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INTRODUCTION

The Western honeybee (Apis mellifera) and the Eastern one (A. cerana) have been promoted as economic pollinators for beekeeping in Asia [START_REF] Akratanakul | Beekeeping in Asia[END_REF] . Nowadays honeybees face several harm factors (biotic or abiotic) including pesticides, lacking of food source and pathogens, resulting in colony losses across the globe [START_REF] Vanengelsdorp | A Survey of Managed Honey Bee Colony Losses in the USA, Fall 2009 to Winter 2010[END_REF][START_REF] Di Pasquale | Influence of Pollen Nutrition on Honey Bee Health: Do Pollen Quality and Diversity Matter?[END_REF][START_REF] Zhu | Four Common Pesticides, Their Mixtures and a Formulation Solvent in the Hive Environment Have High Oral Toxicity to Honey Bee Larvae[END_REF][START_REF] Hristov | Factors Associated with Honey Bee Colony Losses: A Mini-Review[END_REF] . Among those factors, nosemosis is considered as one of the most serious diseases of adult honeybees and has been reported to decrease honeybee population [START_REF] Higes | Honeybee Colony Collapse Due to Nosema ceranae in Professional Apiaries[END_REF][START_REF] Paxton | Does Infection by Nosema Ceranae Cause "Colony Collapse Disorder" in Honey Bees (Apis mellifera)?[END_REF] .

Microsporidian parasites are obligated unicellular spore-forming fungal parasites causing nosemosis or Nosema disease in honeybee population (Apis spp.) [START_REF] Tsai | The Characterization of Microsporidian Isolates (Nosematidae: Nosema) from Five Important Lepidopteran Pests in Taiwan[END_REF] . The disease is caused by N. apis and N. ceranae originally affecting A. mellifera and A. cerana, respectively [START_REF] Zander | Tierische Parasiten Als Krankenheitserreger Bei Der Biene[END_REF][START_REF] Matheson | World Bee Health Update[END_REF][START_REF] Fries | Nosema ceranae n. sp. (Microspora, Nosematidae), morphological and molecular characterization of a microsporidian parasite of the Asian honey bee Apis cerana (Hymenoptera, Apidae)[END_REF] . N. ceranae has been reported to infect A. mellifera rather recently [START_REF] Higes | Nosema ceranae, a New Microsporidian Parasite in Honeybees in Europe[END_REF][START_REF] Huang | A Nosema ceranae Isolate from the Honeybee Apis mellifera[END_REF] and now worldwide [START_REF] Martín-Hernández | Microsporidia Infecting Apis mellifera: Coexistence or Competition. Is Nosema ceranae Replacing Nosema apis?[END_REF] . These obligate intracellular parasites infect the digestive tract of adult honeybees where they can develop and multiply before being transmitted horizontally through spore consumption from contaminated foods, via fecal-oral transmission or ingestion of contaminated water [START_REF] Fries | Nosema ceranae n. sp. (Microspora, Nosematidae), morphological and molecular characterization of a microsporidian parasite of the Asian honey bee Apis cerana (Hymenoptera, Apidae)[END_REF][START_REF] Fries | Nosema ceranae in European Honey Bees (Apis mellifera)[END_REF][START_REF] Paxton | Nosema ceranae Has Infected Apis mellifera in Europe since at Least 1998 and May Be More Virulent than Nosema apis[END_REF] . A visual symptom of Nosema infection is diarrhea, while microscopic observations reveal tissue lesions, spore accumulation and colonization by Nosema mycelium in the gut tissue and Malpighian tubule system. In the adult honeybees, a Nosema infection gives rise to several behavioral and molecular alterations such as (i) reduction of the lifespan of workers [START_REF] Goblirsch | Physiological and Behavioral Changes in Honey Bees (Apis mellifera) Induced by Nosema ceranae Infection[END_REF] ; (ii) cognitive changes including acceleration of the behavior-age polyethism [START_REF] Lecocq | Parasite Infection Accelerates Age Polyethism in Young Honey Bees[END_REF] , change of the olfactory learning and memory [START_REF] Goblirsch | Physiological and Behavioral Changes in Honey Bees (Apis mellifera) Induced by Nosema ceranae Infection[END_REF][START_REF] Gage | Nosema ceranae Parasitism Impacts Olfactory Learning and Memory and Neurochemistry in Honey Bees (Apis mellifera)[END_REF][START_REF] El Khoury | Deleterious Interaction Between Honeybees (Apis mellifera) and Its Microsporidian Intracellular Parasite Nosema ceranae Was Mitigated by Administrating Either Endogenous or Allochthonous Gut Microbiota Strains[END_REF] ; (iii) dysbiosis of the endogenous microbial communities of the gut and impairment of the defense system of the host [START_REF] Alberoni | Beneficial Microorganisms for Honey Bees: Problems and Progresses[END_REF][START_REF] Rubanov | Intensity of Nosema ceranae Infection Is Associated with Specific Honey Bee Gut Bacteria and Weakly Associated with Gut Microbiome Structure[END_REF] ; (iv) alteration of the hemolymph carbohydrate homeostasis [START_REF] Aliferis | Gas Chromatography-Mass Spectrometry Metabolite Profiling of Worker Honey Bee (Apis mellifera L.) Hemolymph for the Study of Nosema ceranae Infection[END_REF] , lipid loss [START_REF] Li | Chronic Nosema ceranae Infection Inflicts Comprehensive and Persistent Immunosuppression and Accelerated Lipid Loss in Host Apis mellifera Honey Bees[END_REF] ; and (v) dysfunction of the gut tissue [START_REF] Houdelet | Molecular Histoproteomy by MALDI Mass Spectrometry Imaging to Uncover Markers of the Impact of Nosema on Apis mellifera[END_REF] .

Like other insects, honeybees have evolved defense mechanisms against pathogens, helping them to survive under biological stress, including Nosema invasion [START_REF] Evans | Socialized Medicine: Individual and Communal Disease Barriers in Honey Bees[END_REF] . The mechanisms of the insect immune system against parasites and pathogens relies on both humoral and cellular responses [START_REF] Rosales | Cellular and Molecular Mechanisms of Insect Immunity[END_REF] . Recognition of foreign pathogens involves specific receptors for sensing infection. These include β-glucan recognition proteins and peptidoglycan recognition proteins, the activation of these receptors will turn on signaling pathways that activate immune genes. Like all other insects, two key signaling pathways, Toll and immune deficiency (Imd), regulate the induction of honeybee immune effectors that target microbial pathogens [START_REF] Evans | Immune Pathways and Defence Mechanisms in Honey Bees Apis mellifera[END_REF] . Amongst these effectors are antimicrobial peptides (AMPs) that are presumed to be produced by the nuclear factors kappa B (NF-κB) Dorsal and relish from the Toll and Imd pathways, respectively [START_REF] Lourenço | Silencing of Apis Mellifera Dorsal Genes Reveals Their Role in Expression of the Antimicrobial Peptide Defensin-1[END_REF] . Honeybees have an open circulatory system which contains transparent or light yellowish hemolymph for molecular transport, offering a readout of the humoral immune defenses e.g. synthesis by the fat body of antimicrobial peptides (AMPs), and physiological monitoring [START_REF] Chan | Quantitative Comparison of Caste Differences in Honeybee Hemolymph[END_REF] . Honeybee hemolymph contains high concentration of inorganic ions, amino acids, sugars and proteins compared to vertebrate blood [START_REF] Wilson-Rich | The Ontogeny of Immunity: Development of Innate Immune Strength in the Honey Bee (Apis mellifera)[END_REF] . In addition to the AMPs synthesis by the fat body and hemocytes of honeybees (such as Defensins, Abaecin, Apidaecins and Hymenoptaecin) [START_REF] Evans | Immune Pathways and Defence Mechanisms in Honey Bees Apis mellifera[END_REF] , the humoral immune response is also associated with melanization mediated by the prophenoloxydase pathway [START_REF] Decker | Recent Findings on Phenoloxidase Activity and Antimicrobial Activity of Hemocyanins[END_REF][START_REF] Kocks | a Transmembrane Protein Mediating Phagocytosis of Bacterial Pathogens in Drosophila[END_REF][START_REF] Hancock | Host Defence Peptides from Invertebrates-Emerging Antimicrobial Strategies[END_REF] and vitellogenin [START_REF] Eleftherianos | Role and Importance of Phenoloxidase in Insect Hemostasis[END_REF] .

Vitellogenin (Vg) is a 180 kDa female-specific protein [START_REF] Wheeler | Purification and Characterization of Honey Bee Vitellogenin[END_REF] that is synthetized by the fat body, released into hemolymph and transported to ovaries and other tissues through receptormediated endocytosis [START_REF] Amdam | The Hive Bee to Forager Transition in Honeybee Colonies: The Double Repressor Hypothesis[END_REF] . Vg also has functions in immune transport [START_REF] Salmela | Transfer of Immunity from Mother to Offspring Is Mediated via Egg-Yolk Protein Vitellogenin[END_REF] , immune priming [START_REF] Harwood | The Role of Vitellogenin in the Transfer of Immune Elicitors from Gut to Hypopharyngeal Glands in Honey Bees (Apis mellifera)[END_REF] and honeybee lifespan regulation [START_REF] Amdam | Higher Vitellogenin Concentrations in Honey Bee Workers May Be an Adaptation to Life in Temperate Climates[END_REF] . Nevertheless, several factors are able to alter the vitellogenin levels in honeybees i.e., N. ceranae [START_REF] Antúnez | Differential Expression of Vitellogenin in Honey Bees (Apis mellifera) with Different Degrees of Nosema ceranae Infection[END_REF] and insecticides [START_REF] Christen | Exposure of Honey Bees (Apis mellifera) to Different Classes of Insecticides Exhibit Distinct Molecular Effect Patterns at Concentrations That Mimic Environmental Contamination[END_REF] . Hemocytes are also participating to the cellular responses through encapsulation and phagocytosis mechanisms [START_REF] Cox-Foster | Developmental Expression of the Glucose Dehydrogenase Gene in Drosophila melanogaster[END_REF] . Lysozyme (LSY) is also an important component of the innate immune system which varies depending on the developmental stage and gender of the honeybees [START_REF] Daffre | The Lysozyme Locus in Drosophila melanogaster: An Expanded Gene Family Adapted for Expression in the Digestive Tract[END_REF][START_REF] Lavine | Surface Characteristics of Foreign Targets That Elicit an Encapsulation Response by the Moth Pseudoplusia includens[END_REF] . Honeybees have three lysozyme genes, two encoding c-type lysozymes and one encoding i-type lysozyme. Only the c-type lys-1 gene is up-regulated in infested bees [START_REF] Evans | Socialized Medicine: Individual and Communal Disease Barriers in Honey Bees[END_REF][START_REF] Evans | Immune Pathways and Defence Mechanisms in Honey Bees Apis mellifera[END_REF] . Apoptosis-related genes are also involved in the fights against viruses and pathogens 46,47 including relish (REL), nuclear factor of activated T cell (NFAT) and apoptosis regulator R1-like (R1) [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] . Previous study reported that apoptosisrelated genes, NFAT, R1 and REL, expressions in Nosema inoculated honeybees (A. mellifera and/or A. cerana) were significantly down-regulated [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] , showing a common response to against Nosema. Recent results also evidenced that the proteomic profiles of Nosema-infected honeybees (A. mellifera) gut revealed that several new proteins were detected to be implicated with host response mechanisms including metabolic, oxidative, and energetic pathways, especially the collagen IV NC1 domain-containing protein [START_REF] Houdelet | Proteomics of Anatomical Sections of the Gut of Nosema-Infected Western Honeybee (Apis mellifera) Reveals Different Early Responses to Nosema Spp. Isolates[END_REF] . This protein has been considered as an early prognostic marker of Nosema spp. infection in honeybees [START_REF] Houdelet | Proteomics of Anatomical Sections of the Gut of Nosema-Infected Western Honeybee (Apis mellifera) Reveals Different Early Responses to Nosema Spp. Isolates[END_REF] . Energetic stress of honeybees was exhibited after Nosema infection causing behavioral and physiological changes [START_REF] Vidau | Differential Proteomic Analysis of Midguts from Nosema ceranae-Infected Honeybees Reveals Manipulation of Key Host Functions[END_REF] . The energetic pathway related proteins were up-regulated after N. ceranae and N. apis infection which may affect honeybee health status [START_REF] Kurze | Parasite Resistance and Tolerance in Honeybees at the Individual and Social Level[END_REF] .

In the present study, we aim to compare the immune response of the original host, A. Moreover, the differential proteomics reveal that Ferritin may be involved in the defense mechanisms developed by A. mellifera and A. cerana in response to the inoculation of Nosema spores, iron sequestration is a recognized innate immune mechanism. In addition, our transcriptomic results suggest that in A. cerana, the immune response pathways were more altered than in A. mellifera after inoculated with the different Nosema spore isolates. This will provide new insights into how gene and protein expressions are modulated in Apis host in response to Nosema infections.

EXPERIMENTAL SECTION

Chemicals and Reagents

Tris-acetate-EDTA (TAE) buffer was prepared as a 50X stock solution for laboratory 

Honeybees

The asymptomatic western honeybee (Apis mellifera) and eastern honeybee (A. cerana) samples were collected from three different apiaries in Chiang Mai, Thailand.

Newly-emerged bees were randomly kept to a cage (three apiaries, three cages per apiary total of 270 bees with 30 bees per cage and nine cages per experiment; Figure 1) and placed in a controlled incubator at 34°C with 60-70% relative humidity [START_REF] Fries | Standard Methods for Nosema Research[END_REF] . Honeybees were fed with a 50% sucrose solution (w/v) ad libitum.

Spore identification

Nosema spp. were confirmed using a light microscope (400X) and by using specific primers for identification of microsporidia by PCR (Table S1). The PCR conditions were 95°C for 2 min, followed by 40 cycles of 94°C for 15 sec, 55°C for 30 sec and 68°C 30 sec [START_REF] Chen | Nosema Ceranae Is a Long-Present and Wide-Spread Microsporidian Infection of the European Honey Bee (Apis mellifera) in the United States[END_REF] .

The PCR products were resolved on 1% agarose gel in TAE buffer. The 100 bp DNA ladder was used as a marker. The sequences have been deposited in NCBI GenBank under accession numbers MZ671824 (NC1), MZ671825 (NC2), MZ671826 (NF) and MZ671827 (NA).

Inoculum preparation

A filtrated microsporidian suspension from each strain (Nosema spp.) was individually fed to honeybees by a 50% (w/v) sucrose solution with a final spore concentration of 10 5 spores/mL using homemade boxes as reported by Houdelet et al., 2021.

The A. mellifera and A. cerana experiments were divided into four experimental conditions including (i) N. ceranae obtained from BioPark, France (NF), (ii) N. ceranae isolated from A. cerana at Chiang Mai University, Thailand (NC1), (iii) N. ceranae isolated from A. mellifera at Chiang Mai University, Thailand (NC2) which feed on both bee host species, and (iv) the control (non-experimentally inoculated). Dead honeybees were enumerated every days in order to evaluate the survival rate. Honeybees were collected at different time intervals: day 4, 7 and 13 post inoculation (d.p.i.).

Hemolymph collection

Four days and thirteen days after Nosema spore inoculation, hemolymph from three (at 4 d.p.i.) and five honeybees (at 13 d.p.i.) per cage were collected (a total of 99 haemolymph samples and bled bees per condition at the end of the experiment; Figure 1).

For this part, no individual was collected at 7 d.p.i. to ensure sufficient number for the end of the experiment (13 d.p.i.). Honeybees were individually bled by piercing the abdomen dorsally between the second and third tergite using pulled glass capillaries (Sutter Instrument Corp, Novato, California). The hemolymph (~5 µL) was transferred into a chilled LoBind Protein microtube (Eppendorf, Germany) containing dried solutions of PTU at 20 µM and PMSF at 5 mM to minimize melanization and proteolysis, respectively. The hemolymph samples and the corresponding bled bodies were kept at -20ºC until further use. Samples with contamination from the gut or crop content were removed from the analyses.

MALDI-BeeTyping® mass spectrometry analysis

Each hemolymph sample was analyzed by MALDI-mass spectrometry (referred as MALDI-BeeTyping®) after a 10-fold dilution in 5% TFA. One microliter of the sample was spotted on a MALDI MTP 384 polished steel plate (Bruker Daltonics), dried for 15 min under mild vacuum before adding 1L of a 4-CHCA matrix solution (15 mg/mL in 70% ACN and 2.5% TFA) on each individual spotted sample and dried again as mentioned above before analysis. Each individual sample was spotted three times. Spectra were acquired manually in a positive ion linear mode on a MALDI AutoFlex III Smartbeam (Bruker Daltonics) using the software FlexControl 3.4 (Bruker Daltonics).

Instrument was calibrated using two distinct calibration sets (APISCAL and ProtMix) covering the dynamic range of interest. The following parameters were applied for spectral acquisition: laser at 200 Hz with an overall attenuation adjusted so as to obtain a signal intensity of 104 (arbitrary unit) for the majority of the samples, voltage of source 1 at 20 kV, voltage of source 2 at 18.7 kV, voltage lens at 9.25 kV, linear detector voltage at 1.906 kV, pulsed ion extraction times at 120 ns and detector window at 600 Da. The MALDI-MS spectra were acquired between 600 Da and 18 kDa by accumulating 2,000 laser shots. Each spot (three spots per sample) was acquired three times, resulting in nine spectra per sample. Data was visualized using FlexAnalysis 3.4 software.

Off-gel digestion & nano-LC-ESI-MS/MS, data searching and label free quantification (LFQ)

After MALDI acquisition, nine hemolymph samples from the same condition were combined (resulting in three and five pools of nine samples per condition at 4 and 13 d.p.i, respectively), treated for off-gel digestion bottom-up proteomics. Each pooled hemolymph sample was suspended in 0.1% RapiGest™ surfactant in 50 mM ammonium bicarbonate.

Proteins were reduced with DTT at 56°C and alkylated using 55 mM 4-VP at room temperature, both reactions being performed in the dark. Digestion was proceeded overnight at 37°C with 0.5 µg of trypsin. Digested samples were acidified with 5 µL of 20% ACN/10% TFA to stop enzymatic digestion and neutralize the buffer. After a 45-min incubation at 37°C, samples were centrifuged for 10 min at 15,000 g and transferred into inserts for highperformance liquid chromatography (HPLC) autosampler vials for injection.

Digested hemolymph samples were loaded onto a Thermo Fisher Scientific Ultimate 3000 nano-HPLC equipped with an Acclaim C 18 PepMap100 column (3 μm, 75 μm × 250 mm). The tryptic-digested peptides were separated using a biphasic linear liquid chromatography gradient of ACN in 0.1% formic acid of a 2-32% in 100 min, 32-65% in 5 min followed by a wash and a column equilibration between each injection. The eluted peptides were online electrosprayed into a Thermo Fisher Scientific Q-Exactive Orbitrap mass spectrometer and analyzed in a positive and data-dependent acquisition mode, using the m/z range 380-2,000, as previously described in Houdelet et al., 2021 [START_REF] Houdelet | Proteomics of Anatomical Sections of the Gut of Nosema-Infected Western Honeybee (Apis mellifera) Reveals Different Early Responses to Nosema Spp. Isolates[END_REF] . The resulting MS/MS-derived spectra were matched against a protein database, totaling 111,814 entries from A. mellifera, Nosema species, viruses, and bacteria species related to A. mellifera, downloaded from the UniProtKB/TrEMBL UniProt in January 2020. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD034645 and 10.6019/PXD034645

RNA extraction and cDNA synthesis

Non-bled live bees from the 4 d.p.i. experiment, and randomly selected bled honeybee bodies kept after hemolymph collection at 4, 7 and 13 d.p.i., were individually crushed in sterile mortar with liquid nitrogen (9 individuals per condition; Figure 1). Total RNA was extracted using TRIzol reagent, following the manufacturer's protocol. DNA was removed using DNase I reaction follows 37°C for 1 h and 75°C for 10 min. First strand cDNA was synthesized using Tetro™ cDNA Synthesis Kit (Bioline), following manufacturer's protocol. cDNA synthesis reaction followed: 10 min at 25°C and 30 min at 45°C for incubation, terminated reaction at 85°C for 5 min and chilled on ice.

Real-time quantitative PCR

Total cDNA was used to quantify the levels of gene expression using SensiFAST™ SYBR® No-ROX Kit (Bioline) on a qTOWER³ thermal cycler. According to Sinpoo et al. [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] , primer sequences used in this study including AMP genes (defensin, abaecin, apidaecin and hymenoptaecin), humoral immunity-related enzyme genes (eater gene (AmEater), glucose dehydrogenase (GLD), lysozyme (LSY) and phenol oxidase (PO)), vitellogenin (Vg) as a female-specific protein gene, apoptosis-related enzyme genes (nuclear factor of activated T cell (NFAT), Relish (REL) and Apoptosis regulator R1-like (R1)), and two housekeeping genes (Rps5 and β-actin) (Table S1). The PCR conditions were 95°C for 2 min followed by 40 cycles of 95°C for 20 sec, 60°C for 30 sec and 72°C for 1 min. A negative control (NTC) was included in each run. The relative quantification of gene expression was calculated using the ΔΔCt method [START_REF] Livak | Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2-ΔΔCT Method[END_REF] .

Statistical analysis

Differences in the survival rates and gene expression in both honeybees, A. mellifera and A. ceranae, and gene expression levels were analyzed using SPSS program version 17.0 for Window (SPSS, Inc.). Statistical analysis was performed using one-way analysis of variances (ANOVAs).

Datasets obtained by MALDI-MS were analyzed with the ClinProTools 2.2 software (Bruker Daltonics). Spectra were submitted to a baseline subtraction and smoothing. The average spectra and the peak picking were fixed at a signal/noise of 5. The post-processing step involving spectra normalization and peak selection was performed with a 95% confidence interval. The statistical test for nonparametric data, Wilcoxon-Mann-Whitney, was applied to assess the differences between the mean intensities of the peaks selected for principal component analysis (PCA). In the case of data respecting normality ( For genes that conform to the consumption of non-parametric tests, the statistical significances were analyzed using Kruskal-Wallis tests with a Bonferroni correction. Overall mean transcript levels across all treatments are presented. 

RESULTS AND DISCUSSION

Survival rate of inoculated versus control honeybees

The effect of Nosema spp. isolates collected from different origins [N. ceranae from France (NF) and from A. cerana from Thailand (NC1), and (N. ceranae isolated from A. mellifera in Thailand (NC2)] were tested on the survival of Apis mellifera and A. cerana hosts by individual per os inoculation of 10 5 spores/mL filtrated microsporidian suspensions from each strain (Nosema spp.). Non-experimentally infected bees were used as control and the absence of spore was confirmed by observation of crushed gut under microscope. The survival rate was followed every days during the 13 days of experiment. The statistical analysis of honeybee global survival rate (Figure 2A) showed that the different N. ceranae inoculums were pathogenic for both A. mellifera and A. cerana hosts (ANOVA factor 'Nosema species' χ 2 , 126.262, d.f. 7, p < 0.0001). During the 13 days of the experiment, three main events were observed. A first distinction of the survival curves was observed at 3-4 d.p.i. between non-inoculated and inoculated bees, supporting an early impact of N. ceranae isolates. A second separation was occurred at 6 d.p.i. where NF inoculated A. mellifera host showed lower survival rate than A. cerana. Finally, from 8-9 d.p.i. another separation came between the Nosema originated from A. mellifera (NC2 and NF), and those originated from A. cerana (NC1) that were more virulent both for A. mellifera and A. cerana (Figure 2A). In parallel to the follow-up of the survival rate, Nosema spore loads in the different sets of A. mellifera and A. cerana were monitored [NC1: 25 x 10 6 spores/bee, NC2: 46 x 10 6 spores/bee, and NF: 24 x 10 6 spores/bee for A. mellifera and NC1: 30 x 10 6 spores/bee, NC2: 30 x 10 6 spores/bee, and NF: 21 x 10 6 spores/bee (Figure 2B)]. Nosema spore loads in A. mellifera from A. cerana from Thailand (NC1) was significantly higher than for other isolates (F = 104.06, p < 0.0001) (Figure 2B). For A. cerana, results revealed that N. ceranae from A. cerana from Thailand (NC1) and N. ceranae from A. mellifera from Thailand (NC2) were significantly higher than the third isolate (NF) (F = 39.86, p < 0.0001) (Figure 2B). This suggest that N. ceranae from its original host A. cerana caused negative impact on both Apis hosts compared to N. ceranae from A. mellifera. At 13 d.p.i. (end point of our experiment), we observed that all NC2 inoculated A. mellifera bees had died. N. ceranae infection led to higher prevalence and spore loads than N. apis in both A. mellifera and A. cerana due to high proliferation [START_REF] Huang | A Nosema ceranae Isolate from the Honeybee Apis mellifera[END_REF][START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] . Our results support a previous study from Sinpoo et al. (2018) [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] , which compared the A. mellifera and A. cerana mortality with Nosema spp. cross-infection, and found that N. ceranae could successfully infect both Apis hosts and cause colony mortality.

Potential impact of Nosema spp. on A. mellifera and A. cerana evaluated by MALDI-

BeeTyping® approaches

To measure the impact of different isolates of Nosema spores (NF, NC1 and NC2) on the Western and Asian honeybees, a total of 27 and 45 individual hemoplymphs were collected at 4 and 13 d.p.i, respectively (Figure 1). Each hemolymph sample was analyzed by MALDI-BeeTyping® to visualize the potential impact of Nosema spp. inoculations on the hemolymph peptidome profile (MFPs) as a read out of the immune status of bees. To this end, the MFPs of hemolymph collected on non-treated control bees and per os infected bees were compared (i.e., bees kept for 4 and 13 d.p.i.). We focused on the antimicrobial peptides S2). This suggests that immune related peptide/proteins other than the referenced AMPs (Apidaecins, Abaecin, Defensins) are responsible for the observed differences in the MFPs recorded in A. mellifera after N. ceranae inoculation. For example, N. ceranae is able to induce energy metabolism proteins in A. mellifera midguts due to energetic stress at high Nosema infection levels e.g. cytochrome C oxidase subunit 6A1, and ATP synthase subunit beta [START_REF] Kurze | Parasite Resistance and Tolerance in Honeybees at the Individual and Social Level[END_REF] . For A. cerana (Figure 3C, 3D), different PCA profiles were obtained. At 4 d.p.i, the MFPs recorded from bees inoculated by NC1 or NC2 were detached from the non-infected hemolymph spectra (Figure 3C). The statistical analyses revealed 14, 17 and 2 molecular ions with a statistical difference of intensity between controls and the NC1, NC2 and NF condition, respectively (Table S2). The two molecular ions at m/z 2112.59 (Apidaecin) and 5515.07 (Defensin), had a higher intensity on spectra of bees infected by NC1 and NC2, compared to control bees (Table S2). The intensity of the Apidaecin molecular ion was found also higher in bee hemolymph collected from individuals infected by NF (Table S2). While still observed at 13 d.p.i., the difference was less visible on PCA (Figure 3D). Moreover, the spectra recorded on the hemolymph of bees inoculated by NC1 were separated in two opposite clusters (Figure 3D). Among the 12 molecular ions statistically different between NC1 infected and control bees, the molecular ion of Apidaecin was at a higher intensity in the infected individuals. The same observation was done after the NC2 inoculation. Additionally, a higher intensity was observed for the molecular ions of Defensin and Abaecin at m/z 5515.89 and m/z 3903.45, respectively. At 13 d.p.i., a slight increase of intensity of the Defensin molecular ion was observed after NF inoculation. The peptide profiles revealed that Apidaecin, Defensin and Abaecin, were up-regulated after N. ceranae inoculation in A. cerana, suggesting that turning on the immune response as "imaged" by the presence of circulating AMPs may prevent microsporidian infection more efficiently in A. cerana than in A. mellifera [START_REF] Doublet | Unity in Defence: Honeybee Workers Exhibit Conserved Molecular Responses to Diverse Pathogens[END_REF] .

Bottom-up proteomics analysis of the hemolymph of honeybee in response to different

Nosema inoculums

To further investigate the molecular impact of Nosema inoculation on the hemolymph proteome, the hemolymph samples were pooled according to the MALDI-BeeTyping® MFPs recorded per type of experiment. These pools were subjected to an off-gel digestion in the presence of 0.1% RapiGest™ surfactant and the digests were analysed by LC-ESI-MS/MS bottom-up proteomics. Label-free quantitative (LFQ) proteomics were conducted on the hemolymph pools based on the relative abundance of the proteins. Fold-change ratios were calculated as a measurement of the protein regulation in the infectious over the control conditions. In A. mellifera samples, 382 and 262 proteins at 4 d.p.i. and 13 d.p.i. were identified, respectively, while in A. cerana only 185 and 159 proteins were identified at 4 d.p.i. and 13 d.p.i., respectively. Within those protein lists, we highlight differentially abundant proteins in the context of A. mellifera and A. cerana infected by various N. ceranae isolates and those of non-infected bees (Figure 4; Table 1). mellifera from France, in yellow C: control bees that were not inoculated by spores.

For A. mellifera, at 4 d.p.i. and 13 d.p.i. no important difference were observed between the four condition (Figure 4A). Actually, the LFQ results revealed that two proteins were statistically down-regulated in the NC2 condition: Ferritin and GMC_OxRdtase_N domaincontaining protein (Table 1). Ferritin, a protein that plays a pivotal role in the regulation of iron content, has been reported to be indispensable for iron metabolism and iron homeostasis through the storage and release of iron ions, especially Fe+ [START_REF] Harrison | The Ferritins: Molecular Properties, Iron Storage Function and Cellular Regulation[END_REF][START_REF] Erban | Detailed Proteome Mapping of Newly Emerged Honeybee Worker Hemolymph and Comparison with the Red-Eye Pupal Stage[END_REF] . Iron sequestration is a wellrecognized innate immune mechanism referred as nutritional immunity developed by the host against invading pathogens [START_REF] Cassat | Iron in Infection and Immunity[END_REF][START_REF] Soares | The Iron Age of Host -Microbe Interactions[END_REF] . To sequester iron from pathogens, the host relies on several iron-binding proteins, among which Transferrin members and Ferritin frequently play a pivotal role [START_REF] Cassat | Iron in Infection and Immunity[END_REF] . In insects, Ferritin is found mainly in the ER and nuclear envelope and serve as an iron storage protein [START_REF] Pham | Insect Ferritins: Typical or Atypical?[END_REF] . Then, Ferritin is circulating in the hemolymph and functions in iron transport [START_REF] Keim | Ferritin in Iron Containing Granules from the Fat Body of the Honeybees Apis mellifera and Scaptotrigona Postica[END_REF] . In honeybee, Ferritin was found to be highly detected in newly-emerged honeybee hemolymph [START_REF] Erban | Detailed Proteome Mapping of Newly Emerged Honeybee Worker Hemolymph and Comparison with the Red-Eye Pupal Stage[END_REF] and its gene expression considerably increased after an exposure to imidaclopride [START_REF] He | Imidacloprid Activates ROS and Causes Mortality in Honey Bees (Apis mellifera) by Inducing Iron Overload[END_REF] . The modulation of iron sequestration may improve the survival of N. ceranae-infected bees as it was demonstrated for Transferrin 1 in Drosophila faced to pathogen infection [START_REF] Rodríguez-García | Transferrin-Mediated Iron Sequestration Suggests a Novel Therapeutic Strategy for Controlling Nosema Disease in the Honey Bee, Apis mellifera[END_REF] . GMC_OxRdtase_N domain-containing protein is a part of the glucose oxidase complex that is involved in catalyzing the oxidation of glucose into hydrogen peroxide for its antibacterial activity [START_REF] Bucekova | Honeybee Glucose Oxidase -Its Expression in Honeybee Workers and Comparative Analyses of Its Content and H2O2-Mediated Antibacterial Activity in Natural Honeys[END_REF] . Our results confirm that the GMC_OxRdtase_N domain-containing protein was found in the hemolymph of non-infected A. mellifera. This is suggesting that Ferritin and GMC_OxRdtase_N domain-containing protein down-regulation is the consequence of the honeybee immune system reaction to the microsporidian infection. At 13 d.p.i., differences were only observed for the NF infection with a lower abundance of the IU_nuc_hydro domain-containing protein and the ML domain-containing protein. ML domain-containing protein is classified to the group of genes associated with pathogen recognition, immune response, and lipid metabolism [START_REF] Marchler-Bauer | CDD: A Curated Entrez Database of Conserved Domain Alignments[END_REF][START_REF] Letunic | SMART 6: Recent Updates and New Developments[END_REF] . This matches well with previous tick study demonstrating that ML protein, detected in gut, salivary glands and hemolymph, is involved in the tick innate immunity [START_REF] Horáčková | IrML-a Gene Encoding a New Member of the ML Protein Family from the Hard Tick, Ixodes Ricinus[END_REF] . For A. cerana, the obtained PCAs shown a discrimination between the protein content profiles of inoculated bees and control bees (Figure 4C,4D). At 4 d.p.i. of spores of N. ceranae isolated from Thailand (NC1 and NC2), Apidaecin type 73 was upregulated (Table 2). For NC2, Apidaecins and Glyco_18 domaincontaining protein were upregulated while Ferritin and two uncharacterized proteins were downregulated (Table 2 and Supplementary Table S3). The results are in the same trend with the hemolymph results obtained with MALDI-BeeTyping®, showing that AMPs, especially Apidaecin, were upregulated in A. cerana hosts after 4 d.p.i. of NC1 and NC2 inoculation.

Ferritin may be involved in the defense mechanisms in honeybees, which downregulated in both A. mellifera and A. cerana host after 4 d.p.i. of N. ceranae from A. mellifera from Thailand (NC2) inoculation. Ferritin was also downregulated at 13 d.p.i. for conditions NC1 and NF. Moreover, odorant binding proteins (OBPs) were suppressed in A. cerana immune response after NC1 and NF inoculation at 13 d.p.i., especially OBP13 (Table 2). OBPs, water soluble proteins, are in charge of mediation of volatile organic compounds to the odorant receptors [START_REF] Pevsner | Characterization of Ligand Binding[END_REF][START_REF] Pelosi | Diversity of Odorant-Binding Proteins and Chemosensory Proteins in Insects[END_REF] but more recently, OBPs were discovered in non-sensory organs and so associated with other physiological processes [START_REF] Zhang | Odorant-Binding Proteins Contribute to the Defense of the Red Flour Beetle, Tribolium Castaneum, against Essential Oil of Artemisia vulgaris[END_REF][START_REF] Zhang | An Odorant Binding Protein Is Involved in Counteracting Detection-Avoidance and Toll-Pathway Innate Immunity[END_REF][START_REF] Rihani | The 40-Year Mystery of Insect Odorant-Binding Proteins[END_REF] . In 2022, Zhang and collaborators [START_REF] Zhang | An Odorant Binding Protein Is Involved in Counteracting Detection-Avoidance and Toll-Pathway Innate Immunity[END_REF] demonstrated the relation of OBPs with Toll pathway innate immunity of locusts. In A. mellifera and A. cerana, 21 and 17 OBPs were identified, respectively that are related with olfactory system and physiological functions. The OBP13 was previously detected in different stages of both A. mellifera without any threats [START_REF] Erban | Detailed Proteome Mapping of Newly Emerged Honeybee Worker Hemolymph and Comparison with the Red-Eye Pupal Stage[END_REF][START_REF] Feng | Hemolymph Proteome Changes during Worker Brood Development Match the Biological Divergences between Western Honey Bees (Apis mellifera) and Eastern Honey Bees (Apis cerana)[END_REF][START_REF] Zheng | Proteomic Analysis of Honeybee (Apis mellifera L.) Pupae Head Development[END_REF] and A. cerana [START_REF] Feng | Hemolymph Proteome Changes during Worker Brood Development Match the Biological Divergences between Western Honey Bees (Apis mellifera) and Eastern Honey Bees (Apis cerana)[END_REF] . Thus, it was inferred that the odor perception of insect was harm by N. ceranae.

To sum up, A. mellifera shows no or little response at 4 and 13 d.p.i., with the different isolates of Nosema ceranae. In contrast, A. ceranae shows an early response with the upregulation of Apidaecin at 4 d.p.i., for Thai isolates of Nosema (NC1 and NC2), and no response to the French isolate (NF). At 13 d.p.i., the response is more complex, with multiple proteins involves up or down regulated, and always the presence of Ferritin. 

Tanscriptomics analysis of the hemolymph of honeybee in response to different Nosema inoculums

The body of A. mellifera and A. cerana honeybees used for proteomic analyses were sampled in order to study the modulation of expression of immune related genes after Nosema inoculation. For this part, another time point at 7 d.p.i. was added to complete the dynamic of genes expression during infection. We focused on the genes coding AMPs (abaecin, apidaecins, defensin and hymenoptaecin) and on the genes involved in cellular defense reactions (Figure 5). The level of expression of the 12 targeted immune genes was examined in response to the different N. ceranae isolates inoculated to A. mellifera and A. cerana at 4, 7

and 13 days post inoculation (d.p.i.). 

Antimicrobial peptide genes

For Apis mellifera, the number of abaecin and hymenoptaecin transcripts were lower at 4 d.p.i. with NC1 and NC2 isolates than in non-experimentally challenged bees with microsporidian spores (ANOVA, p < 0.005 for abaecin and p < 0.001 hymenoptaecin) (Figure 5, Figure S1). The number of transcripts of the defensin gene was decreased after NC2 inoculation at 4 and 7 d.p.i. (ANOVA, p < 0.001; Figure 5, Figure S1). Chaimanee and colleagues [START_REF] Chaimanee | Comparative Pesticide Exposure to Apis mellifera via Honey Bee-Collected Pollen in Agricultural and Non-Agricultural Areas of Northern Thailand[END_REF] also observed a significant decrease of apidaecin and defensin gene expression three days after an inoculation of 10 6 spores/ml of N. ceranae. From 7 d.p.i., all genes coding for the AMPs from Nosema-inoculated A. mellifera were up regulated which is similar to previous studies on Nosema-infected A. mellifera [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF][START_REF] Doublet | Unity in Defence: Honeybee Workers Exhibit Conserved Molecular Responses to Diverse Pathogens[END_REF] . After 13 d.p.i. of NF inoculation, the mRNA level of abaecin significantly increased (ANOVA, p < 0.005; Figure 5, Figure S1).

In A. cerana, the apidaecin gene expression was upregulated after NC1 inoculation at 4 d.p.i.

(ANOVA, p < 0.05; Figure 5, Figure S2). The abaecin, defensin and hymenoptaecin gene expressions were significantly increased after NF inoculation rather than NC2 inoculation at 13 d.p.i. (ANOVA, p < 0.005, p < 0.001 and p < 0.001 for the defensin and hymenoptaecin genes, respectively; Figure 5, Figure S2). Interestingly, the apidaecins responses to N. ceranae inoculated A. cerana was marked by the upregulation of the gene which is the same trend with our proteomic results of Apidaecins. We further discovered that defensin of A.

cerana at 13 days post NC2 inoculation was suppressed which is similar response to that proteomic study. In A. cerana, AMPs were increased after N. ceranae from A. cerana (NC1) inoculation whereas abaecin and defensin gene expressions were down regulated after N. ceranae from A. mellifera (NC2) inoculation, suggesting that N. ceranae from non-original host has less of an impact on A. cerana. The abaecin and defensin genes are correlated with MyD88 an adaptor protein in the Toll signaling pathway [START_REF] Aronstein | Transcriptional Responses in Honey Bee Larvae Infected with Chalkbrood Fungus[END_REF] . This result demonstrated that Toll pathway regulation was inhibited during NC2 inoculation in A. cerana.

Cellular response genes

In A. mellifera, the mRNA levels of the genes coding for AmEater, PO and GLD were significantly decreased after NF inoculation compared to NC1 inoculation at 13 d.p.i.

(ANOVA, p < 0.01, p < 0.001 and p < 0.001 respectively; Figure 5, Figure S3). This showed that N. ceranae from A. mellifera reduced cellular immune responses in A. mellifera host while cellular immune genes were induced after 7 d.p.i. of N. ceranae from A. cerana. This pattern suggested that humoral and cellular defense mechanisms were suppressed in A. mellifera after N. ceranae from A. mellifera inoculation. Seven days after NC1 inoculation, there was a significant increase in the gene expression coding for PO) compared to control A. cerana (ANOVA, p < 0.001; Figure 5, Figure S4). PO is responsible for melanization which is an important defense mechanism against fungi pathogens [START_REF] Cerenius | The ProPO-System: Pros and Cons for Its Role in Invertebrate Immunity[END_REF] . LSY mRNA level was significantly showed down-regulated after NC1 and NC2 compared to the control experiment in all A. cerana treatments (4, 7 and 13 d.p.i.) (ANOVA, p < 0.001, p < 0.001 and p < 0.001 respectively; Figure 5, Figure S4).

Apoptosis related and vitellogenin genes

The expression of the Apoptosis-related genes (NFAT, R1 and REL) significantly decreased at 13 d.p.i. in A. mellifera after NF inoculation compared to NC1 (ANOVA, p < 0.01, p < 0.01 and p < 0.001 respectively; Figure 5, Figure S5). Vg gene expression of A.

mellifera significantly increased after NF inoculation at 4 d.p.i. (ANOVA, p < 0.01; Figure 5, Figure S5). The vitellogenin protein is a metabolic regulator of stress responses and cell damage recognition [START_REF] Amdam | Vitellogenin in Honey Bee Behavior and Lifespan BT -Honeybee Neurobiology and Behavior: A Tribute to Randolf Menzel[END_REF][START_REF] Havukainen | Vitellogenin Recognizes Cell Damage through Membrane Binding and Shields Living Cells from Reactive Oxygen Species[END_REF] S6). We found an increase in the REL transcript in A. cerana after N. ceranae (NC1, NC2 and NF) inoculation, which is contrast with Sinpoo et al. [START_REF] Sinpoo | Impact of Nosema ceranae and Nosema apis on Individual Worker Bees of the Two Host Species (Apis cerana and Apis mellifera) and Regulation of Host Immune Response[END_REF] . The apoptosis-related immune up-regulation supports the hypothesis that host cell defense mechanism leads the programmed cell death pathway, provide a means for infected cell to limit the spread of pathogens by protecting the integrity cells [START_REF] Birge | Innate Apoptotic Immunity: The Calming Touch of Death[END_REF] . Moreover, NFAT gene expressions was reduced in all A. cerana treatments. The NFAT and REL belong to the REL family, which was involved in the NF-κB pathway, that will allow the host cell to survive under biological stress [START_REF] Aramburu | Regulation of the Hypertonic Stress Response and Other Cellular Functions by the Rel-like Transcription Factor NFAT5[END_REF] . The NF-κB pathway is involved in numerous biological processes including cell apoptosis [START_REF] Hayden | the First Quarter-Century: Remarkable Progress and Outstanding Questions[END_REF] . These results imply that this pathway was suppressed following different N. ceranae isolate inoculations in both A. mellifera and A. cerana.

Contributions of the proteo-transcriptomics to the understanding of nosemosis in A. mellifera and A. cerana

The results of our multiomics approach that combined MALDI-BeeTyping®, LC-ESI-MS/MS and qPCR were compared focusing on the dynamics of the two major AMPs (Apidaecin and Defensin) observed in our study. Both methods are not reflecting the same phenomenon. First, MALDI-BeeTyping® reflected the presence of mature peptides circulating in honeybee's hemolymph, through a molecular mass fingerprint without absolute quantitation of them [START_REF] Arafah | MALDI-MS Profiling to Address Honey Bee Health Status under Bacterial Challenge through Computational Modeling[END_REF] . Second, LC-ESI-MS/MS allowed the characterization of proteins and peptides contained in the hemolymph samples and their quantification by LFQ. Third, qPCR is used to estimated mRNA of specific genes in all body individuals. For A. mellifera, the comparison was impossible because of no difference observed with proteomics tools.

However, for A. cerana the results from the three approaches were in the same trend except for the defensin which was downregulated after inoculation of NC2 (at 4 and 13 d.p.i.; Figure 6), reflecting an earlier stage which does not pretend to measure the effective quantity of peptide. Nevertheless, this may highlight that NC2, non-original isolate, has a lower ability to alter defensin in A. mellifera.

These synthetic results showed that for A. mellifera, there is no or little reaction at the early stages of the infection, only apidaecin was up-regulated for NC1 and NF (Figure 6). At day 13 d.p.i. both apidaecin and defensin were up-regulated, whereas the proteins were not significantly deregulated (MS analyses). For A. ceranae, on the contrary an early response was observed at 4 d.p.i., for both genes and proteins expression, excepted for NC2. At 13 d.p.i., genes and proteins were still up-regulated, with differences among MALDI-BeeTyping® and LC-ESI-MS/MS technologies (Figure 6). 

CONCLUSIONS

Nosema-inoculated honeybees revealed different survival rates according to the N. ceranae isolate. Especially, N. ceranae from A. cerana from Thailand (NC1) induced the highest mortality rate in both A. mellifera and A. cerana hosts. This study suggests that N.

ceranae, an isolate from A. cerana from Thailand (NC1) is the most virulent isolated tested in our experimental conditions. Our study does not only confirm that AMPs are engaged in the host response to N. ceranae inoculation [START_REF] Chaimanee | Comparative Pesticide Exposure to Apis mellifera via Honey Bee-Collected Pollen in Agricultural and Non-Agricultural Areas of Northern Thailand[END_REF] , it also indicates that GMC_OxRdtase_N domaincontaining, Ferritin and Odorant Binding Protein 13 are likely involved as a defense mechanism in A. mellifera and A. cerana hosts. Immune-related genes that were studied here displayed varied expression levels in both A. mellifera and A. cerana host after different N.

ceranae isolates inoculation, with some immune pathways shown to be down-regulated, likely suppressed by the inoculated Nosema. Nevertheless, A. cerana showed a stronger immune response than A. mellifera after different N. ceranae isolate inoculation. This may also explain why A. cerana appears to be less affected by N. ceranae inoculation than A.

mellifera. One hypothesis could be that A. cerana, as in contact with N. ceranae for long time acquired a good ability to fight against this pathogen, but for this reason is selecting Nosema of high virulence for him and A. mellifera. On the contrary, A. mellifera, and even more in distant locations from the origin, has less performant response, and may not select the most virulent strains, so when in contact with A. cerana, gives little damages to it. This can explain differential responses among the two bee species in the places where they coexist, but also gives perspectives in territorial approach of Nosema isolates with different variants more or less virulent. This may orient further research on the factors of virulence in Nosema itself what stays difficult while we have difficulties to cultivate N. ceranae in vitro. The differential microbiota of both bee species may play a role in this game.
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  cerana and the new host A. mellifera by proteomics and transcriptomics approaches. Both species were submitted to three different N. ceranae isolates inoculations, one coming from the original host [A. cerana from Thailand (NC1)], another coming from the new host but in the original location [A. mellifera from Thailand (NC2)], and the third coming from the new host in a very distant location [A. mellifera from France (NF)]. Proteomic analyses demonstrate that AMPs were up-regulated after Nosema inoculation, especially in A. cerana.

  use. The Tetro™ cDNA Synthesis kit and the SensiFAST™ SYBR® No-ROX kit were from Bioline (Meridian Life Science Inc, USA). TRIzol reagent was from Invitrogen, dithiothreitol (DTT), 4-vinyl-pyridine (4-VP), hexofluoroisopropanol (HFIP), alphacyano-4hydroxycinnamic acid (4-HCCA), ammonium bicarbonate (NH 4 HCO 3 , ABC), phenylthiourea (PTU, Sigma-Aldrich) and phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) were reagent grade from Sigma-Aldrich (St. Louis, MO). RapiGest™ SF surfactant was purchased from Waters (Milford, USA). The LC-MS grade formic acid (FA), triluoroacetic acid (TFA) and acetonitrile (ACN) were from Carlo-Erba Reagents (Val de Reuil, France). Sequencinggrade modified trypsin from Promega (Madison, WI) was used for in solution protein digestion. Phosphate Buffered Saline (PBS) was from Thermo Fisher Scientific (Waltham, MA, USA). Protein Calibration Standard I (ProtMix) was purchased from Bruker Daltonics (Bremen, Germany) while APISCAL (composition detailed in Houdelet et al., 2020) is a homemade calibration solution. All solutions were prepared in ultrapure MilliQ water (Merck Millipore, Billerica, MA).

  Anderson-Darling test, p > 0.05), we retained the statistical value of the parametric T-test. Datasets obtained by nano-LC-ESI-MS/MS were analysed as described by Houdelet et al., 2021. We fixed that the protein was up-regulated with a log2 fold-change up to 2 and down-regulated when value is under -2. The significance of deregulation is considered with p-values less than 0.05. Transcriptomic section, the normal distribution and homogeneity of variances data were assessed to conform to the assumptions to parametric tests or non-parametric tests using SPSS program version 17.0 for Window (SPSS, Inc.). For parametric tests, one-way ANOVAs were performed with Tukey-HSD test, comparison with an alpha value (p) of 0.05.

Figure 1 :

 1 Figure 1: Experimental design. Three apiaries of Apis mellifera and A. cerana were used. The number in brackets represented the total number of bees collected by days, the numbers in yellow and in green corresponded to the three apiaries and the three cages per apiaries, respectively. MS: mass spectrometry analyses, GE: gene expression analyses, d.p.i.: days post inoculation, NC1: N. ceranae from A. cerana from Thailand, NC2: N. ceranae from A. mellifera from Thailand, NF: N. ceranae from A. mellifera from France, C: control bees that were not inoculated by spores.

Figure 2 :

 2 Figure 2: Survival rate and spore loads of honeybees exposed to spore populations from different origins. (A) Survival of Apis mellifera (solid line) and A. cerana (dashed line) when infected with N. ceranae. Honeybees were infected with N. ceranae from A. cerana from Thailand (NC1, blue); N. ceranae from A. mellifera from Thailand (NC2, green); N. ceranae from A. mellifera from France (NF, red) and non-experimentally infected bees as control (C, yellow). (B) Boxplot of the Nosema spore loads per honeybee in A. mellifera and A. cerana. NC1, N. ceranae from A. cerana from Thailand; NC2, N. ceranae from A. mellifera from Thailand; NF, N. ceranae from A. mellifera from France.

(

  AMPs) known to circulate in bee hemolymph in response to an immune challenge, namely Apidaecin 1A (m/z 2107, accession Q06602 • APD73_APIME), Abaecin (m/z 3878, accession P15450 • ABAE_APIME) and Defensin 1A (m/z 5519, accession P17722 • DEFI_APIME). Hymenoptaecin (m/z 10270, accession Q10416 • HYTA_APIME) washardly detectable in our MALDI-BeeTyping® conditions. All these AMPs are known to be weapons of the bee immune system to protect honeybees from invading microorganisms.

Figure 3 :

 3 Figure 3: Principal component analyses of the repartition of the molecular mass fingerprints generated by MALDI-BeeTyping® of hemolymph samples of A. mellifera (A and B) and A. cerana (C and D) at 4 (A and C) and 13 d.p.i. (B and D). In blue, NC1: N. ceranae from A. cerana from Thailand, in green NC2: N. ceranae from A. mellifera from Thailand, in red NF: N. ceranae from A. mellifera from France, in yellow C: not inoculated control bees. For A. mellifera (Figure 3A, 3B) no significant difference in the MFPs between

Figure 4 :

 4 Figure 4: PCA based on LC-ESI-MS/MS and clustering of hemolymph of A. mellifera (A and B) and A. cerana (C and D) at 4 (A and C) and 13 d.p.i. (B and D). Each dot is representing a pool of individuals. In blue, NC1: N. ceranae from A. cerana from Thailand, in green NC2: N. ceranae from A. mellifera from Thailand, in red NF: N. ceranae from A.

Figure 5 :

 5 Figure 5: Heat map of immune regulation between both A. mellifera and A. cerana during Nosema inoculation at 4 days post-inoculation (4 d.p.i.), 7 d.p.i. and 13 d.p.i. In green, upregulated gene expression and in red, downregulated gene expression. AmEater: eater gene, Vg: vitellogenin, PO: phenol oxidase, GLD: glucose dehydrogenase, LSY: lysozyme, R1: apoptosis regulator R1-like, REL: relish, NFAT: nuclear factor of activated T cell.

Figure 6 :

 6 Figure 6: Comparison of the results of proteomics and transcriptomics approaches in the case of Apidaecin and Defensin. For qPCR, the value is the ratio between the mean 2 ΔΔCT of the experimental condition by the mean 2 ΔΔCT of the control. For MALDI-BeeTyping ® , the result, is the ratio between the mean intensity of the experimental condition by the mean intensity of the control. For LC-ESI-MS/MS, the value is the ratio of the abundance of experimental condition by the abundance of the control measures by LFQ. A red or a green arrow reveals a decrease or an increase of the molecules, respectively.

  infected A. mellifera (Figure S1); Antimicrobial peptide gene expression in Nosema spp. infected A. cerana (Figure S2); The cellular gene expression in Nosema spp. infected A. mellifera (Figure S3); The cellular gene expression in Nosema spp. infected A. cerana (Figure S4); Apoptosis and vitellogenin gene expression in Nosema spp. infected A. mellifera (Figure S5); Apoptosis and vitellogenin gene expression in Nosema spp. infected A. cerana (Figure S6)

Table 1 .

 1 List of dysregulated proteins in pools of hemolymph of A. mellifera at four-and thirteen-days post-inoculation. In red, downregulated proteins. NC1: N. ceranae from A. cerana from Thailand, NC2: N. ceranae from A. mellifera from Thailand, NF: N. ceranae from A. mellifera from France, C: control bees that were not inoculated by spores.

	Nosema isolates	Day post inoculation	Description	Accession Peptides	Coverage [%]	Ratio Exp/Ctrl	p-value	Biological Process
	NC1	4 13			Not significant Not significant			
			Ferritin	A0A087ZXW2	6	52	0.19	0.042 cellular iron ion homeostasis
	NC2	4	GMC_OxRdtase_N domain-containing protein	A0A087ZVX2	1	4	0.04	0.016	Unknown
		13			Not significant			
		4			Not significant			
	NF	13	IU_nuc_hydro domain-containing protein	A0A087ZSJ3	3	17	0.08	0.002	nucleobase-containing compound metabolic process
			ML domain-containing protein	A0A088A045	6	47	0.12	0.000 intracellular cholesterol transport

Table 2 .

 2 List of dysregulated proteins in pools of hemolymph of A. cerana at four-and thirteen-days post-inoculation. In red, downregulated proteins and in green, upregulated proteins. NC1: N. ceranae from A. cerana from Thailand, NC2: N. ceranae from A. mellifera from Thailand, NF: N. ceranae from A. mellifera from France, C: control bees that were not inoculated by spores. Uncharacterized proteins have been removed from this table, but the complete table is available in the supplementary TableS3.

	Nosema isolates	Day post inoculation	Description	Accession Peptides	Coverage [%]	Ratio Exp/Ctrl	p-value	Biological Process
		4	Apidaecins type 73	Q06602	3	58	6.00	0.044 innate immune response
			COesterase domain-containing protein A0A088ABF6	2	6	20.11	0.002 metabolic process
			Defensin	B9UKF1	2	27	3.21	0.034	defense response;response to stimulus
			IRP30	G9F9Z6	6	19	28.84	0.009
			Anarchy 1	Q4PKR8	1	3	0.45	0.006
			Ferritin	A0A087ZXW2	4	45	0.10	0.010	cellular homeostasis;metabolic process;transport
	NC1	13	GMC_OxRdtase_N domain-containing protein	A0A087ZVX2	1	2	0.12	0.009 metabolic process
			ML domain-containing protein	A0A087ZRW9	1	7	0.12	0.010 transport
			ML domain-containing protein	A0A088A045	4	38	0.14	0.018 transport
			OBP13	Q1W641	5	36	0.21	0.023
			OBP21	Q1W633	1	7	0.18	0.009
			PA2c domain-containing protein	A0A088A4R3	1	7	0.29	0.023 metabolic process;transport
			SHSP domain-containing protein	A0A088APK1	1	8	0.34	0.002
			SVWC domain-containing protein	A0A088APR8	3	19	0.17	0.000
			TIL domain-containing protein	A0A088AF72	1	15	0.07	0.005
			Apidaecin	B9UKF6	7	52	7.60	0.022 Unknown
			Apidaecins type 73	A0A088AIG0	3	58	6.80	0.017 Unknown
		4	Glyco_18 domain-containing protein	A0A087ZUC1	1	4	10.45	0.017 metabolic process
	NC2		Ferritin COesterase domain-containing protein A0A088ABF6 A0A087ZXW2	3 6	20 2	0.08 32.59	cellular homeostasis;metabolic process;transport 0.000 metabolic process 0.022
		13	Defensin	B9UKF1	27	2	5.88	0.022	defense response;response to stimulus
			IRP30	G9F9Z6	19	6	29.86	0.036
			SVWC domain-containing protein	A0A088APR8	19	3	0.43	0.027
		4			Not significant		
			Alpha-glucosidase	Q25BT7	1	2	7.99	0.022 metabolic process
			Apidaecin	B9UN18	6	46	10.26	0.001
			Apidaecin	B9UN24	6	46	15.36	0.001
			Apolipophorin-III-like protein	B0LUE8	3	30	0.14	0.009 transport
			Chitin-binding type-2 domain-containing protein	A0A088AG75	1	32	0.02	0.000 metabolic process
		13	Ferritin Fructose-bisphosphate aldolase	A0A087ZXW2 A0A087ZPQ8	4 11	45 45	0.17 0.18	cellular homeostasis;metabolic process;transport 0.004 metabolic process 0.044
			ML domain-containing protein	A0A088A045	4	38	0.02	0.001 transport
			OBP13	Q1W641	5	36	0.02	0.000
			Omega-conotoxin-like protein 1	H9KQJ7	1	31	0.05	0.020	defense response;response to stimulus
			SHSP domain-containing protein	A0A088APK1	1	8	0.37	0.009
			SVWC domain-containing protein	A0A088APR8	3	19	0.20	0.000
			TIL domain-containing protein	A0A088AF72	1	15	0.03	0.001

  [START_REF] Perez-Riverol | The PRIDE Database Resources in 2022: A Hub for Mass Spectrometry-Based Proteomics Evidences[END_REF][START_REF] Deutsch | The ProteomeXchange Consortium in 2020: Enabling 'Big Data' Approaches in Proteomics[END_REF] partner repository with the dataset T.C.: https://orcid.org/0000-0003-3383-6528, C.S.: https://orcid.org/0000-0001-6155-6764, C.H.: https://orcid.org/0000-0002-0836-5202, S.N.V.: https://orcid.org/0000-0001-5897-333X, M.B.: https://orcid.org/0000-0002-1584-1481, T.D.: https://orcid.org/0000-0002-6416-2266, P.C.: https://orcid.org/0000-0002-9299-2777, P.B.: https://orcid.org/0000-0001-9016-265X

	identifiers	PXD034645.	The	MALDI-MS	data	is	available	at
	https://doi.org/10.6084/m9.figshare.20122220.				
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