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Introduction

Wolbachia pipientis is an endosymbiotic bacterium found in a large number of nematode and arthropod species, including insects [START_REF] Hilgenboecker | How many species are infected with Wolbachia? -a statistical analysis of current data: Wolbachia infection rates[END_REF][START_REF] Weinert | The incidence of bacterial endosymbionts in terrestrial arthropods[END_REF]. The overall record of interactions between Wolbachia and . CC-BY 4.0 International license made available under a (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

The copyright holder for this preprint this version posted August 4, 2023. ; https://doi.org/10.1101/2023.08.02.551598 doi: bioRxiv preprint 3 their hosts is highly variable, ranging from parasitism to mutualism. The ability of Wolbachia to manipulate the reproduction of their hosts at the advantage of its own transmission is the most widespread facet of these interactions [START_REF] Werren | Wolbachia: master manipulators of invertebrate biology[END_REF]. Cytoplasmic incompatibility (CI) is one such manipulation. CI is the consequence of a sperm modification that occurs during spermatogenesis in the infected male. When an infected male mates with an infected female, the modification is restored and the cross produces offspring. If the female is uninfected, the modification is not restored which, in diploid species, causes a malfunction during the first mitotic divisions, resulting in embryo death [START_REF] Werren | Biology of Wolbachia[END_REF]. Hence, infected females have more offspring on average than uninfected females because they can produce offspring with all types of males, be they infected or not. Since Wolbachia is transmitted maternally and vertically, these females are more likely to transmit the incompatible strain, thus promoting its spread [START_REF] Turelli | Rapid spread of an inherited incompatibility factor in California Drosophila[END_REF].

The high invasion success of Wolbachia combined with its ability to reduce the transmission of viruses or other pathogens [START_REF] Flórez | Defensive symbioses of animals with prokaryotic and eukaryotic microorganisms[END_REF][START_REF] Ross | Evolutionary ecology of Wolbachia releases for disease control[END_REF], as piqued the interest of epidemiologists. Disease-vector control strategies have been developed based on the introduction of individuals artificially infected with a virus-blocking exogenous incompatible strain of Wolbachia into a target population. The reproductive advantage of infected females favors the invasion of the virus-blocking strain, which increases in frequency until it becomes the majority or fixed strain. In the event of a resident strain not inducing CI is present in the population, it would be replaced by the introduced incompatible strain, which results in a host population infected with a Wolbachia strain with traits of interest for pest control. For instance, such a replacement strategy has been shown to be effective in suppressing dengue transmission by the mosquito Aedes aegypti [START_REF] Hoffmann | Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission[END_REF].

In order to optimize the success of such Wolbachia replacement programs, it is necessary to identify the factors that influence Wolbachia invasion dynamics. Historically, most theoretical models of CI dynamics are analogous to population genetic models and have focused on the evolution of the frequencies of an incompatible strain within the host population, neglecting the specificities of host population dynamics [START_REF] Caspari | On the evolutionary importance of cytoplasmic sterility in mosquitoes[END_REF][START_REF] Fine | On the dynamics of symbiote-dependent cytoplasmic incompatibility in culicine mosquitoes[END_REF][START_REF] Hoffmann | Factors affecting the distribution of cytoplasmic incompatibility in Drosophila simulans[END_REF][START_REF] Hurst | The incidences and evolution of cytoplasmic male killers[END_REF][START_REF] Turelli | Evolution of incompatibility-inducing microbes and their hosts[END_REF]. Only a limited number of host demographic parameters directly affecting changes in frequencies were considered, and assumed to be constant [START_REF] Hoffmann | Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission[END_REF][START_REF] Turelli | Evolution of incompatibility-inducing microbes and their hosts[END_REF][START_REF] Walker | The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti populations[END_REF]. These models predict the existence of a critical infection frequency, referred to as the invasion threshold, above which an . CC-BY 4.0 International license made available under a (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

The copyright holder for this preprint this version posted August 4, 2023. ; https://doi.org/10.1101/2023.08.02.551598 doi: bioRxiv preprint 4 incompatible strain will deterministically invade the host population. The threshold depends on three parameters: the intensity of infection-induced CI, the success of maternal transmission and the costs resulting from infection, such as reduced fertility. More recently, Hancock et al. [START_REF] Hancock | Population dynamic models of the spread of Wolbachia[END_REF][START_REF] Hancock | Density-dependent population dynamics in Aedes aegypti slow the spread of wMel Wolbachia[END_REF][START_REF] Hancock | Predicting Wolbachia invasion dynamics in Aedes aegypti populations using models of density-dependent demographic traits[END_REF] added density dependence on host demographic parameters in order to study Wolbachia invasion dynamics with more realistic assumptions. They concluded from different models that the intensity of competition, by varying the reproductive success of individuals, significantly reduces the ability of Wolbachia to invade a population [START_REF] Hancock | Density-dependent population dynamics in Aedes aegypti slow the spread of wMel Wolbachia[END_REF][START_REF] Hancock | Predicting Wolbachia invasion dynamics in Aedes aegypti populations using models of density-dependent demographic traits[END_REF].

The ability of Wolbachia to invade may serve another pest management strategy, alternative to the drive of interesting characters. In a landmark publication, Dobson et al. [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF] have proposed a novel CIbased insect pest suppression strategy based on Wolbachia invasion. They extended classical CI models by assuming realistic host population dynamics with density dependent survival of immature stages and parameter values taken from the insect literature. They simulated the introduction of an incompatible Wolbachia strain into a host population that had reached carrying capacity. While the incompatible strain spreads through the population, the frequency of incompatible crosses increased, resulting in a transient reduction in host population size. Population size declined to a minimum when the proportions of infected and uninfected individuals were similar, and then increased again when the incompatible strain became the majority. One of their predictions is that the minimum population size reached during invasion is influenced not only by Wolbachia's own invasion parameters, but also by demographic parameters intrinsic to host populations. For instance, under conditions of high host reproductive rate and intraspecific competition, the demographic consequences of CI may go unnoticed.

The transient population decline caused by Wolbachia-induced cytoplasmic incompatibility, as predicted by Dobson et al. [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF], is a form of demographic destabilization that, in conjunction with other processes, could cascade towards population extinction. As other process, the Allee effect is an excellent candidate. It is characterized by population growth rate decreasing with the decrease of the population size, which triggers an extinction vortex if the growth rate becomes negative below a critical number of individuals (the Allee threshold) or if the growth rate remains positive but combines with stochasticity. The Allee effect has thus been envisioned as a catalyst for extinction upon which [START_REF] Liebhold | Population ecology of insect invasions and their management[END_REF][START_REF] Tobin | Exploiting Allee effects for managing biological invasions[END_REF][START_REF] Fauvergue | A review of mate-finding Allee effects in insects: from individual behavior to population management[END_REF][START_REF] Liebhold | Eradication of invading insect populations: from concepts to applications[END_REF][START_REF] Lampert | Combining multiple tactics over time for cost-effective eradication of invading insect populations[END_REF]. Building on these ideas, Blackwood et al. [START_REF] Blackwood | A cascade of destabilizations: combining Wolbachia and Allee effects to eradicate insect pests[END_REF] assumed an Allee effect to investigate the conditions under which CI expression would serve pest eradication. To this end, they simulated Wolbachia introductions into populations affected by a more or less intense Allee effect. When the Allee effect was strong and the population reproduction rate low, the model predicted that the minimum population size reached during Wolbachia invasion would fall below the Allee threshold, leading to population extinction. On the other hand, at high reproduction rates, the transient reduction induced by CI was not large enough to bring the population size below the Allee threshold.

The theoretical models of Dobson et al. [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF] and Blackwood et al. [START_REF] Blackwood | A cascade of destabilizations: combining Wolbachia and Allee effects to eradicate insect pests[END_REF] are of major interest for insect pest management but, to our knowledge, they have not been tested yet. We are unaware of any empirical evidence of either transient population declines caused by the invasion of an incompatible Wolbachia strain and subsequent increase in CI or population extinctions if CI combines with an Allee effect. We therefore initiated a research program using these models as a general theoretical framework and Drosophila suzukii as a model organism. The present article reports our first findings.

There are several reasons for choosing Drosophila suzukii as a model organism. First, D. suzukii is a major invasive pest of berry and stone fruit crops, including cherries, blueberries, raspberries, blackberries, peaches, nectarines, apricots, grapes, etc… [START_REF] Asplen | Invasion biology of spotted wing Drosophila (Drosophila suzukii): a global perspective and future priorities[END_REF]. Native from Southeast Asia, D. suzukii was first reported in the USA and Europe in the late 2000s and continues to spread worldwide (e.g. Africa; [START_REF] Hassani | First occurrence of the pest Drosophila suzukii (Diptera: Drosophilidae) in the Comoros Archipelago (Western Indian Ocean)[END_REF][START_REF] Boughdad | First record of the invasive spotted wing Drosophila infesting berry crops in Africa[END_REF][START_REF] Kwadha | Detection of the spotted wing drosophila, Drosophila suzukii, in continental sub-Saharan Africa[END_REF]). Unlike other Drosophila species, the serrated ovipositor of D. suzukii allows females to lay eggs under the skin of ripening or mature fruits, causing significant damage to cultivated fruits and consequently, huge economic losses [START_REF] Asplen | Invasion biology of spotted wing Drosophila (Drosophila suzukii): a global perspective and future priorities[END_REF]. This calls for research to develop environmentally friendly methods to control this major agricultural pest. Second, D. suzukii is naturally infected with Wolbachia. Contrary to the common observation of "most-or-few" infection frequencies, the prevalence of the resident wSuz strain in European populations is highly variable, averaging 46% [START_REF] Cattel | Wolbachia in European populations of the invasive pest Drosophila suzukii: regional variation in infection frequencies[END_REF].

This infection polymorphism could be a consequence to the fact that wSuz induced no or weak CI [START_REF] Cattel | Wolbachia in European populations of the invasive pest Drosophila suzukii: regional variation in infection frequencies[END_REF][START_REF] Hamm | Wolbachia do not live by reproductive manipulation alone: infection polymorphism in Drosophila suzukii and D. subpulchrella[END_REF] as well as the variable benefits and costs of wSuz protection from viruses [START_REF] Cattel | Wolbachia-mediated protection against viruses in the invasive pest Drosophila suzukii[END_REF]. Third, we capitalized on a strong body of experimental work based on the transinfection of D. suzukii with various Wolbachia strains, including wHa and wTei, which produce cytoplasmic incompatibility [START_REF] Cattel | Back and forth Wolbachia transfers reveal efficient strains to control spotted wing Drosophila populations[END_REF][START_REF] Nikolouli | Sterile insect technique and Wolbachia symbiosis as potential tools for the control of the invasive species Drosophila suzukii[END_REF][START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF]. Finally, the expression of negative density dependence on individual performance has already been observed in D. suzukii [START_REF] Hardin | Diet quality mitigates intraspecific larval competition in Drosophila suzukii[END_REF]. Under experimental conditions with high larval densities, some individuals were observed to leave the breeding site, which was interpreted as a response to intraspecific competition for resources [START_REF] Da Silva | Intraspecific competition affects the pupation behavior of spotted-wing Drosophila (Drosophila suzukii)[END_REF]. While the Allee effect has not yet been demonstrated in D. suzukii, it has been documented in other closely related Drosophila species [START_REF] Wertheim | Allee effect in larval resource exploitation in Drosophila : an interaction among density of adults, larvae, and micro-organisms[END_REF].

The aim of this study is to estimate the strength of positive and negative density dependence in D.

suzukii and to test the effect of Wolbachia-induced CI on the dynamics of experimental populations.

In this article, we report the absence of an Allee effect under our laboratory conditions. In contrast, we found strong negative density dependence resulting in logistic population growth. Finally, we found no effect of introducing an incompatible Wolbachia strain on D. suzukii population dynamics. We discuss these results in the light of the models developed by Dobson et al. [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF] and Blackwood et al.

[24] and hypothesize that negative density dependence may have much stronger influences than expected on Wolbachia invasion and the demographic consequences of cytoplasmic incompatibilities.

Materials and methods

Insect rearing

Two lines of D. suzukii have been maintained in the laboratory since 2018, i.e., for around 24 generations before experiments. These lines were infected with either wSuz, the strain naturally present in D. suzukii [START_REF] Cattel | Wolbachia in European populations of the invasive pest Drosophila suzukii: regional variation in infection frequencies[END_REF][START_REF] Hamm | Wolbachia do not live by reproductive manipulation alone: infection polymorphism in Drosophila suzukii and D. subpulchrella[END_REF][START_REF] Siozios | Draft genome sequence of the Wolbachia endosymbiont of Drosophila suzukii[END_REF] or the exogenous Wolbachia strain wTei, the natural symbiont of D. teissieri. The latter was selected because of the incompatibility induced by transinfected D. suzukii males when crossed with wSuz-infected females [START_REF] Cattel | Back and forth Wolbachia transfers reveal efficient strains to control spotted wing Drosophila populations[END_REF][START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF]. The three lines were reared on cornmealbased food medium containing, per 1 liter of water: 10 g agar, 80 g corn flour, 80 g brewer's yeast and 60 ml moldex (100 g methyl hydroxybenzoate in 1L 70% ethanol). Rearing, as well as all experiments, occurred in a climatic chamber at 23-24°C, 50-60% humidity and a photoperiod of 12h-12h.

Experiment 1. Estimation of population size

In order to estimate accurately the number of flies in population cages, we developed a rapid method based on insect counts on photographed cages. Prior to experiments, we assessed the relevance of this method. For this, between 4 and 396 individuals were introduced into 59 cubic experimental cages (21 cm x 21 cm x 21 cm) made of fine-mesh fabric and a transparent plastic wall. The cages were then photographed using a Nikon N750D camera and a Nikon lens (AF-S Micro Nikkor 60mm f/2.8G ED). Visible Individuals were counted on a computer using the software ImageJ 1.52 [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] on three predefined areas (S1 Supporting information) : (i) individuals appearing only on the back wall (area n°1), (ii) individuals appearing on the whole surface except the left side and the cage floor (area n°2), or (iii) only individuals appearing on the front wall (area n°3) . Areas n°1 and n°2 were respectively used for the experiments 2 and 3. Area n°3 was not used in the present study, but it will be used in follow-up experiments. For each area, linear regressions between the numbers of individuals on pictures and the total numbers in the cage were fitted, and the coefficients of determination R 2 estimated. Kolmogorov-Smirnoff tests, from the DHARMa package in R, were used to test normality of the residual distribution. These and the following statistical analyses were carried out using R 4.2.2 software (core team 2022).

Experiment 2. Early dynamics of small populations

Founding populations

This experiment aimed at quantifying a demographic Allee effect, i.e., positive density dependence at low population size. To this end, we founded D. suzukii populations with a range of initial number of individuals and estimated subsequent growth rates. Fifty-two populations were initiated with pairs of <24 hour-old virgin individuals. We manipulated the number of pairs: 1 (N=13, N being the number of replicated populations), 3 (N=13), 10 (N=10), 30 (N=8) and 100 (N=8). For each population, the pairs were introduced into a cage as described above. Replicates were distributed across four blocks spaced one week apart. Weekly, flies were provided with a new oviposition patch consisting of 100 ml (75 mm diameter) rearing medium supplemented with a fresh raspberry. As the generation time was around two weeks in our rearing conditions, each patch was exposed three weeks to ascertain that eggs laid in the patch yielded new adults emerging into the cages. Immature drosophila developed by feeding on the rearing medium whereas adult flies were supplied with water and honey three times a week. To estimate population size, each cage was photographed once a week. Populations were followed nine weeks post foundation; generations were completely overlapping, but if they were discrete, nine weeks would represent 4 to 5 generations of D. suzukii.

Fitting an exponential growth model

The early dynamics of populations founded with a small number of individuals is expected to depend on initial population size and the strength of an Allee effect. In the absence of an Allee effect, exponential population growth is expected. With a weak Allee effect, exponential growth is also expected, but the growth rate should be lower for initially small populations (e.g., 1 pair, 3 pairs, etc.) than for larger ones (e.g., 100 pairs). With a strong Allee effect, populations of initial size smaller than the Allee threshold should go extinct whereas populations initially above the Allee threshold should increase exponentially, with a growth rate again depending on population size. We tested these predictions by counting populations that went extinct and estimating the growth rate of those that persisted. The growth rate (r) was estimated by fitting a simple exponential growth model such as Nt = N0 exp( r t ) to each population time series, excluding the last week at which the largest populations had stopped increasing. Also, due to missing values, 5 populations out of the 52 founded were discarded. In practice, we fitted weekly counts with a generalized linear model based on a Poisson distribution and a log link function, i.e., log( Nt ) = log( N0 ) + r t. The initial number of individuals observed just after the populations had been founded was defined as an offset (log N0), that is, a parameter included in the model but not estimated. Growth curves and estimated growth rates r were obtained for each population. A linear regression was then used to analyze the effect of the number of founders on growth rate.

Testing density dependence

A complementary method to test for positive density dependence is to assess the relation between the proportion p of populations growing between t and t+1 and the population size at time t. Analyzing p rather than individual counts circumvents the high sampling variance at low numbers and the consequent spurious estimations of growth rates [START_REF] Tobin | Invasion speed is affected by geographical variation in the strength of Allee effects[END_REF]. With an Allee effect, we expect p to increase with population size at low population size, with p=0.5 being the Allee threshold. Independently of the experimental manipulation of initial population size, we associated all possible pairs of Nt and Nt+1 for each of the 48 populations at each weekly interval. A population was considered stable or growing for Nt+1  Nt (further referred to as a growing population given the low number of pairs, 14 of 410 pairs, with Nt+1 = Nt) or decreasing otherwise. We then calculated the proportion p of growing populations within 18 classes of population sizes (1-49, 50-99, …, 850-899). This proportion was fitted with a logistic regression to test three alternative hypotheses: a null model suggesting no relation between population size and growth (p = 0); a standard model suggesting a linear relation (p = 0 + 1 Nt); a polynomial model allowing a non-linear relationship (p = 0 + 1 Nt + 2 Nt 2 ). The third model is well suited to describe bell-shaped curves that characterize populations with both an Allee effect and negative density dependence. The AIC was used to select the best model.

Experiment 3. Wolbachia invasion and consequent population dynamics Experimental populations

The aim of this experiment was to assess changes in D. suzukii population dynamics caused by the introduction of individuals infected with an incompatible Wolbachia strain. To this end, we founded eight populations with 100 wSuz-infected individuals (sex ratio 1:1) aged 3 to 5 days. Each population was studied continuously across three distinct periods, for a total of 23 weeks: a first period of population growth (5 to 8 week); a seven-week period of dynamic equilibrium around the carrying capacity, starting upon observation of the first decrease in number; a post-introduction period (8 to 11 weeks) starting upon the introduction of infected flies. Populations were maintained as in the previous experiment, with a new reproduction patch provided weekly and exposed during three weeks, and water and honey to feed adults three times a week. Cages were again photographed every week for estimation of population sizes. The experiment could have last longer but was terminated due to the covid crisis.

Introducing Wolbachia and characterizing infection status

Individuals introduced after the seven-week period of dynamic equilibrium were infected by either wSuz for the four "Control" populations or wTei for the four "IC" populations. The number introduced was equal to 10% of the mean number of individuals across the period of equilibrium. Before introduction, we verified the fixation of wSuz for all populations by genotyping 20 individuals per population (methods below). After introduction, we monitored the evolution of wTei frequencies over time in the four CI populations. For this, we randomly sampled 20 individuals per week and stored them in 99% ethanol at -20°C until analysis. Individual infection status was assessed via HRM (High Resolution Melting; [START_REF] Henri | High-Resolution Melting technology: a new tool for studying the Wolbachia endosymbiont diversity in the field[END_REF], a genotyping method that allows the detection of changes in the melting profiles of double-stranded DNA. For each individual, DNA was extracted using Macherey Nagel's NucleoSpin kit. Wolbachia-specific primers 81f (5'-TGGTCCAATAAGTGATGAAGAAAC-3'; Braig et al, 1998) and 2R (5'-CAGCAATTTCAGGATTAG -3'; [START_REF] Henri | High-Resolution Melting technology: a new tool for studying the Wolbachia endosymbiont diversity in the field[END_REF] were used to amplify the wsp ("Wolbachia Surface Protein") gene. PCRs were performed in a 10 μL volume containing 500nM primers, 1X Precision Melt Supermix (Biorad), containing dNTPs, iTaqTM DNA polymerase, MgCl2, EvaGreen buffer, stabilizers, and 2 μL of 10-fold diluted DNA. Cycle conditions were 95°C for 2 min, then 30 sec at 95°C, 30 sec at 54°C and 30 sec at 72°C for 40 cycles, followed by 30 sec at 95°C and 1 min at 60°C (Biorad CFX96).

Estimating carrying capacity

The eight populations were studied over enough time to estimate the carrying capacity K in our environmental conditions. For this, we fitted non-linear regressions to the number of adults observed each week, from foundation to the introduction of infected flies (first and second time periods). Three candidate population growth models were fitted: Gompertz, logistic, and Weibull. SSlogis, SSgompertz and SSweibull functions in R were used to obtain the initial parameter values for each candidate model (so-called "selfStart" models). All these models share one parameter, the asymptotic population size defined as the carrying capacity. The AIC and root-mean-square error (RMSE) were then used to select the best of the three models fitted to each population.

Testing the consequences of CI on population dynamics

Evolution of the frequency of wTei-infected individuals was analyzed using a generalized linear mixed model based on a negative binomial distribution and a logit link function, with time as a fixed effect and population as a random effect. We excluded the first period of population growth to focus on the influence of introducing incompatible Wolbachia on the dynamics of populations that had reached carrying capacity. The main prediction tested here is that the introduction of individuals infected by the incompatible wTei Wolbachia strain should lead to a decline in population size, co-occurring with the invasion of wTei and subsequent increase in the proportion of incompatible crosses. This decline should not be observed in control populations with introductions of individuals infected by wSuz. We thus fitted the following model:

𝑁 = 𝛽 + 𝛽 • 𝑡 + 𝛽 • 𝑖𝑛𝑡𝑟𝑜 + 𝛽 • 𝑡 • 𝑖𝑛𝑡𝑟𝑜 + 𝛽 • 𝑡 • 𝑖𝑛𝑡𝑟𝑜 • 𝑠𝑡𝑟𝑎𝑖𝑛 + 𝜀
where Nijt is the number of individuals in populations of introduction status i (before vs after introduction; variable intro in the model) having undergone treatment j (introduction of wTei or wSuz;

variable strain in the model) at time t relative to the introduction (rescaled so that t=0 upon introduction). This model allowed to test four predictions (Fig 1).

 H1: Control and CI populations were at equilibrium before introduction so that there should be no effect of time during the seven weeks prior to the introduction (𝛽 = 0).  H2: Introductions should result in an immediate but small increase in population size (𝛽 ≠ 0).  H3: Introductions may destabilize populations from equilibrium and hence, induce a change in the effect of time on population size (𝛽 ≠ 0).  H4: The latter change is expected to be affected by the strain, with wTei, contrary to wSuz, inducing a decrease in population size (𝛽 ≠ 0). These four hypotheses were tested with likelihood ratio tests between models with and without the variable or interaction concerned.

Results

Estimation of population size (experiment 1)

In order to estimate population size, we counted adult flies on pictures of three different areas of the experimental cages. Whatever the area considered, we found a clear relationship between the number counted on pictures and the total number of flies in the cages (Fig 2). Linear regressions were characterized by high coefficients of determination: R 2 =0.99 for the first two areas and R 2 =0.86 for the last area. Kolmogorov-Smirnov tests confirmed the normal distribution of errors, and hence, an absence of sampling bias (Fig 2 ; KS test: p=0.83, 0.85, and 0.34 for areas 1, 2 and 3 respectively).

Early dynamics of small populations (experiment 2)

None of the newly founded populations went extinct, even introducing a single pair. Population growth during the first eight weeks was well described by an exponential model, regardless of the number of founding pairs (Fig 3). The estimated growth rate r was influenced by initial population size (Anova, F4,42 = 14.6, p =1.47 • 10 -7 ). Contrary to expectation with an Allee effect, the growth rate r was highest at smallest population sizes, from 1.73 ± 0.03 for single pairs to 1.4 ± 0.04 for 100 pairs. The detailed analysis of week-to-week variations in population sizes confirmed the absence of Allee effect. Among the three alternative models, the second order polynomial logistic regression best fitted the proportion of increasing populations (AIC=61.3, versus 82.9 for the null model and 63.5 for linear regression). The resulting model (logit p = 1.814 + 2.014 • 10 -03 Nt -1.056 • 10 -05 Nt 2 ) suggests that the proportion of populations growing between consecutive weeks (p) peaks at a population size of about Nt=95 individuals. This is the population size at which the derivative of the above equation equals zero.

However, the predicted value of p for this "optimal" population size (p=0.87) is not different from that predicted for Nt=0, i.e. the intercept: p=0.86 [0.77; 0.92]. Thus, despite a second-order logistic regression best fitting the data, there is no evidence of an Allee effect. This also appears clearly in Fig 4.

Altogether, these results suggest an absence of Allee effect in our conditions. Rather, the decrease in population growth with increasing population size reflects negative density dependence.

Reaching carrying capacity (Experiment 3)

The eight experimental populations studied over a longer time period were well described by Gompertz, Logistic or Weibull population growth models (Table 1). Notwithstanding slightly different shapes, these three models are characterized by a plateau, the carrying capacity, K (Fig 5). Although the estimated values of K varied between populations, they were of similar order of magnitude, between 455 and 593 (Table 1). This carrying capacity was reached after five to eight weeks.

Consequences of cytoplasmic incompatibilities at carrying capacity (Experiment 3)

To test the effect of introducing CI into a recipient population of D. suzukii, we fitted a generalized linear model to population size, with a negative binomial distribution of errors and a log link function (Fig 6). The variance in numbers within replicate was low (5.3 x 10 -12 ) so we added no random effect. Hypotheses H1 to H4 were tested via likelihood ratio tests for comparisons of models with and without parameters under scrutiny.



H1: as expected from the design of the experiment, prior to the introductions of infected  H4: most importantly, this absence of effect of introduction on population dynamics was consistent for the two strains of Wolbachia, i.e., the interaction time  strain after introduction was not significant (test for parameter 4=-0.02; LR1,135=3.11, p=0.08). A trend in the expected direction can be observed and could be responsible for this marginally significant test, but this trend seems to be partly driven by only few data points (Populations 6 and 8; Fig 6).

Given the importance of this latter test and the low p-value, we complemented the parametric analysis with a chi-square test to compare the proportion of weekly observations where population sizes were below and above the carrying capacity. Before introduction, 53% (15/28) and 64% (18/28) observations were below K for control and IC populations respectively, and these proportions did not differ ( 2 = 0.30, p=0.59). After introduction 38% (14/37) observations were below K for IC populations, a proportion that, contrary to theoretical predictions, was not higher than that observed for control populations (47%, 18/38;  2 =0.36, p=0.55).

Altogether, these results suggest that introducing the incompatible Wolbachia strain wTei into a population of D. suzukii at carrying capacity produced an immediate and limited burst in population size but no consistent decrease in population size over time.

Invasion dynamics of the incompatible strain (Experiment 3)

After introducing flies infected by wTei at an initial frequency of 10% of the estimated population size, the prevalence of wTei did not change consistently over time ( 2 =3.5473, df=1, p=0.059). The prevalence of wTei reached up to 25% in two populations, which probably produced the marginally significant test, but it was below the initial frequency introduced in the other two (Fig 7). For populations with weak evidence for invasion of wTei, weekly variations in the frequency of infected individuals were high, which could reflect random effects such as sampling variance, drift, or the combination of both processes.

Discussion

The endosymbiotic bacterium Wolbachia pipientis, widespread in insects, often causes cytoplasmic incompatibility, a reproductive failure that occurs when males and females do not have the same infection status. This has led to novel and interesting ideas for insect pest management based on the introduction of an incompatible Wolbachia strain into a target population, with the assumption that the resulting incompatibilities will affect insect population dynamics. The reasoning is that if the incompatible strain is introduced at an initial frequency above its invasion threshold, it will invade the population, which should then lead to an increase in the proportion of incompatible crosses and, in turn, a decrease in the population growth rate. This basic idea has been formalized in the theoretical models of Dobson et al. [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF] and Blackwood et al. [START_REF] Blackwood | A cascade of destabilizations: combining Wolbachia and Allee effects to eradicate insect pests[END_REF] which predict that the introduction of one or more incompatible Wolbachia strains into a target population could lead to a transient decrease in population size [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF]. Furthermore, assuming that a pre-existing Allee effect is enhanced by complementary tactics such as mating disruption, the unwanted population could be driven to extinction [START_REF] Blackwood | A cascade of destabilizations: combining Wolbachia and Allee effects to eradicate insect pests[END_REF]. Although these models are of great interest for their efforts to link Wolbachia invasion to insect population dynamics, their hypotheses and predictions have not been tested with appropriate experiments. Using Drosophila suzukii as a model organism, we present here a first step in this direction.

Our main result is that introducing the incompatible Wolbachia strain wTei into a recipient Drosophila suzukii population at carrying capacity does not result in an observable decrease in population size.

This finding, with this specific Wolbachia strain and insect host, contradicts theoretical predictions [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF][START_REF] Blackwood | A cascade of destabilizations: combining Wolbachia and Allee effects to eradicate insect pests[END_REF], and moderates the perspective on using cytoplasmic incompatibility as a lever for insect pest management. In the remainder of the discussion, we explore the various hypotheses that could explain this result.

The most trivial hypothesis to explain the lack of influence of Wolbachia-induced IC on population dynamics is that contrary to expectations, the introduced incompatible Wolbachia did not invade the recipient populations and therefore, did not produce enough incompatible crosses to produce an effect. This is a hypothesis that we cannot firmly reject. Although the prevalence of individuals infected with wTei reached up to 25% in some populations, weekly estimates revealed important variations, with frequencies that were sometimes lower than the 10% fixed at introduction. This result contrasts with the published data, which show that incompatible Wolbachia strains introduced above their invasion threshold easily invade recipient populations. In Aedes aegypti, the introduction of 20

Wolbachia (wAlbB)-infected females into an experimental population of 100 uninfected individuals resulted in the fixation of the introduced strain in seven generations [START_REF] Xi | Wolbachia establishment and invasion in an Aedes aegypti laboratory population[END_REF]. In another trial on the same species, 65% of wMel-infected mosquitoes were introduced in two populations of 1680 uninfected individuals, and again, the introduced strain became fixed 30 and 80 days after introduction [START_REF] Walker | The wMel strain blocks dengue and invades caged populations[END_REF]. In Drosophila simulans, cage populations were established with a mixture of uninfected individuals and either 35 % of wAu-infected individuals or 4 % of wRi-infected individuals (for a total of 650 and 1440 adult females, respectively). A significant increase in wAu and wRI frequencies was observed for all populations from the 10 th generation onwards, except in two cages where wRi was either lost or at low frequency [START_REF] Kriesner | Rapid spread of a Wolbachia infection that does not affect host reproduction in Drosophila simulans cage populations[END_REF]. With a similar invasion dynamic, our seven-to-ten-week experiment (i.e., 4-5 generations) should have revealed the invasion of wTei more clearly than it did. In this respect, our results are surprising.

Invasion may have failed if the number of infected drosophila introduced was too low to trigger invasion. Theoretically, Wolbachia invasion depends on the intensity of CI, the rate of transmission, and the cost of infection [START_REF] Caspari | On the evolutionary importance of cytoplasmic sterility in mosquitoes[END_REF][START_REF] Fine | On the dynamics of symbiote-dependent cytoplasmic incompatibility in culicine mosquitoes[END_REF][START_REF] Hoffmann | Factors affecting the distribution of cytoplasmic incompatibility in Drosophila simulans[END_REF][START_REF] Hurst | The incidences and evolution of cytoplasmic male killers[END_REF][START_REF] Turelli | Evolution of incompatibility-inducing microbes and their hosts[END_REF]. Assuming perfect transmission, the incompatible strain should invade if it is introduced above a threshold frequency equal to the ratio of infection cost (sf in the abovementioned models) to incompatibility (sh). In our system of D. suzukii and wTei, incompatibility is only incomplete, with an egg hatch rate of about 33% after incompatible crosses (i.e., sh = 0.67; [START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF]. In parallel, the analyses of traits such as fecundity, longevity, egg hatch rate and developmental time all suggest an absence of cost of wTei infection on D. suzukii ( [START_REF] Cattel | Back and forth Wolbachia transfers reveal efficient strains to control spotted wing Drosophila populations[END_REF][START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF]). This apparent absence of infection costs (sf = 0), even with incomplete incompatibility, suggests a theoretical invasion threshold of 0. This means that in practice the introduction of very few infected individuals infected with wTei should result in the invasion of this strain. Under these conditions, the number of flies we introduced experimentally -between 76 and 100 individuals in populations that were an order of magnitude larger -should have been high enough to induce invasion.

The observed frequencies of wTei in the experimental populations with CI can alternatively be interpreted as a successful but slow invasion. In this context, the generational overlap inherent in our biological model could have allowed older males, inducing lower CI, to participate in reproduction.

Indeed, CI intensity decreases rapidly with male age in several Drosophila species [START_REF] Turelli | Cytoplasmic incompatibility in Drosophila simulans: dynamics and parameter estimates from natural populations[END_REF][START_REF] Reynolds | Male age, host effects and the weak expression or non-expression of cytoplasmic incompatibility in Drosophila strains infected by maternally transmitted Wolbachia[END_REF][START_REF] Shropshire | Male age and Wolbachia dynamics: investigating how fast and why bacterial densities and cytoplasmic incompatibility strengths vary[END_REF]. In D.

suzukii, CI intensity is reduced to 27% in mass crosses between wSuz-infected females and wTeiinfected males aged 9-10 days, compared to 53% when males are 2-3 days old [START_REF] Cattel | Back and forth Wolbachia transfers reveal efficient strains to control spotted wing Drosophila populations[END_REF][START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF]. If older males are as competitive for access to females as younger ones, the negative relationship between CI intensity and male age could reduce the demographic consequences of CI, particularly in species such as D. suzukii, where individuals can survive for over 58 days at 23-24°C [START_REF] Nikolouli | Combining sterile and incompatible insect techniques for the population suppression of Drosophila suzukii[END_REF].

A final hypothesis, not exclusive to the previous arguments, is that the influence of negative density dependence on host population dynamics overwhelms that of Wolbachia-induced CI. In our experiment, after an initial phase of exponential growth, the populations were well described by logistic-type models characterized by a carrying capacity estimated between 450 and 600 adults. This upper limit to population growth is probably a consequence of competition among larvae for limited food resources. Indeed, intraspecific competition certainly occurs in natural populations of D. suzukii.

Our data suggest that the number of larvae developing in small fruits can be high (for instance, we could find up to 21 individuals at emergence from raspberry or blackberry exposed 48 h in the field; S2 Supporting information). This suggests that larval intraspecific competition may be severe in natura, in particular when fruit abundance is weak, i.e., at the beginning or at the end of the season. Laboratory experiments are consistent. According to Bezerra Da Silva et al. [START_REF] Da Silva | Intraspecific competition affects the pupation behavior of spotted-wing Drosophila (Drosophila suzukii)[END_REF], the recurrent observation of D.

suzukii pupae outside oviposition patches is a sign of high sensitivity to larval competition. The number of eggs and larvae developing in damaged fruits affects development time and further reduces adult size and fecundity [START_REF] Kienzle | Resource use by individual Drosophila suzukii reveals a flexible preference for oviposition into healthy fruits[END_REF][START_REF] Reyes-Ramírez | Larval density in the invasive Drosophila suzukii : immediate and delayed effects on life-history traits[END_REF]. In adults, increasing density results in females laying in fewer eggs laid per fruit, a behavior interpreted as an adaptation to alleviate competition among immature stages [START_REF] Elsensohn | Plasticity in oviposition site selection behavior in Drosophila suzukii (Diptera: Drosophilidae) in relation to adult density and host distribution and quality[END_REF].

If larval survival depends on the intensity of competition within the fruit, a reduction in egg hatch rate resulting from Wolbachia-induced CI should, at high densities, alleviate competition and therefore, cause an immediate increase in larval survival. Reduced competition would offset incompatibility, and if this were true, CI would not cause the predicted decline in population size. Such a verbal argument echoes a specific section of the theoretical analysis of Dobson et al. ( [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF], Fig. 2b), where the effect of density on immature survival is scaled by the parameter  [START_REF] Slatkin | Models of coevolution[END_REF]. Increasing the influence of density by increasing  made the effects of introducing incompatible strains disappear [START_REF] Dobson | The effect of Wolbachia-induced cytoplasmic incompatibility on host population size in natural and manipulated systems[END_REF]. Other modelling studies have highlighted similar influence of competition among hosts on Wolbachia invasion [START_REF] Hancock | Population dynamic models of the spread of Wolbachia[END_REF][START_REF] Hancock | Density-dependent population dynamics in Aedes aegypti slow the spread of wMel Wolbachia[END_REF][START_REF] Hancock | Predicting Wolbachia invasion dynamics in Aedes aegypti populations using models of density-dependent demographic traits[END_REF].

More generally, the strength of competition may alter the benefits of gene drive [START_REF] Dhole | Gene drive dynamics in natural populations: the importance of density dependence, space, and sex[END_REF] and of the sterile insect technique [START_REF] Yakob | Aedes aegypti control: the concomitant role of competition, space and transgenic technologies[END_REF] with undesirable consequences such as increasing (rather than decreasing) the size of pest populations.

The extent to which negative density dependent survival may jeopardize attempts to reduce pest reproduction appears to be a key issue. However, empirical evidence for the critical role of density dependence in Wolbachia invasion and consequences for host population dynamics is completely lacking. In D suzukii, we suggest that negative density dependence may explain the discrepancy between prior expectations and observed population dynamics. However, further species-specific models and experiments are needed to better understand the interplay between density dependence, the invasion of incompatible Wolbachia strains and the resulting population dynamics.

Positive density dependence, i.e., the Allee effect, is also being proposed as an important process in pest management. The basic reasoning is that eradication can be achieved via a combination of treatments that reduce population size (pesticides, predators, etc.) and tactics that enhance a preexisting Allee effect (for instance, mating disruption). Theoretical models, verbal arguments and reviews are numerous [START_REF] Liebhold | Population ecology of insect invasions and their management[END_REF][START_REF] Tobin | Exploiting Allee effects for managing biological invasions[END_REF][START_REF] Blackwood | Bioeconomic synergy between tactics for insect eradication in the presence of Allee effects[END_REF][START_REF] Suckling | Combining tactics to exploit Allee effects for eradication of alien insect populations[END_REF] and, for insect pests, well supported by widespread evidence of Allee effects [START_REF] Fauvergue | A review of mate-finding Allee effects in insects: from individual behavior to population management[END_REF][START_REF] Kramer | The evidence for Allee effects[END_REF]. A keystone example is that of the gypsy moth Lymantria dispar, whose spread is slowed by a combination of insecticides, sterile insect technique and mating disruption [START_REF] Lampert | Combining multiple tactics over time for cost-effective eradication of invading insect populations[END_REF]. From this perspective, an important finding of our study is the absence of a demographic Allee effect in D.

suzukii. Despite founding populations with the smallest possible number of individuals (one male and one female) we observed no positive relationship between population size and growth rate, and no extinction. This finding contrasts with observations of Allee effects in closely related species such as D.

melanogaster [START_REF] Wertheim | Allee effect in larval resource exploitation in Drosophila : an interaction among density of adults, larvae, and micro-organisms[END_REF][START_REF] Elliott | Fear creates an Allee effect: experimental evidence from seasonal populations[END_REF]. In our experimental conditions with population cages, relatively high densities may have prevented an Allee effect. Alternatively, a component Allee effect could have occurred at the individual level, but was offset by negative density dependence and thus did not translate to the population level.

In conclusion, many of our results are puzzling with respect to prior expectations. The absence of a transient decrease in D. suzukii population size after the introduction of the incompatible Wolbachia strain wTei is most easily explained by the slow invasion of this introduced strain, which, in itself, lacks clear explanations. Nevertheless, there were some incompatible crosses in populations where the proportion of wTei was sometimes higher than 20%, but these did not influence the host population dynamics. We argue that the strong negative density dependence could be a key driver of insect population dynamics, counterbalancing the planned effect of cytoplasmic incompatibility, and possibly hampering pest management programs based on reproductive failure. populations were at carrying capacity and we therefore expected β1=0; H2: parameter β2 represents the immediate effect of introduction on population size; the number of flies introduced was set at 10% of the carrying capacity so we expected β2>0. H3: parameter β3 represents the effect of introduction on time variation of population size; if β1=0 and β2>0, we expected β3<0 reflecting a return to carrying capacity. H4: parameter β4 represents the effect of the Wolbachia strain introduced on the variation of population size after introduction; theoretical models predict that the introduction of an incompatible strain (wTei) should result in a transient decrease in the population size, which should not be observed in control populations (introduction of wSuz), so that we expect β4<0. Table 1-Gompertz, logistic and Weibull population growth models fitted to each of the eight experimental population. K (referred as Asym in the models) is the parameter common to all three models and that corresponds to the asymptotic value of the population size when time tends to ∞, or the carrying capacity. Values of K and 95% confidence intervals were estimated. Models in bold are those that best fit the observed data (lowest AIC and RMSE). 
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 1 Figure 1. Schematic representation of the statistical model fitted to time variations in number of D. suzukii in order to test the effect of introducing insects infected with either incompatible (wTei) or compatible (wSuz) Wolbachia into a recipient population. Four hypotheses were tested, based on estimation of four model parameters. H1: parameter β1 population growth before introduction;

Figure 2 .

 2 Figure 2. Estimation of population size. Linear regressions between the number of adult D. suzukii censused on pictures of three different areas of the experimental cages and the total number of individuals in the cage.
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 3 Figure 3. Early dynamics of small D. suzukii populations initiated with 1, 3, 10, 30 or 100 male-female pairs. For each replicated population, the eight-week time series of observed number of individuals (circles) was fitted with an exponential growth model Nt = N0 exp( r t ) (lines). Estimated marginal means of population growth rate r and their 95% confidence intervals are shown.
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 4305316 Figure 4. Early dynamics of small D. suzukii populations. For each range of population size at time t (Nt: 0-49, 50-99, etc.) circles represent the proportion p of pairs for which the number of individuals increased (Nt+1  Nt). Circle size represent the number of pairs available to estimate each proportion (largest circle: x pairs; smallest circle: y pairs). The curve represents the second-order polynomial regression that best fitted the data (logit p = 1.814 + 2.014 • 10 -03 Nt -1.056 • 10 -05 Nt 2 ).

Figure 7 .

 7 Figure 7. Dynamics of Wolbachia infection. Evolution of the proportion of D. suzukii infected by the introduced Wolbachia strain wTei. Each proportion is presented with its theoretical 95% confidence interval, based on the binomial distribution. The first bar at t=0 corresponds to the proportion of wTeiinfected flies actually introduced (10 %). Subsequent prevalence was estimated from the third week post-introduction, after emergence of offspring from the introduced individuals.
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