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Mitochondria are essential organelles acting as energy conversion powerhouses and metabolic hubs. Their gene expression machineries combine traits inherited from prokaryote ancestors and specific features acquired during eukaryote evolution. Mitochondrial research has wide implications going from human health to agronomy. Here, we highlight recent advances on mitochondrial translation. Functional, biochemical, and structural data have revealed the unexpected diversity of mitochondrial translation systems, in particular of their key players, the mitoribosomes. Ribosome assembly and translation mechanisms, such as initiation, are discussed and put in perspective with the prevalence of eukaryote specific families of factors, such as pentatricopeptide repeat proteins, for mitochondrial translation.

Mitochondria are semi-autonomous organelles holding complete gene expression machineries

. These proteins are functionally conserved, being very often core components of the respiratory chain complexes, which are mostly hydrophobic. Nonetheless, constituents of the mitochondrial ribosomes (mitoribosomes) and additional proteins can also be commonly found (i.e. cytochrome c maturation and RNA

subunit contacts with the SSU head [START_REF] Ban | The complete atomic structure of the large ribosomal subunit at 2.4 Å resolution[END_REF]. Conversely, in mitochondria, the 5S rRNA is often absent. In mammals, it is replaced by a mt-tRNA (tRNA Val in Human and tRNA Phe in Sus scrofa) [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF][START_REF] Greber | Architecture of the large subunit of the mammalian mitochondrial ribosome[END_REF]. The incorporation of a tRNA in the mitoribosome of both species appears to result from its position in the mitochondrial genome, where both mt-tRNAs flank the SSU rRNA with which they are co-transcribed [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF][START_REF] Greber | Architecture of the large subunit of the mammalian mitochondrial ribosome[END_REF][START_REF] Chrzanowska-Lightowlers | Human mitochondrial ribosomes can switch structural tRNAs -but when and why?[END_REF]. In yeast, the 5S rRNA is also absent, but its loss is compensated by an expansion of the 21S rRNA [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF]. In contrast to these examples, in plants and jakobids, 5S rRNAs are present similar to bacteria [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF], and in Trypanosoma, the CP is devoid of RNA, being entirely made of proteins [START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF]. Finally, another difference that has been observed in mitoribosomes but not in bacterial or cytoplasmic ribosomes is that the mt-rRNAs from investigated systems (e.g. animals, fungi, plants) do not possess anti-Shine-Dalgarno sequences at the 3' end of SSU rRNAs. This implies that their translation initiation systems have significantly diverged from the bacterial Shine-Dalgarno translation initiation [START_REF] Yusupova | The Path of Messenger RNA through the Ribosome[END_REF].

Mitoribosome specific sets of r-proteins

In contrast with mt-rRNAs, whose sizes were shortened or lengthened during eukaryote evolution, the number of r-proteins associated to mitoribosomes increased considerably in all eukaryote lineages compared to bacteria [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF][START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF][START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF]. High resolution cryoEM structures of mitoribosomes identified proteomes ranging from 80 in yeast to 127 proteins in trypanosome as compared to the 54 proteins of E. coli ribosome (Table 1). Still, some proteins of the bacterial core were lost from mitoribosomes [START_REF] Smits | Reconstructing the evolution of the mitochondrial ribosomal proteome[END_REF]. The loss of these proteins from the mitoribosome is often linked with the deletion of their corresponding rRNA binding sites [START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. Beyond bacterial type r-proteins, additional proteins have been specifically recruited to mitoribosomes. Some of them are conserved in all investigated eukaryotes, while other novel mitochondrial r-proteins only occur in specific eukaryote lineages [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Ott | Organization and Regulation of Mitochondrial Protein Synthesis[END_REF]47]. For example, mL41 and mL46 are part of the central protuberance and are present in all eukaryotes [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. All these proteins form an extensive interaction network on the surface of the rRNA core and might have contributed to the specialization of mitoribosomes [19], as species-specific proteins appear to give mitoribosomes distinctive properties. For instance, mL57 and mL58 only found in yeast appear to stabilize rRNA expansions [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF]. Interestingly, the majority of these additional r-proteins, as well as specific insertions in canonical r-proteins, are characterized by α-helical secondary structure elements [START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF]. Several of these proteins belong to the family of pentatricopeptide repeat (PPR) proteins (Figure 2 and Box 2). These proteins are found in the mitoribosomes of animals, trypanosoma, and plants (with 2, 6, and 10 PPRs respectively). The canonical mode of action of PPR proteins involves the binding to single stranded RNA. While this seems to be the case for mS39 in animals, which appears to make a platform to stabilize mRNAs during translation [START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF], all the other ribosomal PPR proteins make contacts with rRNAs or bind other r-proteins and act as structural components [START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF].

Evolution of mitoribosomes

As described above, the composition and structure of mitoribosomes essentially rely on a bacterial scaffold that has differently diverged in the various eukaryote lineages. The first major steps of mitoribosome evolution seemingly occurred during eukaryogenesis, soon after the endosymbiosis event [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. Indeed, given the composition of mitoribosomes, it is clear that several mitochondria specific proteins were acquired, and other proteins lost, during the early evolution of eukaryotes, before their radiation into the groups of modern eukaryotes. For instance, bS20 is missing in every mitochondrial ribosome investigated to date, indicating an early loss of the protein [START_REF] Desmond | On the last common ancestor and early evolution of eukaryotes: reconstructing the history of mitochondrial ribosomes[END_REF]. In contrast, other novel proteins (i.e. mS29, mL41, and mL46) are present in all mitoribosomes investigated to date and might constitute a common core of proteins that defined ancestral mitochondrial ribosomes (Table 1) [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF][START_REF] Desmond | On the last common ancestor and early evolution of eukaryotes: reconstructing the history of mitochondrial ribosomes[END_REF].

The main reason towards the rapid evolution of the mitoribosomes might be explained by the erosion of mt-genomes. Genome reduction is thought to have played a crucial role toward energy production optimization, allowing faster replication, but resulted in the loss of mitoribosomal proteins, as well as in the reduction of mt-rRNAs in some cases [16,[START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. In this line, the condensation of mtDNA also resulted in specific losses of mRNA needing to be translated [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. This might have led to further specialization of mitoribosomes in specific eukaryote groups. For instance, in mammals, the mitoribosome always translates mRNAs encoding respiratory chain membrane proteins [50]. This might have led to the specific recruitment of mL45 to ease the interactions between the ribosome exit tunnel and the mitochondrial inner membrane [START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. In other cases, the specialization of mitoribosomes might have resulted from neutral evolution where structural features were fixed into mitoribosomes following codependent mutations without any obvious functional reason [16, [START_REF] Finnigan | Evolution of increased complexity in a molecular machine[END_REF][START_REF] Stoltzfus | On the possibility of constructive neutral evolution[END_REF]. It was also proposed that this rapid evolution of mitoribosome structures was facilitated by "structural patching" where preexisting RNAs or proteins were recruited to compensate for losses of ribosome structural elements [START_REF] Petrov | Structural Patching Fosters Divergence of Mitochondrial Ribosomes[END_REF]. In particular, throughout evolution, this might have resulted in the successive accretion of novel proteins, such as PPR proteins (but also other alpha helical proteins like Tetratricopeptide repeat proteins (TPR), Huntingtin, elongation factor 3 (EF3) (HEAT), protein phosphatase 2A (PP2A), the yeast kinase TOR1, and Armadillo (ARM) motif proteins) [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF][START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF] on the existing core, in some cases to replace reduced rRNA elements and in other cases to gain new functions and/or to adapt to specialized translation processes in the respective eukaryote niches.

Mitochondrial translation machinery biogenesis and assembly

Mitoribosome biogenesis occurs in the mitochondrial matrix [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. It is a complex process which requires the coordinated synthesis of mitochondrial r-proteins, most of whose mRNAs are encoded in the nucleus, translated in the cytosol, and imported in mitochondria [START_REF] Ott | Organization and Regulation of Mitochondrial Protein Synthesis[END_REF]47], with the synthesis of the components encoded by the mt-genome (i.e. rRNAs and r-proteins, in some cases) [16]. The latter are not encoded in animal mt-genomes, but are present in other organisms, in particular in jakobids where 27 r-proteins are still encoded by the mt-genome [14]. Thus, mitoribosome biogenesis heavily relies on cytosolic translation. Few studies have investigated the assembly of mitoribosomes [START_REF] Brown | Structures of the human mitochondrial ribosome in native states of assembly[END_REF][55][START_REF] Zeng | Yeast Mitoribosome Large Subunit Assembly Proceeds by Hierarchical Incorporation of Protein Clusters and Modules on the Inner Membrane[END_REF][START_REF] Bogenhagen | Kinetics and Mechanism of Mammalian Mitochondrial Ribosome Assembly[END_REF]. Still, evidences suggest that in human and yeast, this process is very similar to what is observed in bacteria; in prokaryotes, the rRNAs serve as scaffolds that are stabilized and protected by r-proteins. These proteins are sequentially recruited, with the help of assembly factors, and stabilize the folding of the rRNAs [START_REF] Davis | Structure and dynamics of bacterial ribosome biogenesis[END_REF]. In human, the structures of two assembly intermediates of the LSU were resolved by cryoEM [START_REF] Brown | Structures of the human mitochondrial ribosome in native states of assembly[END_REF]. These revealed, similar to bacteria, that a late intermediate structure where the mt-rRNA constituting the peptidyl transferase center (PTC) is unfolded and bL36m is missing. In addition, a complex of three proteins (MALSUI1 an RsfS family protein, L0R8F8, and mt-ACP) interacting with uL14m and the sarcin-ricin stem-loop (SRL; helix H95) of mt-LSU rRNA was also described, and its function is proposed to prevent premature subunit association [START_REF] Brown | Structures of the human mitochondrial ribosome in native states of assembly[END_REF]. It is also noteworthy that in human, similar to bacteria, rRNA modifications, i.e. methylations and pseudouridylations, are required for the biogenesis of the mitoribosome LSU [START_REF] Rorbach | MRM2 and MRM3 are involved in biogenesis of the large subunit of the mitochondrial ribosome[END_REF][START_REF] Bar-Yaacov | Mitochondrial 16S rRNA Is Methylated by tRNA Methyltransferase TRMT61B in All Vertebrates[END_REF][61]. Finally, a SILAC pulse labeling approach was used to determine the order and kinetics of mitoribosomal r-proteins recruitment [START_REF] Bogenhagen | Kinetics and Mechanism of Mammalian Mitochondrial Ribosome Assembly[END_REF]. This showed that full mitoribosome assembly occurs in about 2-3 hours and revealed that most mitochondrial r-proteins are synthesized and imported to mitochondria in considerable excess. Likewise, in yeast, a genetic approach showed that LSU assembly is rather similar to the biogenesis of E. coli LSU. For this, the 44 genes coding for mtLSU r-proteins were systematically deleted and the effects on the sequence of events leading to ribosome biogenesis were observed [START_REF] Zeng | Yeast Mitoribosome Large Subunit Assembly Proceeds by Hierarchical Incorporation of Protein Clusters and Modules on the Inner Membrane[END_REF]. Nonetheless, yeast LSU assembly also involves the incorporation of additional mitochondria-specific r-proteins and uses novel biogenesis factors [START_REF] Chen | Characterization of the Ribosome Biogenesis Landscape in E. coli Using Quantitative Mass Spectrometry[END_REF]. This genetic study also showed that many r-proteins (conserved in ribosomes or specific to mitochondria) are not essential. Finally, it revealed that yeast LSU assembly is localized at the mitochondrial inner membrane. In contrast, in trypanosoma, mitoribosome assembly is likely to be very different from bacteria. It was proposed that mitoribosome assembly is driven by proteins and not by rRNAs because of the extreme reduction of rRNA sizes. It appears unlikely that the reduced rRNAs can coalesce into rRNA tertiary structures that would then be completed by proteins. It is more likely that unfolded rRNA bind to and are shaped on preformed protein sub-complexes to build the trypanosoma mitoribosome SSU and LSU [START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF]. Recently, this hypothesis was reinforced with the structures resolved by cryoEM of three different assembly intermediates of the T.brucei mitoribosome SSU [55]. The three different intermediates allowed to determine a partial order of r-proteins integration in the mitoribosome SSU. The most immature intermediate, termed assemblosome, is also the largest of the three intermediates forming a 4-MDa complex. Although presenting an incomplete set of rproteins, it is shaped by 34 maturation factors that interact with the partially immature 9S rRNA.

Recruitment of mRNA to mitoribosomes and translation initiation

While mitochondrial translation initiation shares some similar features with bacterial translation initiation, it mainly involves specific processes that differ in distinct eukaryote lineages. For example, in mitochondria, similar to bacteria, translation initiation uses a formylated fMet-tRNA Met , even though in yeast it has been suggested that formylation is not required [START_REF] Spencer | Interaction of mitochondrial initiation factor 2 with mitochondrial fMet-tRNA[END_REF][START_REF] Li | Initiation of protein synthesis in Saccharomyces cerevisiae mitochondria without formylation of the initiator tRNA[END_REF]. However, the factors involved are different. In bacteria, translation initiation involves three essential initiation factors, IF1, IF2, and IF3 [START_REF] Gualerzi | Initiation of mRNA translation in prokaryotes[END_REF]. In brief, IF1 associates with the SSU in the A site and prevents an aminoacyl-tRNA from entering. IF2 binds to the initiator tRNA and controls its entry in the ribosome. Finally, IF3 is required for SSU binding to the initiation site in mRNA. IF1 and IF2 are called "universal" translation initiation factors because they have conserved functional and structural homologs in both eukaryotes and Archaea [START_REF] Roll-Mecak | Engaging the ribosome: universal IFs of translation[END_REF]. However, the sets of IF proteins used for mitochondrial translation initiation diverged considerably as compared to bacteria. While mitochondrial IF2 (mt-IF2) has been observed in all mitochondria studied thus far, mt-IF3 does not always occur (in yeast Aim23p was proposed to be a mt-IF3 orthologue [START_REF] Atkinson | Evolutionary and genetic analyses of mitochondrial translation initiation factors identify the missing mitochondrial IF3 in S. cerevisiae[END_REF] and IF1 appears to have been lost during mitochondrial evolution as it has not been characterized in any mitochondria studied yet [START_REF] Atkinson | Evolutionary and genetic analyses of mitochondrial translation initiation factors identify the missing mitochondrial IF3 in S. cerevisiae[END_REF]. The observation that bovine mt-IF2 is able to complement the essential functions of both bacterial IF1 and IF2 suggests that mt-IF2 might have acquired the function of IF1 [START_REF] Gaur | A Single Mammalian Mitochondrial Translation Initiation Factor Functionally Replaces Two Bacterial Factors[END_REF]. This appears to indeed be the case as a 37 amino acids insertion conserved in vertebrate mitochondrial IF2 proteins appears to have taken over IF1 function [START_REF] Gaur | A Single Mammalian Mitochondrial Translation Initiation Factor Functionally Replaces Two Bacterial Factors[END_REF]69]. This was further confirmed with the recent determination of human mitoribosome structures in complex with (i) mtIF2 and fMet-tRNA Met and (ii) with mtIF3 alone [START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF][START_REF] Koripella | Structural insights into unique features of the human mitochondrial ribosome recycling[END_REF]. Beyond initiation factors, a main difference between mitochondrial and bacterial translation initiation processes is that mitochondrial mRNAs and SSU rRNAs lost their respective Shine Dalgarno (SD) and anti-SD sequences [START_REF] Ott | Organization and Regulation of Mitochondrial Protein Synthesis[END_REF]. Hence, the mechanisms for mRNA recruitment to the small subunit, as well as for the correct positioning of start codons, was unclear [69]. In animals, this process was even more elusive as some mt-mRNAs do not have 5' untranslated regions (UTR) [START_REF] Montoya | Distinctive features of the 5′-terminal sequences of the human mitochondrial mRNAs[END_REF]. Possible ciselements involved in ribosome binding thus appeared to be absent. However, the recent determination of yeast and mammalian mitoribosome high-resolution structures provided the first evidences to understand mRNA recruitment in fungi and animals mitochondria [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF][START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]. In mammalian mitoribosomes, translation initiation uses a PPR protein (Box 2) [START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]. This protein, mS39, is located at the SSU head near the mRNA entry channel. It was proposed that mS39 could be involved in the binding of the leaderless mRNAs to aid their threading through the remodeled mRNA channel entrance toward the decoding center [START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. The recent structure of the mammalian translation initiation complex reconstituted in vitro confirmed this hypothesis. The PPR motifs of mS39 bind the mRNA downstream of its AUG initiation codon in a U-rich region (Figure 2) [START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]. Such U-rich sequences are conserved (downstream of codon 7) in the 11 mRNAs of mammalian mitochondria and might all be specifically bound by mS39 for mRNA recruitment to mitoribosomes [19,[START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF][START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]. Yeast mitochondria use a different translation initiation system. mRNAs have long 5' UTRs bound by translation activators. These factors are usually specific to a particular transcript and are essential for the translation of the respective transcripts [START_REF] Derbikova | Activation of Yeast Mitochondrial Translation: Who Is in Charge?[END_REF]. Moreover, the mRNA exit channel of yeast mitoribosome is highly remodeled, composed of yeast specific mitoribosomal r-proteins, forming a Vshaped canyon at the channel exit. The cryoEM map established in 2017 showed that additional electron densities are detected on the V-shaped canyon, suggesting that this canyon might act both as an extended mRNA channel and a binding platform for translation activators [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF]. Similar to yeast, plant mt-mRNAs have long 5' UTRs, and several PPR proteins occur as core mitoribosome proteins [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF]. Some of them might be involved in translation initiation, similar to mS39 in animals, but this has yet to be studied in depth.

Specialization for membrane proteins translation and interaction with insertase systems

The few protein-coding genes retained in mt-genomes are relatively conserved across eukaryotes. Most of them are components of the respiratory chain [16]. The two proteins universally conserved in all known mt-genomes are cob and cox1, which encode proteins of the oxidative phosphorylation (OXPHOS) complexes III and IV respectively [START_REF] Gray | Mosaic nature of the mitochondrial proteome: Implications for the origin and evolution of mitochondria[END_REF]16]. Respiratory chain components are often highly hydrophobic membrane proteins [73]. Mitoribosomes therefore appear to have evolved to synthesize a number of hydrophobic respiratory proteins. Recent studies have shown that mitoribosomes are often localized and bound to the mitochondrial inner membrane (IMM) [START_REF] Englmeier | Structure of the Human Mitochondrial Ribosome Studied In Situ by Cryoelectron Tomography[END_REF][START_REF] Pfeffer | Organization of the mitochondrial translation machinery studied in situ by cryoelectron tomography[END_REF]. However, different membrane anchors are used in different systems (Figure 3). In situ cryo-electron tomography studies performed with purified mitochondria have shown how yeast and human mitoribosomes are arranged and organized at the IMM [START_REF] Englmeier | Structure of the Human Mitochondrial Ribosome Studied In Situ by Cryoelectron Tomography[END_REF][START_REF] Pfeffer | Organization of the mitochondrial translation machinery studied in situ by cryoelectron tomography[END_REF]. It suggested the presence of polysome-like structures. It also revealed additional densities on ribosomal particles that were not observed with isolated mitoribosomes in cryoEM studies. The additional density observed for the human mitoribosome is illustrated in Figure 3. In both yeast and human, it was shown that some mitochondrial encoded membrane proteins are co-translationally inserted into the IMM and that at least a sub-population of mitoribosomes are bound to the IMM [START_REF] Englmeier | Structure of the Human Mitochondrial Ribosome Studied In Situ by Cryoelectron Tomography[END_REF][START_REF] Pfeffer | Organization of the mitochondrial translation machinery studied in situ by cryoelectron tomography[END_REF]. In the case of mammalian mitoribosomes, this attachment is most likely mediated by the mitochondria-specific protein mL45, located next to the ribosomal exit tunnel [START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]. In contrast, in yeast, the mitoribosome attachment to the IMM is mediated by the protein Mba1, as well as by the rRNA expansion segment of helix 96 [START_REF] Pfeffer | Organization of the mitochondrial translation machinery studied in situ by cryoelectron tomography[END_REF][START_REF] Ott | Mba1, a membrane-associated ribosome receptor in mitochondria[END_REF]. In both mammals and yeast, the nascent protein is thought to be co-translationally inserted into the IMM by the insertase Oxa1 [19,77,78] (Figure 3). Moreover, yeast, mammals, and trypanosoma systems diverge significantly as their polypeptide exit tunnels have been extensively remodeled with several lineage-specific mitoribosomal proteins, most likely to facilitate membrane association and co-translational insertion of proteins in the IMM [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF][START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. However, while the attachment of mitoribosomes to the IMM has been described for fungi and mammalian, it might not be ubiquitous across eukaryotes. Mitochondria might have different sets of ribosomes bound or not to the IMM to accommodate the synthesis of both hydrophobic and hydrophilic proteins.

Interplay between mitochondrial translation and RNA processing pathways

While the composition and architecture of mitoribosomes is beginning to be unravelled in an increasing number of representative eukaryotes, little is known on translation regulation. Recent studies have shown that translational activators play key roles in this regulation and that mitochondrial translation is tightly coupled with other RNA maturation, processing, and degradation pathways [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF]. While PPR proteins have been identified as core ribosomal proteins, several other PPR proteins have also been recognized as translation activators in many different eukaryotes in the recent years. For example, in human, the PPR protein LRPPRC acts together with SLIRP to resolve mRNA secondary structures, to enable translation initiation, and to promote RNA stabilization and polyadenylation [START_REF] Siira | LRPPRC-mediated folding of the mitochondrial transcriptome[END_REF]. Similarly, in yeast, PPR proteins, such as Pet111, Atp22, or Aep1 bind mRNAs and act as translation activators [START_REF] Herbert | Yeast PPR proteins, watchdogs of mitochondrial gene expression[END_REF], although their mode of action remains elusive. Pet111 was recently proposed to resolve mRNA secondary structures to allow translation initiation, similar to LRPPRC [START_REF] Jones | Yeast mitochondrial protein Pet111p binds directly to two distinct targets in COX2 mRNA, suggesting a mechanism of translational activation[END_REF]. Likewise, in T. brucei, non-mitoribosomal PPR proteins were identified during affinity purification of both mitoribosomes and the polyadenylation complex [START_REF] Aphasizheva | Pentatricopeptide Repeat Proteins Stimulate mRNA Adenylation/Uridylation to Activate Mitochondrial Translation in Trypanosomes[END_REF]. Functional analysis of two of these PPR proteins suggest that they make an interface between polyadenylation and translation machinery, and appear to be essential to stimulate mRNA translation [84]. In the same line, translation is a dynamic and regulated process in plant mitochondria [85] and plant PPR proteins were identified as translation regulators [START_REF] Uyttewaal | PPR336 is Associated with Polysomes in Plant Mitochondria[END_REF][START_REF] Haïli | The MTL1 Pentatricopeptide Repeat Protein Is Required for Both Translation and Splicing of the Mitochondrial NADH DEHYDROGENASE SUBUNIT7 mRNA in Arabidopsis[END_REF]. The immunoprecipitation of complexes with a core mitoribosome protein used as a bait identified gene expression regulators associated to the ribosome, including several PPR proteins and other RNA binding proteins [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF]. Altogether, studies performed in different eukaryotes all suggest a close interaction between RNA processing and translation in mitochondria.

Mitochondrial translation dysfunctions in diseases and drug design

Mitochondrial translation and its regulations are essential processes in eukaryote cells. Dysfunctions of these processes lead to severe disorders in very diverse eukaryotes. In particular, in human, several inherited disorders are caused by mitochondrial translation dysfunctions. In the case of mitoribosome dysfunctions, diseases have been biochemically characterized by alterations in OXPHOS complexes containing mitochondrial encoded subunits [START_REF] Fiedorczuk | Mammalian Mitochondrial Complex I Structure and Disease-Causing Mutations[END_REF]. Translation deficiencies are caused by either mitochondrial or nuclear mutations affecting genes encoding r-proteins, rRNAs, or tRNAs [START_REF] Liu | The novel mitochondrial 16S rRNA 2336T>C mutation is associated with hypertrophic cardiomyopathy[END_REF][90][91][START_REF] Carroll | Whole-exome sequencing identifies a mutation in the mitochondrial ribosome protein MRPL44 to underlie mitochondrial infantile cardiomyopathy[END_REF][START_REF] Distelmaier | MRPL44 mutations cause a slowly progressive multisystem disease with childhood-onset hypertrophic cardiomyopathy[END_REF]. Additionally, mutations in initiation factors, elongation, and termination factors, or in aminoacyl tRNA synthetases, also lead to severe clinical cases [START_REF] Scheper | Mitochondrial aspartyl-tRNA synthetase deficiency causes leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation[END_REF][START_REF] Pierce | Mutations in mitochondrial histidyl tRNA synthetase HARS2 cause ovarian dysgenesis and sensorineural hearing loss of Perrault syndrome[END_REF][START_REF] Valente | Infantile Encephalopathy and Defective Mitochondrial DNA Translation in Patients with Mutations of Mitochondrial Elongation Factors EFG1 and EFTu[END_REF][97]. These mutations generally lead to severe growth retardation, neurological disorders, myopathies, and/or other characteristic symptoms (e.g. earing-loss) [98]. Beyond genetic inherited diseases, it was shown that many cancer cells have altered OXPHOS capacity and that elevated mitochondrial translation stimulates cell proliferation [START_REF] Ashton | Oxidative Phosphorylation as an Emerging Target in Cancer Therapy[END_REF]. Mitochondrial translation thus constitutes an important target for cancer therapy [100,101]. In plants as well, mitochondrial translation defects lead to disorders. A widely expanded trait called cytoplasmic male sterility (CMS), characterized by an inability of plants to produce functional pollen is caused by mitochondrial dysfunctions [102]. The CMS phenotype can be suppressed by nuclear "restorers of fertility" (Rf) genes. The phenomenon of CMS and nuclear fertility restoration are of great commercial interest and are extensively used for the production of higher yielding hybrid crop varieties world-wide. Interestingly, most Rf genes encode PPR proteins and some of them were experimentally shown to be regulators of translation [103,104]. In a wider context, the evolutionary drift of mitochondria in the different eukaryote groups has allowed the appearance of highly divergent mitoribosomes that nevertheless all perform the same core function. This diversity implies that many components, either r-proteins or rRNAs, can be specifically targeted for drug development. In particular, mitoribosomes constitute a great target for species-specific targets to tackle non-vaccine-preventable diseases such as malaria, sleeping sickness, and Chagas disease, which are mainly caused by protozoan parasites [105].

Concluding Remarks and Future Perspectives

The recent analysis of compositions and structures of mitoribosomes from diverse eukaryotes (animal, fungi, plants, and trypanosomes) has shown that mitoribosomes are incredibly diverse, while cytosolic ribosomes are comparatively much more conserved across eukaryotes [19]. Nonetheless, a lot of information is still missing to fully apprehend the diversity of mitochondrial translation systems across eukaryotes (see Outstanding Questions). For instance, no data is available for the eukaryote supergroup containing Stramenopiles, Alveolata and Rhizaria (Figure 1). Among them, it should be very informative to determine mitoribosome structures for prevalent eukaryotes such as diatoms or parasites responsible for diseases such as P. falciparum. Similarly, in other supergroups such as Archaeplastida (the plant group), no data is available for unicellular green algae or brown and red algae (Chlorophyta such as Chlamydomonas reinhardtii, Glaucophyta and Rhodophycae). In some species such as C. reinhardtii and P. falciparum where rRNAs genes have been split into several sub-fragments, it will be instrumental to determine how mitoribosome architecture is reconstituted from these sub-fragments [START_REF] Feagin | The Fragmented Mitochondrial Ribosomal RNAs of Plasmodium falciparum[END_REF]106]. Moreover, in the plant group, some specific features (i.e. 18S rRNA additional domains) are only predicted to occur in flowering plants. Therefore mitoribosomes should also be very different in other major groups of the green lineage such as ferns, mosses or gymnosperms [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF]. Finally, among Excavata, while mitoribosome structure was determined for T. brucei, it will be essential to understand mitoribosome evolution to study jakobids such as R.americana whose mitochondria seemingly closely resemble the original endosymbiont, therefore their mitoribosomes are predicted to be more bacterial-like as compared to the other eukaryotes [107]. By comparing all these systems, we should obtain clues to understand why mitoribosomes are so diverse as compared to their cytosolic counterparts across eukaryotes. Other major challenges will be to understand the exact functions of all the novel r-proteins identified in different eukaryote groups. It will also be essential to understand the diversity of mitochondrial translation initiation mechanisms, to capture ribosome assembly intermediates and to understand how mitoribosomes are integrated within the global contexts of (i) mRNA biogenesis and turnover processes and (ii) machineries responsible for the coordinated assembly of mitochondrial and nuclear encoded proteins into OXPHOS complexes. Overall, understanding the diversity and the evolution of mitochondrial translation systems in eukaryotes will reveal common features and specificities that will possibly be used in the longer term for socio-economical applications going from agriculture to human health.

Glossary

Cryo-electron microscopy (cryoEM): cryoEM is an electron microscopy technique applied on biological objects cooled to cryogenic temperatures and embedded in vitreous water. Near atomic resolution structures of biological complexes can be obtained with image processing and averaging of multiple images of the complexes. Cryo-electron tomography: cryoET is a technique by which complexes can be studied in situ. Complexes are maintained by cryo-fixation, visualized with an electron microscope and structures can be derived by subtomogram averaging. Endosymbiosis: It is an evolutionary process during which a living organism (the endosymbiont) was engulfed by another organism, both organisms maintaining a mutualistic relationship. In the case of mitochondria, the endosymbiont, related to an α-proteobacteria was engulfed by the ancestor of eukaryotes, an archeal-like organism. Mitochondria: they are the two membrane endosymbiotic organelles primarily responsible for ATP production in eukaryote cells through processes such as β-oxidation, the citric acid (or Krebs) cycle, and the respiratory chain. Mitoribosome: the mitochondrial ribosomes are of prokaryote origin but have significantly diverged during eukaryote evolution with the recruitment of many mitochondria specific protein subunits and the gain or loss of specific RNA domains. Mitoribosomes have evolved for the specialized translation of specific mRNAs encoded in mitochondrial genomes. Mitochondrial DNA (mtDNA): it makes the compact mitochondrial genomes, ranging from a few kbp in many eukaryotes (16 kbp in Human) to ca. 300-500 kbp in most land plants. It encodes a few essential proteins, i.e. essential hydrophobic respiratory chain proteins, as well as components of the translation machinery, i.e. rRNA, tRNA and ribosomal proteins in some eukaryotes. Organelle: subcellular specialized structures delimited by membranes. Here, it refers to endosymbiotic compartments such as mitochondria and chloroplasts containing a genome and a complete gene expression machinery. OXPHOS: oxidative phosphorylation is the metabolic pathway, localized in mitochondria, that oxidizes nutrients, thereby releasing energy which is used to produce ATP. It involves respiratory complexes I to IV and the ATP synthase complex. Pentatricopeptide repeat proteins: PPR proteins are a family of eukaryote specific RNA binding proteins folded in α-helical repeated modules, involved in all steps of organellar gene expression processes. Polyadenylation: addition of a polyA tail to the 3' end of mRNAs. In mitochondria, similar to bacteria, polyA tails serve as a signal for 3' to 5' exonucleolytic RNA degradation.

Box 1. Challenges and technologies in mitochondrial translation research

Tremendous progress has been achieved in the field of mitochondrial translation in the last five years, largely thanks to cryoEM analyses. This technology, in particular, has revealed high resolution structures of a diversity of mitoribosomes in various eukaryote groups [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF][START_REF] Greber | The complete structure of the 55S mammalian mitochondrial ribosome[END_REF][START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. Challenges now remain to capture and characterize less abundant and more transient complexes, such as mitochondrial translation initiation complexes or mitoribosome assembly intermediates in most eukaryotes. In the same line, the characterisation of super-complexes involving mitoribosome and insertases or OXPHOS subcomplexes will reveal how mitochondrial translation is coupled with posttranslational processes, such as co-translational insertion into the IMM. While cryoEM continues to improve rapidly, both in terms of hardware and data analysis software, other approaches such as electron cryo-tomography will surely be instrumental to apprehend the integration of mitochondrial translation machineries with other cellular processes. Other technologies, for instance ribosome profiling coupled with next generation sequencing, will be instrumental to understand the functions of the mitoribosome specific r-proteins that have been identified in recent years [START_REF] Waltz | Small is big in Arabidopsis mitochondrial ribosome[END_REF]. It will e.g. reveal if these proteins are specific for the translation of particular mRNAs or generic translation factors. Box 2. Prevalence of PPR proteins as mitochondria specific r-proteins Pentatricopeptide repeat (PPR) proteins belong to the wide family of helical repeats modular proteins [108]. They are composed of repeated modules of ca. 35 amino acids folded into helix-turnhelix structures, with the succession of PPR motifs making an α super-helix. PPR proteins compose a eukaryote specific family of proteins, present in various numbers across eukaryote groups, e.g. 7 in human, 15 in Saccharomyces cerevisiae, 28 in Trypanosoma brucei, and 400-600 in most land plants, thus making one of the largest gene family in plants [109]. PPR proteins are mostly localized in mitochondria (and/or chloroplasts in photosynthetic organisms) [110], and their functions appear to be related to all steps of organellar gene expression, i.e. transcription, the maturation of RNA ends, splicing, RNA editing, and translation. The canonical mode of action of PPR proteins involves the specific recognition of an RNA sequence, with each PPR motif recognizing a specific nucleotide [111], similar to other helical repeat proteins such as Pumilio-related proteins [108]. The identification of PPR proteins as core ribosomal proteins has revealed that PPR proteins mode of action is more diverse than previously anticipated, with some PPR proteins indeed connecting single stranded mRNA, while other bind the convex surface of double stranded rRNA helices and others are present as ribosome structural components and do not interact with RNA at all [START_REF] Ramrath | Evolutionary shift toward protein-based architecture in trypanosomal mitochondrial ribosomes[END_REF][START_REF] Kummer | Unique features of mammalian mitochondrial translation initiation revealed by cryo-EM[END_REF]55]. 
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a Composition of the mammalian (Mamm.), yeast, trypanosome (Trypa.) and Arabidopsis (Ara.) mitoribosomes compared with the bacterial 70S ribosome.

b For each protein, the UNIPROT identification is indicated. Proteins highlighted in light blue are bacterial type (Bact.) ribosomal proteins universal to prokaryotes and eukaryotes. ) is bound to the inner membrane (IM) due to the expansion segment of H96 and a nonribosomal protein Mba1, which contact the insertase Oxa1 [START_REF] Gualerzi | Initiation of mRNA translation in prokaryotes[END_REF]. In yeast, the classical bacterial exit tunnel is blocked (red star) and replaced by another exit [START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF]. The new polypeptide path is shown by a red dashed line. (B) The human mitoribosome (PDB ID: 6GAW) is bound to the IM by the intrinsic rprotein mL45 (shown in red), directly interacting with Oxa1. It has been shown that the N-terminal part of mL45 probes the polypeptide channel when the mitoribosome is not bound to the IM of mitochondria, thus acting almost as a maturation factor preventing protein synthesis when the mitoribosome is not bound to the IM [START_REF] Smits | Reconstructing the evolution of the mitochondrial ribosomal proteome[END_REF]. Moreover cryo-ET revealed the presence of an additional density bound to the PPR protein mS39 in native conditions [START_REF] Roll-Mecak | Engaging the ribosome: universal IFs of translation[END_REF]. OM, outer membrane. 

Alveolates

Figure 1 .

 1 Figure 1. Structural divergence of mitoribosomes across eukaryotes.Mitoribosome structures, at high resolution, for representatives from Excavata (Trypanosoma) (PDB ID: 6HIV), Fungi (budding yeast) (PDB ID: 5MRC) and Animal (human) (PDB ID: 6GAW) and a low resolution for Arabidopsis (EMDB ID:4408), are represented at the same scale. Structures are overlayed on a schematic representation of the major eukaryote lineages and compared with E. coli ribosome (PDB ID:5KCR) that resembles the ancestral α-proteobacteria like ribosome that are hypothesised to give rise to mitoribosomes after divergence from the last eukaryote common ancestor (LECA). Ribosomes are shown oriented with the SSU at the bottom and the LSU at the top. It shows the global increase in mitoribosome sizes as compared to the bacterial ribosome and illustrates the diversity of mitoribosome architectures, in particular with very large SSU in Arabidopsis (Viridiplantae, Green plants) and Trypanosomes (Excavata). Ribosomal RNAs are shown in grey. Proteins of bacterial origin are shown in dark blue. Proteins specific to mitochondria and found in all analyzed eukaryotes are shown in yellow. Finally, proteins specific for the respective eukaryote groups are shown in red. For plants, SSU expansions specific to angiosperms are represented in red. The composition and architecture of mitoribosomes is unknown for many eukaryotes, in particular for the super group of Stramenopiles, Alveolates, Rhizaria (SAR).

Figure 2 .

 2 Figure 2. Functional diversity of PPR proteins in mitoribosomes. (A) High resolution structures of Human (PDB ID: 6GAW) and Trypanosoma (PDB ID: 6HIV) mitoribosomes, indicating PPR proteins in blue. (B) and (C) Mammalian PPR proteins mS39 and mS27. mS39 appears to mediate the stabilization of mRNA (depicted as a green line) on the SSU head. In contrast, mS27 located in the SSU body has contact, although limited, with rRNA. (D) Trypanosoma PPR protein mS51 binds rproteins and does not make any contact with RNA. r-proteins are shown in gray, rRNAs in redorange, and proteins containing PPR motifs in blue.

Figure 3 .

 3 Figure 3. Mitoribosomes membrane attachment. Membrane attachment models for the yeast mitoribosome (A) and the mammalian mitoribosome (B). LSU are shown in blue shades and SSU in yellow shades. Polypeptide tunnels are highlighted in yellow. (A) The yeast mitoribosome (PDB ID: 5MRC) is bound to the inner membrane (IM) due to the expansion segment of H96 and a nonribosomal protein Mba1, which contact the insertase Oxa1[START_REF] Gualerzi | Initiation of mRNA translation in prokaryotes[END_REF]. In yeast, the classical bacterial exit tunnel is blocked (red star) and replaced by another exit[START_REF] Desai | The structure of the yeast mitochondrial ribosome[END_REF]. The new polypeptide path is shown by a red dashed line. (B) The human mitoribosome (PDB ID: 6GAW) is bound to the IM by the intrinsic rprotein mL45 (shown in red), directly interacting with Oxa1. It has been shown that the N-terminal part of mL45 probes the polypeptide channel when the mitoribosome is not bound to the IM of mitochondria, thus acting almost as a maturation factor preventing protein synthesis when the mitoribosome is not bound to the IM[START_REF] Smits | Reconstructing the evolution of the mitochondrial ribosomal proteome[END_REF]. Moreover cryo-ET revealed the presence of an additional density bound to the PPR protein mS39 in native conditions[START_REF] Roll-Mecak | Engaging the ribosome: universal IFs of translation[END_REF]. OM, outer membrane.

Table 1 . Mitoribosome proteins and rRNA contents across eukaryotes compared with E. coli ribosome a .

 1 

	A									
	Bact.	Mamm.	Yeast	Trypa.	Ara.	Bact.	Mamm.	Yeast	Trypa.	Ara.
		Small Subunit					Large Subunit		
					Ribosomal RNAs				
	16S	12S	15S	9S	18S	23S	16S	21S	12S	26S
	(1534 nt)	(962 nt)	(1649 nt)	(620 nt)	(1935 nt)	(2904 nt)	1569 nt)	(3296 nt)	(1176 nt)	(3169 nt)
						5S	CP tRNA	-	-	5S
					Ribosomal proteins				
	bS1	Q9Y2Q9 b								
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a Mitoribosome proteins specific to eukaryotes (Mito).

b The proteins in yellow are specific to mitochondria and shared by different organisms c The ones in orange are specific to a respective organism.

d m specifies mitochondria encoded genes e p PPR proteins f In the case of Trypanosoma, due to poor annotations, the proteins correspond to Trypanosoma brucei brucei (strain 927/4 GUTat10.1), except for the proteins with a * that correspond to other strains.