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Abstract:

Bed bugs are small hematophagous insé¢tsy are found in temperate and tropical climates
around the worldTheir vectorial capacity for several pathogens|uding Bartonella spp.,
has been suspected. An experimental study of @alifinfection of Cimex lectularius with
Bartonella quintana andBartonella henselae bacteria was developed to evaluate the ability of
MALDI-TOF MS to simultaneously identify bed bugs daheir infectious statusThis
experimental study confirmed the ability of MALDIBOF MS to identify bed bugs. In
addition, it was able to differentiate between coinbed bugs, bed bugs infected with
Bartonella quintana and bed bugs infected witBartonella henselae, with an identification

percentage above 90%.
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Introduction

Bed bugs are brown, flat parasitichropodsbelonging to theCimicidae family. Males and
females are strictly hematophagous and can livd2omonths without feeding [1]. The two
cosmopolite specie€imex lectularius and Cimex hemipterus, are most often found among
humans [2]. Because of their hematophagous habdsirdgimate association with humans,
bed bugs have long beenspectedn disease transmissiohyt their vectorial capacity has
rarely been studied].

Recently,bed bugs have increased significantly in frequearay in geographical distribution
An increasing number of infestations have been rtedoin Europe and America, causing
several clinical and psychological problems [1,3,4]

Bartonella spp are fastidious, aerobic, Gram-negative bactes@ionella quintana is the
agent of trench fever, known to be transmittedh®/Human body louséédiculus humanus
humanus) [5]. Bartonella henselae is the agent of cat-scratch disease, shown tcaberritted
by fleas[6]. Recently,B. quintana DNA was detected i€. hemipterus (tropical bed bugs) in
Rwanda [7]. Subsequentl, lectularius was shown to be a potential vector of this bagteri
using an experimental study Gf lectularius bed bug infection witlB. quintana [5].

The monitoring and identification of bed bugs, asllwas the detection of associated
pathogens, are crucial steps for the surveillarfcéiseases potentially transmitted by these
arthropods. Currently, bed bugs are identified prim by observing morphological
characteristics. However, the number of entomotsgipecialized in taxonomy is very small,
and the distinction betwee@. lectularius and C. hemipterus cannot be made by a non-
specialist [8].As an alternativemolecular tools have been used to improve ideatibn and
compensate for the limitations of morphologicalntiécation [9].

In recent years, matrix-assisted laser desorptoization time-of-flight mass spectrometry

(MALDI-TOF MS) has emerged as an efficient tool farthropod identification [9] in
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mosquitoes [10-12], fleas [13] and ticks [14]. Maezently, MALDI-TOF MS has been
successfully applied to differentiate ticks infetter not withBorrelia crocidurae [15] or
Rickettsa spp. [16], fleas infected or not witB. quintana and B. henselae [17] and
mosquitoes infected or not wiklasmodium berghei [18].

In this work,we set up an experimental study of bed bug infacih B. quintana andB.
henselae. We ranked the bed bug groups according to th&fiectious statusthrough
molecular methodsand we evaluated the ability of MALDI-TOF to difentiate the different

groups and different pathogens.

Materials and methods

Ethical statement

Human blood was obtained from the “Etablissemeahé&ais du Sang” (EFS, French Blood

Establishment) accredited by the Institutional Aaif@are of IHU Méditerranée Infection.

Bed bug rearing

Bed bugs C. lectularius) obtained from th€imex store (London, England, cimexstore.co.uk)
were maintained under standard laboratory rearowgitions, as previously described [5].
The breeding containers were placed in the labprat@ubator at 60% humidity and 22°C,
and the same conditions were used for adults anddd5]. The bed bugs were fed once a
week using a Hemotek artificial feeder machine (dek 5W1; Discovery Workshops,
Accrington, UK). The device was covered by an @iaf membrane of Parafilm M (Sigma-
Aldrich, Saint-Louis, Missouri, USA) and filled wit2 mL of blood19].

Bartonella quintana and Bartonella henselae strain

All experiments withB. quintana andB. henselae were conducted inside a biosafety cabinet

in a Level 2 Biosafety Room (BSL2). The two baakstrains (straif8. quintana Oklahoma

4
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ATCC 49793, strairB. henselae Marseille) were cultured on Columbia sheep blogdra
plates (5%, BioMérieux, Marcy I'Etoile, France)3at°’C in an atmosphere enriched with 5%
CO2 [13]. After 10 days of culture, the bacteriareveollected and transferred into a tube
containing 400uL of phosphate buffered saline (PBS), pH 7.2 (PB®Mérieux, Marcy
I'Etoile, France). Two hundred microliters of edacterial suspension mixed with two mL of
human blood were used for artificial infection @fdobugs. An aliquot of two mL of human
whole blood containing 200 pL of PBS was used &al fine control group [14, 17].

Spectra from both strains were also obtained usit#dd.DI-TOF MS. One colony was
directly deposited on a MALDI-TOF target plate (Bemn Daltonik), and 4 spots were made
for each bacterium. Each spot was covered with ®fubatrix solution (saturated solution of
a-cyano-4-hydroxycinnamic acid in 50% acetonitriggd 2.5% trifluoracetic-acid) and the
matrix-sample was crystallized by air-drying atmotemperature for 5 minutes, as previously
described (X). Measurements were performed witAatoflex 11 mass spectrometer (Bruker
Daltonik) equipped with a 337-nm nitrogen lasere@m were recorded in the positive linear
mode (delay, 170 ns; ion source 1 voltage, 20 k¥;9ource 2 voltage, 18.5 kV; lens voltage,
7 kV; mass range, 2—20 kD0].

Artificial infection of bed bugs

Three groups were created, including a group comgil00C. lectularius exposed tdB.
guintana, a group containing 10GQ. lectularius exposed td. henselae and a control group
containing 5QC. lectularius.

Each bed bug group was fed with three successiveahublood meals (every 48 hours).
Control bed bugs were fed witBartonella-free blood mixed with 200 pL of PBS and
exposed bed bugs were fed with two mL of blood dtdd with 200 puL of bacterial

suspension dB. henselae andB. quintana [5,17]
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Two hundred microliters of infected blood were ¢gstising gPCR, to ensure the presence of
B. quintana and B. henselae. One hundred microliters of each inoculum werdurad on
sheep blood agar to ensure bacterial viability aatl,the same time, calculate the
concentration by making a serial dilution of cuétdrom 10" to 10°°[5,21].

DNA extraction and gPCR detection of B. quintana and B. henselaein bed bugs

From the third day post infection, 10 bed bugs welected every 48 hours in each group.
Each bed bug was washed with 70% ethanol, rinsex twith distilled water and dried with
paper. Half of the abdomen was reserved for thectienh ofB. quintana andB. henselae by
gPCR and the head was stored at -20°C for MALDI-T&-tests [5,17].

The bed bug samples reserved for molecular biolegye incubated overnight at 56°C in 180
pnL of G2 buffer (Qiagen, Hilden, Germany) (30 mMs¥CI, 30 mMEDTA; 5% Tween 20,
0.5% Triton X-100; 800 mMGuUHCI) and 20 pL of protase K (Qiagen, Hilden, Germany)
(activity of 600 mAU/mL solution or 40 mAU/mg of giein). DNA extraction was performed
in the automatic extractor EZ1 (Qiagen, Hilden, iGé&my). The presence dd. quintana and

B. henselae DNA in these bed bugs was assesse®bguintana and B. henselae-specific
real-time PCRs targeting thgopP3 gene [22] and pap31 gene [23], respectively. The
presence oBartonella spp. was tested individually in each bed bug.

Detection of Bartonella spp. in Cimex lectulariusby MALDI-TOF MS

Samples reserved for MALDI-TOF MS (bed bug headyemeashed a second time with
HPLC-grade water and acetonitrile (Fluka, Buchsjt&wland). They were then crushed
using the automated grinding device TissueLysead@m, Hilden, Germany) 3 times for 90
seconds at a frequency of 30 Hertz, with a pinchlads powder (Sigma, Lyon, France) and a
mix of 20 uL of 70% formic acid (v/v) and 20 pL 50% acetonitrile (v/v) (Fluka, Buchs,

Switzerland).
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After centrifugation at 200 g for 1minute, 1 pL safpernatant of each sample was deposited
in quadruplicate on the MALDI-TOF plai@nd covered by 1 pL of CHCA matrix solution
composed of saturated-cyano-4-hydroxycynnamic acid (CHCA) (Sigma, Lydfrance),
50% (v/v) acetonitrile (Fluka, Buchs, Switzerland)5% trifluoroacetic acid (v/v) (Aldrich,
Dorset, UK) and HPLC-grade water. The target was thlaced in the Microflex LT 171
MALDI-TOF mass spectrometer (Bruker Daltonics) fanalysis [9,17] (Laroche et al.,
personal communication).

MALDI-TOF MS parameters

Protein mass profiles were generated using a MexdfT MALDI-TOF (Bruker Daltonics,
Germany) mass spectrometer, with detection in pesibn linear mode at a laser frequency
of 50 Hz in a mass range 2-20 kDa. The acceleratitage was set to 20 kV, and the time of
extraction delay was 200 ns. Each spectrum correlspto the ions obtained from 240 laser
shots fired in six regions of the same deposithenground plate and acquired automatically
using the function of the Flex Control AutoXecute2W software (Bruker Daltonics).

The spectra were visualized with Flex analysis 3dv.%oftware and exported to
ClinProTools2.2 and MALDI Biotyper v.3.0 (Bruker MDanics, Germany) for data
processing. To obtain usable results, we evalusiedeproducibility of each group using the
ClinProTools 2.2 software.

Bed bug spectra were chosen based on their repbilidtyand intensity for all MS analyses,
including database creatiodur database was upgraded with spectra of 4 tpédirsens of
non-infected bed bugs or bed bugs infected Bithuintana or B. henselae.

Blind tests

Blind test analysis was used to evaluate the gholitMALDI-TOF MS to distinguish the
three groups. After the evaluation of the qualibd ahe reproducibility of the spectra, a

dendrogram was established for each group to eieathea homogeneity and a high quality
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spectra within each cluster, and high quality amraducible MALDI-TOF MS spectra from
the head of 4C. lectularius controls, 5C. lectularius infected withB. henselae and 11C.
lectularius infected withB. quintana were introduced into our in-house arthropod daaba
(available on request) (Species of this databaseeported in Supplementary data 1).

Then, a total of 34 spectra Gf lectularius controls, 61 spectra @. lectularius infected with

B. henselae and 62 spectra df. lectularius infected withB. gquintana were queried against
the upgraded database.

MALDI-TOF MS biomarker mass set

To evaluate the reproducibility of the MS profilése spectra of the three groups (bed bugs
infected withB. quintana, bed bugs infected witB. henselae and bed bug controls) were
imported into the ClinProTools 2.2 softwar€or the detection of the discriminant peaks
associated with infection status, we compared Weeage spectrum of the three categories of
bed bugs. The software was used to generate aipef each group in the mass range of 2
to 20 kDa and to identify the discriminant peakbeTparameters of the ClinProTools 2.2
software for the generation of the spectra wertksws: resolution of 800; noise threshold
of 2.50; maximum peak of 800 ppm and correspondenttecalibration peaks of 20%. For
the calculation of the peak, the peak was madeimglesspectra, with a signal-to-noise
threshold of 2.50 and an aggregation of 800 ppne Jjectra were then analyzed with the
genetic algorithm (GA) model, which provided a lisf discriminant peaks. Manual
inspection and peak validation by the operator gaveecognition capability” (RC) value
with the highest "cross-validation” (CV) value.

Results

Acquisition of Bartonella quintana and Bartonella henselae by bed bugs
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The inoculum used for artificial infection witB. quintana contained 3 x 10 CFU/mL
bacteria and the one used for artificial infectwith B. henselae contained 2 x 10CFU/mL
bacteria

Three days after the last infective meal, ten begsbfrom each group were subsequently
collected every two days. At the end of the coitew®, we had a total of 80 bed bugs exposed
to B. quintana, 80 bed bugs exposedBohenselae and 40 bed bug controls.

Quantitative PCR results demonstrated the presehBe quintana in all exposed bed bugs,
with cycle threshold (Ct) values ranging from 16t@27.69, and the presenceBthenselae

in all exposed bed bugs (100% infection rate), witble threshold (Ct) values ranging from
19.13 to 24.46. All control fleas tested negative.

MALDI-TOF MSfor detection of B. quintana and B. henselae in bed bugs

The spectra sorted by Flex Control AutoXecute V.zdftware were analyzed by
ClinProTools 2.2 software to check the reproduitipibf each category (Figure 1). This
analysis showed the presence of some peaks ofigdrbugs infected witB. quintana and
other peaks present only in bed bugs infected ®Rithenselae but absent in controls (Figure
2).

The ClinProTools 2.2 software also calculated améted the principal component analysis
(PCA) of the three groups of bed bugs. It compdhedgroup of infected bed bugs wigh
guintana and the control group (Figure 3.A), as well asghwup of infected bed bugs wiB
henselae with the control group (Figure 3.B).

To better identify discriminating peaks between thiected bed bugs and the control bed
bugs, we used the genetic algorithm tool of theRYoTools 2.2 software. We compared the
spectra of 62 bed bugs infected wghguintana and 34 spectra of control bed bugs. Similarly
with the second pathogen, we compared 61 speciofengected bed bugs witB. henselae

and 34 control bed bugs.
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The genetic algorithm model and operator peak pglgenerated 10 discriminating peaks
between bed bug controls and bed bugs infected WRithhenselae (Table 1), with a
recognition capability (RC) and cross-validationVJjCof 100% for both, and nine
discriminating peaks between bed bug controls atddugs infected witB. quintana (Table

2), with a recognition capability (RC) of 100% arrdss-validation (CV) of 98.53 % (Figure
4,5).

The last step of the MALDI TOF analysis was thedbliest of the spectra of bed bugs against
our arthropod database, previously upgraded with rdference spectra of each bed bug
category (infected witlB. quintana, infected withB. henselae, and controls). Bed bug species
identification was correct for all reproducible spa. Regarding the infection status,
identification was correct for 56/62. lectularius infected withB. quintana (90.32 %),but 6

of these 62B. quintana-infected bed bugs were identified either @Gslectularius controls

(n=3) orC. lectularius infected withBorrelia recurrentis (n=3).

The identification was correct for 55/&L lectularius infected withB. henselae (90.16 %),
but 6 of these 6B. henselae-infected bed bugs were identified either @slectularius
controls (n=4) orC. lectularius infected withB. quintana (n=2). Finally, the identification
was correct for 31/34€. lectularius controls,but 3 of these 34. |ectularius controls were
identified either a<C. lectularius infected withB. quintana (n=2) orC. lectularius infected

with B. recurrentis (n=1) (Table 3).

Discussion

This work presents a preliminary study assessirg dbility of MALDI-TOF MS to
differentiate between non-infected bedbugs and bgslinfected with two different species of
Bartonella using a previously validated study of artificiafection of C. lectularius with

Bartonella spp.[5] The protocol used was developed by comparing theodeicibility and

10
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quality of spectra obtained from different laborgitbed bug body parts. It was later validated
on field bed bugs from very different geographiaadas (urban area in south of France, rural
village in Senegal) (Laroche et al., personal comigation). It proved its effectiveness on
infected bed bugs and controls with 88.5% of adl $pectra analyzed included in the study,
based on quality and reproducibility. These resalts encouraging, since these spectra
allowed an identification rate of bed bugs infedgd. quintana andB. henselae above 90%.

In the case of slight heterogeneity within the sarip, the more reference spectra one has,
the more accurate the blind test analyses become.tHts proof of concept step, it is
necessary to keep only the best spectra to adseggetformance of the tool in a blind test
analysis. A validated database following a sucegdsiind test analysis with high quality
spectra means that each of these spectra can desusetually as a reference to encompass
all the future diversity encountered.

Two groups of bed bugs were fed blood infected Bithenselae or B. quintana separately;
the gPCR showed the acquisition of both bacteri@dxy bugs with a 100% infection rate,
accordance with what was previously repoftd

After its success in microbiology, MALDI-TOF MS hasnerged in the field of entomology
and identification of arthropods. To increase tHeiency and shorten the time-to-result of
MALDI-TOF MS analyses, it is necessary to standeedihe sample preparation protocol,
which also makes it possible to reproduce the testifferent research laboratories [8,16].
This standardization encompasses several param#terarthropod body part used, sample
washing steps and lastly, speed and frequencyidigg. These parameters vary according
to the characteristics of each arthropod, requithrg development of a sample preparation
protocol for MALDI-TOF MS specific to each arthrap§l0,24].

During this work, we followed the standardized poatl implemented in our laboratory for

bed bug analyses (Laroche et al., personal commtimng. This protocol has proven its

11
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effectiveness on infected bugs and controls, witlyoad percentage of reproducibility
(88.5%) on all spectra analyzed.

In this study, gPCR allowed proper classificatidrihe three groups of bedbugs according to
their infectious status\s demonstrated in previous work, bed bug headé@geaeproducible
spectra. Therefore, 50 specimens only were seledeambntrolsThe database was upgraded
with reference spectra of each categdiye blind test showed a percentage of identificatio
ranging from 90.16% to 91% for all three groups.

Regarding the identification of incorreBartonella species, we have reported in previous
studies that the proteins of the infected arthrojpgelf could play a role in the differentiation
of the two groups (infected/non-infected). Indeed,Plasmodium-infected mosquitoes, a
lower number of peaks and a decreased intensitthars was found compared to control
mosquitoes. The role of down-regulated mosquitagims, involved in the immune response,
can be hypothesized [18]. In the mass spectronagipyoach used in this study, we could not
assess the exact origin of each peak. We can hggiaththat the immune response may play
a role in the identification dBartonella spp. in bed bugs as well. Assuming that the pmetei
regulated are the same for the two bacteria, weldvbave common peaks associated with
bed bug proteins, and specific ones for each baater

In a previous work, we evaluated the ability of MAILTOF MS to distinguish between fleas
infected or not byB. quintana andB. henselae, and then we noticed the presence of a third
group, the group of fleas exposed to the bacteuanegative in qPCR. This category was
well-differentiated from the others by MALDI-TOF M3t had been suggested that the
separation of an exposed group might be explainethé presence of the proteins of the
immune response [17]. In the current study, we rditl have an exposed uninfected group
identified by MALDI-TOF, since the rate of infectiovas 100%. The few errors that have

been noticed regarding the status of infection miggghalso linked with the immune response
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in bed bugs, where the immune response is morertanidn some samples or weak or even
absent in otherslhe listed discriminating peaks are those whicbvaltlistinction of the two
groups with the lowest number of peaks. Severakroffeaks are actually discriminative
between the two groups and are not reported. This explain why no common
discriminating peaks are found in the list preseémtethis study.

Compared to other arthropod spectra, bed bug sang@monstrate significant intra-group
heterogeneity. It is therefore impossible to havelavant identification with 2 or 3 reference
spectra, as was the case for highly reproduciblstralian mosquito spectra, for example
[25]. An upgrade of the database with a high numbéedfbug reference spectra should be a
satisfactory approach to avoid misidentifications

In conclusion, after a preliminary work on fleagiahe present study on bed bugs, MALDI-
TOF MS appears to be a promising tool for diffei@intg arthropods infected or not with
Bartonella, and further complementary studies are needed tterbeharacterize the
differential proteome of infected and non-infectthropods.Perspectives include testing
this tool in the field during entomological studi€Since the MALDI-TOF MS device is
bought for microbiology perspectives, its use itoamlogy does not require additional cost

and might be very useful, given the resurgencesdfliugs.

Tables
Comparison between Cimex lectularius
infected with Bartonella henselae and
controls
Number| Controls Infected
of Mass (m/z)| Mass (m/z)
peaks (Da) (Da)
1 Absent 4567
2 Absent 5513
3 5999 Absent
4 Absent 7332

13



5 7491 Absent
6 7742 Absent
7 Absent 9025

8 10062 Absent
9 11989 Absent
10 14982 Decreased

288
289  Table 1: Discriminant peaks between bed bug controls awldugs infected witBartonella

290 henselae detected byhe genetic algorithm model analyzed with ClinProlScsoftware.

291
292
Comparison between Cimex lectularius
infected with Bartonella quintana and
controls
Number Controls Infected
of Mass (m/z) Mass (m/z)
peaks (Da) (Da)
1 Absent 3967
2 Absent 4574
3 Absent 4863
4 5139 Absent
5 5997 Absent
6 6539 Absent
7 Absent 7297
8 Absent 11132
9 Absent 14592
293

294  Table 2: Discriminant peaks between bed bug controls awdugs infected witBartonella
295 quintana detected byhe genetic algorithm model analyzed with ClinProlEasoftware.

296

297

298

299

300

14
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315

Total Spectra
Good quality MS Good
Categories samples introduced in
spectra identification
collected the database
Cimex lectularius
40 38 4 31/34 (91%)
controls
Cimex lectularius
infected withBartonella 80 66 S 55/61 (90, 16%)
henselae
Cimex lectularius
infected withBartonella 80 73 11 56/62 (90, 32%)
quintana

Table 3: Results of the blind test analysis, after updz#t¢he MALDI-TOF MS database,

analyzed by Biotyper Software.

Figurelegends:

Figure 1: Reproducible and specific MALDI-TOF MS spectraBzfrtonella quintana strain,
Bartonella henselae strain, head of fres@imex lectularius infected withBartonella quintana,
head of freshCimex lectularius infected with Bartonella henselae and control bed bugs
analyzed by Flex analysis 3.3 software. a.u., mhyitunits; m/z, mass-to-charge ratio.

Figure 2. The gel view tool of three categories of bed bUde circles frame some specific
spectra ofCimex lectularius infected with Bartonella quintana (blue), Cimex lectularius
infected withBartonella henselae (green), andCimex lectularius controls (red).

Figure 3: A: bed bug head MS spectra from infect€dmex lectularius by Bartonella
guintana (green dots) an@imex lectularius controls (red dots) were compared by Principal

Component Analysis. B: bed bug head MS spectra frofacted Cimex lectularius by

15
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Bartonella henselae (green dots) an@imex lectularius controls (red dots) were compared by
Principal Component Analysis.

Figure 4. Comparison of MALDI-TOF MS profiles of bed bugdgected or not byartonella
guintana using ClinProTools softwar®ed andgreen profiles correspond to average
spectrum of control and infected bed bugs, respalgtiPeak masses (Da) are indicated
above the referred peak. arb.u., arbitrary unitg, mass-to-charge ratio.

Figure 5: Comparison of MALDI-TOF MS profiles of bed bugdgected or not byartonella
henselae using ClinProTools softwar®ed andgreen profiles correspond to average
spectrum of control and infected bed bugs, respagtiPeak masses (Da) are indicated

above the referred peak. arb.u., arbitrary unitg, mass-to-charge ratio.
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Supplementary data 1: List of all arthropod species included in oudat-database
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