-
teomic approaches are needed (Karger et al., 2019). Therefore, it is
intricate to know if the variability observed in the MS spectra is owed to
the presence of biomolecules derived from environmental factors or if
this is due to protein changes subsequently to a genetic mutation. Thus,
it is important to specify that MALDI-TOF MS is a proteomic tool which,
cannot replace phylogenetic studies, nevertheless, it can be used as a
complementary tool. Further investigations are needed to decipher the
origin of the distinction between the different strains of Cimex species.
It would also be interesting to compare MALDI-TOF MS profiles of
sympatric populations from the same species. However, previous
MALDI-TOF MS studies have shown that new specimens were perfectly
identified using reference spectra from the same country or area (Yssouf
et al., 2016). This indicates strong reproducibility of spectra from
sympatric specimens. In this study we were not able to perform such a
comparison for the reason that we did not have field sympatric popu-
lations, we only had one population of each origin at our disposal.

Approximately 85.63% of the spectra were included in further
analyses. At this stage of the proof-of-concept, only the highest quality
spectra are selected in order to assess the performance of the tool in a
blind test analysis. This step is crucial for validation of the reference
spectra and confirmation of the quality of the queried spectra. All these
spectra could later be used as a reference to encompass any future di-
versity encountered.

The specimens tested in this work were fresh or freezed at −20 °C.
To be applied on otherwise preserved specimens, the protocol may
require some adjustments as it was the case for fleas preserved in al-
cohol (Zurita et al., 2018). Further studies are needed to verify the
reliability of the validated protocol when it is applied to bed bugs kept
in alcohol or in silica gel.

Evaluating the performance of this new tool on C. lectularius and C.
hemipterus species addresses the question of the reliability of the iden-
tification for related species, making this approach relevant for vector
surveillance and vector control.

In reality, although C. lectularius and C. hemipterus are the most
commonly found bedbugs in human dwellings (Cannet et al., 2015),
other Cimex species may also be in contact with humans. Bats, which
can often take refuge in buildings and attics, are known to be infested
with at least three Cimex species, C. adjunctus (McKee et al., 2018), C.
pipistrelli (Bartonička and Růžičková, 2012) and C. pilosellus (Pearce and
O'Shea, 2007). It could easily be hypothesized that these insects may
come into contact with humans, and even bit them. Several studies have
highlighted the role of bats as a reservoir for several viral, parasitic and
bacterial pathogens (Mühldorfer, 2013). Some of these microorganisms
have also been detected in their associated ectoparasites, including
Cimex bat bugs (McKee et al., 2018). Although transmission has not yet
been demonstrated, the presence of potentially infected hematophagous
arthropods in human dwellings should not be overlooked. Currently,
limited data is available on the occurrence of cohabitation between
several Cimex species in the same dwelling. Further studies are needed
to complete what is known about the sympatry of Cimex species. In our
study, we only evaluated the ability of MALDI-TOF MS to differentiate
between C. lectularius and C. hemipterus. These two species are very
closely related and produce hybrids by interspecific mating (Doggett
et al., 2012). Their clear distinction by mass spectrometry suggests that
other Cimex species could also be specifically identified. To support this
hypothesis, previously published studies on the MALDI-TOF MS iden-
tification of triatomines, which are, like bedbugs, heteropterans, have
demonstrated that this tool was suitable for the identification of closely-
related heteropterans, even species belonging to the same complex
(Laroche et al., 2017c).

In order to confirm the species assignation of wild collected bed-
bugs, randomly selected specimens of both origins (Marseille and
Senegal), were submitted to sequencing analysis targeting a fragment of
18S rDNA gene and COI gene. Unequivocally identified laboratory
specimens of both species were used as controls. Morphological, mo-
lecular and MALDI-TOF MS identification were concordant for field
specimens from Marseille. The specimens were therefore, clearly as-
signed as C. lectularius. As for wild bedbugs collected in Senegal, the
morphological and 18S rDNA gene BLAST analysis were discordant.
These specimens, morphologically designated as C. hemipterus by an
entomology expert, matched with a C. lectularius reference sequence
present in GenBank with an identity percentage of 99.90%. However,
multiple sequence alignment analysis results of wild bedbugs 18S se-
quences with reference and laboratory specimen sequences highlighted
that sequences from Senegal wild bedbugs were identical to those of C.
hemipterus laboratory bedbugs. Moreover, sequence alignment analysis
revealed that all of the three 18S reference sequences available in
GenBank for C. hemipterus have gaps of approximately 50 nucleotides
(Supplementary Data 7). The insufficient quality of the 18S reference
sequences for C. hemipterus currently deposited in GenBank, explain the
very low query cover (89%) obtained in BLAST analysis compared to
that obtained with C. lectularius reference sequence (100%). BLAST
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analysis of COI obtained sequences allowed to confirm species assig-
nation of Senegal's wild bedbugs specimens as C. hemipterus which is
concordant with morphological and MALDI-TOF MS identification.

The example of the ambiguous BLAST results obtained for the 18S
rDNA gene, which is usually used for the molecular identification of
hemipterans (Weirauch and Munro, 2009), and the poor quality of the
reference sequences available in GenBank for C. hemipterus, illustrates
the difficulty and the limititations of arthropods molecular identifica-
tion. Correct molecular identification is conditioned by the choice of
the appropriate target gene and the availability of good quality re-
ference sequences in Genbank.

The kappa degree of agreement could be a good indicator of the
concordance between the three methods used for bedbug identification
(morphology, MALDI-TOF MS and molecular biology). However, since
in this study these three identification methods were concordant with
an agreement of 100%, the kappa coefficient is therefore incalculable in
this case.

As for vector control, studies have reported a difference of sus-
ceptibility to insecticides between C. lectularius and C. hemipterus.
Indeed, Fenitrothion (IUPAC name: O,O-Dimethyl O-(3-methyl-4-ni-
trophenyl) phosphorothioate), a widely-used phosphorothioate in-
secticide, has shown a considerably lower LT50 (median lethal time) for
C. hemipterus than for C. lectularius (Tawatsin et al., 2011). A good
knowledge of the susceptibility of bedbug species to a specific in-
secticide will make it possible to better adjust the duration of in-
secticidal treatments, preventing over-exposure to toxic components or,
on the contrary, preventing treatments from being too short to be ef-
ficient. This strategy requires an unequivocal identification of Cimex
specimens, which can be provided by MALDI-TOF MS, at least for the
two species studied. The robustness of MALDI-TOF MS identification is
based on the comprehensiveness of the reference database. Other Cimex
species could potentially be submitted for MALDI-TOF MS analysis in
further studies in order to confirm that all species can indeed clearly be
distinguished using this tool. Although Cimex species tend to be de-
signated depending on their geographical origin or their host, global
exchange and urbanization have changed several ecological para-
meters. Deforestation has brought bats increasingly closer to human
habitations, and bat-related touristic activities such as visiting bat caves
or watching thousands of bats fly off the ground are gaining in popu-
larity (Field, 2009). As for C. hemipterus, known as the tropical bedbug,
it is now increasingly found in sympatry with C. lectularius, in Australia
and Florida for example (Dang et al., 2017), or in non-tropical areas
such as France and Russia (personal data). All these modifications
highlight the fact that tools are needed to identify bedbugs, since the
most obvious identification may not always be correct.

Although geographic origin is known to introduce slight changes in
spectral profiles, it is also shown that it does not impair MALDI-TOF MS
identification (Fall et al., under revision in Am. J. Trop. Med. Hyg). The
major differences in the spectra, the highly specific MS identification
and the morphological identification supported by molecular identifi-
cation based on two genes confirm that the distinction observed using
MALDI-TOF MS is based on the presence of two Cimex species. Albeit
these results are highly encouraging, considering the similarity between
C. lectularius and C. hemipterus, the robustness of the tool should be
reinforced by submitting other bedbug species for MALDI-TOF MS
analysis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2020.104536.
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