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Introduction

Inheritance refers to the phenotypic resemblance among individuals sharing a common ancestry. Until recently, it was widely accepted that genetic inheritance, i.e. the transmission of the DNA primary sequence between parents and offspring, was the universal mechanism accounting for such resemblance. However, recent progress in cellular and molecular biology has revealed multiple alternative mechanisms for intergenerational transmission, including modification of the DNA nucleotides [START_REF] Banks | Molecular mechanisms in the developmental regulation of the maize Suppressor-mutator transposable element[END_REF][START_REF] Cubas | An epigenetic mutation responsible for natural variation in floral symmetry[END_REF], chromatin structure [START_REF] Cavalli | The Drosophila Fab-7 chromosomal element conveys epigenetic inheritance during mitosis and meiosis[END_REF][START_REF] Triantaphyllopoulos | Epigenetics and inheritance of phenotype variation in livestock[END_REF] or various molecular factors [START_REF] Díaz | Ageing-induced changes in the cortical granules of mouse eggs[END_REF][START_REF] Groothuis | Maternal hormones as a tool to adjust offspring phenotype in avian species[END_REF][START_REF] Cuzin | Inherited variation at the epigenetic level: paramutation from the plant to the mouse[END_REF] (see [START_REF] Youngson | Transgenerational Epigenetic Effects[END_REF] for a review). These empirical discoveries have triggered a renewed interest in already-known macroscopic phenomena, such as maternal effects, environmental correlations or cultural transmission, all contributing to the fact that phenotypes are not solely inherited through the DNA sequence [START_REF] Bonduriansky | Nongenetic Inheritance and Its Evolutionary Implications[END_REF][START_REF] Jablonka | Transgenerational Epigenetic Inheritance: Prevalence, Mechanisms, and Implications for the Study of Heredity and Evolution[END_REF]. Nevertheless, while the existence of transgenerational non-genetic effects has been well established since the end of the 20 th century [START_REF] Bonduriansky | Rethinking heredity, again[END_REF], whether or not they should explicitly be accounted for in evolutionary thinking remains a matter of debate [START_REF] Jablonka | Evolution in four dimensions, revised edition: Genetic, epigenetic, behavioral, and symbolic variation in the history of life[END_REF][START_REF] Haig | Weismann Rules! OK? Epigenetics and the Lamarckian temptation[END_REF][START_REF] Pigliucci | Is evolvability evolvable?[END_REF][START_REF] Craig | The so-called extended synthesis and population genetics[END_REF][START_REF] Pigliucci | Evolution-the extended synthesis[END_REF][START_REF] Danchin | Beyond DNA: integrating inclusive inheritance into an extended theory of evolution[END_REF][START_REF] Dickins | The extended evolutionary synthesis and the role of soft inheritance in evolution[END_REF][START_REF] Uller | Non-genetic Inheritance in Evolutionary Theory: a Primer[END_REF][START_REF] Laland | The extended evolutionary synthesis: its structure, assumptions and predictions[END_REF].

Providing formal models to study the impact of non-genetic inheritance (NGI) is crucial to our understanding of the evolutionary process [START_REF] Day | A Unified Approach to the Evolutionary Consequences of Genetic and Nongenetic Inheritance[END_REF]. To this end, various theoretical approaches have been proposed, most of them focusing on DNA-carried modifications (e.g. methylation or chromatin state) [START_REF] Slatkin | Epigenetic Inheritance and the Missing Heritability Problem[END_REF][START_REF] Klironomos | How epigenetic mutations can affect genetic evolution: Model and mechanism: Problems & Paradigms[END_REF][START_REF] Bull | Evolving Boolean regulatory networks with epigenetic control[END_REF][START_REF] Uller | When is incomplete epigenetic resetting in germ cells favoured by natural selection?[END_REF]. These models thus involve the transmission of genetic-like information along with DNA. Alternatively, in quantitative (epi)genetics, nongenetic information can be modelled as a new source of heritable phenotypic variance, transmitted independently from the genetic variation [START_REF] Tal | Epigenetic Contribution to Covariance Between Relatives[END_REF][START_REF] Danchin | Beyond DNA: integrating inclusive inheritance into an extended theory of evolution[END_REF].

Yet, in most cases, the transmission of non-genetic information mirrors the Mendelian genetic system, with both having similar (or interchangeable) effects on the genetic architecture. As a consequence, beyond potentially important but theoretically superficial details (such as a change in the order of magnitude of mutation rates, or the fact that a substantial part of NGI might have been mistakenly assimilated with standard genetic effects), the analysis of formal models rarely calls for deep changes in our way of understanding the evolution of genetic systems. Overall, these observations, together with the fact that NGI mechanisms are controlled by the genetic system, suggest that their effect on evolution could be analysed within the traditional Mendelian framework [START_REF] Dickins | Mother nature's tolerant ways: Why non-genetic inheritance has nothing to do with evolution[END_REF]). Yet, long-term effects on the structure of the genotype-to-phenotype map have never been ruled out [START_REF] Day | A Unified Approach to the Evolutionary Consequences of Genetic and Nongenetic Inheritance[END_REF].

In this paper, we study this issue theoretically by simulating the evolution of a gene regulatory network of interacting transcription factors with and without non-genetic inheritance. Under strict genetic inheritance, network kinetics must reach a specific expression phenotype from an arbitrary starting point, whereas NGI is modelled as the transgenerational transmission of the network state. We ran individual-based simulations in small (6-gene) networks controlling the expression of two genes that are under constant stabilizing selection. Although simplistic, this setting makes it possible to study the evolution of canalization (developmental robustness against genetic and environmental disturbances), an interesting property of complex systems whose evolutionary relevance is still not well understood [START_REF] Wagner | Does evolutionary plasticity evolve?[END_REF][START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF][START_REF] Cunff | Phenotype-genotype relation in Wagner's canalization model[END_REF]. Our approach was designed to address two main questions: i) how does full or partial inheritance of gene expressions affect the dynamics of adaptation? and ii) how does it affect the evolution of genetic architectures? Investigating these issues lead us to focus on an unexpected aspect of the kinetics of the underlying networks: the time during which networks are allowed to "develop" before being submitted to natural selection.

Model and Methods

The gene-network model used in this study is inspired from a framework often referred to as the "Wagner Model" [START_REF] Wagner | Evolution of gene networks by gene duplications: a mathematical model and its implications on genome organization[END_REF][START_REF] Huerta-Sanchez | Wagner's canalization model[END_REF][START_REF] Fierst | Modeling the evolution of complex genetic systems: The gene network family tree[END_REF]. This model is defined on a two-fold temporal scale: the individual model (a deterministic gene regulation network-based genotype-phenotype map) simulates the kinetics of the gene network during the individual lifetime, and the population model simulates the stochastic evolution of a population under selection, mutation, and genetic drift. In order to avoid confusion, we will use "kinetics" for the individual network time scale, and "dynamics" for the evolution of a population over multiple generations.

Gene network model

Individuals are defined by their genotype, a L × L matrix W (topology of the gene network and strength of the regulations), and their phenotype, a vector S of size L (gene expression levels for the L genes of the network). The kinetics of the network starts from an initial state S 0 , and the simulation runs for T time steps, after which the individual is considered to be able to reproduce. This individual time scale is often assimilated with the "development" of the individual [START_REF] Wagner | Evolution of gene networks by gene duplications: a mathematical model and its implications on genome organization[END_REF][START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF][START_REF] Carneiro | Model transcriptional networks with continuously varying expression levels[END_REF].

Each genotypic element W ij quantifies the strength of cis-regulation from gene j on the expression of gene i, such as W ij > 0 represents positive regulation (activation), W ij < 0 negative regulation (repression), and W ij = 0 the absence of interaction. Thus, each row of the interaction matrix can be seen as the promoter of a gene, each W ij representing the binding site of a transcription factor j (sign and intensity of regulation) [START_REF] Wagner | Evolution of gene networks by gene duplications: a mathematical model and its implications on genome organization[END_REF][START_REF] Masel | Genetic assimilation can occur in the absence of selection for the assimilating phenotype, suggesting a role for the canalization heuristic[END_REF]. The effects of adjacent binding sites are considered to be independent, and regulatory effects are additive.

The network kinetics is modelled as a succession of discrete time steps during which the state of each gene is updated according to each other gene expression, while, the interaction matrix W (the genotype) remains constant. The phenotype at time step t is represented as a vector S t , each S ti being the expression of gene i (transcription factor cellular abundance). S ti is scaled between 0 and 1, 0 standing for the absence of expression and 1 for maximal expression (such as in [START_REF] Masel | Genetic assimilation can occur in the absence of selection for the assimilating phenotype, suggesting a role for the canalization heuristic[END_REF]). Following [START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF], we modelled gene expressions as quantitative characters:

S t + 1 =F ( W . S t ) (1)
Where F applies a sigmoid function f to every element of a vector (i.e. F(x 1 , x 2 , ...

x n ) = [f(x 1 ), f(x 2 ), ... f(x n )] ), with: f ( x )= 1 1+ ( 1 a -1 ) exp ( -x a (1-a) ) (2)
The purpose of this f function is to scale S ti between 0 and 1, while W ij spans across ]-∞;

+∞[ . It is designed so that the slope df/dx = 1 when x = 0, which sets the scale of the W matrix: in the absence of other regulation sources, a (small) change in W ij is proportional to the induced change in gene expression. This differs from traditional versions of the model where the f function scales expression between -1 and 1, which has convenient mathematical properties (supplementary material in [START_REF] Carneiro | Model transcriptional networks with continuously varying expression levels[END_REF]. However, setting the expression level of silenced genes at -1 allows them to retain strong regulatory activity even when fully repressed, thus maintaining them under a strong selection pressure. Scaling between 0 and 1 avoids this issue and allows expression levels to be more readily interpreted as quantitative gene expression levels. The parameter a stands for the constitutive expression of transcription factors (i.e. the expression level in absence of positive or negative regulation). The value of a scales the sigmoid, hence changing a changes the genotype to phenotype map. In the simulations, a was set to 0.2 (corresponding to 20% of maximal expression). The parameter a influences the canalization level in gene networks but does not qualitatively affect our conclusions (Fig. S1).

The "adult" phenotype (from which reproductive fitness will be calculated) is characterized by the mean S i and the variance V i of each gene expression between time steps T-1 and T. V i will be referred to as the instability index, as a non-null variance means that gene expression is not stable, either because the network has not reached an equilibrium state after T time steps, or because it is oscillating.

The initial state of the network S 0 was determined according to three alternative models, denoted as M O , M NGI , and M G . Model M O stands for a constant arbitrary initial state (in practice, it's set to the constitutive expression rate a, which is equivalent to starting with zero expression and iterating for one time step). Model M NGI features the full or partial transmission of the adult phenotype (S M ) of one parent (presumably, the mother), such that, for every gene i: individuals have the same W matrix, which was generated randomly from a Gaussian N(0,0.1) distribution, except the diagonal which is set to 0 (no self-regulation). This starting matrix has, on average, as many activators as repressors.

S 0 i =(1 -E) a+ E SM i (3) E is
Reproduction consists in drawing two hermaphrodite parents with a probability proportional to their fitness. Each parent produces a haploid gamete assuming free recombination between the L loci. Mutations happen after gametogenesis. The mutation rate per haploid genome was µ, each allele has a chance µ' = µ / L to mutate (to keep µ' constant, µ was doubled in the M G model as L was doubled). Mutations consist in changing the value of a random non-null binding site W ij ; the new value was drawn in a Gaussian distribution with the former value as a mean and a standard deviation of σ m .

Individuals are featured by their fitness (ω) which depends on two components: (i) the distance between adult gene expression and a phenotypic optimum and (ii) the phenotypic instability (selection for developmental stability) such that:

ω=ω s × ω i =exp ( -s ∑ i=1 L ( Si -θ i ) 2 ) × exp ( -s ' ∑ i=1 L ( V i ) ) (4)
The first term stands for stabilizing selection (ω s ), with s the strength of selection, S i the mean expression of gene i and θ i its optimal expression. The second term represents the cost of developmental instability (ω i ), with V i the instability index for gene i and s' the strength of selection for developmental stability. We set s' = 46×10 3 such that individuals displaying developmental instability (with at least one V i > 10 -4 ) are unlikely to reproduce (ω i < 0.01).

Implementation, measurements and parametrization

The simulation framework was derived from Rünneburger & Le Rouzic, 2016. The software was written in C++, the simulation pipeline in Bash, and the statistical analysis in [START_REF] Core | R: A Language and Environment for Statistical Computing[END_REF]). The default parameters used to run simulations are shown in Table S1. Both the program driving the simulations and the scripts used for our analysis are available at http://doi.org/10.5281/zenodo.1063954.

R (v3.2.3 (R
The program reports summary statistics (mean and variance in the population) of gene expressions (S i ), instability index (V i ), and fitness. In addition, three additional properties of gene networks were evaluated: robustness to mutations (genetic canalization), robustness to perturbations of the initial state (environmental canalization), and time to stability (i.e. the number of time steps required to reach stability in gene expression). In addition, we also reported the number of active genes in the networks, which is the number of genes which equilibrium expression is larger than 0.05. For simplicity, we neglected genetic variation and carried out these measurements on the average gene network of a population (W ij averaged over all individuals). This approximation makes the simulations substantially shorter, but it remains impossible to compute within-population variances.

Genetic canalization is a measure of the genetic robustness of a genotype (the capacity of the gene network to produce a constant phenotypic output in spite of mutations). In practice, 1000 clones differing by one mutation from the average gene network of a population were produced, and the canalization of gene i (C i ) was computed as the percentage of mutations anywhere in the network that have no effect on adult gene expression (i.e. changing gene i final expression by less than 1%). The mean canalization value of a gene network (C) was obtained by averaging C i over all genes.

Environmental canalization was measured as the ability to reach the desired adult expression from a disturbed initial state. In practice, we computed the final gene expression of the average genotype after 100 time steps starting from 200 random S 0 vectors drawn in independent uniform (0, 1) distributions. The environmental canalization score P was calculated as the proportion of networks for which gene expression kinetics starting from random S 0 vectors lead to changes lower than 1% in final gene expression state.

Finally, time to stability was also assessed for the average individual of every population. This indicator is equivalent to the measurement called "path length" in other studies (e.g. [START_REF] Cunff | Phenotype-genotype relation in Wagner's canalization model[END_REF][START_REF] Carneiro | Model transcriptional networks with continuously varying expression levels[END_REF]). To do so, the kinetics of the gene network was simulated starting from the constitutive expression state until equilibrium S t+1 = S t (in practice, |S ti+1 -S ti | < 10 -3 , for every gene i), and the number of time steps necessary was reported.

In simulations, populations were submitted to stabilizing selection on two genes (out of L = 6). The four other genes were free to evolve, potentially as regulators. In addition, every gene of the network was strongly selected against developmental instability. We tested two developmental conditions, differing by the number of time steps T before the "adult" stage. A large number of time steps (T=24) was assimilated to time-unconstrained development, while T=4 was considered as time-constrained conditions. Four time steps allows for two developmental steps free of selection before the adult stage where stability and expression level are assessed and selected for.

Results

We first studied the impact of parental effects on phenotypic adaptation, and then on genetic and environmental canalization. To study the effect of NGI on network evolution, we simulated the evolution of populations with fixed rates of non-genetic transmission (E) spanning from 0 (purely genetic transmission) to 1 (perfect parental transmission).

NGI facilitates adaptation by relaxing developmental time-constraints

Figure 1a describes the dynamics of phenotypic adaptation under time-constrained or unconstrained development, while figure 1b&c shows the dynamics of both components of fitness (gene expression level and stability). In response to these selection pressures, networks evolved from their initial random state towards a more stable, optimized one.

This adaptation was fast, as a few dozen generations were sufficient for fitness to reach 75% of its maximum value. Adaptation was slowed down, but not blocked, by strong timeconstraints on development (Fig. 1, green versus blue lines). Under time-constrained conditions, both distance to optimum and developmental instability gradually decreased during this adaptive process (Fig. 1b&c, green lines). Time-unconstrained conditions allow for enough time steps for oscillations to be attenuated. Longer development thus facilitates the reduction of developmental instability. Moreover, as the initial random matrices were generated with weak regulations (W ij drawn on N(0,0.1)), they present a moderate effect on the phenotype: expression levels stayed relatively close to the constitutive expression level and displayed low scores of developmental instability. This explains the increase in the instability index during the very first generations of a simulation (Fig. 1c). As such, and despite the strong counter-selection applied, developmental instability under timeunconstrained conditions evolves freely under a threshold where it has a weak effect on fitness (an instability score of 10 -8 causes a reduction of fitness of 0.3%). This also explains the greater variation in developmental instability under time-unconstrained conditions as compared with time-constrained conditions. (Fig. 1c, blue line). We then investigated the difference between a system unable to evolve its initial state (model M O ) and a system able to evolve its initial state through genetic inheritance without parental transmission (model M G ) (Fig. 2). As with the M NGI model, the ability to change initial state in the M G model had little to no effects on adaptation under long ontogenetic time. However, even when ontogenetic time was short, genetic determination of the initial state did not affect sensibly the dynamics of adaptation, as opposed to NGI (Fig. 2 versus Fig. 1, orange lines). Under time-unconstrained development, the genes that determine the network initial state reached maximum activation (dynamics of the initial state under the M G model over 50.000 generations of stabilizing selection, Fig. S3). In contrast, the initial state was less evolvable in time-constrained conditions (only genes selected for a target expression level distant from the non-evolved initial state seemed to evolve, Fig. S3b). This constrained initial state under the M G model relative to that under the M NGI model confirms that the effect of NGI on evolution is associated with the parental transmission of the optimal phenotype, and is not a mere consequence of the evolvability of the initial state of the gene network.

The time to stability is an important indicator of several gene network properties.

Figure 3 illustrates the impact of NGI on the speed at which networks reached equilibrium.

When development was not time-constrained, time to stability was around 8 time steps and was insensitive to the NGI rate (Fig. 3, blue lines). It thus remains shorter than the maximum allowed (24 time steps), confirming that time-unconstrained conditions do not impose a limit on the developmental path length. Conversely, if development was timeconstrained and in absence of NGI, stability was reached at the 3 rd time step, i.e. at time step T-1 when variation in gene expression starts to be deleterious. High rates of NGI broke this pattern and increased time to stability beyond 3 time steps; these networks would be considered as unstable in absence of NGI (Fig. 3, red lines). Indeed, NGI relaxes the selection pressure on the speed to achieve a stable state, since parental transmission of the network expression makes the network start closer to equilibrium. This actually causes a reduction in the network stability as more regulatory steps are now needed to reach stability if development is recapitulated from the constitutive expression state. As a consequence, the transmission of the expression state across generations tends to reduce the difference between time-constrained and unconstrained networks.

In presence of genetic determination of the initial state (M G model), time to stability did not change under long ontogenetic time conditions (Fig. 3, blue asterisk and error bar on the left). However, and despite the fact that the initial state did not seem to change much during the first 10.000 generations (Fig. S3, red lines), networks evolved under timeconstrained conditions present an increased time to stability (some reach stability after 4 time steps) when development is simulated from the constitutive expression state (Fig. 3, red asterisk and error bar). This shows that in short ontogenetic time conditions, expression kinetics are selected to go from a specific initial state to a specific optimum in a specific number of time steps. A change in the initial state strongly affects the network kinetics, and increases time to stability. This illustrates how the evolution of geneticallydetermined initial state is constrained under short ontogenetic time conditions.

NGI changes the robustness properties of genetic architectures

Our results indicate that populations respond well to directional selection, and suggest that NGI only affects the course of evolution in the presence of developmental time constraints. Beyond the adaptive process, we also investigated the effects of NGI on network properties, especially on genetic canalization (measured as the proportion of mutations without effect on gene-expression levels). Figure 4 presents genetic canalization and gene-expression level over long evolutionary time. After 50,000 generations of stabilizing selection, gene networks were highly canalized: up to 80% of mutations had no effect on gene expression (Fig. 4a, solid lines). In contrast, almost 50% of mutations still had a strong effect on gene-expression levels at 1,000 generations (Fig. 4a, dashed lines), when populations had already achieved the optimal phenotype (Fig. 1). Time constraints on development limited the evolution of canalization (Fig. 4a, red versus blue lines), but populations experiencing high NGI rates were still able to evolve high canalization levels even under constrained development (Fig. 4a, red lines).

We assessed whether the lower mutational robustness in time-constrained conditions was a direct consequence of the reduced number of time steps (e.g. the network lacks time to compensate genetic perturbations) or a consequence of the reduced evolutionary potential due to the accumulation of selection pressures (e.g. the multiplicity of selection pressures makes fewer mutations neutral and reduces the ability of a population to explore the genotype-phenotype space). We ran simulations under timeconstrained development in absence of selection for developmental stability. In such conditions (Fig. 4a, green dotted line), canalization evolved as in the time-unconstrained case (Fig. 4a, blue lines) and also remained unaffected by NGI. Thus, the reduced genetic canalization in the time-constrained scenario appears to be due to the necessity of reaching a given stable expression state within three time steps. These results show that when ontogenetic time is short, alternative inheritance mechanisms may be able to relax the pressure imposed by selection for developmental stability on the genetic system, allowing it to evolve higher levels of mutational robustness.

One of the mechanisms by which mutational robustness evolves is through the reduction of the network size (the reduction in the number of expressed genes in the network, [START_REF] Rünneburger | Why and how genetic canalization evolves in gene regulatory networks[END_REF]. To understand the impact of NGI on genetic canalization, we investigated its effect on gene expression level distribution (Fig. 4b&c).

NGI had no effect on expression level under time-unconstrained development (Fig 4b); this is consistent with the absence of effect on genetic canalization. There were more expressed genes in the constrained development conditions in absence of NGI, and increasing the NGI rate increased the number of silenced genes (Fig. 4c). Moreover, there were virtually no gene expression differences between time-unconstrained development and short development without selection on developmental stability (Fig. S4). In sum, time constraints induce a higher complexity of the network (more genes involved in the regulation process), which further limits the potential to evolve genetic canalization through the reduction of the network size. NGI tends to relax the selection strength on the time to equilibrium, and thus increases the potential for evolving canalization.

Under time-unconstrained conditions, the genetic basis (M G ) model showed no difference with the M O model, either in the robustness to mutations or in the proportion of silenced genes (Fig. 4a&b, blue asterisk and bar on the left of panels a and b, respectively). Concordantly with the increase in time to stability, populations evolved under time-constrained conditions in the M G model displayed more silenced genes and more robustness to mutations than for the M O model (Fig. 4a&c, red asterisks and bars).

Evolution of the initial state reduces the need for regulators, thus reducing network size and increasing the proportion of neutral mutations. This effect was stronger in the M NGI model since evolution of the initial state under short ontogenetic time conditions was constrained in the M G model.

In addition to mutational robustness, we investigated the effect of NGI on environmental canalization (robustness to non-genetic disturbances, modelled as perturbations of the initial gene expression level). After 50,000 generations of stabilizing selection, some gene networks became unable to converge to the target gene expression from all starting points (Fig. 5). We termed such networks "perturbable", as described in the methods section. This effect evolved faster in time-unconstrained than in timeconstrained conditions (Fig. 5a vs Fig. 5b). Silenced genes, which are never expressed in a normal developmental process, tend to disturb the network when accidentally activated.

As genes were actively repressed under both the the M G and M O model (i.e. were not already silent at time t = 0), this effect does not evolve differently in these two models (Fig. 5, asterisks). It does, however, evolve faster at high NGI rates. Indeed, networks evolving for thousands of generations under stabilizing selection with high NGI always start very close to their equilibrium, and tend to lose their ability to converge from another starting point. We hypothesised that this loss of robustness to perturbations is due to the gradual fixation of mutations in the population through genetic drift. Simulations with various population sizes supported the drift hypothesis, as networks became environmentally perturbable faster in small populations (Fig. 6). These results hence demonstrated that NGI decreases the environmental robustness of gene networks over long evolutionary time due to an increased susceptibility to genetic drift. Alternatively, this decreased environmental robustness could also be interpreted as a higher propensity to release cryptic genetic variation in extreme environmental conditions.

Discussion

The main consequence of the inheritance of gene expression levels is to relax the time constraints on network kinetics. Populations under time-constrained development respond well to selection on gene expression, and the presence of non-genetic inheritance has a limited impact on fitness. It does, however, affect the evolution of other network properties: on one hand, NGI makes it possible to achieve the desired equilibrium with less regulators, and thus allows the evolution of genetic canalization. On the other hand, NGI reduces the necessity for the network to converge to an equilibrium from a distant starting point, and thus allows for a decrease in environmental canalization. These results are recapitulated in figure 7.

We propose the following mechanism to explain these phenomena. When the timing of the network kinetics is unconstrained, a stable optimum can be achieved with small gradual steps of regulation. This can involve a few genes, and unnecessary regulators may be silenced. Conversely, time-constrained conditions impose both stronger regulation and more regulators to reach the optimal expression level fast and maintain its stability. Since silenced regulators have the ability to accumulate mutations without affecting the phenotype, time-constraints reduce the capacity of the network to evolve genetic canalization while NGI restores it.

Model and parameters

The study of properties emerging from the complexity of biological system calls for the use of non-trivial models. The modelling framework proposed by [START_REF] Wagner | Evolution of gene networks by gene duplications: a mathematical model and its implications on genome organization[END_REF] [START_REF] Wagner | Does evolutionary plasticity evolve?[END_REF][START_REF] Bergman | Evolutionary capacitance as a general feature of complex gene networks[END_REF][START_REF] Masel | Genetic assimilation can occur in the absence of selection for the assimilating phenotype, suggesting a role for the canalization heuristic[END_REF] or genetic [START_REF] Azevedo | Sexual reproduction selects for robustness and negative epistasis in artificial gene networks[END_REF]Ciliberti et al., 2007b;a;[START_REF] Draghi | The evolutionary dynamics of evolvability in a gene network model[END_REF][START_REF] Rünneburger | Why and how genetic canalization evolves in gene regulatory networks[END_REF] disturbances. Here, the originality of our model relies on integrating non-genetic inheritance (parental transmission of the network state) to this classical framework.

In order to ensure reasonable computation time for simulations (a couple of hours per replicate), we had to set some parameter to arguably unrealistic values. We used a high mutation rate (µ=0.01 per haplotype and per generation), which is a usual trick to increase both the speed of evolution and the strength of indirect selection for genetic canalization (e.g. [START_REF] Steiner | Environmental Noise, Genetic Diversity and the Evolution of Evolvability and Robustness in Model Gene Networks[END_REF]. In parallel, despite its side effects on canalization [START_REF] Elena | Effects of population size and mutation rate on the evolution of mutational robustness[END_REF][START_REF] Elena | The effect of genetic robustness on evolvability in digital organisms[END_REF][START_REF] Rünneburger | Why and how genetic canalization evolves in gene regulatory networks[END_REF], the population size was reduced to N=1,000 for long-term simulations used for the study of canalization (50,000 generations), but was kept larger when the focus was on adaptation (5,000 individuals and 10,000 generations). The size of gene networks was limited to L=6 genes for the same reason. In order to compensate for the small size of gene networks, we chose the maximal density of interactions (all transcription factors potentially interact with all other genes), which generates a large amount of epistatic interactions.

Modelling the diversity of NGI mechanisms and development

There is a wide variety of NGI systems, ranging from molecular heredity (DNA molecule or chromatin structure modification, cytoplasmic factors) to niche construction or cultural inheritance (see [START_REF] Youngson | Transgenerational Epigenetic Effects[END_REF][START_REF] Jablonka | Transgenerational Epigenetic Inheritance: Prevalence, Mechanisms, and Implications for the Study of Heredity and Evolution[END_REF] for a review).

Arguably, each model of NGI brings forth a new property, affecting more or less the course of evolution. A single NGI mechanism may have effects on various scales; for instance, the impact of DNA methylation on evolution may be modelled at the network scale [START_REF] Bull | Evolving Boolean regulatory networks with epigenetic control[END_REF] or at the population scale [START_REF] Slatkin | Epigenetic Inheritance and the Missing Heritability Problem[END_REF], and may (or not) take into account an increase in mutation rate [START_REF] Klironomos | How epigenetic mutations can affect genetic evolution: Model and mechanism: Problems & Paradigms[END_REF] or ability to be reset between generations [START_REF] Tal | Epigenetic Contribution to Covariance Between Relatives[END_REF]. Therefore, while Mendelian heredity as a general mechanism can be studied with a global approach, the various NGI systems cannot all be modelled at once in a single abstraction. Our model of gene expression inheritance is admittedly specific (cytoplasmic parental transmission of molecular factors) and may be considered as one among many examples of transgenerational epigenetic mechanism (according to at least some of the innumerable existing definitions of epigenetics [START_REF] Jablonka | The changing concept of epigenetics[END_REF][START_REF] Holliday | Epigenetics: A Historical Overview[END_REF], including the original one by [START_REF] Waddington | The Epigenotype[END_REF]). The impossibility of providing a single theoretical answer to the question of the evolutionary impact of non-genetic inheritance is probably one of the biggest challenge to address before merging epigenetic mechanisms into the evolutionary theory [START_REF] Jablonka | Transgenerational Epigenetic Inheritance[END_REF].

Here, we made an analogy between the regulation kinetics of gene networks and an ontogenetic process as also intended in [START_REF] Wagner | Evolution of gene networks by gene duplications: a mathematical model and its implications on genome organization[END_REF][START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF] As such, our model seems particularly relevant for studying unicellular species, in which the transmission of cytoplasmic factors between parents and offspring is virtually unavoidable.

Even if these species do not undergo a "development" in the usual sense (involving e.g.

organogenesis and cell differentiation), a short generation time is consistent with simple "developmental" molecular challenges, such as reaching a given stable gene-expression "adult" state before reproduction. Here development is defined broadly as "the production of a phenotype by the action of the genotype", which is compatible with Waddington's definition of "epigenetics", closely related to the developmental process [START_REF] Deans | What Do You Mean[END_REF]. In any case, there is no reason to restrict our conclusions to single-cell species, as equivalent parental transmission patterns exist in many complex organisms [START_REF] Groothuis | Maternal hormones as a tool to adjust offspring phenotype in avian species[END_REF][START_REF] Brennecke | An Epigenetic Role for Maternally Inherited piRNAs in Transposon Silencing[END_REF][START_REF] Xie | Sp2 Is a Maternally Inherited Transcription Factor Required for Embryonic Development[END_REF]. Our model focuses on the study of network kinetics in presence of inheritance of the initial state, and as such it is applicable to a situation where there is a correlation between parental gene expression and offspring initial expression state.

The fact that our networks are generally robust to perturbations of the initial state implies that modifications of the non-genetic information (the initial state transmitted by the mother) should not modify the final equilibrium state of an offspring. As such, this is not a model of adaptive parental effects, and we did not study the ability of NGI to provide information to the offspring on a new phenotypic optimum (as we studied constant environment). Production of a different output in presence of environmental inputs (plasticity), or parental inheritance, could be possible within our theoretical framework or with different ones [START_REF] Hoyle | The benefits of maternal effects in novel and in stable environments[END_REF][START_REF] Kuijper | When to rely on maternal effects and when on phenotypic plasticity?[END_REF][START_REF] Leimar | The Evolution of Transgenerational Integration of Information in Heterogeneous Environments[END_REF], but remains beyond the scope of this paper. In such studies, as in [START_REF] Uller | When is incomplete epigenetic resetting in germ cells favoured by natural selection?[END_REF] and [START_REF] Kuijper | Parental effects and the evolution of phenotypic memory[END_REF], the rate of NGI has also been left to evolve, which brings interesting insights on the evolution of epigenetic systems.

Developmental kinetics and the evolution of canalization

Our approach is original in its way to limit the number of time steps before converging to the equilibrium gene expression. In previous studies [START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF][START_REF] Masel | Genetic assimilation can occur in the absence of selection for the assimilating phenotype, suggesting a role for the canalization heuristic[END_REF][START_REF] Azevedo | Sexual reproduction selects for robustness and negative epistasis in artificial gene networks[END_REF], the number of time steps before selection was generally large enough to ensure a stable equilibrium (if any) could be reached in all cases. This corresponds to our "unconstrained" simulations (T=24), where networks reached their stable state on average in about 8 time steps. These conditions happened to favour the evolution of genetic canalization, which is a consensual result in the literature (Ciliberti et al., 2007b;[START_REF] Huerta-Sanchez | Wagner's canalization model[END_REF][START_REF] Rünneburger | Why and how genetic canalization evolves in gene regulatory networks[END_REF].

Interestingly, shortening the "development" to T=4 time steps does not prevent networks from reaching the optimal equilibrium, but has substantial consequences on network properties, including (i) an increase in average gene expression, (ii) a slower evolution of genetic canalization, and (iii) a larger robustness to environmental disturbances (Fig. 7).

However, these effects tend to disappear (time-constrained network properties become similar to those evolved in unconstrained conditions) when the NGI rate is high (>80%).

This result illustrates the possibility that the transmission of the regulation status of gene networks may be equivalent to an extension of the network kinetics over several generations, which helps networks to overcome time-constraints and maintain a stable gene expression from an early stage of the developmental process.

The M G model has been conceived as a control to assess the difference between a population able to evolve its initial state and a population able to transmit (and thus evolve) its initial state (M NGI model). The M G model relaxes the constraints imposed by short ontogenetic time and allows for a reduction in network size leading to an increase in genetic canalization. However, as networks do not start their kinetics at the target expression level, the loss of robustness to environmental perturbations is highly reduced as compared to the M NGI model. In contrast, under short ontogenetic time, the evolution of the initial state under the M G model is constrained, as the network specializes in a specific developmental kinetic. The ability to transmit phenotypic state (NGI) thus speeds up both adaptation and evolution of canalization, and the phenotypic transmission under the M NGI model may only bring the offpsring closer to the phenotypic optimum ("positive maternal effect" according to e.g. [START_REF] Hoyle | The benefits of maternal effects in novel and in stable environments[END_REF].

Simulation results confirm the idea that genetic architectures tend to evolve towards robustness to disturbances. However, if the general concept originated in the 1940s, the mechanisms involved in the evolution of canalization are still a matter of debate. In particular, the possibility that canalization may evolve as a direct adaptation to stable environments is regularly challenged. For instance, the so-called "congruent hypothesis" [START_REF] De Visser | Perspective: evolution and detection of genetic robustness[END_REF], see also [START_REF] Stearns | The differential genetic and environmental canalization of fitness components in Drosophila melanogaster[END_REF][START_REF] Wagner | A Population Genetic Theory of Canalization[END_REF][START_REF] Meiklejohn | A single mode of canalization[END_REF] suggests that genetic canalization may evolve mainly as a by-product of selection on environmental canalization (i.e. the result of selection for maintaining a constant phenotype in spite of external perturbations). Interestingly, in our simulations, the evolution of environmental canalization was spontaneous, i.e. networks able to converge to a selected optimum from a specific starting point happened to be able to do so even from a random initial state. However, in long-term simulations, we observed that gene networks could lose this ability. This process involves the fixation by genetic drift of neutral mutations affecting regulatory interactions that are never solicited in the simulated conditions (e.g. regulatory effects of genes that are normally silenced). The presence of NGI fastens this process, but this phenomenon also occurred under pure genetic inheritance. As a side result, our study thus tends to weaken the congruent hypothesis, as (i) environmental canalization can evolve spontaneously without direct selection pressure on it, and (ii) in some conditions, gene networks can evolve towards both genetic canalization and environmental decanalization.

Conclusions

In the absence of developmental constraints, non-genetic inheritance has little effect on the adaptation of gene-regulation networks, as it does not change substantially their ability to respond to selection on gene expression levels. However, longer simulations suggest that NGI may play a role in the evolutionary dynamics of general properties of genetic architectures, such as canalization. As such, the question whether NGI has an impact on evolution and if it should be accounted for by "extending the modern synthesis" [START_REF] Pigliucci | Evolution-the extended synthesis[END_REF] remains open. Indeed, it seems difficult to quantify the consequences of diverse molecular epigenetic and/or non-Mendelian inheritance mechanisms on the dynamics of adaptation. Defining the evolutionary relevance of epigenetic mechanisms might not be achieved without a broader understanding of phenotypic plasticity [START_REF] Kuijper | When to rely on maternal effects and when on phenotypic plasticity?[END_REF], developmental stability and canalization [START_REF] Siegal | Waddington's canalization revisited: developmental stability and evolution[END_REF], and evolvability [START_REF] Wagner | Perspective: complex adaptations and the evolution of evolvability[END_REF]. Supplementary Table S1: Simulation parameters and default values. ) and share the y-axis with lefthand panels, which are on logarithmic scale. We capped developmental instability scores to 10 -9 for the sake of representation. 

Figure 1

 1 Figure 1 also illustrates the impact of NGI presence/absence on the dynamics of adaptation (intermediate rates in supplementary figure S2). By comparing the M O and M NGI models, we can clearly see that adding gene expression inheritance in the gene network model did not affect response to selection in time-unconstrained conditions (Fig. 1, blue versus purple lines and Fig. S2, blue lines). However, in time-constrained conditions, NGI substantially accelerated initial adaptation and slightly increased the average final fitness level (Fig. 1, orange versus green lines and Fig. S2, red dotted lines). In sum, NGI has little impact on adaptation in long development conditions, but strongly conditions gene network evolution when the developmental process is time-constrained.
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 S1 Figure S1: Robustness of the effect of NGI to changes in parameter a.
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 S2 Figure S2: Effect of NGI on the components of fitness.
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 S3 Figure S3: Dynamics of the initial state under the M G model.
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 S4 Figure S4: Effect of NGI on gene expression levels.

Fig. 1 :

 1 Fig. 1: Dynamics of adaptation under the M O model versus the M NGI model. Populations (N=5,000) evolved for 10,000 generations under stabilizing selection. Time, on the x-axis, is on a logarithmic scale. Results represent the median (line) and quartiles (shaded area) over 200 replicates of (a) average population fitnesses, (b) distance to optimum expression level and (c) developmental instability index. Blue line: timeunconstrained development (T=24) without NGI (E=0). Purple line (overlapping the blue line): same conditions but the population evolved with complete transmission of parental phenotype (E=1). Green and orange lines: populations evolved with time-constraints (T=4) respectively with and without perfect NGI (i.e. under an M O or an M NGI model).

Fig. 2 :

 2 Fig. 2: Dynamics of adaptation under the M O versus M G models. Blue and purple lines: time-unconstrained development (T=24) under the M O and M G model respectively. Green and orange lines: populations evolved with time-constraints (T=4) respectively under the M O and M G model.
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 34 Fig. 3: Effect of NGI on time to stability. Mean and standard deviation over 200 populations (N=5,000) of the time to stability of the average individual evolved for 10,000 generations under stabilizing selection and time-constrained (red lines) or unconstrained (blue lines) development. The hatched area represents the third and fourth steps of timeconstrained development, which are subjected to selection on gene expression stability. Asterisks and errors bars on the left side represent the values under the M G model.Fig. 4: Effect of NGI on genetic canalization and gene expression.Data were obtained on 1,000 populations (N=1,000) evolved with various rates of NGI. a) Proportion of mutations without effect on the average individual of populations evolved 1,000 (dashed lines) or 50,000 (solid lines) generations under time-unconstrained development ("TU") are plotted with blue lines. Under time-constrained development, simulations are run with ("TC": red lines) or without ("TC ; No selection on stability": green dotted lines, 50,000 generations) selection on developmental stability. Asterisks and crosses on the left side show the values under the M G model at generation 50.000 and 10.000, respectively. Panels b and c display the frequency of network genes in various expression categories over 1,000 populations evolved for 50,000 generations under stabilizing selection without (b) or with (c) time-constraint on development. Genes are ordered by expression level and grouped in the following categories: silenced (dark area) (expression level under 0.05), medium low expression (gray, expression between 0,05 and 0,31), optimum expression for gene 1 (light blue/red 0.31 -0.35), medium expression (gray, 0.35 -0.64), optimum for gene 2 (dark blue/red, 0.64 -0.68), high expression (gray, above 0.68). Bars on the left side of each panel (indicated by a blue (b) or red (c) asterisk on the x-axis) represent the values under the M G model.

Fig. 5 :Fig. 6 :

 56 Fig.5: Effect of NGI on environmental canalization. Sensitivity to environmental perturbation is expressed as the percentage of perturbable networks whose final gene expression is affected by the initial state. Results were obtained over 1,000 populations (N=1,000) evolved up to 50,000 generations under time-unconstrained (a) or constrained (b) development. Asterisks on the left side represent the values under the M G model. Fig.6: Effect of population size on environmental canalization. Sensitivity to environmental perturbation is expressed as the percentage of average networks whose equilibrium state is disturbed by initial state perturbation. Results are obtained over 1,000 populations of various sizes evolved up to 50,000 generations in absence of NGI (a) or under complete NGI (b). Population sizes are on a logarithmic scale.

Fig. 7 :

 7 Fig. 7: Evolution of genetic architecture properties in the three initial state models. Data are the same as presented in other figures: time to stability (a) as in figure 3, proportion of silenced genes (b) and proportion of synonymous mutations (c) as in figure 4 and proportion of perturbable networks (d) as in figure 5.

Fig. S1 :

 S1 Fig. S1: Robustness of the effect of NGI to changes in parameter a. This figure is similar to figure 4. x-axis represents values of the parameter "a". Panels a, b and c display simulation results in absence of NGI. Panels d, e and f are similar to panels a, b and c, respectively, and indicates the values for populations evolved in presence of perfect NGI.

Fig. S2 :

 S2 Fig.S2: Effect of NGI on fitness and its components. The figure displays the median and quartiles over 200 populations of average distance to optimum (a), developmental instability (b) and fitnesses (c) for populations (N=5,000) evolved for 50 (dashed lines) or 10,000 generations (solid lines) under stabilizing selection. Individuals were subjected to time-constrained or unconstrained development (red and blue lines respectively) with various rates of NGI. Right-hand panels in (a) and (b) show the selection function on both components of fitness (cf: eq.4 with s = 10 and s' = 46x10 3 ) and share the y-axis with lefthand panels, which are on logarithmic scale. We capped developmental instability scores to 10 -9 for the sake of representation.

Fig. S3 :

 S3 Fig.S3: Dynamics of the initial state under the M G model. Populations (N=1,000) evolved for 50,000 generations under stabilizing selection. Results represent the median (line) and quartiles (shaded area) of average population initial state (of the developmental sub-network) over 1,000 replicates. Blue and red lines: time-unconstrained (T=24) or constrained (T=4) development. Panels a-c present the results for the genes of the network, only the first and second genes (a and b) are selected for their expression level (0.33 and 0.66 respectively). As expression dynamics are identical for all unselected genes, their expression levels have been pooled in c.

Fig. S4 :

 S4 Fig. S4: Effect of NGI on gene expression level. This figure is similar to figure 4. We added the "time-constrained development without selection on developmental stability" condition as a comparison (a). Frequency of network genes in various expression categories over 1,000 populations evolved 50,000 generations under stabilizing selection without (b) or with (c) time-constraint on development. Genes categories are the same as in figure 4.

  allows for the study of various levels of complexity and features epistasis, pleiotropy, and developmental kinetics. The main interest of the Wagner model is to be easily integrated into individual-based simulations in population genetics. Indeed, it is more computationally tractable than more "realistic" models based on differential equations and defined by a high number of parameters taking into account biochemically-explicit features, such as the uncoupling of transcription and translation, affinity coefficients, RNA and protein half-lives (seeFujimoto et al., 2008; Gursky et al., 2011; Vadée-le-Brun et al., 2015 as examples of such models or Spirov & Holloway, 2013 for a discussion on network modelling

approaches). These characteristics makes it appropriated to study canalization, for which it has been extensively used

[START_REF] Huerta-Sanchez | Wagner's canalization model[END_REF][START_REF] Lohaus | Genetic Architecture and the Evolution of Sex[END_REF][START_REF] Cunff | Phenotype-genotype relation in Wagner's canalization model[END_REF]

. Most of these theoretical studies have confirmed the propensity of gene networks to buffer environmental
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