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Highlights:
· Unnatural bases in vitro and in vivo can replace or expand DNA coding capacity.
· Polymerase engineering has enabled development of increasingly orthogonal XNAs.
· Metabolic synthesis of XNA triphosphates is needed for an XNA metabolism.
· Improved directed evolution tools are essential for further development.


Abstract (100-120 words)
By assembling biological systems from synthetic components, Xenobiology probes the limits of natural biology. In doing so, it also permits deeper understanding of all levels in biology as well as development of novel applications. Xenobiotic nucleic acids test how information can be maintained, whether enriching natural DNA or replacing it. While the field has progressed significantly over the past 10 years, by focusing on the development of XNA polymerases and ligases, more is needed to tackle experimental bottlenecks and to better integrate the insights being gained. Here, we summarise the recent advances towards artificial genetic materials and highlight the areas likely to provide the next XNA advances.

Graphical abstract:


Introduction
Despite its inherent diversity, life on Earth is constrained, with “frozen accidents” having pushed Biology towards the known universally conserved processes. Lack of viable evolutionary paths between different functions, together with the lack of evolutionary advantage, has blocked Biology from sampling all possible chemistries and from exploring all the possible combinations of naturally available enzymes. Therefore, we can only describe a small fraction of the possible solutions for catalysis and biology. It is now well-established that enzymes, pathways and even universally conserved biological processes can be reshaped.
A major goal in Xenobiology is to explore how far biology can be reshaped – what changes are tolerated and how systems can be adapted towards further changes – with the aim of establishing artificial systems that can operate alongside biology but with minimal interference (i.e. orthogonal). Pioneering results from the expansion of the genetic code [1], orthogonal ribosomes [2] and synthetic genetic materials [3] are encouraging and point the way to a deeper understanding of biology on all scales, as well as a plethora of new applications.
Still, the field is in its infancy. Some of the technologies being developed for Xenobiology are spreading to other scientific areas but even more important are the many technologies and methodologies being developed in other areas that are now ready to be adopted by the Xenobiology field for significant advancement. Focusing on the development of xenobiotic nucleic acids (XNAs) as synthetic genetic materials, we highlight how the field has changed in the last 5 years, the technologies that could enable faster progress and the challenges ahead. It has not been possible to cover all the advances in this short review and we therefore apologize to our colleagues whose works have not been included.
Xenobiotic nucleic acids and synthetic genetic materials
Two complementary approaches towards establishing xenobiotic nucleic acids (XNAs) have been pursued from the field’s outset: one optimizing nucleic acid chemistry towards incorporation by natural enzymes [4], and the other engineering DNA polymerases to improve XNA synthesis and replication [5,6]. More recently, balanced strategies are also being pursued – whether by optimising “problematic” XNA nucleobases [7] or by stepwise modification of DNA allowing polymerases (and organisms) to “catch up” [8].
Replicative DNA polymerases are highly selective of their substrates and have evolved multiple mechanisms to selectively exclude the incorporation and extension of non-canonical substrates. However, not all constraints lie within the polymerase itself. Although all biological systems require an aqueous environment and despite water playing an important role in enzyme-catalysed reactions, its role is commonly overlooked. Natural nucleoside triphosphates are highly polar molecules and strongly hydrated in solution at the phosphate groups, at the sugar moiety and at the edge of the nucleobases. During polymerase-catalysed DNA synthesis, triphosphate interactions with water are replaced with interactions to the amino acids (and template) lining the enzyme active site. Polar interactions are there also further complemented by hydrophobic ones with both polymerase and with the nucleobases in the priming strand. As synthesis progresses, the process is reversed when amino acid interactions are again replaced with water interactions as the nascent duplex emerges from the enzyme. The entropic contribution of water to those processes can be substantial, making them potentially energetically neutral processes and that can be significantly affected by modified substrates[9]. Consequently, chemical optimization of unnatural substrates is constrained to phosphate, sugar and nucleobase analogues that can be tolerated in a duplex helix with minimal deviation from what is expected of a natural DNA duplex, but may be further limited by the impact of altered hydration (e.g. by establishing a maximum density of modification incorporations).
Most successful have been analogues that retain the phosphodiester and (deoxy)ribose moieties, introducing novel base pairs (or self-pairing bases) [10]. By optimizing the chemistry, Benner, Romesberg and colleagues have made the most significant steps towards establishing viable genetic systems with increased coding capacity and with potential to be introduced in vivo [11,12].
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Romesberg and colleagues have for over two decades designed hydrophobic base pairs and explored their chemical neighbourhood, screening for efficient in vitro incorporation by A-family thermostable DNA polymerases like Taq. Single instances of base pairs such as d5SICS:dNaM were shown to be replicated with high efficiency, in different sequence contexts, and well retained (on average above 90% after 84 cycles of PCR) [14]. Crystal structures of KlenTaq incorporating these unnatural nucleobases showed an induced fit mechanism that allowed these bases to form a planar Watson-Crick-like base pair in the active site of the DNA polymerase but which, upon extension, quickly slipped into intercalation [15], a consequence of their altered interaction with water in solution.
Exogenously expressing an algal nucleotide triphosphate transporter (Phaeodactylum tricornutum PtNTT2), that could efficiently import d5SICS and dNaM triphosphates, Romesberg and colleagues went on to demonstrate that a single synthetic base pair could be maintained in vivo in a plasmid for more than 24 cell divisions [11]. More recently, through optimization of the triphosphate importer and by using CRISPR-Cas9 to remove mutants that lose the unnatural bases, Romesberg and colleagues have shown nearly 100% retention of the unnatural bases after over 100 cell divisions [16]. In vivo utilization of synthetic nucleobases must overcome two challenges: polymerase optimisation and synthetic nucleotide import into the cell. 
First, the E. coli ortholog of Taq (Pol I) is not the main cellular replicase, although it can be involved in the initial stage of replication of some plasmids. While DNA polymerase active sites are structurally conserved, the chemical optimization of d5SICS:dNaM could not have been so extreme as to pick out family-specific structural differences in polymerases. Second (and discussed further below), there is no cellular machinery to phosphorylate synthetic nucleosides forcing the triphosphate nucleotides to be imported into the cell, which is not naturally done by E. coli. Either of those challenges may explain why other well-established hydrophobic base-pairs, such as Ds:Px [17], have not been successfully implemented in vivo. Romesberg and colleagues have since also further optimised the synthetic nucleosides in vivo, picking out better combinations (e.g. dCNMO:dTPT3 [18]), which may at least in part be preferred due to more efficient import of the triphosphates [19].
In a parallel development, Benner and colleagues have focused on nucleobases that mimic the natural Watson-Crick nucleobases but display a modified pattern of hydrogen bonding – also referred to as artificially expanded genetic information systems (AEGIS)[20]. The different hydrogen bonding patterns can in theory allow six base-pairs (of which 2 are the natural patterns), but not all are accessible due to tautomerization (which would reduce the fidelity of the system) or epimerization (which can affect the stability of the nucleobases).
Among the proposed AEGIS combinations, the dP:dZ pair has been extensively characterised with their impact on the duplex structure assessed in isolation [21] or in the active site of an engineered DNA polymerase capable of efficient dP:dZ replication [22]. Although natural polymerases can incorporate dP:dZ base-pairs [23] and duplex structure is maintained within the natural parameters [21], further engineering can be used to change the efficiency of their incorporation [24]. Other base-pairs have also been explored, and more recently combined, to create an 8-base nucleic acid, harbouring dP:dZ and dS:dB in addition to the four natural bases [12]. Although this system has not yet been implemented in vivo, steps towards the in vivo phosphorylation of AEGIS nucleotide precursors (discussed further below) have been reported [25].
The complementary strategy towards new synthetic genetic materials has been to select a particular XNA chemistry, based on the expected properties or a given envisaged application, and engineer DNA (or RNA) polymerases towards accommodating (i.e. incorporating, extending and templating from) the new chemistry. Bar a few exceptions [26], this approach has focused on retaining the natural nucleobases (partly due to technical limitations with polymerase selection), thus giving it a slightly different aim: not towards increasing the coding potential of DNA but towards establishing alternative codes altogether. In addition, while Holliger, us and colleagues have made the most significant recent advances in the synthesis of novel XNAs (i.e. DNA  XNA), progress towards XNA replication (i.e. XNA  XNA) remain limited – achieved only through partial substitutions [27], with chemistries that are structurally close to DNA, such as functionalised DNA [28], FANA (fluoro-arabino nucleic acids) [3] and L-DNA [29], or limited to only a few incorporations such as HNA [30].
Holliger and colleagues, using a combination of modelling and selection, engineered a thermostable polymerase based on the Thermococcus gorgonarius DNA polymerase capable of synthesising an alkyl-modified phosphonate nucleic acid (phNA). In phNA, one of the non-bridging oxygens of the phosphodiester backbone of DNA was replaced with methyl- and ethyl- groups, de facto removing the negative charge from the phosphate backbone [31]. The lack of backbone negative charge weakened duplex stability with DNA, with each phNA:DNA base pair providing a thermal stabilization of approximately 0.13°C (instead of 0.56°C of a natural DNA:DNA base-pair). The lack of backbone charge, analogous to hydrophobic bases [32], has a significant impact on hydration of substrate and resulting polymer, but highlight that there is ample design space within the water solubility barrier.
The weaker interaction with DNA is of interest because it can provide a degree of orthogonality between phNA and DNA (even when compatible Watson-Crick bases are used), as reported for glycol nucleic acids or GNA [33]. On the other hand, removal of the polyanionic backbone that contributes to the extended conformation of natural nucleic acids may cause phNA, analogously to proteins, to be more likely to fold, enabling the development of aptamers that are not stabilized exclusively by base-pairing.
Our efforts focused on a different phosphonate nucleic acid, threosyl methoxyphosphonate nucleic acids (tPhoNA) [34], in which a carbon is inserted between phosphate and a bridging oxygen. Recent reports on closed ternary structures of Thermococcus kodakariensis DNA polymerase with natural [35] and with a threosyl [36] nucleotide in their active sites, encouraged us to take a structure- and knowledge-guided approach to the evolve a tPhoNA synthetase based on the closely-related T. gorgonarius enzyme. Although a tPhoNA polymer retains the polyanionic backbone, the change to phosphonate is expected to significantly affect the surface electrostatics of the polymer, making it less likely to interact with nucleic acid binding proteins and processing enzymes. The resulting polymerase, Tgo harboured nine mutations in residues previously implicated in XNA activity – across different domains and at a range of distances from the active site of the enzyme.
In vivo transliteration assays, which test the organism’s capacity to convert a short XNA segment into DNA, showed that tPhoNA-encoded information cannot be easily accessed, making it a promising candidate for orthogonal in vivo XNA systems [34]. Another nucleic acid chemistry with great potential for orthogonality is (S)-ZNA, an acyclic phosphonate backbone that retains chirality and that can be synthesised from readily available phosphonomethylglycerol nucleoside precursors [37]. Similar to tPhoNA, (S)-ZNA is poorly transliterated in vivo. Like GNA (another acyclic XNA), (S)-ZNA is able to base-pair efficiently but it shows a weaker interaction with DNA [37].
Nonetheless, hybrid alternatives are also emerging, such as the approach by Chaput and colleagues to threosyl nucleic acids (TNA). TNA synthesis with engineered archaeal DNA polymerases consistently display a high rate of GC transversions due to misincorporation of tGTP against a dG template [7,38], highlighting that changes in backbone (whether cross-chemistry DNAXNA or within a novel chemistry XNAXNA) can lead to changes in the informational optima of the nucleobases [38]. For TNA, modifying the guanosine analogue to a 7-deaza-guanosine [7] or a 7-deaza-7-substituted guanosine [39] stops a Hoogsteen interaction in which the incoming tGTP assumes a syn-conformation [39].
Started by the wholesale in vivo replacement of thymine with 5-chloro-deoxyuracil [8], Herdewijn, Marliere and colleagues have begun to explore whether a new orthogonal genetic system can be achieved through the incremental development of (increasingly unnatural) new base pairs [40] and backbones[41], validated in vitro and in vivo optimized. For instance, the modified nucleic acid (also named DZA – part of a move to bring greater clarity and precision to XNA nomenclature [13]) uses 5-chloro-dU:7-deaza-dA and 5-fluoro-dC:7-deaza-dG. It is efficiently amplified by DNA polymerases in vitro and shown to be resistant to a wide range of endonucleases. In vivo, while it remains less efficient than DNA, it can be accessed by a natural host [42] and, therefore, it is a suitable starting point for the same in vivo optimization carried out for 5-chloro-deoxyuracil [8].
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Figure 2: Three main routes towards introducing XNA in vivo. Nucleobase-modified XNAs that are tolerated by the natural replication and transcription machinery can be introduced directly into an organism genome, increasing the coding potential of DNA (A), or through replacement of natural bases (B). XNA chemistries that are not well-tolerated, i.e. most sugar- and backbone-modified XNAs, can be introduced in vivo through episomes that are self-contained and independent of the host genome (C).

While research in synthetic genetic materials has considerable potential to improve our understanding of Biology and to generate a whole new repertoire of in vivo and in vitro applications of the technologies, the area is hindered by two key challenges: the generation of the required compounds and the methodology to identify analogous XNA enzymes that have never existed in nature.
Towards XNA metabolism
Chemical synthesis of XNA precursors, including triphosphates and oligonucleotides, has up to now underpinned the field. While using broadly similar strategies used in DNA synthesis, the synthesis of most XNA precursors is significantly more challenging. Although progress has been made to improve precursor synthesis chemically, such as through improvements in the scalability of nucleoside phosphorylation [43], precursors remain an expensive and limiting resource in XNA research.
Enzymatic synthesis of such precursors is possible but rely on the isolation or on the engineering of enzymes capable of activity on XNA precursors. For instance, in the case of the dP:dZ novel base pair, Benner and colleagues showed that while the natural E. coli nucleoside diphosphate kinase can add the gamma-phosphate to dP and dZ nucleotide diphosphates [44], E. coli enzymes cannot efficiently install the alpha-phosphate on a dP or dZ nucleoside. For that, Benner and colleagues turned to a Drosophila deoxynucleoside kinase, known to have a more relaxed substrate specificity. The wild-type kinase was shown to be able to phosphorylate dP but additional engineering was required for efficient phosphorylation of both dP and dZ substrates [25]. Nonetheless, the pursuit of enzymatic synthesis of XNA precursors can also be applied to develop XNA systems in vivo, whether establishing XNA precursor producers or fully-fledged XNA-based organisms – the latter with consequences towards how XNAs can be used for biocontainment [45]. 
As discussed above, the simplest possible in vivo XNA system is the use of chemically synthesised nucleoside triphosphates, imported directly into the cellular milieu and implemented as the expansion of the genetic alphabet. While natural triphosphate importers may be limited in their substrate spectrum, Pezo, Marliére and colleagues have demonstrated that those proteins are amenable to engineering [46]. By disabling key enzymes in E. coli dTMP metabolism [thymidylate synthase (thyA) and thymidine kinase (tdk)], the authors constructed a strain that requires exogenous supply of dTTP for survival. That establishes a powerful selection platform not only for the evolution of transporters but also for the systematic substitution of the natural nucleobases in vivo, as discussed above.
Such systems, however, do not address the chemical synthesis of the precursors, which remain chemically synthesised at scale. Nevertheless, they can be used as the starting point towards the systematic development of alternative pathways that rely on earlier (and thus more readily synthesised) chemical precursors, as shown in Figure 3. 
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Figure 3: Reverse assembling an XNA metabolism. Maintenance of an expanded genetic code has been demonstrated through the direct import of modified triphosphates, requiring low mM concentrations of these compounds in the bacterial medium. The same strategy can be adopted for the development of orthogonal XNA episomes. In addition, earlier XNA precursors can be used in vivo as starting points for the semi-biological synthesis of these compounds, whether using nucleoside deoxyribosyltransferases (NDT) to allow XNA triphosphate synthesis to focus on a single nucleotide; kinases such as deoxynucleoside kinase to allow the conversion of nucleosides (which may be more efficiently imported into the cell) to nucleotide triphosphates; or enzyme cascades (ribokinase - RK, phosphoribosylpyrophosphate synthetase - PrpS, and adenine phosphoribosyltransferase – AprT) that can phosphorylate and selectively attach nucleobases to XNA sugars.

Esipov and colleagues have demonstrated that it is possible to harness Thermus enzymes to establish a multi-enzyme cascade in vitro to convert D-pentose into dAMP, installing both phosphate and nucleobase onto the sugar. Notably, the enzymes selected (ribokinase, phosphoribosylpyrophosphate synthetase, and adenine phosphoribosyltransferase) could catalyse synthesis not only of dAMP but also 2’-fluoro and 2’-chloro analogues, with conversions rates exceeding 25% in 24 hours, showing that these enzymes have at least a limited substrate spectrum and that they can be used in the synthesis of those nucleic acid analogues [47]. Further adaptation of this pathway to other sugars may also be feasible since ribokinase, essential for the initial sugar activation, is part of a superfamily of conserved structure but that can use a wide range of sugar substrates.
An alternative, proposed by Kaminski and Labesse, has been to harness nucleoside deoxyribosyltransferases (NDT) for the synthesis of nucleobase-modified nucleotides. In nature, this family of enzymes can exchange the nucleobase in deoxynucleotide triphosphates, thus allowing a modified nucleobase to be transferred directly into a naturally assembled triphosphate. Fernandez-Lucas and colleagues have recently reported an NDT from Archaeoglobus veneficus, which in addition to being thermostable was able to start the reaction from 2’-fluoro and 2’-chloro deoxyguanosine, pointing again to at least a limited substrate spectrum that can be further expanded via engineering.
Although an analogous strategy can be applied to synthesise precursors for backbone- and sugar-modified XNAs that are not incorporated by natural polymerases (e.g. TNA, HNA and tPhoNA), the expected engineering challenge is greater. The desired precursors require more significant jumps away from the natural systems and the absence of an in vivo XNA system, further restricts the methods that can be used for their systematic engineering.
A further anticipated design constraint is the likely interference with natural nucleotide metabolism. Cells are replete with natural nucleotide analogues resulting from the turnover of highly modified RNA and to a lesser extent DNA, leading to a variety of specific proofreading or degradation systems being recruited and implemented in evolution to prevent their deleterious incorporation into canonical nucleic acids. Very little is known about enzymes degrading modified nucleotides or correcting their incorporation and there is likely much to be gained from accurate annotation of genomes in designing XNA metabolism.

Accelerating component evolution
Directed evolution is firmly established as a protein engineering methodology that can bypass gaps in knowledge, as required for the development of enzymes capable of synthesising molecules not made in biological systems [48]. Engineering of novel XNA processing enzymes, to date, has focused on thermostable XNA polymerases applying selection methodologies that sample a wide sequence space (> 107 variants per experiment) to isolate improved variants.
Emulsion based in vitro selection methods, such as compartmentalised self-replication (CSR) [49] or variations thereof [3,50], remain the most successful approach towards the selection of XNA polymerases. Holliger and colleagues have recently established a new variant, termed compartmentalised bead labelling (CBL), in which streptavidin-coated paramagnetic beads serve as anchor for both genotype (the plasmid encoding the polymerase variant gene) and phenotype (a primer-template system that can be directly linked to polymerase activity) [51]. CBL was used to improve a previously isolated reverse transcriptase [3], curtailing its ability to hop between templates and increasing its processivity and fidelity [51], with evolved enzymes capable of DNA synthesis against XNA chemistries not tested previously. By decoupling genotype recovery from phenotypic readout, the system is an improvement over compartmentalised self-tagging [3] as it allows selections not only of XNA RTs (XNA  DNA) but also synthetases (DNA  XNA) and replicases (XNA  XNA).
Chaput and colleagues have focused on adapting the emulsion-based selection platforms towards microfluidic systems [52]. The droplet-based optical polymerase sorting (DrOPS), makes use of monodisperse emulsions and can be coupled to XNA-specific extension assays [53] providing a high-throughput platform that has been exploited to systematically screen point mutant libraries of KOD in search of TNA synthesis improvements [54].
We have recently reported the development of a selection platform based on bacterial cell display for the evolution of novel XNA processing enzymes [55]. In addition to the platform’s key advantage of being able to select mesophilic enzymes without the interference of cellular components [56], it is compatible with multiple selection strategies (e.g. capture or cell sorting) and readily adaptable to multiple functionalities (e.g. DNA binding, ligases, polymerases). Following a similar strategy, Schwaneberg and colleagues have recently demonstrated the engineering of the Klenow fragment of E. coli DNA polymerase I towards improved 2’-OMe-NTP incorporation [57].
Engineering of novel XNA processing enzymes has to date focused on XNA polymerases [3] and ligases [58], and it has been heavily biased towards methods that sample a wide sequence space (in excess of 108 per experiment) to isolate individual mutants with improved activity. Nonetheless, multiple transdisciplinary approaches are being reported that are applicable across the directed evolution cycle (Figure 3) and that considerable promise, particularly towards the rational design of novel polymerases.
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Figure 4: Turning directed evolution into an engineering cycle. While a systematic stepwise approach to directed evolution is customary when analysing small libraries, it is less widely carried out when dealing with large libraries (> 106 variants). However, improvements (shown in blue) are available, or are being developed, which would allow similar approaches to be systematically applied to large libraries, further maturing directed evolution as a tool for discovery and optimization.

Sequence-based design, based on multiple sequence alignments and phylogenetic approaches, has long been the staple strategy for DNA polymerase engineering. While higher complexity sequence-based engineering strategies have been implemented, such as using statistical coupling analysis for the design of the first XNA reverse transcriptase [3], such methods have not been more widely adopted by the field and have not yet been able to recapitulate the richness of design-relevant data generated for other enzymes [59]. 
Structure-based design of XNA polymerases has been boosted by multiple recent structures depicting the polymerase across different steps of the reaction cycle with both natural [60] and unnatural substrates [36], providing detailed knowledge on the role of active site plasticity [61,62] finger subdomain dynamics [63] and the impact of unnatural bases on polymerase conformation [60]. By comparing structures of binary and ternary complex conformations, numerous residues involved in indirect yet critical roles for exonucleolysis and polymerization activities have been identified [64,65] as well as the role of domains and subdomains on polymerase dynamics [35,63,66]. Although structure-based approaches have been implemented in the recent engineering of an XNA polymerase capable of tPhoNA synthesis [34] as well as in developing more efficient and higher fidelity reverse transcriptases [51], those examples still relied on simple tools and extensive polymerase expertise to succeed.  
Both sequence- and structure-based strategies above are invariably integrated into bioinformatics pipelines that are now expanding to incorporate additional strategies, such as molecular dynamics [58], protein biophysical profiles [67,68] and machine learning – computation-intensive methodologies that are becoming more accessible and that predict, infer and analyse potential dynamic elements of proteins towards their function. Structure based prediction tools such as structural position correlation analysis (SPCA) have been implemented to reveal functional communication networks and allosteric interactions in proteins [69]. Programs such as SCide allow the identification of stabilisation centre elements (SCEs), residues involved in noncovalent cooperative long-range contacts, which have shown to be involved in maintaining the 3D structure and thermal stability of proteins [70,71].
Still, improved designs need to be efficiently translated into viable libraries for selection, an area that has been extensively developed in the protein engineering field [72] and increasingly more accessible from commercial suppliers. Other parts of the cycle that are being actively investigated include novel metrics towards quantifying and comparing selection platforms [73], as well as the wider adoption of next generation sequencing to analyse the output of selection [74], with a view towards minimising the number of selection cycles required for the identification of an improved variant and minimising the screening bottleneck in the field. 
Deep mutational scanning can bypass screening limitations and facilitate the identification of potential gain-of-function mutations from a single round of selection. Additionally, these measures of fitness can be used to map functional-sequence landscapes that can guide the next engineering steps [75]. This approach has facilitated the identification of unexpected mutations or combination of mutations enhancing novel ligand binding, catalysis, cellular fitness and mutations with significant impacts on thermostability and enzymatic activity [76]. Directed evolution experiments can generate large-scale data sets that could and should be used to identify intrinsic polymerase properties and signs of epistasis that can be used to better understand polymerase function to improve their engineering. Deep mutational scanning can also reveal library construction biases, sampling biases and could be implemented to test the effect of selection parameters on populations and fine-tune selection conditions according to the desired output. 
Arnold and colleagues have recently reported the use of a machine learning-assisted directed evolution approach where partial-characterisation of a library was used to train neural networks to predict the functional impact of other mutations present in the library. Most-fit sequences predicted were then subjected to directed evolution. This approach has shown its potential to navigate the functional sequence space efficiently in vitro, narrowing down the regions of interest for further in vivo analysis[77].
Conclusions
Although significant progress has been achieved in the generation of novel synthetic genetic materials both in vitro and in vivo, there remains numerous bottlenecks in the field, particularly regarding the difficult and expensive synthesis of chemical precursors, the large-scale XNA manufacture and the development of XNA chemistries that are orthogonal to nature.
The most obvious path forward seems now to expand the engineering effort of an XNA world towards other necessary components beyond synthetases, reverse transcriptases and ligases. Enzymatic synthesis of XNA triphosphates proposes itself as the next obvious target benefiting from multiple advances in systems and synthetic biology, but a significant risk remains since some of the enzymes needed have never been the focus of engineering.
Even if their engineering is possible, the current tools amount to little more than black boxes that require years to develop and require extensive know-how to apply. The seemingly independent developments along the engineering cycle of directed evolution work together pushing that field into a new level of maturity, which, like Synthetic Biology, will strive for standardization and popularization of approaches towards more general adoption and that will also foster an evolutionary angle in other disciplines. The season of tool sharpening is not yet over but hold high promise for the path ahead.
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3 ** Although significant XNA work had been carried out prior to this work, this was the first report of new genetic materials (with significant coding potential, i.e. > 80 nucleotides) based on XNA that could be accessed via engineered XNA synthetases and XNA reverse transcriptases.
8 ** This was the first report of natural nucleobases being systematically replaced in vivo with synthetic nucleobases to create a viable semi-synthetic organism.
11 ** This was the first report of unnatural bases being incorporated in vivo to increase the coding capacity of DNA.
12* This is the most informationally dense genetic system, albeit in vitro, reported to date with eight nucleobases. 
29 * The authors report a very significant advance towards the "mirror world" through the amplification of L-DNA via a chemically synthesised polymerase made of D-amino acids.
31 ** The authors report the first XNA, accessible to engineered polymerases, with an uncharged backbone.
54 * The authors use a positional mutational scan coupled to functional selection to map the local sequence landscape of a polymerase. This is one of the first information-driven attempts at engineering a DNA and XNA polymerase.
58 ** This is the first report of an XNA enzyme engineered in silico and one of the earliest reports of an XNA ligase.
73 * This is one of the very first attempts at opening the selection "black box" by proposing a measure to compare different selection platforms.
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