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Ticks harbour rich and diverse microbiota and, among the microorganisms associated with them, endosymbionts are the subject of a growing interest due to their crucial role in the biology of their arthropod host. Midichloria mitochondrii is the main endosymbiont of the European tick Ixodes ricinus and is found in abundance in all I. ricinus females, while at a much lower density in males, where it is even absent in 56% of the individuals. This endosymbiont is also known to increase in numbers after the blood meal of larvae, nymphs or females. Because of this difference in the prevalence of M. mitochondrii between the two sexes, surveying the density of these bacteria in nymphs that will become either females or males could help to understand the behaviour of Midichloria in its arthropod host.

2 aim, we have set up an experimental design by building 3 groups of unfed nymphs based on their scutum and hypostome lengths. After engorgement, weighing and moulting of a subset of the nymphs, a significant difference in sex-ratio among the 3 groups was observed. In parallel, Midichloria load in individual nymphs was quantified by qPCR both before and after engorgement.

No difference in either body mass or Midichloria load was observed at the unfed stage, but following engorgement, both features were significantly different between each size group.

Our results demonstrate that symbiont dynamics during nymphal engorgement is different between the two sexes, resulting in a significantly higher Midichloria load in nymphs that will become females. The consequences of those findings on our understanding of the interplay between the endosymbiont and its arthropod host are discussed.

INTRODUCTION

Ticks are obligate hematophagous ectoparasites, vectors of numerous pathogens for both humans and animals [START_REF] Jongejan | Gross morphological changes in the salivary glands of Ixodes ricinus (Acari, Ixodidae) between bloodmeals in relation to active uptake of atmospheric water vapour[END_REF][START_REF] Parola | Tick-borne bacterial diseases emerging in Europe[END_REF]. Beside pathogens, ticks harbour a diverse microbiome including commensal and symbiotic microorganisms [START_REF] Bonnet | The Tick Microbiome: Why Non-pathogenic Microorganisms Matter in Tick Biology and Pathogen Transmission[END_REF][START_REF] Duron | Evolutionary changes in symbiont community structure in ticks[END_REF]. This is a common situation in arthropods, as most species are the host of various bacterial symbionts that can be transmitted transovarially to the progeny (Bennett and Moran, 2015;Wernegreen, 2012).

During their long-lasting co-evolution with their arthropod hosts, symbionts have developed strategies to persist and multiply within their host. Some are obligate mutualists, essential for host fitness, whereas others may be facultative, allowing for example a better survival in adverse environmental conditions, providing resistance to natural enemies or manipulating host reproduction (Bennett and Moran, 2015;Cordaux et al., 2011;Engelstädter and Hurst, 2009;Haine, 2008;Oliver et al., 2003;Vorburger et al., 2010).

At least ten genera of symbionts have been reported in ticks, three of them being exclusive to ticks, i.e. Coxiella-like endosymbionts, Francisella-like endosymbionts and Midichloria [START_REF] Bonnet | The Tick Microbiome: Why Non-pathogenic Microorganisms Matter in Tick Biology and Pathogen Transmission[END_REF][START_REF] Díaz-Sánchez | Evolutionary Insights into the Tick Hologenome[END_REF][START_REF] Duron | Evolutionary changes in symbiont community structure in ticks[END_REF][START_REF] Narasimhan | Tick microbiome: the force within[END_REF]. The obligatory role of some symbionts on tick fitness has been shown by removal through antibiotics [START_REF] Ben-Yosef | Coxiella-Like Endosymbiont of Rhipicephalus sanguineus Is Required for Physiological Processes During Ontogeny[END_REF][START_REF] Duron | Tick-Bacteria Mutualism Depends on B Vitamin Synthesis Pathways[END_REF][START_REF] Guizzo | A Coxiella mutualist symbiont is essential to the development of Rhipicephalus microplus[END_REF][START_REF] Zhang | Endosymbiont CLS-HI plays a role in reproduction and development of Haemaphysalis longicornis[END_REF][START_REF] Zhong | Antibiotic Treatment of the Tick Vector Amblyomma americanum Reduced Reproductive Fitness[END_REF]. In addition, a role as vitamin B provider has been demonstrated in the case of Francisella-like endosymbionts of Ornithodoros moubata [START_REF] Duron | Tick-Bacteria Mutualism Depends on B Vitamin Synthesis Pathways[END_REF].

Candidatus Midichloria mitochondrii (hereafter M. mitochondrii) (Alphaproteobacteria: Rickettsiales: Midichloriaceae) is the main and most abundant symbiont of I. ricinus, the most common tick species in Europe [START_REF] Guizzo | Poor Unstable Midgut Microbiome of Hard Ticks Contrasts With Abundant and Stable Monospecific Microbiome in Ovaries[END_REF][START_REF] Sassera | Candidatus Midichloria mitochondrii', an endosymbiont of the tick Ixodes ricinus with a unique intramitochondrial lifestyle[END_REF]. Like all hard-tick species, I. ricinus displays a four-stage life cycle (larva, nymph, adult and egg).

Each moulting (i.e. from larva to nymph and from nymph to adult) occurs after a blood meal, whereas egg-laying is conditioned by both female fertilisation and a third and final blood meal. Midichloria mitochondrii resides principally in oocyte cells [START_REF] Beninati | A Novel Alpha-Proteobacterium Resides in the Mitochondria of Ovarian Cells of the Tick Ixodes ricinus[END_REF][START_REF] Sassera | Candidatus Midichloria mitochondrii', an endosymbiont of the tick Ixodes ricinus with a unique intramitochondrial lifestyle[END_REF][START_REF] Zhu | Rickettsia-like microorganisms in the ovarian primordial of molting Ixodes ricinus (Acari: Ixodidae) larvae and nymphs[END_REF] but also, at a much smaller density, in salivary glands, Malpighian tubules and tracheae [START_REF] Olivieri | Tissue tropism and metabolic pathways of Midichloria mitochondrii suggest tissue-specific functions in the symbiosis with Ixodes ricinus[END_REF]. Its density is also highly variable according to life stage and engorgement status, with a considerable bacterial growth observed following a blood meal in larvae, nymphs and females [START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF]. The bacterium exhibits a unique feature among symbionts as it resides within the host's mitochondrial intermembrane [START_REF] Beninati | A Novel Alpha-Proteobacterium Resides in the Mitochondria of Ovarian Cells of the Tick Ixodes ricinus[END_REF][START_REF] Stavru | When bacteria meet mitochondria: The strange case of the tick symbiont Midichloria mitochondrii[END_REF]. This alphaproteobacterium is ~100% prevalent in females and immatures [START_REF] Aivelo | Bacterial microbiota composition of Ixodes ricinus ticks: the role of environmental variation, tick characteristics and microbial interactions[END_REF], while a medium prevalence in males (~40%) has been observed [START_REF] Lo | Widespread distribution and high prevalence of an alpha-proteobacterial symbiont in the tick Ixodes ricinus[END_REF]Sassera et al., 2006). However, despite the high prevalence of these endosymbionts in I. ricinus, the consequences of the presence of M. mitochondrii in its arthropod hosts remain to be established experimentally.

Considering that (i) in I. ricinus there is a marked difference in M. mitochondrii prevalence between sexes, (ii) vertical transmission of M. mitochondrii has been demonstrated as it has been found in egg masses [START_REF] Lo | Widespread distribution and high prevalence of an alpha-proteobacterial symbiont in the tick Ixodes ricinus[END_REF][START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF], and (iii) an extensive variability of M. mitochondrii density between nymph individuals has been reported, especially in fed nymphs [START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF], we designed the present study to investigate the dynamics of M. mitochondrii in this sexually immature stage of I. ricinus.

Such information could help us understand the interplay between the host tick and its symbiont M. mitochondrii. A first hypothesis could be that M. mitochondrii presence or density is determined by the genetic sex of ticks (in I. ricinus: XY for males, XX for females; [START_REF] Oliver | Cytogenetics of Mites and Ticks[END_REF] with a lower density or absence of M. mitochondrii in immature stages with a Y chromosome (i.e. nymphs that will become males). An additional hypothesis -not exclusive to the first one -could be that symbiont cells are restricted to the ovary and absent in the testes (the two organs being at a primordial stage in unfed nymphs but reaching a larger size following the blood meal and the metamorphosis process [START_REF] Balashov | Bloodsucking ticks (Ixodoidea)-vectors of disease in man and animals[END_REF]. The number of endosymbionts may thus increase according to ovary development during ontogenic processes (while it may not increase following testes development). Note that tissue/organ location of M. mitochondrii has been investigated to date only in adults, due to the smaller size of immature stages such as nymphs (but see [START_REF] Epis | Localization of the bacterial symbiont Candidatus Midichloria mitochondrii within the hard tick Ixodes ricinus by whole-mount FISH staining[END_REF]. As I. ricinus do not show any sexual dimorphism at the nymphal stage while unfed, nymphs that will become either females or males cannot be identified prior to engorgement. Moreover, to date, no sexual genetic marker exists for ticks, despite ongoing investigations for whole genome sequencing of several Ixodes species (Gulia-Nuss et al., 2016;[START_REF] Jia | Large-Scale Comparative Analyses of Tick Genomes Elucidate Their Genetic Diversity and Vector Capacities[END_REF]Murgia et al., 2019). To investigate the dynamics of M. mitochondrii in nymphs that will become either males or females, we set up an experimental design to examine groups of nymphs based on morphometric characteristics enabling to obtain different sex ratios in those groups. We then investigated Midichloria load in the nymphs of these groups, both before and after engorgement.

Finally, we will discuss the consequences of our findings concerning the evolution of Midichloria load during nymph development on our understanding of Midichloria biology and its interplay with its arthropod host.

MATERIALS and METHODS

Study design

To discriminate between unfed nymphs that will become males versus females, we took advantage of a known size dimorphism (using body mass as a proxy) observed in nymphs fed at repletion that exhibit a marked bimodal distribution, with the heavier ones becoming females, and the lighter becoming males [START_REF] Dusbábek | Nymphal sexual dimorphism in the sheep tick Ixodes ricinus (Acari: Ixodidae)[END_REF][START_REF] Jongejan | Gross morphological changes in the salivary glands of Ixodes ricinus (Acari, Ixodidae) between bloodmeals in relation to active uptake of atmospheric water vapour[END_REF]. This difference in body mass or morphometric features (such as idiosoma, scutum or hypostome lengths) between fed nymphs that will become males versus females is also present in unfed nymphs, but an extensive overlap is observed between the two distributions (that are not bimodal; Dusbabek 1996) preventing sex determination of individual nymphs prior to engorgement. In the present study, we built size groups based on morphometric features (i.e. hypostome and scutum lengths), with a hypothesised different sex-ratio, then we proceeded to the engorgement of the different groups separately, collecting a portion of unengorged and engorged nymphs prior to their moult to assess their M. mitochondrii load by qPCR (Fig. 1).

Ixodes ricinus ticks and morphological measurements

250 wild unfed I. ricinus nymphs were collected in January 2014 using the dragging method in Chizé forest, France (46°08'31.5"N, 0°25'22.5"W). Ticks were maintained in desiccators at 20°C, 90% relative humidity (with a saturated magnesium sulfate solution), 12 hrs dark:12 hrs light, until further use. Using a stereo microscope (Nikon SMZ800), a picture of each individual nymph was taken (Fig. 2). With the help of a 1 mm micrometric blade allowing to provide the scale of each picture, each nymph was characterized for the length of its scutum (rigid, sclerotised plate on the anterior dorsal surface, just posterior to the capitulum) and hypostome (harpoon-like structure forming part of the mouthparts of ticks). Because the posterior end of the hypostome is difficult to locate due to the slope of the tectum, the length measured for the hypostome also includes the base of the capitulum, up to the cornua which are easily identifiable. 

Ixodes ricinus ticks and morphological measurements

The protocol was approved by the Ethics Committee for Animal Experiments of the Pays de la Loire region (CEEA PdL 06) (Permit Number: 2015-29). Engorgement on gerbils was conducted as described in [START_REF] Bonnet | Transstadial and transovarial persistence of Babesia divergens DNA in Ixodes ricinus ticks fed on infected blood in a new skin-feeding technique[END_REF]. In short, for each of the size groups (small, medium and large), 47 or 50 nymphs were put on an individual gerbil. The 3 gerbils were each put on a shelf above a tray of water, in a separate box. Once engorged, ticks fallen in the water were collected twice a day. It should be noted that the information available for each individual nymph (id est body mass, hypostome and scutum lengths) was lost after engorgement because each tick can not be identified and surveyed individually during engorgement (only the group information is retained).

Quantitative PCR to determine Midichloria mitochondrii density

The ratio between the qPCR quantifications of the symbiont gene gyrase B (gyrB) and the tick calreticulin gene (cal) allows to estimate the Midichloria mitochondrii density, i.e. the number of bacteria per tick cell. DNA was extracted using the NucleoSpin Tissue DNA kit (Macherey-Nagel) according to manufacturer's instructions after crushing the ticks using a pestle. As previously described [START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF], M. mitochondrii load was quantified with a SYBR Green Kit (Sigma-Aldrich) using the ratio of single-copy genes -DNA gyrB for the bacteria (primer forward CTTGAGAGCAGAACCACCTA and reverse CAAGCTCTGCCGAAATATCTT; amplicon 125 bp) by cal gene for the host (primers ATCTCCAATTTCGGTCCGGT and TGAAAGTTCCCTGCTCGCTT; amplicon 109 bp). The results were compared for single nymphs with those of serial dilutions of purified cloned pGEM-T easy plasmid vector (Promega corporation) with known copy number to determine the number of bacteria per host cell at each run. The PCR amplification of the gyrB and cal genes was as follows: 95°C for 2 min, 40 cycles at 95°C for 15 s and at 60°C for 30 s, and melt curve from 55°C to 95°C with increasing increments of 0.5°C per cycle.

Determination of the sex ratio in each nymphs group

For each size group (Fig. 1; x5,S, x5,M, x5,L), after engorgement, the nymphs were weighed.

Once ranked according to their body mass, one out of two engorged nymph was selected (to form groups with the same body mass distribution) and was maintained in a desiccator with a saturated magnesium sulfate solution (90% relative humidity) and 20°C, and checked every day until metamorphosis, at which point their sex could be determined.

Statistical Analysis

All analyses were performed with R (v3.6.2) within the RStudio IDE (v1.2), using ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF], dplyr (Wickham et al., 2020), tidyr (Wickham and Henry, 2020), FSA [START_REF] Ogle | FSA: Fisheries Stock Analysis[END_REF], cowplot [START_REF] Wilke | cowplot: Streamlined Plot Theme and Plot Annotations for "ggplot2[END_REF] and stats (R Core Team, 2020) packages. The density curves were first built with the built-in density function then using the geom_density function of ggplot2 which uses the kernel density estimation method and relies on the built-in density function implemented in R. Modes were obtained using a homemade function determining the maxima of each curve. The sample size of each nymphs size group (Fig. 1; x1,S, x1,M, x1,L) was restricted by the maximal number of ticks that can be deposited on an individual gerbil (80 nymphs per gerbil). Moreover, each nymph size group was subsequently split into thirds (Fig. 1; for example the smallsized group was split into x2,S, x4,S, x5,S). Finally, the qPCR method is a destructive method requiring the destruction of individual nymphs (these individuals could not be used to later determine their sex). For all these reasons, the sample size of each group considered is below 30 and thus nonparametric statistical tests were performed.The distribution equality or non-equality was determined using a Kruskal-Wallis test followed by a pairwise Dunn test, or a Wilcoxon rank sum test when only two groups were compared.

RESULTS

UNFED NYMPHS

Use of hypostome and scutum lengths to build nymph groups exhibiting different sex-ratios

Two criteria -hypostome and scutum lengths (Fig. 2) -were chosen to sort unfed nymphs in three groups (small, medium and large), as shown by the different coloured dots in Fig. 3.

Among all measurements, the hypostome measured between 0.500 and 0.733 mm with a mean length of 0.636±0.083 mm whereas the scutum gauged between 1.180 and 1.700 mm with a mean length of 1.494±0.043 mm. These morphometric variables exhibited a correlation (R 2 = 0.2819, P < 0.01). An equal number of individuals were split into three batches according to their scutum and hypostome length (see Fig. 1; x1,S, x1,M, x1,L; Table 1).

Nymph body mass before engorgement

Before engorgement, the tick body mass showed a normal distribution (102.6 -320.1 µg, mean = 199.8±35.3 µg, ±SD ), (Fig. S1). Tick body mass was lowest in the small-sized an extensive overlap among the 3 distributions is observed.

Symbiont density in unfed nymphs

In unfed nymphs, M. mitochondrii density fluctuated from no bacteria detected to 5.63 bacteria per host cell (mean 7.3e-01±1.21) (Fig. 4). The gyB/cal ratio of the small-sized nymphs (mean = 0.58±1.39, x2,S = 18) presented the highest heterogeneity of symbiont density. Values were more uniform for the large-sized nymphs (mean = 0.85±1.01, x2,L = 15), with the gyrB/cal ratio clearly close to 1 bacterium per cell (except for one outlier) (Fig. 4).

Medium-sized nymphs (mean = 0.77±1.24, x2,M = 15) appeared to cluster in two density groups, one around 0.001 and another around 1 bacterium per host cell. At this unfed nymph stage, the symbiont densities of the 3 size groups were not significantly different: none of the size groups displayed a symbiont density higher than the other (Kruskal-Wallis test, P = 0.16).

FED NYMPHS

Determination of sex ratio in each nymph size group

After moulting of individual engorged nymphs of known body mass, we obtained males and females for each size group as described in Table 1. Mortality rate was not found to be significantly different between each size group. The small-sized group exhibited a majority of males (11 males, 2 females) whereas the large-sized group exhibited a majority of females (15 females, 3 males). It should be noted that although the sex-ratios are different among the 3 groups (i.e. 85% vs 17% of males; test of given proportion, p-value < 0.001), both the small-sized and the large-sized groups contained individuals of both sexes. Regarding the body mass of engorged nymphs, nymphs that became male were significantly lighter than nymphs that became female (Fig. 5; Wilcoxon rank sum test P<1e-08).

After having merged all three size groups, the distribution of the body mass density displayed a bimodal pattern, with two clearly distinct modes (mode 1 = 2.79 mg; mode 2 = 4.75 mg) (Fig. 6). These last results allowed us to introduce a new variable, the predicted sex, determined according to the body mass of the engorged nymphs. Therefore, we inferred the predicted sex of each engorged nymph based on its body mass considering a threshold value between the two sexes set to 3.78 mg. This threshold corresponded to the minimal value observed between the two distributions (see the vertical line in Fig. 6).

The observed body mass of engorged nymphs for the small-sized group ranged from 2.16 to 5.36 mg, with a mean of 3.12±0.84 mg (Fig. 7), exhibiting a bimodal distribution (Fig S2a)

with the first (major) mode around 2.70 mg (25 individuals; predicted sex male) and the second (minor) mode around 4.60 mg (6 individuals; predicted sex female).

The body mass for the medium-sized group ranged from 2.28 to 6.21 mg (Fig. 7) (mean = 3.81±1.01 mg) with a bimodal distribution (Fig. S2b). The first mode corresponded to 18 individuals (mean body mass: 2.90 mg; predicted sex male) while the second mode corresponded to 18 nymphs (mean body mass: 4.60 mg; predicted sex female), with thus a balanced size of the 2 groups corresponding to the 2 modes.

The body mass for the large-sized group ranged from 2.48 to 6.73 mg (mean = 4.55±1.03 mg) (Fig. 7), with a bimodal distribution (Fig. S2c), the first (minor) mode with a mean around 2.90 mg (8 nymphs; predicted sex male) and the second (major) mode around 4.80 mg (29 nymphs; predicted sex female).

Without considering those bimodal distributions for each size group, the median size was 2.84 mg for the small-sized group, 3.6 mg for the medium-sized group and 4.78 mg for the large-sized group. Those 3 medians of the different size groups were significantly different (Kruskal-Wallis test, P < 1e-06), the comparisons small-medium, medium-large and smalllarge were also significantly different (post-hoc Dunn's test, P-values respectively below 1e-03, 1e-03 and 1e-07).

The density curves based on the individuals with a predicted sex clearly correspond to two gaussian distributions with different parameters (male mode = 2.74 mg; female mode = 4.79 mg) (Fig. S3).

Symbiont density in fed nymphs

A total of 106 (72.1 %, n = x3,S + x3,M + x3,L = 147; Fig. 1) nymphs engorged successfully.

Among those 106 engorged nymphs, a subset of 54 (16, 19 and 19 from the small, medium and large-sized groups respectively; Fig. 1; x4,S, x4,M and x4,L) were crushed, DNA was extracted and the symbiont density was quantified.

The gyrB/cal ratio for the small-sized group ranges from 2.2e-04 to 1.9, with a mean of 0.34±0.59 (Fig 8,S4a), exhibiting a bimodal distribution with the first mode around 1e-02 (11 individuals, predicted sex male; one gyrB value was null and cannot therefore be included in the figure) and the second mode around 1 (5 individuals, 3 predicted sex female and 2 predicted sex male). The ratio for the medium-sized group ranges from 5.6e-03 to 2.0 (Fig.

8, S4b

) (mean = 0.69±0.73), with a bimodal distribution, the first being around 1e-02 (8 individuals, predicted sex: male) and the second one being around 1 (8 individuals, predicted sex: female). The Midichloria density for the large-sized group ranges from 1.8e-03 to 7.6

(mean = 2.3±2.6) (Fig. 8,S4c), and exhibits a first mode at 1e-02 (3 individuals, predicted sex: male) and a second mode at 1 (16 individuals, predicted sex: female, except for one individual). The three groups were significantly different (Kruskal-Wallis test, P-value = 0.01), however only the small and large-sized groups were significantly different (post-hoc Dunn's test, P-value = 0.0054).

The body mass displayed a significant correlation with the log10 of Midichloria density (Spearman's rank correlation, rho = 0.8249104, P<1e-11) (Fig. 9). Two distinct groups can be recognized, with the first one (blue ellipse in Fig. 9) corresponding to nymphs with the smallest body mass (predicted sex: male) and exhibiting the lowest gyrB/cal ratios, while the other cluster (red ellipse) gathered nymphs with the highest body mass (predicted sex: female) and the highest gyrB/cal ratio.

DISCUSSION

Validation of groups of unfed nymphs with different sex-ratios based on morphometric features

To compare the growth of M. mitochondrii during engorgement in nymphs that will become either males or females, it is necessary to identify a priori (i.e. before engorgement) the sex of nymphs, using a non-destructive method (allowing future engorgement). Our strategy to build 3 groups of unfed nymphs based on morphological features (using scutum and hypostome lengths, as suggested by Dusbabek et al., 1996) and exhibiting different sexratios was successful. Following engorgement, we validated that the sex-ratios among the 3 groups (initially formed according to those morphological features) were significantly andS2). Indeed, while the overlap between the body mass distribution of unfed nymphs is too broad to allow sex determination (as it did not exhibit a bimodal pattern; Fig. S1), once engorged, nymphs that will become females are significantly heavier than nymphs that will become males, with no overlap between the two body mass distributions observed where the highest body mass for an engorged male-to-be nymph was 3.60 mg (n = 22) and the smallest body mass for an engorged female-to-be nymph was 3.92 mg (n = 25) (Fig. 5). This last observation confirms previously published results on I. ricinus (Dusbábek et al., 1995(Dusbábek et al., , 1994;;[START_REF] Jongejan | Gross morphological changes in the salivary glands of Ixodes ricinus (Acari, Ixodidae) between bloodmeals in relation to active uptake of atmospheric water vapour[END_REF].

Similar observations have been made on other tick species (I. rubicundus (Belozerov et al., 1993), I. scapularis (Hu and Rowley, 2000), Amblyomma americanum, A. maculatum, Dermacentor variabilis, Rhipicephalus sanguineus sensu lato (Nagamori et al., 2019)), however this is not strictly the case for all tick species (see for instance D. andersoni (Nagamori et al., 2019). Although the differences based on morphological features and engorged body mass between nymphs that will become either males or females were already known (Dusbabek et al., 1996), we are not aware of any studies on ticks published to date that have been able to build groups exhibiting different sex-ratios before engorgement. This strategy that we have validated through our experimental approach can now be used to investigate not only symbiont load in sexually immature stages, but any other biological traits that would aim to compare nymphs that will become males with those going on to become females.

Use of Midichloria load in individual nymph to determinate their sex

Regarding unfed nymphs, there are no significant differences in Midichloria load between the three groups of nymphs (Fig. S1). Thus, the overlap in Midichloria load between nymphs that will become males and those that will become females is too extensive to predict the sex of adult I. ricinus. Firstly, the reduced sample size of our data set may partly explain the absence of significant differences observed among the 3 groups. However, even with a larger sample size, it would be difficult to assign a sex to an individual nymph with a high level of confidence, because intermediate values of the gyrB/cal ratio (e.g. 1e-2) are observed in the small-sized group of nymphs (Fig. 4). Secondly, the lack of significant differences among the 3 groups of unfed nymphs could be due to the heterogeneity in symbiont load among individual nymphs within a given sex, as suggested by the wide range of gyrB/cal ratios observed within a given group (Fig. 4). This inter-individual variability may be explained by differences in primordium development among individuals at such an early stage of the development of the gonad tissue.

Concerning fed nymphs, even if there is a clear difference in Midichloria load between the nymphs that will become males and those that will become females (see the ellipses in Fig. 9), there is still an overlap of the 2 distributions of endosymbiont density. The addition of the information corresponding to engorgement body mass is thus needed to predict whether an individual nymph will become a male or a female.This may be due to interindividual variations in Midichloria load prior to engorgement (as observed in [START_REF] Duron | Tick-Bacteria Mutualism Depends on B Vitamin Synthesis Pathways[END_REF]. Even if the engorgement is clearly responsible for an increasing difference in Midichloria load according to sex, those differences are not sufficient to identify the sex of an individual nymph.

Evolution of Midichloria load in nymphs following engorgement according to their sex

Our study aimed to obtain an accurate comparison of the M. mitochondrii density in I. ricinus nymphs before and after engorgement and in nymphs that will become either males or females. The rationale was based on the fact that Midichloria symbionts are found at a high density in females and are at a very low density -or even completely absent -in males. Until now, only limited data were available to establish the dynamics of this symbiont following the engorgement of its arthropod host. Only the study by [START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF] partially investigated this point and revealed an extensive interindividual heterogeneity of Midichloria load, especially in fed nymphs. First, our results clearly demonstrate that Midichloria load is significantly different in engorged nymphs that will become males compared to those becoming females, with higher Midichloria loads in engorged nymphs that will become females (Fig. 8, 9, S4 and S5). The extensive inter-individual heterogeneity of Midichloria load observed in fed nymphs investigated by [START_REF] Sassera | Candidatus Midichloria" Endosymbionts Bloom after the Blood Meal of the Host, the Hard Tick Ixodes ricinus[END_REF] could thus be due to the mixture of both males and females, each harbouring a highly different Midichloria load.

Those results also suggest that the dynamics of Midichloria in its arthropod host are different according to its sex. As with all intracellular vertically transmitted symbionts [START_REF] Vautrin | Interactions between vertically transmitted symbionts: cooperation or conflict?[END_REF], males are a dead end for Midichloria. Moreover, in the particular case of hematophagous arthropods, as I. ricinus males only very rarely bite vertebrates [START_REF] Balashov | Bloodsucking ticks (Ixodoidea)-vectors of disease in man and animals[END_REF], they probably have limited or null participation in potential horizontal transmission of Midichloria via the vertebrate host. Such a horizontal transmission may be possible in the case of females, as suggested by the observation of this symbiont in salivary glands and even in vertebrate blood during an experimental investigation (Cafiso et al. 2018) and also by the incomplete co-cladogenesis between the symbiont and the arthropod phylogenies [START_REF] Al-Khafaji | Multi-locus sequence typing of Ixodes ricinus and its symbiont Candidatus Midichloria mitochondrii across Europe reveals evidence of local co-cladogenesis in Scotland[END_REF][START_REF] Epis | Midichloria mitochondrii is widespread in hard ticks (Ixodidae) and resides in the mitochondria of phylogenetically diverse species[END_REF][START_REF] Mariconti | Humans parasitized by the hard tick Ixodes ricinus are seropositive to Midichloria mitochondrii: is Midichloria a novel pathogen, or just a marker of tick bite?[END_REF]. The observed differences in Midichloria load between nymphs that will become males versus females may thus be due to the different development of gonad primordia (i.e. testes in males versus ovaries in females).

As Midichloria is known to be especially abundant in ovarian tissue [START_REF] Olivieri | Tissue tropism and metabolic pathways of Midichloria mitochondrii suggest tissue-specific functions in the symbiosis with Ixodes ricinus[END_REF][START_REF] Sacchi | A symbiont of the tick Ixodes ricinus invades and consumes mitochondria in a mode similar to that of the parasitic bacterium Bdellovibrio bacteriovorus[END_REF], the ovarian primordium in fed nymphs that will become females may be more developed than in unfed nymphs and thus may explain the increase in Midichloria load between unfed and fed nymphs. Because the difference in Midichloria load between males and females nymphs was observed only in fed nymphs and not in unfed nymphs, we argue that the sole presence of the Y chromosome in males nymphs is not sufficient to explain the observed difference in Midichloria density (otherwise it would also be observed in unfed nymphs). The positive relationship between body mass and gyrB/cal ratio observed in figure 9 could be interpreted as linear (id est "whatever the sex of the nymphs") and resulting from the fact that more metabolite are available in nymphs that will become females due to their larger blood meal. Alternatively, the 2 ellipses in the figure 9 (corresponding to the males and females-to-be nymphs respectively) could also be considered as exhibiting each a different slope, hence suggesting a different (non-linear) mechanism involved in Midichloria multiplication between the 2 sexes Like other maternally transmitted symbionts, when located in the somatic line, the bacteria may exhibit a reduced multiplication relative to the one observed in the germinal line. Indeed, only the tissues corresponding to the germinal line contribute to the vertical transmission of the symbiont in its host offspring [START_REF] Christensen | Quantitative methods for assessing local and bodywide contributions to Wolbachia titer in maternal germline cells of Drosophila[END_REF]. Nymph dissection to extract ovarian primordia and quantify Midichloria in this tissue could be conducted to investigate if there is an increasing density of Midichloria in those cells or if the load increases due to the development of these primordia and cell division. Finally, additional investigations, such as the comparison of the dynamics of Midichloria in male versus female adult tissues (including gonads), before and after engorgement, could also be conducted to provide new information concerning the different fates of the symbiont between the two sexes. .

Beside the potential role of endosymbionts as vitamin providers for their arthropod host, it has been recently demonstrated that the endosymbionts Midichloria sp., in combination with the Francisella-like endosymbionts, are involved in the vectorial competence of Rickettsia parkeri by Amblyomma maculatum [START_REF] Budachetri | The tick endosymbiont Candidatus Midichloria mitochondrii and selenoproteins are essential for the growth of Rickettsia parkeri in the Gulf Coast tick vector[END_REF]. We thus argue that a better knowledge of the multiplication pattern of endosymbionts in immature stage could also be useful to understand the role of Midichloria and its consequences on tick biology as well as the interplay between the symbiont and its arthropod host. 
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  Body mass of both unfed and engorged nymphs was measured with an ultra microbalance (Sartorius, Cubis MSA2). Hypostome and scutum lengths were used to divide the nymph population into three initial groups (small, medium and large size; x1,S, x1,M and x1,L; Fig. 1) with an equal number of individuals. Ticks of each size group were then divided into three treatment lots (Fig. 1; x2, x3, x4), and submitted to the following: (a) DNA extraction and qPCR targeting Midichloria mitochondrii on individual unfed nymphs (Fig. 1; x2,S, x2,M and x2,L), engorgement of nymphs on a gerbil (Fig. 1; x3,S, x3,M, x3,L), followed by either (b) DNA extraction and qPCR of individual engorged nymphs (Fig. 1; x4,S, x4,M, x4,L), or (c) molting to establish sex ratios in each of the 3 size groups (Fig. 1; x5,S, x5,M, x5,L).

  group (mean = 174.5±29.1 mg, x1,S = 65) average in the medium-sized group (mean = 203.9±26.8 mg, x1,M = 65), and highest in the large-sized group (mean = 221.1±32.8 mg, x1,L = 65). Although the 3 distributions were significantly different (Kruskal-Wallis test P < 1e-14),

  different. The differences in sex-ratio among the 3 groups (of unfed nymphs i.e. x1,S, x1,M and x1,L) were also confirmed by the engorged nymphs body mass (x3,S, x3,M, x3,L) where the sample size of each of the two modes (corresponding to males [the lightest] and females [the heaviest] respectively) are clearly different among the 3 groups (Fig. 7

Fig. 1 .

 1 Fig. 1. Experimental design and creation of the size groups (x1,S, x1,M, x1,L). The size groups were each subdivided into two groups, one to measure the Midichloria density at the unfed stage (around one third of x1, x2,S, x2,M, x2,L), the other to perform the blood meal (around two thirds of x1, x3,S, x3,M, x3,L). The x3 groups were weighed then divided into two subgroups, one to measure the Midichloria density at the fed stage (around half of x3, x4,S, x4,M, x4,L), the other to determine the sex of the imago (around half of x3, x5,S, x5,M, x5,L).

Fig. 2 :

 2 Fig. 2: Ixodes ricinus nymph. Hypostome and scutum lengths were measured as indicated by the grey arrows.

Fig. 3 :

 3 Fig. 3: Composition of the three groups (small, medium, large) based on the hypostome and scutum length, measured at the unfed stage. Blue dots -small (x1,S), green dots -medium (x1,M), red dots -large (x1,L). (R2 = 0,2819, P < 0.01). The unit used for scutum and hypostome lengths is 10^-4 m.

Fig. 4 :

 4 Fig. 4: Ratio gyrB/cal indicating the Midichloria mitochondrii density, in the different unfed nymph groups.

Fig. 5 :

 5 Fig. 5: Body mass of engorged nymphs. Sex determination of those nymphs corresponded this time to the observed sex as it was based on the sex of the adults obtained after moulting of engorged nymphs (that were weighed prior to metamorphosis).

Fig. 6 :

 6 Fig. 6 : Density estimator of the body mass (a) with all engorged nymphs from the 3 groups (small, medium, large) merged. The vertical line indicates the minimum between the two modes (body mass = 3.78).

Fig. 7 :

 7 Fig. 7: Violin plot of the body mass according to the fed nymph groups.

Fig. 8 :Fig. 9 :

 89 Fig. 8: Individual gyrB/cal ratios of fed nymphs in the three size groups.
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