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Abstract
Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS)

2
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is a powerful technology used to investigate the spatio-temporal distribution of a huge

3

number of molecules throughout a body/tissue section. In this paper, we report the
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use of MALDI IMS to follow the molecular impact of an experimental infection of Apis
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mellifera with the microsporidia Nosema ceranae. We performed representative molecular mass fingerprints of selected tissues obtained by dissection. This was followed
by MALDI IMS workflows optimization including specimen embedding and positioning as well as washing and matrix application. We recorded the local distribution of
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peptides/proteins within different tissues from experimentally infected versus non
infected honeybees. As expected, a distinction in these molecular profiles between
the two conditions was recorded from different anatomical sections of the gut tissue.
More importantly, we observed differences in the molecular profiles in the brain, thoracic ganglia, hypopharyngeal glands, and hemolymph. We introduced MALDI IMS as
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an effective approach to monitor the impact of N. ceranae infection on A. mellifera. This
opens perspectives for the discovery of molecular changes in peptides/proteins mark-
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ers that could contribute to a better understanding of the impact of stressors and toxicity on different tissues of a bee in a single experiment.
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1

INTRODUCTION

[5,6], glycolipids [7], and peptides/proteins [8–11], within sections of
organs or whole-bodies/organisms [12–17]. In theory, this powerful

Over the past decades, thanks to technological improvements, matrix-

tool can directly allow access, in a multiplex analysis, to hundreds or

assisted laser desorption/ionization imaging mass spectrometry

thousands of analytes in parallel on flash-freezing tissue sections [18]

(MALDI IMS) of tissues has gained popularity. MALDI IMS, historically

and on formalin fixed and paraffin embedded samples [19]. Due to

developed by Caprioli and colleagues [1], is a label-free method that

these unique performances and its enhanced credibility, MALDI IMS

provides information on the spatial distribution of drugs and their

has the power to facilitate mechanistic studies and discovery of poten-

metabolites [2], endogenous metabolites [3,4], biomarkers like lipids

tial molecular signatures of diseases for a deeper understanding of
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the pathologically related processes. To date, MALDI IMS is commonly
used in pharmaceutical research and industry to determine the impor-

Significance of the study

tance of accumulation and metabolization of drugs in various tissues
Among pollinating insects, bees play a critical role in boost-

[2]. For example, MALDI IMS has been used to monitor the distribution

ing reproduction of wild and commercial plants and thus con-

of xenobiotic substances in skin [20,21] and artificial models of human

tribute to the preservation of plant biodiversity and sus-

epidermis [22]. Furthermore, MALDI IMS is also widely used in life sci-

tainability of food webs. In the last few decades, domesti-

ences, biomedical, and pharmaceutical research and development on a

cated and wild bees have been subjected to biotic and abi-

multitude of biological matrices [23,24]. Advancements in MALDI IMS

otic threats causing various health disorders. In our proposed

instrumentation for improved resolution and sensitivity, sample prepa-

manuscript, we focus on nosemosis, an infection caused

ration workflows including innovative chemical strategies for on-tissue

by a single-cell microsporidian parasite Nosema being the

chemical derivatization or to generate novel matrices, and data man-

causative agent, which chronically infects the digestive tract

agement and processing, offer the ability to precisely quantify tissues

of honeybees. Therefore, developing solutions to improve

molecular abundances with a high-resolution level [25–29]. MALDI

bee health including nosemosis is increasingly necessary, but

IMS technology is now used for analyses of biological samples belong-

still lacking. Here, we focused our investigations on the devel-

ing to both plant (for reviews see [30–33]) and animal kingdoms includ-

opment of MALDI molecular mass fingerprint (MALDI MFP)

ing human specimens [23,34,35]. Given the increasing use of MALDI

and its integration with MALDI imaging mass spectrometry

IMS on animal models, this approach was also investigated on different

(MALDI IMS) to monitor which tissues would be impacted

invertebrate models and for the first time in insects to map neuropep-

in a comparison between Nosema-infected and non-infected

tides within the neuronal tissues of the cricket Acheta domesticus [36].

Western honeybees Apis mellifera.

Subsequently, MALDI IMS was applied to bee models to follow the distribution of queen-signal compounds [37], analyze the neuropeptide
distribution in the Africanized honeybee (Apis mellifera) brain [38,39]
or to follow the degradation and toxicity of pesticides [40–42] and to
identify the most abundant metabolites [43]. The European honeybee

ways [67]. To pursue our investigations on the underlying molecular

A. mellifera (Hymenoptera, Apidae) is the most managed pollinator in

mechanisms, MALDI IMS was conducted on the entire body of A. mellif-

our agricultural systems and represents significant economic value

era in this context in order to follow and establish the first comprehen-

[44,45]. The health of A. mellifera has been declining in many countries

sive spatial histo-proteomics picture of the impact of Nosema infection

around the world, raising concerns about food resources [46,47].

on whole bee sections. The aim of the present work was to propose

Among a series of possible factors contributing to colony losses,

an experimental workflow for the study of the impact of a stressor

infectious diseases caused by parasites and pathogens are significant

in bee tissues by MALDI IMS. Specifically, we combined two MALDI

contributors in altering bee health [48,49]. Among them, nosemosis is

MS approaches, MALDI molecular mass fingerprints (MALDI MFP),

one of the possible factors that negatively impacts the honeybee health

and MALDI IMS to generate molecular tissue signatures (gut, thoracic

and especially A. mellifera population worldwide [50,51]. The causative

muscles, brains, hypopharyngeal glands, and hemolymph) and histo-

agents are unicellular microsporidian parasites, essentially Nosema apis

molecular images of honeybees challenged with spores of Nosema. By

and N. ceranae [52]. Nosema spores are ingested into the digestive tract

combining these two MALDI approaches, we highlighted that Nosema

of the host where they can develop and multiply intracellularly before

did not exclusively impact the gut tissue, which is in agreement with our

being expelled in the fecal matter following destruction of epithelial

findings related to the molecular consequences of Nosema infection

cells [53]. Nosema disease affects colony performances and bee health

on the immune response, on the thoracic muscles and on the nervous

by many processes [54]. The impact of Nosema disease at the individual

system.

level includes numerous physiological alterations, such as (i) metabolic
changes [55,56], (ii) energy stress/management [56], (iii) pheromone
and hormone production [57], (iv) inhibition of epithelial cells apoptosis

2

MATERIALS AND METHODS

[58], (v) immune function suppression [55,59,60], (vi) life span shortening [56,61,62], (vii) cognitive deficits [63,64], (viii) acceleration of

2.1

Chemicals

transition to forager activities [65], and (ix) changes of gut microbiota
[66]. We recently conducted study with the aim to decipher the impact

Trifluoroacetic acid (TFA), Acetonitrile (ACN), Methanol (MetOH),

of a per-os inoculation of A. mellifera with spores of Nosema on the first

Ethanol (EtOH), Chloroform were purchased from Carlo Erba (Val de

off-gel proteomics on the different anatomical sections of the gut [67].

Reuil, France). Water was from Merck (Merck Millipore, Billerica, MA),

Upon oral infection, we observed at an early stage of the infection (4

Sodium carboxymethyl cellulose polymers (90 and 250kDa), 2,5 Dihy-

days) that midgut proteins were the most altered (50 down-regulated,

droxybenzoic acid (DHB, purity >99% by HPLC), Sinapinic acid (SA,

16 up-regulated) compared to the control experiment with most of

purity ≥99% by HPLC), α-Cyano-4-hydroxycinnamic acid (4-HCCA,

them being involved in metabolic and oxidative phosphorylation path-

purity ≥99% by HPLC), Hematoxylin solution (Gill No. 3, IVD quality),
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and Phosphate buffer saline (PBS) were purchased from Sigma Aldrich

an average spectra representative to each tissue was generated using

(France).

the mMass software v5.5.0.

2.2

Biological materials

2.4

Sample preparation for MALDI IMS

For the achievement of MALDI MFPs approach, Buckfast adult

To obtain histological blocks for MALDI IMS, honeybees were anes-

bees were collected in a field apiary at the Plateforme BioPark

thetized using carbon dioxide and individually embedded into a 2%

d’Archamps (Archamps, France), Nosema non-infection was confirmed

(w:v) solution of low viscosity 90kDa carboxymethyl cellulose (CMC)

by microscopical observation of gut content. Concerning the MALDI

polymer prepared in ultrapure water. Additionally, the embedded bees

IMS approach a brood frame was collected in June 2020 from one

were instantaneously vented for 20 min under 600 mbar vacuum using

colony of Buckfast bees in a field apiary at the Plateforme BioPark

a home-made device apparatus to ensure optimal bee bodies inclusion;

d’Archamps (Archamps, France). Emerging honeybees were placed

the remaining air from the bees’ respiratory system and from their cuti-

in plastic cages (Ickowicz, France) and maintained in incubators at

cles vicinity was thereby substituted with low viscosity CMC. The pre-

33◦ C

±

1◦ C

and 60% ±20% relative humidity. During the first day,

pared bodies were then transferred into a filled tube with a chilled solu-

the bees were fed with syrup (InvertBee, Alp’Abeilles, France) ad

tion of the 250kDa CMC polymer. Once prepared, the samples were

libitum. The detailed experimental workflow was described in our

stored at -80◦ C for 24 h before being sliced.

previous study [67]. Briefly, 24 h after emergence, the syrup was

Figure 1 summarizes the overall experimental workflow designed to

removed for 15 h. Then, honeybees were placed individually in a

map peptides and proteins from the entire body of A. mellifera using

homemade box and fed with 10 μl of syrup supplied with Nosema

MALDI IMS.

ceranae spores (100,000 spores per bee). After consuming the solution,

Regarding sample preparation dedicated to MALDI IMS, before

bees were placed in a new collective box according to the experi-

being sliced, the CMC-embedded body blocks were transferred from

mental condition (control and inoculated bees). Sixteen days after

-80◦ C inside a cryomicrotome (Leica CM1950, Germany) maintained

inoculation, five control, and three infected bees were collected

at -20◦ C and left to reach this appropriate cutting temperature for

and immediately subjected to the inclusion process. The infection

15 min. Series of fresh frozen cryosections (15 μm thickness) were

was confirmed by microscopic observation of the gut contents of an

performed and collected onto classical histological slides (Dominique

inoculated bee.

Dutscher, France). Cryo-sections were stained for 20 s using hematoxylin. Serial sections were also collected and transferred onto conductive Indium Tin Oxide (ITO)-coated glass slides (Bruker Daltonics,

2.3

Sample preparation for MALDI MFPs

Germany). Before processing, structural lipids present on the surface
of the tissue sections were washed out by three baths in pure ethanol

For the achievement of the MALDI molecular mass fingerprints (MFPs),

(only immersion followed by total drying of slice between each rins-

thoracic muscles, brains, and hypopharyngeal glands were collected

ing) and one bath in pure chloroform (a one-second immersion). The

from six worker bees under a binocular. Brains and hypopharyngeal

images of tissues were then digitized using the Nikon CoolScan 9000

glands were dissected according to the procedure of Carreck and col-

(Nikon, Japan) for automated MALDI IMS process teaching and the

laborators [68]. The collected tissues were rinsed in PBS and kept at

Mirax high-resolution desktop microscope (Zeiss, Germany) for obser-

-80◦ C until use. The digestive tract of 12 bees were individually dis-

vations of histological features. The tissue sections were coated with

sected from 1-day-old bees and segmented in three sections: the crop,

a solution of DHB matrix by spraying with the ImagePrep nebulizer

the midgut and ileum, and the rectum. Gut tissues were washed in

(Bruker Daltonics, Germany), using two runs of the method provided by

PBS and then placed in low protein binding tubes (LoBind, Eppendorf,

the manufacturer (DHB_standard_1). Series of protocols summarized

France) containing 20 μl of TFA 1% and vortexed. Hemolymph was col-

the matrix preparations, the tissue slices delipidation and the number

lected from the same 12 bees according to the procedure published by

of automated matrix deposition that were tested prior to consider the

Arafah and colleagues [69].

20 mg/ml DHB matrix dissolved in MetOH/Water (50/50; v/v) acidified

For MALDI MFP spectra acquisition, brain, hypopharyngeal glands,
and muscles were supplemented with 10 μl of TFA 1%, crushed on a

with 0.2% TFA final concentration as the matrix solution throughout
this study (Table S1).

MALDI polished target plate (Bruker Daltonics, Germany) and covered
by 1 μl of TFA 1%. Tissues were then covered with 1 μl of a 10 mg/ml
4-HCCA matrix solution prepared in 70% ACN with TFA 2.5% acidified

2.5

MALDI parameters

water (v:v). Gut sections were vortexed and 1 μl of the suspension was
laid on the MALDI polished target plate. After drying the droplet was

MALDI MFPs (mass range 600–18,000 Da) and MALDI IMS (mass

covered with 1 μl of a 15 mg/ml 4-HCCA solution prepared as above.

range 1000–18,000 Da) spectra were acquired in a positive ion lin-

MALDI MFPs spectra were recorded with an AutoFlex III – Smartbeam

ear mode using an AutoFlex III - Smartbeam MALDI mass spectrom-

MALDI MS as described below. At the end of mass spectra acquisition,

eter equipped with a 200 Hz 355-nm frequency-tripled Nd:YAG laser
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F I G U R E 1 Whole-body MALDI IMS workflow applied to Apis mellifera. Step 1: Vacuum-degassing of the entire bee in a low viscosity 90 kDa
carboxymethyl cellulose (CMC) polymer prior inclusion into a 250 kDa CMC polymer, freezing at -80◦ C and cryosectioning (15 μm thickness). Step
2: Whole bee body cuts transfer onto ITO-conductive glass slides (with subsequent organic baths for delipidation and desalting) and histological
glass slides (histological features). Step 3: Matrix coating of the cuts on ITO slides using the automated piezoelectric nebulizer (ImagePrep, Bruker)
and laser probing of the whole bee body tissue surface using MALDI MS (AutoFlex III Smartbeam, lateral resolution 60 μm). Step 4: Peptide and
protein mapping with an application of differential MALDI IMS strategy to reveal specific markers correlating with nosemosis using FlexSeries and
SCiLS software
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A

B
Rectum: 38

Rectum: 15

Muscles: 46

MidgutIleum: 39

Muscles: 21

MidgutIleum: 18
Brain: 51

Crop: 34
Hemolymph: 20

Brain: 23

Crop: 8
HG: 34

Hemolymph: 4

HG: 11

F I G U R E 2 Number of potential markers identified in honeybee tissues. The list of peaks was first (A) extracted without comparison and then
(B) the number of unique peaks presenting as potential markers of honeybee tissues. Abbreviation: HG, hypopharyngeal glands

(Bruker Daltonics, Germany) according to the analytical conditions and

to unavoidable cross contamination between some tissues and the

MALDI datasets post processing summarized in Table S2. The instru-

hemolymph that infiltrates all tissues. Using MALDI MFPs, we obtained

ment was calibrated using a mixture of two sets of peptides (APISCAL)

molecular mass signatures for the (i) brain, (ii) hypopharyngeal glands,

and proteins (ProtMix) covering the dynamic range of interest. The

(iii) thoracic muscles, (iv) hemolymph, and (iv) three anatomical sec-

composition of the homemade APISCAL is the following: synthetic pure

tions of the gut tissue (crop, midgut-ileum and rectum) to serve their

Apidaecin and Abaecin, two antimicrobial peptides from Apis mellifera

identification in situ by MALDI IMS.

(average m/z of 2109 and 3879, respectively), synthetic pure melittin,
the major venom component, (average m/z of 2847); and ETD, a recombinant peptide, (average m/z of 4839). ProtMix (Protein Calibration
Standard I, Bruker Daltonics) is a manufacturer-available mixture of
four peptides and proteins (Insulin, Ubiquitin, Cytochrome C and Myo-

3.2
Experimental workflow for MALDI IMS on
the honeybee model: from tissue embedding to
MALDI imaging

globin at average m/z of 5734, 8565, 12,360, and 16,952, respectively).
The MALDI IMS method was introduced less than 25 years ago and
revealed to be an effective technique to investigate the biological

3

RESULTS AND DISCUSSION

and physiological functions in bees. For instance, Apis mellifera brain
neuropeptides were mapped in order to correlate the aggressiveness

3.1
Tissue signatures by direct MALDI profiling
experiment on honeybee organs

and ontogeny with the obtained neuropeptide signatures [38,39].
More recently, Zhang and colleagues used MALDI IMS to evaluate
the degradation and the toxicity of two neonicotinoid pesticides in

In this study, we identified potential features of six honeybee tis-

honeybees through oral and contact exposures [74]. Tissue processing

sues (brain, hypopharyngeal glands, thoracic muscles, crop, midgut

describes the steps required to take an animal or human tissue from

and ileum, and hemolymph) by generating their molecular mass fin-

fixation to the state where it is completely infiltrated with a suitable

gerprints (MFPs) using MALDI mass spectrometry. This approach

histological wax to make it embedded ready for cryosection cutting on

which has been greatly improved over the past 20 years, has demon-

the microtome.

strated its feasibility, robustness and cost-effectiveness in identifying

In our study, we implemented MALDI IMS protocol from honeybee

a wide range of microorganisms (e.g., bacteria, mycobacteria and cer-

preparation to whole-body scale imaging of the bee to investigate the

tain fungal pathogens [70], parasites [71,72] and more recently some

molecular pattern changes in the context of nosemosis. The proposed

microsporidia pathogenic for honeybee [73]. We also used MALDI

workflow outlines the different steps involved in preparing a fully infil-

MFPs to monitor the impact of experimental microbial infections in

trated and embedded honeybee, ready to be cryosectioned on a cry-

honeybee hemolymph [69]. To create model MFPs, an average spec-

omicrotome on different cutting planes.

trum for each tissue was recorded as the most representative histomolecular signature of the tissues (Figure S1). From these average
spectra, a total of 46 molecular-related ions in muscles, 51 in brain, 34

3.2.1

Inclusion and embedding optimization

in hypopharyngeal glands, 20 in hemolymph, 34 in crop, 39 in midgut
and ileum and 38 in rectum were recorded between m/z 1000–14,000

As insects are protected by a stiff primary exoskeleton (cuticle), sec-

(Figure 2A and Table 1). Finally, 21 molecular-related ions in muscles,

tioning the whole insect is quite challenging compared to slicing indi-

23 in brain, 11 in hypopharyngeal glands, 4 in hemolymph, 8 in crop,

vidual organs or mammalian tissues. The first step of our experimental

18 in midgut and ileum, and 15 in rectum were found specific for each

workflow was to include and embed the entire honeybee body under

tissue between the mass range considered (Figure 2B and Table 1).

vacuum. To address this challenge, we focused on two successive solu-

The number of molecular-related ions was considerably reduced due

tions (low density for inclusion, medium viscosity for embedding) of
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TA B L E 1

Lists of peaks identified as potential molecular markers of honeybee tissues

Muscles

Brain

HGa

Crop

MG-Ileum

Rectum

Hemolymphb

1079.41

1006.70

2085.76

1083.17

1102.02

1372.47

1164.14

1332.07

1469.13

2281.84

1294.92

1171.32

1388.51

2109.57

1573.57

1493.09

3417.78

1855.03

1238.48

1403.51

2130.90

1596.21

1520.40

3433.18

1893.92

1276.49

1456.03

2856.29

2079.48

1955.78

3449.38

2470.96

1529.17

2455.90

3479.82

2096.17

3183.64

4198.13

5559.57

1586.06

2626.02

5963.16

2357.00

3528.53

4560.78

5608.00

1676.02

2739.00

2378.83

4279.63

5434.26

9598.78

1691.81

2944.09

2395.84

4865.73

6669.66

1807.92

6127.28

2419.04

5200.75

6794.65

1963.28

8444.60

3033.49

5394.43

13585.62

2704.57

8927.04

3074.59

6225.36

5520.76

2833.40

9750.65

3202.60

6653.74

3667.14

9914.29

3240.58

6784.05

3944.06

9969.93

4740.12

6996.48

4760.52

10133.69

5382.27

7335.62

4802.24

5845.06

7543.65

4843.13

6064.92

8186.92

4880.33

6200.82

8316.22

8191.61

8470.00

8591.33

8548.37
10204.10
10399.03

Abbreviations: HG, Hypopharyngeal glands; MG, Midgut.
All values are expressed in m/z. Peaks used as tissue markers for the MALDI imaging are underlined in gray.
a
For the hypopharyngeal glands, the molecular mass in red at 5520.76 is corresponding to Royalisin.
b
For the hemolymph, the molecular masses in red at 2109.57 and 5963.16 are corresponding to the systemic immune peptides Apidaecin and to the Apis
mellifera Chymotrypsin inhibitor (AMCI), respectively.

a MALDI IMS compatible polymer, namely carboxymethyl cellulose

for MALDI imaging of small molecules (below 1kDa) as it easily pro-

(CMC; Figure S2). This two-step approach is critical to remove the air

tonates and therefore contaminates MALDI mass spectra [78,79] and

entrapped in all externally contacting anatomical structures including

favors subsequent potential ion suppression [80,81]. To circumvent this

the tracheal sacs beneath the hard cuticle and to preserve the anatom-

drawback, Truong and colleagues eliminated the OCT polymer from the

ical structures during cryoslicing. To our knowledge, this is the first

tissue surface using an ammonium buffer to perform MALDI imaging

report on the use of a low viscosity CMC polymer solution to include

lipidomics [82].

and preserve histology in fresh frozen insect tissue sections. In their
study, Pratavieira and colleagues seem not to embed the head but to
apply an instantaneous head freezing step in nitrogen as described by
Seeley and Caprioli [35,38,39] for mammals organs.

3.2.2
Organ visualization using sagittal and frontal
section axes

Following the inclusion, a 250kDa CMC polymer solution was preferred to the 90kDa polymer because of its higher viscosity as an

Visualizing the distribution of compounds (e.g., metabolites, lipids,

embedding medium making thus a harder specimen block to slice. As

peptides/proteins) among different organs of a honeybee may assist

reported in the literature, this type of embedding solution was pre-

in responding to the impact of a stressor and in determining potential

viously recommended for tissue preparation for MALDI IMS analyses

“molecular signatures” for specific organs. To obtain an exhaustive

[75–77].

image of the impact of a stressor on A. mellifera, once included, the

In their study, Zhang and collaborators mapped pesticides through-

CMC embedded body blocks were cryosliced according to sagittal

out the whole honeybees’ body cryosections using the OCT (Optimal

and frontal planes to image as many organs as possible that may be

Cutting Temperature) polymer as embedding medium [74]. However, in

direct or indirect targets of the stressor(s) (e.g., infectious, pesticide).

other works, this embedding polymer was considered as non-suitable

We initiated MALDI images of A. mellifera in a sagittal plane (e.g.,
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F I G U R E 3 Molecular mass spectra and images of markers identified by MFPs extracted from MALDI IMS analyses of frontal whole-body
sections of Apis mellifera. The potential markers of the hypopharyngeal glands (red), rectum (blue), muscles (orange), the midgut and ileum (green)
were found in the general mass spectra on a first bee section (A) and the crop (purple) on a second bee section (B). Bar scale:
1mm. All values on pictures are expressed in m/z. Scale of intensity from 0% to 100% of the molecular-related ions
see Figure 1, Step 4 pictures on the left). Our results revealed that

(Table S1), the three most frequently matrices employed. To assess

although we were able to get images of different body sections (head,

tissue complexity, we looked at the ionic signal recorded from body

thorax, and abdomen) details remained difficult to obtain. For example,

segments (head, thorax, abdomen) through targeted tissue imaging

we did not observe clear images of the central nervous system and

of region of interest (ROI) versus whole body sections (Table S1). To

more importantly of the different anatomical sections of the gut

achieve this, 15 μm of fresh frozen cryosections were prepared in

tissue, which may represent the main target of our infection model,

sagittal and frontal planes, and ion peaks from the MALDI imaging

nosemosis. To overcome this problem, sections in a frontal plane were

spectra were extracted and compared. Their relative intensities were

prepared, this plane being often considered to be the most suitable

examined within the selected mass range of analysis (m/z 1000–

for studying the abdominal content and especially the midgut as

20,000, Table S2) and with the lowest chemical background taken

this proximal part of the bee gut tract twists around the midgut, the

into account (data not shown). The best on-tissue imaging signal was

Malpighian tubules, and the ileum [68].

obtained with DHB at 20 mg/ml prepared in a methanolic solution
(Figure S3) following delipidation/desalting using a washing protocol
based on three bathes in pure ethanol and one bath in pure chloroform

3.2.3
Pretreatment of the tissue sections and
matrix selection

(each bath 1 s). We tried various combinations of depletion and matrix,
based on few studies existing on insects and specifically on bees.
Pratavieira et al. (2014, 2018), selected a longer rinsed step and only

Consecutively to inclusion, embedding and slicing, we first tested a

with ethanol solutions and they applied a 4-HCCA matrix. At the

combination of solvents to delipidate and desalt the tissue sections, a

beginning of our experiments, we also used the ethanol alone but we

depletion step deemed important to optimize peptide/protein detec-

rapidly observed an improvement of spectra acquisition with addition

tion [80,83]. In a second step, we evaluated the quality of recorded

of chloroform [38,39]. Concerning the matrix, they chose the HCCA,

spectral signal from direct tissue imaging using SA, 4-HCCA, DHB

more appropriate for detection of small molecules, appropriate in their
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F I G U R E 4 Molecular images of markers identifying bee tissues/organs. (A) Hematoxylin stained section of one honeybee cryosection showing
the muscles, second thoracic ganglion, midgut and rectum, and MALDI images with tissue specific molecular-related ion markers. (B) Another
honeybee stained cryosection showing the muscles, brain, midgut and rectum. The associated molecular images were observed and pictured in the
specific tissues. All values on pictures are expressed in m/z. Scale of intensity from 0% to 100% of the molecular-related ions

case because they worked in the masse range 700–4000 Da. In our

related ions identified in each bee tissues MFP with those imaged

methodology, we proposed to recover sample with DHB to visualize

in the whole bee body. Considering a potential difference of 10 Da

ions in a larger mass range (mass range 1000–18,000 Da).

between the molecular-related ions recorded after MALDI MFP and
those observed by MALDI IMS, one molecular-related ion marker was
found representative for five (Table 1, highlighted masses in grey)

3.3

Honeybee histo-molecular atlas

of the seven tissues targeted in this study. In the molecular image
(Figure 3A), we found four different molecular-related ion markers

After optimizing the sample preparation for MALDI IMS using frontal

for the hypopharyngeal glands, the midgut combined to the ileum,

cryosections of the honeybee, we compared the lists of the molecular-

the rectum, and the thoracic muscles including a m/z at 4554, 4834,
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F I G U R E 5 Molecular images of two markers of the midgut. The two markers of the midgut previously identified were observed and
demonstrated a complementarity with the histological features between the midgut epithelium (m/z 5778) and the midgut content (m/z 4834).
Intensity scale from 0% to 100% of the molecular-related ions

F I G U R E 6 Principal component analysis (PCA) and spatial segmentation of whole-body imaging spectra from Apis mellifera. The spectra were
submitted to unsupervised PCA (A), which discriminated the Nosema-infected honeybee from the control bee. The PCA-based molecular
segmentation (B) evidenced specific clusters of spectra signatures through color patterns that match with histological features (right body
pictures)

6117, and 8170, respectively. An additional molecular-related ion

molecular-related ion at 2107.15 (Figure 4A) is close to the theo-

at m/z 1842 was found as a signature of the crop in a MALDI image

retical average value of Apidaecin and a second one at m/z 5971.29

generated from another bee (Figure 3B). The crop is not consistently

is expecting to correspond to AMCI, a serine-type endopeptidase

visible since it depends on whether the bee has just eaten (crop larger

inhibitor we have structurally characterized (unpublished work, Plate-

than the rectum) or not (rectum larger than the crop). For example,

forme BioPark d’Archamps, October 2020) and known to be circulating

the rectum mostly represented the total abdomen content, while

in the hemolymph [84]. In a second step, complementary molecular-

we cannot recognize the crop. Considering the hemolymph peak list,

related ions specific to the second thoracic ganglion (m/z 7523 Fig-

among the molecular-related ions identified, the one corresponding

ure 4A) and to the brain (m/z 7518 Figure 4B), muscles (m/z 6391 Fig-

to the immune peptide Apidaecin (2108.57 Da), and the Apis mellif-

ure 4A; m/z 6394 Figure 4B), midgut (m/z 5778 Figure 4A; m/z 5782 Fig-

era chymotrypsin inhibitor (AMCI, UniProtKB entry P56682, [84];

ure 4B) harboring villosities, and rectum content (m/z 3625 Figure 4A;

5962.16 Da) were also recorded (Table 1, masses in red).

m/z 3630 Figure 4B) were evidenced. Interestingly, additional tissues

First, we imaged the hemolymph through Apidaecin (theoreti-

were imaged through specific ions. In the abdomen, the venom gland

cal average m/z 2109.44) and AMCI (theoretical m/z 5963.81). A

was at least depicted through the molecular-related ion of Melittin
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F I G U R E 7 Discriminant PCA and differential ions patterns in abdomen from control versus infected honeybee by Nosema ceranae. The PCA
analysis made with spectra from Nosema-infected versus control abdomen harbored different molecular patterns (A) and ions specifically
expressed in either the nosemosis (right body) or in the control condition (left body) (B). Each depicted molecular-related ion (m/z) is detailed in the
Table S4 and identifiable through its coordinates. The P12 coordinate corresponds to the histological view. The bee images in the left side are
corresponding to a control, while the right-side images are from a Nosema-infected bee). Intensity scale from 0% to 100% of the molecular-related
ions

at m/z 2844 (Figure 4A), the major component of bee venom [85,86].

of other organs. We first focused our analyses on the primary target

Within the abdomen, the two molecular-related ions at m/z 5778 (Fig-

of spores for development, the gut [53]. Principal component analysis

ure 4A) and 5783 (Figure 4B) imaged specifically the midgut epithe-

(PCA) based on MALDI IMS spectra from control versus infected bees

lium.

with N. ceranae revealed discriminative molecular patterns along with

The combination of MALDI MFP and MALDI IMS used in this study

the three first components (Figure 6A). To correlate these patterns

allowed us to discriminate the midgut epithelium from the gut content

with specific tissue locations, spectra were clustered and mapped using

(Figure 5). These results show the robustness of our MALDI IMS work-

segmentation and each cluster is assigned a color and a specific molecu-

flow to prevent molecular-related ion delocalization within tissues, and

lar distribution throughout the bee body. As a result, clusters of spectra

prompt us to apply our workflow to follow the direct impact of nosemo-

were specifically found in the brain and the second thoracic ganglion,

sis on the gut tissue, the vertical flight muscles, the nervous system and

in the vertical flight muscle and in the midgut (Figure 6B). The total

the hemolymph.

detected ions are listed in the Table S3 and mapped in the Figure S4.
We refined our analysis by extracting spectra from the abdomen
of the control and Nosema-infected bees. Based on these spectra, the

3.4
Differential histo-proteomics changes in Apis
mellifera following infection with Nosema ceranae

PCA revealed discriminative profiles (Figure 7A) and 62 differentially
expressed molecular-related ions could be retrieved from the analysis (Figure 7B, Table S3). First observations confirming the results

As part of this study, we experimentally infected honeybees with

obtained with unsupervised hierarchical clustering, the distribution of

spores of N. ceranae and evaluated the consequences of this infection at

the 62 molecular-related ions mapped two patterns in the abdomen,

the peptidomics/proteomics levels and for all body parts 16 days after

namely the midgut and the rectum. The molecular-related ions at

inoculation. Nosemosis is a globally prevalent disease in domestic hon-

m/z 5788.32, 5825.97, 5884.01, and 5920.61 were found to be more

eybees and its effects are diverse, impacting the honeybee from the

intense in the midgut of the control bee compared to the infected one

cellular to the behavioral level [54]. We hypothesized the existence of

(Figure 7B, Table S3) whereas all the other molecular-related ions were

an alteration of the peptidomics/proteomics profiles of the gut but also

distributed within the rectum and found to be more intense in the
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F I G U R E 8 Tile view of twelve differentially expressed molecular ions in the bees’ thorax following infection with Nosema ceranae. The mapped
molecular-related ions (m/z) were differentially displayed between the control condition (left body) and the Nosema-infected bee (right body).
These molecular-related ions are detailed in the Table S4 and identifiable through their coordinates (e.g., A17, C14, G10, and H5). Intensity scale
from 0% to 100% of the molecular-related ions

infected bees. N. ceranae spores are known to destroy epithelial cells

tions were observed. For the first one, molecular-related ions were

of the midgut when multiplying; this phenomenon could explain why

found expressed in the vertical mass muscle with markers either over

some proteins were less intense in infected bees. As for the rectum, we

detected in the control (m/z 1585.25, 4709.59) or in the infected bee

could hypothesize that we observed some peptides/proteins of mature

(m/z 2356.75, 4105.56, 4736.93, 4841.88, 9336.07, and 9450.55).

spores after being expulsed from the midgut. To identify those poten-

Regarding the second pattern, molecular-related ions were also found

tial markers of spores, complementary experiments will be necessary.

in the vicinity of the vertical mass muscle and highly expressed in the

Alteration of the gut microbiota by the infection could also explain a

control bee (m/z 4687.30 and 5999.90). Finally, the third pattern was

change in the proteomic profile of the gut [87].

represented by molecular ions depicted in the muscle and midgut

Studying the molecular impact of nosemosis in the honeybee also

epithelium only in the control condition (m/z 8282.49) or for the

implies looking beyond the local response in the abdomen. As demon-

molecular-related ions at m/z 9355.38 in the muscle and the midgut

strated in this study, MALDI IMS allowed the recording of hundreds

content with equal distribution and intensity in both control and

of ions throughout the honeybee body regardless of the unsupervised

Nosema infection conditions. We hypothesize that the alteration of the

vs supervised (Figure S4, Table S3) strategy used. Indeed, the pathol-

muscles peptide/protein patterns could reflect the impact of Nosema

ogy associated with N. ceranae infection is already described in liter-

sp. on flight abilities that are often observed in natural environment

ature [88] and different impacts were reported such as changes in

[89] as the result of energetic stress caused by this disease [56]. To

metabolism [56] pheromone and hormone production [57], suppres-

have a better understanding of the molecular impact of nosemosis on

sion of the immune function [55,59] or cognitive deficits [63]. All of

the honeybee, we will develop additional tissue-targeted bottom-up

these effects suggest an alteration of tissues involved in these deficient

proteomics following the work of Houdelet and collaborators [67].

functions.

In order to pinpoint infection-related tissue markers, we natu-

We used the efficacy of our MALDI IMS workflow to screen for

rally had a look at the systemic response in the hemolymph as a

all the differentially expressed signatures in the honeybee body

mirror of molecular changes following infections. To visualize the

and also noticed differential molecular patterns within the thorax

hemolymph distribution, we crossed the MALDI IMS (Figure S4, Table

(Figure 8, Table S4). Here again, three patterns of molecular distribu-

S3) and MALDI MFP (Table 1) datasets and matched up the two
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F I G U R E 9 Differential abundance intensities and mapping of characteristic markers expressed in the hemolymph, the hypopharyngeal gland
and the thoracic muscles with respect to the histology and physiology of the honeybee. Two molecular-related ions correlating with the
hemolymph (m/z 2856.61 and 3478.73) were found as markers (m/z 2856.61 and 3478.73). The Apis mellifera chymotrypsin inhibitor (AMCI) was
found mostly expressed in the hemolymph in the head and abdomen (m/z 5962.46) of the control experiment. The Royalisin (m/z 5519.32) was
found depicted in the head, while Apidaecin (m/z 2110.22) and Abaecin (m/z 3877.29) were found correlated with hemolymph in the head, thorax,
and abdomen. The bee images in the left side are corresponding to a control, while the right-side images are from a Nosema-infected bee. Intensity
scale from 0% to 100% of the molecular-related ions
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molecular-related ion m/z 2856.61 and 3478.73 (Figure 9), which are

to thank the Master 1 student François Di Franco, for the dissection

not described in scientific literature to the best of our knowledge. By

and the MALDI MFPs and Nora Touqui for English improvement of the

this means, we could also assign the hemolymphatic distribution of

manuscript.

the Apis mellifera chymotrypsin inhibitor (AMCI; theoretical molecularrelated ions at m/z 5962.46), which was observed intensely in the head
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and proximal section of the abdomen from the control bee. Interest-
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ingly, the distribution of the serine-protease inhibitor AMCI in the
infected honeybee did not show such a similar and intense pattern (Figure 9). The role of AMCI is still unclear but generally speaking, the serin
protease type “chymotrypsin like” are implied in biological process like
digestion, coagulation, or cellular and humoral immunity [90]. Regarding the systemic inducible immune response, the three antimicrobial
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throughout the infected bee and very slightly detected in the control
bee, the hemolymphatic distribution of Abaecin was mainly in the head
and between the midgut as well as the rectum, and was found more
expressed in the infected bee. Many studies carried out on bees experimentally infected with Nosema spores have shown that the expression
of the genes encoding AMPs was altered [55,59,91,92]. In their transcriptomic studies, Schwarz et Evans, also reported an increase expression of the apidaecin and abaecin genes seven days after inoculation of
N. ceranae spores [93].

4

CONCLUDING REMARKS

In the honeybee, multistressors increase the risk of mortality by acting in concert on multifarious physiological pathways, resulting in alterations of tissue function. Like in other animal models, mass spectrometry imaging approaches could be used to predict the impact of
health stressors on the honeybee. The present study is the first to
offer a bimodal mass spectrometry methodology to assess the impact
of Nosema on honeybee physiology. Our results clearly suggest that
experimental infection with Nosema spores impacts the primary targeted gut tissues but also the hemolymph. The latter is the read-out of
the bee innate immunity but also and unexpectedly of the bee thoracic
muscles. Overall, we found that combining MALDI MFP and MALDI
IMS data is a powerful workflow in delivering spatial changes that may
occur during stress attacks.
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