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Introduction

Despite strong developmental challenges due to complex life cycles, a majority of animals go through metamorphosis [START_REF] Jezkova | What Explains Patterns of Diversification and Richness among Animal Phyla?[END_REF]. To explain the success of this strategy, metamorphosis must alleviate costs associated with simple life cycles. Antagonistic pleiotropy is created when beneficial and deleterious traits are genetically correlated; for example, when alleles conferring advantage in early life stages produce deleterious correlated effects later in life [START_REF] Williams | Pleiotropy, Natural-Selection, and the Evolution of Senescence[END_REF]. In organisms with simple life cycles, genetic correlations between traits expressed in juveniles and adults are expected to be strong and extensive [START_REF] Cheverud | GENETIC CORRELATIONS AMONG AGE-SPECIFIC TRAIT VALUES AND THE EVOLUTION OF ONTOGENY[END_REF], which can lead to maladaptive evolutionary responses that constrains populations from evolving an optimal phenotype [START_REF] Cotto | Maladaptation as a Source of Senescence in Habitats Variable in Space and Time[END_REF]. To escape such potent evolutionary constraints, traits may be decoupled when expressed in alternative phenotypes throughout development. The Adaptive Decoupling Hypothesis suggests that metamorphosis facilitates independent evolution of phenotypes expressed at different times of life. In simpler terms, complex life cycles could contribute to alleviation of antagonistic pleiotropy [START_REF] Moran | Adaptation and Constraint in the Complex Life-Cycles of Animals[END_REF].

The morphologies of larvae and adults can be vividly different, showing that, at the macroevolutionary scale, metamorphosis enables the expression of contrasted qualitative characters in distinct lifestages. Nonetheless, the comparison of larval and adult morphologies in multiple species reveals that constraints persist between life stages in frogs [START_REF] Phung | Correlated and decoupled evolution of adult and larval body size in frogs[END_REF], fish [START_REF] Kolker | Prepared for the future: A strong signal of evolution toward the adult benthic niche during the pelagic stage in Labrid fishes[END_REF], and salamanders [START_REF] Bonett | Evidence for complex life cycle constraints on salamander body form diversification[END_REF]. In contrast with discrete traits, the influence of metamorphosis on the microevolution of quantitative traits remains poorly understood. Previous authors have investigated inter-stage genetic constraints in several traits that could be measured across life stages. Single traits, such as responses to cold temperature or antimicrobial peptide expression, appeared genetically independent between life stages of several insects [START_REF] Loeschcke | Selection for Heat-Shock Resistance in Larval and in Adult Drosophila buzzatii: Comparing Direct and Indirect Responses[END_REF][START_REF] Dierks | Does selection on increased cold tolerance in the adult stage confer resistance throughout development?[END_REF][START_REF] Freda | Genetic Decoupling of Thermal Hardiness across Metamorphosis in Drosophila melanogaster[END_REF][START_REF] Fellous | Potential for evolutionary coupling and decoupling of larval and adult immune gene expression[END_REF]; however, the expression of another antimicrobial peptide in the same insect, virulence in a parasite, and a locomotory trait in frogs were all genetically correlated [START_REF] Fellous | Potential for evolutionary coupling and decoupling of larval and adult immune gene expression[END_REF][START_REF] Watkins | A quantitative genetic test of adaptive decoupling across metamorphosis for locomotion and life-history in the pacific tree frog, Hyla regilla[END_REF][START_REF] Gower | Fitness of indirectly transmitted pathogens: Restraint and constraint[END_REF]. Few studies measured inter-stage genetic constraints on more than one trait. Morphological traits of tadpoles and adult frogs were genetically correlated, although to a lesser degree than morphological traits expressed within life stages [START_REF] Goedert | Experimental Evidence That Metamorphosis Alleviates Genomic Conflict[END_REF]. Aguirre et al [START_REF] Aguirre | The genetic covariance between life cycle stages separated by metamorphosis[END_REF] detected remnant antagonistic pleiotropy when comparing viability traits at four life stages in an ascidian. Yet, these results appear to depend on the nature of the studied traits [START_REF] Collet | Do traits separated by metamorphosis evolve independently? Concepts and methods[END_REF]. To understand the extent of genetic constraints between life stages, it is crucial to quantify genetic correlations beyond a small number of traits chosen because they are easy to measure rather than biologically relevant [START_REF] Collet | Do traits separated by metamorphosis evolve independently? Concepts and methods[END_REF]. A systematic assessment of genetic correlations between life stages can reveal the pervasiveness of genetic constraints and their variability across the phenome and major biological functions.

Here, we used transcriptomics to assess the extent of genetic constraints maintained between larval and adult life stages -using thousands of gene expression quantitative traits measuring gene expression, covering all functions of the organism -in 41 inbred lines of Drosophila melanogaster from the Drosophila Genetic Reference Panel (DGRP [START_REF] Mackay | The Drosophila melanogaster Genetic Reference Panel[END_REF]). First, we calculated inter-stage genetic correlations across the transcriptome and tested whether those traits were correlated (correlation different from 0), as well as the direction of that correlation (i.e. positive or negative), or if they had some level of independence (correlation different from 1 and -1). Second, we investigated which biological functions were the most constrained or independent. Finally, we compared the amount of genetic constraint and independence between life stages to two previously published comparable biological cases: genetic constraints persisting between sexes and genetic constraints within sexes reared in environments varying in temperature.

Material and Methods

DGRP lines and sample production

We used the Drosophila Genetic Reference Panel [DGRP,[START_REF] Mackay | The Drosophila melanogaster Genetic Reference Panel[END_REF], a set of inbred lines derived from an outbred population of Drosophila melanogaster. We chose 50 lines that showed no chromosomal inversions and scored across the range of starvation resistance measured in a previous study [START_REF] Mackay | The Drosophila melanogaster Genetic Reference Panel[END_REF]. Our final analyses focussed on 41 DGRP lines after removing samples that could not be produced or failed to meet the quality control analyses criteria.

All lines were reared on Bloomington Drosophila Stock Center cornmeal food (https://bdsc.indiana.edu/information/recipes/bloomfood.html) at 25°C and 12-hour light and dark cycles. Grand-parental generation consisted of two replicate vials per line of two virgin males and two virgin females placed together for 2 days and further tipped in in another vial to lay for another two days. Egg density was manually regulated to approximate 50 eggs per vial. In the following generation, two replicates of 12 virgin males and 12 virgin females per line, aged two to six days were placed together for 24 hours to ensure mating occurred. Up to three males and three females (36 out of the 328 vials contained fewer adults as there were not enough flies available) of these 12 were subsequently placed together in a vial for 48 hours to produce a total of eight replicates per line. Egg density was approximately kept to 50 per vial. We independently used the larvae and adults that emerged from those vials for RNA sampling. Not all of lines were synchronous; in order to avoid creating among-line variance resulting from difference in development times, we did not collect all flies on the same day. During larva collections, once the first 'wanderer' (fully grown 3 rd instar larva that stop eating and start searching for a pupation site) was observed in the vial, up to 10 larvae per vial were collected from the medium (i.e. not wanderers) and flash frozen with liquid nitrogen. When possible, a further 10 larvae were collected as a backup supply (and used in 12 of the 82 samples). The remainder of the flies were discarded (i.e. adults were never collected from a larva vial). Freezing occurred randomly during the day for the different samples, between 10am and 12am. The collected larvae were not sexed and we expect our samples to be a random mix of males and females. During the collection of adult flies, we scanned vials every day. When the first adults were observed in a vial, we removed them and collected all emerged adults within the following 48 hours. The collected adult flies were placed in fresh vials for 4 days to finish maturing and flash frozen in the same manner as were the larvae.

RNA extractions, RNA-seq library production and sequencing

Preparation of RNA samples

The flies that were collected from two vials of each biological replicate were pooled before RNA extraction. As a result of our strict age conditions, we were unable to always gather 20 flies per sample, and the total number of flies per sample ranged from 2 to 31 flies, with a median number of 20 and 17 individuals in larval and adult samples respectively.

For each sample, we extracted RNA using phenol chloroform phase separation. We first added 500 µl of TRIzol (Thermo Fisher Scientific) to the frozen specimens and crushed them with a pestle. We then added 100 µl of chloroform to the crushed specimens, agitated the samples for 15 seconds, and incubated them at room temperature for 3 minutes. The samples were centrifuged at 12,000 RCF for 15 minutes at 4°C. We transferred the aqueous phase into fresh tubes, added an additional 250 µl of isopropanol, and inverted the tube four times to ensure mixing. After allowing the tubes to incubate at room temperature for 10 minutes, the samples were centrifuged at 12,000 RCF for 10 minutes at 4°C. We removed the supernatant, washed the pellet with 500 µl of 75% ethanol, and again centrifuged the samples at 7,500 RCF for 5 minutes at 4°C. A second wash was then carried out using 500 µl of 75% ethanol. After a final centrifugation at 7,500 RCF for 5 minutes at 4°C, the supernatant was carefully removed. The pellet was left to dry at room temperature for 30 min. RNA was resuspended in 100 µl of nuclease-free water and then the samples were heated to 55°C in a drybath for 15 minutes. We verified RNA concentration and integrity on the Bioanalyzer (Agilent) with the RNA 6000 Pico Kit according the manufacturer instructions, as well as on the NanoDrop™ 8000 Spectrophotometer (Thermo Fisher Scientific). All RNA samples were stored at -80°C.

Illumina library production

We prepared the cDNA libraries using the Illumina® TruSeq® Stranded mRNA Sample Preparation Kit, following the manufacturer's protocol and using a Biomek NXᴾ Automated Workstation (Biomek NXP Span-8 by Beckman). In brief, poly-A-containing mRNA molecules were purified from 1 µg total RNA using poly-T oligo-attached magnetic beads. The purified mRNA was fragmented by adding the fragmentation buffer and then heated to 94°C in a thermocycler for 8 minutes. We primed the cleaved RNA fragments with random hexamers and used reverse transcriptase to synthesize first-strand cDNA.

Second-strand cDNA synthesis, end repair, A-tailing, adapter ligation, and enrich DNA fragments were carried out in accordance with the manufacturer supplied protocols. Each indexed cDNA library was verified and quantified using a dsDNA 915 Reagent Kit on a Fragment Analyzer (Agilent). We equally mixed 12 to 13 indexed cDNA libraries in each final library. The final libraries were quantified by realtime PCR using the KAPA Library Quantification Kit for Illumina Sequencing Platforms (Kapa Biosystems Ltd, SA), adjusted to 10 nM in water, and provided to the Montpellier Genomix platform (http://www.mgx.cnrs.fr/) for sequencing.

Illumina library clustering and sequencing conditions

Each final mixed cDNA library was denatured with NaOH and diluted to a concentration of 18 pM using the standard library PhiX (1%) from Illumina. Flow cell was clustered using TruSeq SR Cluster Kit v3-cBot-HS, and then loaded into the Illumina HiSeq 2500 instrument following the manufacturer's instructions. The v3 sequencing chemistry (TruSeq SBS Kit v3-HS) was used, applying a 50 cycle, singleread, indexed protocol. Image analyses and basecalling were carried out using the Hiseq Control Software (Illumina HCS) and Real-Time Analysis Software (Illumina RTA).

Bioinformatics

The quality of the obtained sequences was checked using FastQC [START_REF] Andrews | FASTQC. A quality control tool for high throughput sequence data[END_REF], with particular attention given to per-base-sequence quality. We used Trimmomatic [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] to: (i) remove the first 10 bases from the start of the read; (ii) trim slide windows, using the window size of 4 and an average base quality across each window of Q=30; and (iii) to keep reads of a minimum of 35 bp at a minimum average quality of 30. To quantify gene expression, we aligned single-end RNAseq reads to the reference genome of D. melanogaster released in Aug.2014 (BDGP Release 6 + ISO 1 IT/dm6) (dm6) using STAR [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF]. We applied all default parameters, except for a minimum intron size of 5 and max intron size of 200,000.

We used dm6_FlyBase_Genes_assembled_chromosomes-r6.22.gtf for gene annotation. All bioinformatic analyses were done using the Galaxy portal (https://usegalaxy.org.au/).

Data analysis

We identified reads from 7414 genes that were expressed (more than 10 reads) in both samples of the 41 lines at both stages. To determine which of these 7414 expressed genes were associated with genetic variation -and therefore informative for our analysis of inter-stage covariances -we use linear mixed model analyses to partition the variance in each level of expression within each stage. Gene expression levels, expressed as Count Per Million for each gene in each sample, were log10 transformed. We standardised (mean = 0, SD = 1) each expression level within each stage and ran the following univariate mixed models within a Restricted Maximum-Likelihood framework using the function mmer in the package Sommer [START_REF] Covarrubias-Pazaran | Genome-Assisted Prediction of Quantitative Traits Using the R Package sommer[END_REF] in R 4.0.4 [START_REF]R: A language and environment for statistical computing[END_REF]:

𝑌 𝑖𝑗 = 𝜇 + Wolbachia + Line 𝑖 + 𝜀 𝑖𝑗 (1) 
where 𝑌 𝑖𝑗 is the standardised level of gene expression within a particular stage in line i for replicate extraction j, where 𝜇 is the average expression among lines. Wolbachia is a fixed effect of the presence/ absence of the bacterium Wolbachia in the line, Line is a random factor representing the among-line -and thus genetic -variance, and the residual error, ε, is the variance among the two replicate extractions per line, per stage. Of the 7414 gene expression traits analysed, 6384 showed among-line variance at both stages, with statistical support for genetic variance found in both stages in 2422 traits, of which 1875 remained significant at the 5% false discovery rate threshold. Selecting genes according to a significance threshold -particularly in large datasets -is prone to limit the detection of genetic variance [START_REF] Hill | Assessing pleiotropy and its evolutionary consequences: pleiotropy is not necessarily limited, nor need it hinder the evolution of complexity[END_REF]. To prevent effect-size and subsequent type II errors from affecting the interpretation of our measure of inter-stage genetic variance, we used the entire subsample of 6384 gene expression traits showing non-zero genetic variance in both stages for further analyses.

We determined the genetic covariance between traits expressed at each stage using bivariate models implemented according to:

𝐘 = 𝛍 + 𝐙 𝑙 𝛅 𝑙 + 𝛆 (2) 
where 𝐙 𝑙 is a design matrix for the line random effect. We modelled the covariance structure among traits expressed at different stages at the line (𝛅 𝑙 ) using an unstructured 2 × 2 covariance matrix and residual (𝛆) levels using a diagonal covariance matrix. The Wolbachia fixed effect was included as for the univariate model.

We tested whether each expression trait was consistent with an inter-stage genetic correlation of 0, 1, and -1 using three log-likelihood ratio tests (LRT). Tests of null correlations were performed by comparing the unconstrained model ( 2) to one where the among-trait covariance structure (𝛅 𝑙 ) was constrained to a diagonal matrix. We tested whether inter-stage correlations were significantly different from 1 and -1 using LRT between the unconstrained model ( 2) and one where 𝛅 𝑙 was constrained to:

[ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 (-)1 * √ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 * √ 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 (-)1 * √ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 * √ 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 ]
Where 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 and 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 were the among-line variance components obtained from the unconstrained model [START_REF] Williams | Pleiotropy, Natural-Selection, and the Evolution of Senescence[END_REF]. Values of 1 and -1 were used alternatively. The Sommer function is based on covariance, and thus the correlations values are not limited to -1/ +1. Some genetic correlations calculated for low variance genes were thus < -1 or over > 1. In rare cases, LRT suggested a deviation from -1 for correlations under -1, or a deviation from 1 for correlations over 1; we corrected for those as they were not significantly different from the tested limit.

Furthermore, we compared inter-stage correlations with previously published datasets of biologically similar cases, namely, genetic correlations between traits expressed at different temperatures in adult males and adult females (as development time also vary with temperature, differences in maturity existed between those samples) and between males and females. Inter-temperature datasets were collected with microarray technologies, while inter-sexual datasets were collected using RNAseq.

Those supplemental datasets [START_REF] Everett | Gene expression networks in the Drosophila Genetic Reference Panel[END_REF][START_REF] Huang | Genotype by environment interaction for gene expression in Drosophila melanogaster[END_REF][START_REF] Huang | Genetic basis of transcriptome diversity in Drosophila melanogaster[END_REF] were kindly provided in the appropriate format by the authors.

We used the same 41 lines as those used in our dataset, apart from inter-sexual comparisons, where one of the lines we used was missing, thus only 40 lines were used. We performed the same sequence of analyses on these three datasets: females at 18°C and 25°C, males at 18°C and 25°C, and RNAseq on males and females at 25°C.

Comparing whether gene expression inter-stage correlations were different from inter-temperature and inter-sexual genetic correlations, we applied LRT between the unconstrained model ( 2) performed on the inter-stage dataset and one where 𝛅 𝑙 was constrained to:

[ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 𝑐𝑜𝑟𝑟 * √ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 * √ 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 𝑐𝑜𝑟𝑟 * √ 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 * √ 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 ]
where 𝑐𝑜𝑟𝑟 corresponds to the genetic correlation of a trait in the tested dataset, and 𝑉 𝑎 𝑙𝑎𝑟𝑣𝑎 and 𝑉 𝑎 𝑎𝑑𝑢𝑙𝑡 correspond to the among-line variance components of model [START_REF] Williams | Pleiotropy, Natural-Selection, and the Evolution of Senescence[END_REF]. We obtained the number of gene expression traits whose correlations significantly differed between datasets. If compared datasets were similarly constrained, we would expect a 50/50 ratio between significantly more constrained and less constrained correlated gene expression traits. We calculated the deviance from this 50/50 expected ratio using a binomial test.

Finally, we performed Gene Ontology (GO) term enrichment analyses to determine whether interstage constrained genes, as well as independent genes, were enriched in some Biological Process and Molecular Function. We used DAVID 2021 to compare the list of genes that were significantly positively constrained (inter-stage genetic correlations significantly different from -1 and 0, but not from 1), significantly negatively constrained (inter-stage genetic correlations significantly different from 1 and 0, but not from -1) and significantly independent (inter-stage genetic correlation significantly different from 1 and -1, but not from 0) to the background list of the 7414 expressed genes identified in our dataset using the 'Functional Annotation Chart' option. All GO terms that were significantly enriched (pvalue) were reported.

Results

Genetic (de)coupling between life stages

When considering the 6384 gene expression traits that showed some level of genetic variance in larvae and in adults, almost a third (29.6%) were significantly correlated between life stages (Table 1). Most genetic correlations were positive (1878 at the p value level, 1146 at 5% fdr, Fig. 1), with only 12 significant negative correlations (at the p value level, 1 at 5% fdr). Going beyond detecting only correlations between pairs of genes, we also explored whether metamorphosis enables greater independence between traits by testing whether inter-stage genetic correlations differed significantly from 1. Almost half of the gene expression correlations were significantly lower than 1 (46.1%, Fig 1,

Table 1).

Functions of inter-stage genetically (un) constrained traits

We further identified biological processes and molecular functions that were genetically constrained or independent across stages using Gene Ontology (GO) terms enrichment analyses. First, we tested which functions were enriched in the positively constrained genes (correlation significantly different from 0 and -1, but not from 1). Inter-stage genetically constrained gene expression traits were significantly enriched in 22 GO terms (supplementary table 1). A vast majority of those terms were associated with proteins, including protein synthesis (GO:0030488, p=0.006, GO:0003743, p=0.027, and GO:0006413, p=0.028), transport and localisation (GO:0015031, p=0.005, GO:0008104, p=0.014, and GO:0034613, p=0.032), and protein catabolism (GO:0032435, p=0.024). GO terms associated with cell division and growth were also enriched in positively constrained gene expression traits, from mitosis (GO:0000723, p=0.026, GO:0006303, p=0.036, and GO:0097602, p=0.040), to tissue organisation and morphogenesis (GO:006024, p=0.015, GO:0071711, p=0.015, and GO:0007394, p=0.050). Importantly, four terms associated with detoxification were enriched in genetically constrained traits: GO:008194, p=0.012, GO:0004364, p=0.020, GO:0006749, p=0.042, and p=0.014). Finally, several signalling pathways showed significant enrichment of low inter-stage genetic correlations, including G-proteins (GO:0004930, p=0.009 and GO:0007186, p=0.026) and Wntproteins (GO:00017147, p=0.047). Other enriched functions can be found in supplementary table 2.

Although only 12 genes were significantly negatively correlated between life stages, we detected an enrichment in biological functions associated with symbiosis, muscles development, and oogenesis, although this significant enrichment was led by only a few genes (Supplementary table 3).

Comparisons to genetic (de)coupling between sexes

It is hard to interpret (biologically speaking) the percentage of the transcriptome genetically correlated or independent between life stages on its own. We re-analysed two similar previously published datasets describing genetic constraints between males and females, and between adults developed at 18°C or 25°C [START_REF] Everett | Gene expression networks in the Drosophila Genetic Reference Panel[END_REF][START_REF] Huang | Genotype by environment interaction for gene expression in Drosophila melanogaster[END_REF][START_REF] Huang | Genetic basis of transcriptome diversity in Drosophila melanogaster[END_REF]. Results of genetic correlations across temperatures can be found in supplementary materials and we focus here on the comparison between sexes.

A large amount of the transcriptome was genetically constrained across sexes and across temperatures (Fig. 2, Supp. materials). When considering samples collected at 25°C in both males and females, over half (59.8%) of the 2927 gene expression traits that showed some genetic variance in both sexes were significantly correlated among sexes (r≠0, Table 1). Among those correlated gene expression traits, almost all showed positive significant intersexual genetic correlations, while only 5 out of 1750 showed negative correlations. As with inter-stage correlations, we assessed whether gene expression was genetically independent between sexes (i.e. r< 1); about half (47.7%) of the studied transcriptome had an inter-sexual genetic correlation significantly below 1 (Table 1). A large proportion of the inter-sexual genetic correlations fell between 0 and 1 and were neither significantly independent, nor correlated (Fig. 2C).

To directly compare inter-stage and inter-sex constraints, as well as which types of constraints were more significant, we considered the 1731 genes that were positively genetically correlated in both datasets. Over one quarter of the genetic correlations (28.5% at p value, 18.5% at the 5% fdr) differed significantly between the two datasets (Fig. 3C). In most cases (i.e. 88%), genetic correlations were lower between stages than between sexes, which had a probability of 5e -71 of random occurrence.

Discussion

Analysing thousands of gene expression traits, we found that around half of the quantitative traits measured were evolutionarily independent between larvae and adults, although inter-stage genetic correlations remained prevalent in one third of the transcriptome. Several biological functions, such as protein synthesis and detoxification, emerged as being under intense constraints. Other functions, such as energy metabolic processes, were found to be mostly free to evolve independently between life stages. Negative genetic correlations appeared rare and concerned less than 1% of measured traits. Adult transcriptomes from other datasets indicated that genetic constraints between larvae and adults were lower than between sexes or across environments (Table 1).

The present study provides an overview of evolutionary constraints between life-stages at the scale of the phenome. Previous work had, so far, only focused on unique or small a set of traits spread over various taxa [START_REF] Loeschcke | Selection for Heat-Shock Resistance in Larval and in Adult Drosophila buzzatii: Comparing Direct and Indirect Responses[END_REF][START_REF] Dierks | Does selection on increased cold tolerance in the adult stage confer resistance throughout development?[END_REF][START_REF] Freda | Genetic Decoupling of Thermal Hardiness across Metamorphosis in Drosophila melanogaster[END_REF][START_REF] Fellous | Potential for evolutionary coupling and decoupling of larval and adult immune gene expression[END_REF][START_REF] Watkins | A quantitative genetic test of adaptive decoupling across metamorphosis for locomotion and life-history in the pacific tree frog, Hyla regilla[END_REF][START_REF] Gower | Fitness of indirectly transmitted pathogens: Restraint and constraint[END_REF][START_REF] Goedert | Experimental Evidence That Metamorphosis Alleviates Genomic Conflict[END_REF][START_REF] Aguirre | The genetic covariance between life cycle stages separated by metamorphosis[END_REF][START_REF] Koella | A genetic correlation between age at pupation and melanization immune response of the yellow fever mosquito Aedes aegypti[END_REF], limiting our understanding of how traits separated by metamorphosis are genetically independent or constrained. Our dataset revealed both significant genetic constraints among life-stages (r≠ 0) and widespread evolutionary independence (r≠ 1) in the same organism (Fig. 1). Our comprehensive approach, including assessment of which biological functions are mostly (un)constrained, suggests when to expect, or not to expect, genetic constraints between traits expressed before and after metamorphosis.

Gene Ontology Terms enrichment analyses revealed groups of genes that belonged to the same biological function and were more often associated with genetic constraints or genetic independence.

Positive genetic covariance was often found in biological functions that are needed throughout the life of an individual, such as protein metabolism and immune response (supplementary table 1).

Importantly, four GO terms enriched in genetically correlated genes (terms related to glycosyltransferase, GO:008194 and GO: 0016757, and glutathione metabolism, GO: 0004364 and GO:0006749) have been particularly studied for their role in insecticide metabolization [START_REF] Zhou | UDPglycosyltransferase genes and their association and mutations associated with pyrethroid resistance in Anopheles sinensis (Diptera: Culicidae)[END_REF][START_REF] Enayati | Insect glutathione transferases and insecticide resistance[END_REF][START_REF] Nagare | Glycosyltransferases: the multifaceted enzymatic regulator in insects[END_REF].

Comparable studies of genetic constrains spanning a large number of functions are rare, but Blows et al [START_REF] Blows | The phenome-wide distribution of genetic variance[END_REF] showed that traits involved in transcriptional regulation were evolving under strong genetic constrains in adult D. serrata males (i.e. within a given life-stage and sex). Here, we did not find any transcription term enriched for genetic correlations, suggesting that these constraints do not operate across life stages. Genetic constraints can also vary among populations, species or environments.

Some studies report that genes causing sexual antagonism, i.e. genetic correlations across sexes that have opposite effects in each sex fitness, were enriched in functions associated with development [START_REF] Innocenti | The Sexually Antagonistic Genes of Drosophila melanogaster[END_REF], but these findings were not confirmed in other studies [START_REF] Collet | Rapid evolution of the intersexual genetic correlation for fitness in Drosophila melanogaster[END_REF][START_REF] Ruzicka | Genome-wide sexually antagonistic variants reveal long-standing constraints on sexual dimorphism in fruit flies[END_REF].

By contrast, many genes related to energy metabolism were genetically independently expressed.

Decoupling energy production and expenditure would present itself as beneficial when larvae and adults have different nutritional needs [START_REF] Jang | Comparing the impacts of macronutrients on life-history traits in larval and adult Drosophila melanogaster: the use of nutritional geometry and chemically defined diets[END_REF], invest in separate functions (feeding pre-metamorphosis vs. reproduction), and have distinct locomotion methods. Importantly, all studied genes were expressed in each larval and adult sample, so that genetically independent functions are not held by discrete, life-stage specific, traits. Further, gene expression traits that were genetically independent between life stages were significantly enriched in processes related to organ formation (supplementary table 2); this result may be particularly detectable as we studied late-stage larvae that are preparing metamorphosis [START_REF] Tennessen | Coordinating growth and maturation -insights from Drosophila[END_REF]. We highlighted two signalling pathways in the independently expressed genes: (i) the G-protein signalling pathways, involved in a wide array of functions in Drosophila [START_REF] Brody | Drosophila melanogaster G protein-coupled receptors[END_REF] and in the metamorphosis in several species [START_REF] Baxter | G protein and diacylglycerol regulate metamorphosis of planktonic molluscan larvae[END_REF][START_REF] Bai | Large-scale RNAi screen of G protein-coupled receptors involved in larval growth, molting and metamorphosis in the red flour beetle[END_REF], and (ii) the Wnt-protein signalling pathways, whose role has been extensively studied in development in Drosophila [START_REF] Wodarz | Mechanisms of Wnt signaling in development[END_REF][START_REF] Bejsovec | Wingless Signaling: A Genetic Journey from Morphogenesis to Metastasis[END_REF][START_REF] Sharma | Wingless a new mutant in Drosophila melanogaster[END_REF] and metamorphosis in a wide-range of species [START_REF] Duffy | Wnt signaling promotes oral but suppresses aboral structures in Hydractinia metamorphosis and regeneration[END_REF][START_REF] Shah | The role of canonical Wnt signaling in leg regeneration and metamorphosis in the red flour beetle Tribolium castaneum[END_REF].

Identifying the functions under constraints (or not), enables the prediction of evolutionary dynamics, sometimes with community-scale consequences. We found that several immunity gene expressions were genetically correlated between larvae and adults. These correlations could modulate how pathogens influence the evolution of host immunity at both stages. The spread of a virus specifically infecting adults could drive the evolution of elevated adult immunity, which, due to the aforementioned constraints, would lead to elevated immunity in larvae too. Larval pathogens may hence suffer from selection applied by adult pathogens, and vice versa. Similarly, inter-stage genetic correlations of traits involved in insecticide resistance could have deleterious consequences for insect pest control, as selection for resistance at one stage would increase insecticide resistance throughout the life cycle. Such inter-stage dependence due to coupled traits can occur whenever functions are genetically correlated between stages, as was insecticide metabolization and immunity in this study.

In order to generalize when and where to expect evolutionary coupling between stages, future studies should test whether the functions revealed by our phenom-wide approach are genetically independent or constrained in other populations and species.

We observed negative genetic correlations between larval and adult expression in only a small number of the genes sampled (37 genes; 0.5%) (Supp. Table 3). This contrasts with results from previous studies that reported negative genetic correlations between larval speed of development and adult immunity in Aedes aegypti mosquitoes [START_REF] Koella | A genetic correlation between age at pupation and melanization immune response of the yellow fever mosquito Aedes aegypti[END_REF] and for viability between life-stages of the ascidian Ciona intestinalis [START_REF] Aguirre | The genetic covariance between life cycle stages separated by metamorphosis[END_REF] Importantly, however, the nature of the traits assessed in the above studies versus those analysed here are different: viability and developmental speed are fitness components that should, in theory, always be maximized, but are constrained by limited resources. With viability traits, negative genetic correlations can correspond to trade-offs [START_REF] Stearns | Trade-Offs in Life-History Evolution[END_REF]. By contrast, intensity of gene expression is of little cost on its own and relationships with fitness vary among genes. Our data therefore show that most of the pleiotropy between traits separated by metamorphosis cause positive genetic correlations, but that negative genetic correlations are nonetheless possible, in particular when driven by resource allocation constraints.

Inter-stage genetic constraints were lower than inter-sexual and inter-temperature genetic correlations (Fig. 2,3). These results are consistent with a previous study on the fly Neodiprion lecontei, which showed that gene expression levels differed more between life stages than between sexes [START_REF] Herrig | Support for the adaptive decoupling hypothesis from whole-transcriptome profiles of a hypermetamorphic and sexually dimorphic insect, Neodiprion lecontei[END_REF]. The greater number of positive genetic correlations between sexes than stages may result from selection being more similar between male and female adults than between larvae and adults [START_REF] Collet | Do traits separated by metamorphosis evolve independently? Concepts and methods[END_REF]. Nevertheless, gonochorism, the separation of male and female function in different individuals, is a more successful strategy [95% of animal species, 48]) than metamorphosis [over half of the animal kingdom, 1]). Although metamorphosis seems to be more successful at decreasing the genetic constraints between phenotypes than gonochorism, the success of gonochorism may demonstrate a stronger selection on decoupling male and female functions.

Despite revealing a large amount of genetic constraints (or lack thereof), our dataset included several limitations. First, larval samples contained both sexes, which created environmental variance that may have hindered measurable genetic variance. Although sexing larvae is technically feasible, it is an arduous task that was not compatible with the scale of our study. A second limitation, which our study shares with most gene expression analyses, is that transcript numbers may not always reflect protein production as alternative splicing may occur down-stream. As such, alternative splicing may further decrease genetic constraints between stages, and thus reduce genomic conflicts [START_REF] Pennell | Two sexes, one genome: the evolutionary dynamics of intralocus sexual conflict[END_REF]. Thirdly, using inbred lines, such as those of the DGRP panel, has inherent limitations. Phenotypic variation is often higher than in outbred lines [START_REF] Fowler | The Distribution of Phenotypic Variance with Inbreeding[END_REF]. Genetic correlations estimated from inbred lines encompass broad sense heritability, as correlations due to epistasis and dominance are also detected [START_REF] Lynch | Genetics and Analysis of Quantitative Traits[END_REF]. However, the results on inter-sex (Fig. 2) and across-environment constraints (Fig S1 ), which we compare our data with, were also produced with inbred lines and thus are expected to contain the same overestimation of variance. Finally, the inter-stage genetic correlations we measured can result from pleiotropy or linkage disequilibrium between larval and adult expression, but can also result from genetic correlations with other traits that themselves are coupled across life stages. Indeed, previous studies have shown that gene expression traits are extensively genetically correlated within a life-stage [START_REF] Collet | Mutational Pleiotropy and the Strength of Stabilizing Selection Within and Between Functional Modules of Gene Expression[END_REF][START_REF] Mcguigan | The nature and extent of mutational pleiotropy in gene expression of male Drosophila serrata[END_REF]. This is, however, a limit shared by other comparable studies [START_REF] Everett | Gene expression networks in the Drosophila Genetic Reference Panel[END_REF][START_REF] Huang | Genotype by environment interaction for gene expression in Drosophila melanogaster[END_REF][START_REF] Huang | Genetic basis of transcriptome diversity in Drosophila melanogaster[END_REF] and remains a topic of investigation on its own right.

Our work is qualitatively different from a number of previous studies that compared sets of genes expressed, or not, at different life stages in animals with Complex Life Cycles, such as in frogs [START_REF] Valero | Transcriptomic and macroevolutionary evidence for phenotypic uncoupling between frog life history phases[END_REF][START_REF] Schott | Transcriptomic evidence for visual adaptation during the aquatic to terrestrial metamorphosis in leopard frogs[END_REF], a saw fly [START_REF] Herrig | Support for the adaptive decoupling hypothesis from whole-transcriptome profiles of a hypermetamorphic and sexually dimorphic insect, Neodiprion lecontei[END_REF], D. melanogaster [START_REF] Graveley | The developmental transcriptome of Drosophila melanogaster[END_REF], and Plasmodium sp. [START_REF] Hall | A comprehensive survey of the Plasmodium life cycle by genomic, transcriptomic, and proteomic analyses[END_REF]. This approach cannot inform on genetic and evolutionary constraints, even more so if a single genotype is considered. Revealing genetic constraints necessitates selection experiments, mutant analysis or quantitative genetics tools to compare numerous genotypes or populations. By analysing the transcriptome of 41 inbred lines, we found that the strength of genetic constraints between life-stage varied widely among genes (Fig. 1).

Comparing the transcriptome of single genotypes at different stages is not sufficient: when genetic constraints among stages are low, other genotypes would be free to express genes differently at each life stages. Similarly, when gene expression is constrained among stages, transcriptional intensity could differ strongly among stages despite being controlled by the same genetic factors. The quantitative genetics tools used in the present study thus provide an unprecedented perspective on genetic constraints between transcriptomes expressed in different life-stages.

Genetic constraints become evolutionary constraints (i.e. antagonistic pleiotropy) when selection acts in different directions across genetically correlated traits. Ideally, we would complement our results by measuring the strength and direction of natural selection for each trait at each life stage. This would be possible for a few traits, as shown by Goedert and Calsbeek [START_REF] Goedert | Experimental Evidence That Metamorphosis Alleviates Genomic Conflict[END_REF] in Rana sylvatica frogs, but impossible at a phenome-wide scale. An alternative may be to assess whether selection is congruent or antagonist in biological functions that were identified to contain numerous constrained/independent genes in our dataset. For example, measuring selective forces operating on antifungal and antivirus immunity in larvae and adults of the original population, in their original environment, would reveal if the genetic constraints identified in our study result in evolutionary constraints. Ecological context does not only determine selection but also affects phenotypes through Genotype-by-Environment (GxE) interactions. The transcriptome of insects [START_REF] Huang | Genotype by environment interaction for gene expression in Drosophila melanogaster[END_REF], like that of plants, vertebrates, and microorganisms [START_REF] Smith | Gene-Environment Interaction in Yeast Gene Expression[END_REF][START_REF] Grishkevich | The genomic determinants of genotype × environment interactions in gene expression[END_REF][START_REF] Dal Santo | Grapevine field experiments reveal the contribution of genotype, the influence of environment and the effect of their interaction (G×E) on the berry transcriptome[END_REF] is under the influence of ubiquitous GxE interactions. GxE interactions are likely to also affect the genetic correlations between stages or sexes we report here.

An extension of the present work would therefore explore the ecological context of genetic variation for its simultaneous effect on natural selection and heritable variation.

Altogether, our results greatly support the hypothesis that metamorphosis favours the independent microevolution of quantitative traits expressed before and after metamorphosis. This idea aligns with the Adaptive Decoupling Hypothesis initially formulated for the macroevolution of discrete characters.

Although a large part of the transcriptome was genetically constrained, our comparison with similar datasets showed that genetic independence between larvae and adult is larger than between sexes or across environments. Our transcriptome-wide results will help in predicting when and where to expect evolutionary constrains, or independence, between functions expressed at distinct life-stages. significantly different (p value) from 0, but not from 1 or -1, are in blue; independent genes that are significantly different (p value) from 1 and -1, but not from 0, are in orange; all other genes are in grey.
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