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[bookmark: _Toc219998156]Abstract
The Tree of Life is rooted at the ‘origin of life’. One view holds that core biochemistry, including the genetic code, the ribosome, biopolymer backbones, and amino acid and nucleotide monomer alphabets, was inherited vertically from a single origin of life. In this model, core biochemistry is shaped by frozen accidents that reflect prebiotic chemistry. In an alternative model explored here, life arose repeatedly across diverse planetary environments, generating diverse biochemical platforms that competed and cooperated. These platforms converged through evolutionary selection driven by the network effect. The network effect conferred greater fitness on participants in increasingly dominant platforms: the more extensive the adoption of a platform, the greater the benefits for organisms using it. In this model, the evolution of core biochemistry was driven in part by compatibility, integration, and coordination. The last universal common ancestor (LUCA) represents a diffuse tipping point—a phase where biochemical convergence reached critical mass. At the tipping point the biosphere committed to the transition from competing biochemical platforms to a universal standard. After the tipping point Darwinian innovation exploded. This model makes testable predictions: core biochemistry should show evidence of evolutionary optimization rather than frozen accidents; core biochemistry should show molecular entanglement reflecting incremental co-evolution; and biosynthetic pathways should differ from prebiotic chemistry. These predictions are supported by well-established biochemical characteristics. This model reframes the origins of life as a planetary-scale process driven by probable chemistry under widespread conditions subject to the network effect. 


[bookmark: _Toc219998157][bookmark: _Hlk216602992]The Tree of Life
[bookmark: _q98crevf1ljr]The Tree of Life (TOL) (Hug et al., 2016; Moody et al., 2024; Doolittle and Brunet, 2016) provides a unifying framework for organizing and interpreting biology. It represents evolutionary relationships through common ancestry and divergence across time. The TOL integrates an extraordinary range of forms, functions, and strategies, relating lions to butterflies, and iron-reducing bacteria to thermophilic archaea. It reflects evolutionary innovations across metabolism (Marcet-Houben et al., 2007), genomic organization (Merkl and Wiezer, 2009), cellular architecture (Siefert and Fox, 1998), body plans (Willmore, 2012), morphology (Wiens, 2004), and reproductive strategy (Gomez-Mestre et al., 2012). 
[bookmark: _Hlk216379786][bookmark: _Hlk216380101][bookmark: _Hlk216474382][bookmark: _Hlk220068815][bookmark: _Hlk216595687]The earliest branches of the TOL (Figure 1) diverge at the Last Universal Common Ancestor (LUCA). LUCA represents mature biology - cells with biopolymers, ribosomes, a canonical genetic code, membranes and metabolic networks. The root of the TOL, the antecedent to LUCA, gave rise to these systems and processes. The root starts with chemistry and ends with biology, and represents the emergence and early evolution of life. Here we describe the foundational assumptions, rationales, and uncertainties of models for the root of the TOL. Root models carry implications not only for understanding life's emergence but for defining the character of biospheres in general. Assumptions about the root of the TOL shape interpretations of the processes that gave rise to life, the processes that gave rise to the Earth, the search for life in the universe, and the nature of life. We outline the geological, biochemical, and biological implications of alternative root models across these interdisciplinary domains.
[bookmark: _Toc219998158]Universal Biochemistry
[bookmark: _cd1vw8b2r6oe]Remarkably, the vast diversity of biological forms rests on a highly conserved biochemical core (Jacob, 1977). Across the TOL, from LUCA to the present, from Bacteria to Archaea to Eukarya, core structures, molecules, and processes of biochemistry are conserved. All cellular life contains: informational polymers with specific backbone chemistries - RNA with phosphodiester-linked ribose, DNA with phosphodiester-linked deoxyribose, and proteins with polypeptide backbones; a restricted set of biopolymer building blocks - nucleobases, ribose and deoxyribose, and L-amino acids; energy currency and cofactors - ATP, NAD⁺, FAD, and coenzyme A; the translation system - ribosomes, tRNAs, mRNAs, and the canonical genetic code; essential metals including sodium, potassium, and magnesium; and water as both solvent and ubiquitous reaction constituent (reactant and product) (Bernier et al., 2018; Frenkel-Pinter et al., 2021; Nelson et al., 2021). Nowhere in Earth's biosphere do we find ribosomes composed of anything other than RNA and protein, ribosomes that synthesize anything other than proteins, or proteins synthesized by anything other than the condensation of amino acids (Woese, 2000).
[bookmark: _4lxxnoc9vlx][bookmark: _Hlk216380435]The universal biochemical core captures only part of life's chemistry. Membrane compositions across the TOL are highly variable; bacteria and archaea employ fundamentally distinct membrane lipids (Siliakus et al., 2017). Within humans, tissues and organelles display striking lipid variability (Harayama and Riezman, 2018). Glycans show extensive diversity in linkages and modifications among and within bacteria, archaea, and eukaryotes (Gagneux et al., 2022). The non-canonical amino acid pyrrolysine is found only in members of the archaeal order Methanosarcinales (Fournier et al., 2011). Similarly, transition metal usage is not universal - some organisms lack iron (Posey and Gherardini, 2000) while others lack zinc-dependent enzymes (Zerkle et al., 2005).
[bookmark: _Toc219998159][bookmark: _Hlk216380690]A Single Root
[bookmark: _tvfocd42bsk4]The universality of core biochemistry is widely interpreted as evidence that the TOL has a single root - that life on Earth arose from a single origin (Moody et al., 2024; Koonin and Novozhilov, 2009; Theobald, 2010; Crick, 1968). Under this model, a single prebiotic chemical system crossed the threshold to biology (Figure 1a), and all living systems inherited their common biochemical core from this singular origin through vertical inheritance. As Darwin stated, "all organic beings which have ever lived on this earth have descended from some one primordial form" (Darwin, 1959). This singular origin subsequently diversified at LUCA and spread through Earth's lithosphere, hydrosphere, and atmosphere, while retaining its ancestral biochemical core.
[bookmark: _e3p4mm48346u][bookmark: _Hlk216380933][bookmark: _Hlk216565919]Boutique Environments and Unlikely Events. A single root implies that amid the vastness of Earth's 4.5-billion-year history and environments, only one prebiotic system crossed the threshold into biology and survived. This exceptional rarity has been attributed to the requirement for unlikely chains of events including specific meteorite impacts, volcanic eruptions, and hydrothermal activity; extended sequences of complex organic reactions; purification and transport of fragile molecules; evaporative basins concentrating and organizing reactants; and episodic compartmentalization, scaffolding, or templating, along with fortuitous and well-timed shifts in temperature, pH, redox potential, and salinity.
[bookmark: _syff1t3827wa][bookmark: _Hlk216381258]In this framework, the origins of life can be viewed not as a probable outcome of ordinary chemistry acting on commonplace substances, but as an extraordinary and possibly unrepeatable confluence of improbable events in boutique environments. The logic of a singular, once-in-planetary-history event can place life's emergence outside the bounds of testable, reproducible science and beyond [image: ]the reach of mechanistic explanation.
[bookmark: _spy54ig9yu37][bookmark: _2z16tqu9jz5x][bookmark: _Hlk216566012]Frozen Accidents and Chemical Vestiges. A single root of the TOL implies that extant biochemistry carries interpretable information about life's deepest origins. If all life descends from a biochemical system whose core features became locked in place early, then modern biochemistry provides a window into life's beginnings. In this model, the molecules of asteroid Bennu (Furukawa et al., 2025; Glavin et al., 2025) contain specific information about the earliest chemistry leading to biology. Biology's reliance on electrochemical gradients reflects continuity with geochemical proton gradients that predated life. The informational and catalytic properties of RNA suggest a transitional system in which one polymer served dual roles of heredity and catalysis. Figure 1. Two models of the root of the tree of life. a) The conventional single-root model annotated by the RNA World hypothesis. b) A network convergence model with many interactive roots forced to convergence by the network effect. This model initiates diverse chemical species and systems distributed across diverse environments. The influence of the network effect on diversity is indicated by thick arrows. Here the phases might be small molecule (black to blue), oligomer (green to yellow), polymer and proto-Darwinian (orange) and Darwinian (red). Convergence, horizontal transfer and extinction occur continuously, in all phases. LUCA is a phase during which the system tips from multiple competing biochemical platforms to a single universal core biochemistry. Membrane systems, transition metal compositions, and glycans maintained diversity and are not universal at or after LUCA. Horizontal gene transfer is indicated by thin horizontal dashed lines. Pre-LUCA horizontal transfer is indicated by intersecting lines. Endosymbiosis, including eukaryogenesis and plastid acquisition, is indicated by thick dashed lines.

In this view, biochemistry is the product of specific prebiotic chemistries from early solar system and Hadean environments and retains vestiges of those environments. Biochemistry thus functions as a kind of molecular fossil, reporting on chemical systems that operated before the onset of evolution. A single root further implies that the foundations of biochemistry—the genetic code, the amino acid alphabet, and the nucleotide alphabet—are "frozen accidents," embedded from remote chemical environments.
[bookmark: _Hlk217114782]Life in the universe. A single root of the TOL frames our expectations for life in the universe by suggesting that biochemical universals reflect fundamental constraints rather than historical contingency. While chemistry allows for vast combinatorial diversity, only a narrow subset is compatible with the functional requirements of life: persistence, self-organization, energy capture and storage, metabolism, and information transmission. Under this view, physical and chemical constraints channeled life's emergence into a narrow biochemical space. If Earth's biochemistry arose within such constraints, then similar principles should govern life's origin elsewhere in the universe. Features of Earth's biochemistry—such as the use of nucleic acids for information storage, proteins for catalysis, and electrochemical gradients for energy—would reflect general solutions to universal challenges. This view suggests that life on other Earth-like worlds could converge on broadly similar biochemical architectures because constraints would channel independent origins toward the same solutions.
[bookmark: _Toc219998160]Network Convergence
[bookmark: _tdypjha81ver][bookmark: _iwhq7shg130f][bookmark: _ikcru1jjqqtw][bookmark: _ksg428ki0kd1]An alternative to the single root model was proposed by Vetsigian, Woese, and Goldenfeld (VWG) (Vetsigian et al., 2006). VWG showed how the translation system can evolve. VWG identified three salient features of the translation system:
(i) optimality - the genetic code is highly robust to errors because functionally similar amino acids are clustered in the code (Woese, 1965; Haig and Hurst, 1991; Freeland and Hurst, 1998; Freeland et al., 2000; Koonin and Novozhilov, 2017; Butler et al., 2009);
(ii) rapidity of evolution – the translation machinery emerged within 300-700 million years (Weiss et al., 2018; Moody et al., 2024); and
(iii) uniqueness - the code is universal and has remained essentially unchanged for 3.8 billion years (Woese, 2000).
[bookmark: _Hlk219278787]Building on the VWG framework, Matange, Marland, Frenkel-Pinter, and Williams (MMFW) (Matange et al., 2025) demonstrated that biopolymer backbones themselves exhibit hallmarks of evolution. MMFW identified five salient properties of core biopolymers:
[bookmark: _Hlk220052615](iv) polyfunctionality – core biopolymer backbones form a variety of elaborate assemblies with diverse functions;
[bookmark: _Hlk220052633](v) function-switching – core biopolymer backbones change structure and function in response to subtle environmental or chemical perturbations;
[bookmark: _Hlk220052655](vi) molecular recognition – core biopolymer backbones recognize themselves and other backbones through complementary interactions;
(vii) recalcitrance – core biopolymer backbones modulate their own kinetics and thermodynamics of hydrolysis; and
(viii) emergence – the chemical and physical properties of monomers change significantly upon polymerization.
[bookmark: _Hlk217682510][bookmark: _Hlk217719858]Aminoacyl-tRNA Synthetases. Additional evidence for the emergence of core biochemistry via pre-genetic evolution is seen in the phylogeny and interactions of aminoacyl-tRNA synthetases (AARSs), which charge tRNAs with cognate amino acids (Gomez and Ibba, 2020). AARSs fall into two structurally unrelated classes (Class I and Class II) that recognize opposite faces of tRNA. Phylogenetic analyses of AARSs indicate extensive pre-LUCA evolution and are incompatible with organismal phylogenies. The tRNA-charging system did not descend from a single molecular ancestor (Wolf et al., 1999; Woese et al., 2000; Fournier et al., 2011; O'Donoghue and Luthey-Schulten, 2003) and instead originated multiple times. In an evolutionary system, the number of surviving AARS classes (two) must be far smaller than the number of ancestral lineages, implying extensive extinction and evolutionary filtering. AARSs therefore emerged in concert with a culling of the vast prebiotic repertoire of building blocks (Glavin et al., 2025) through pre-genetic chemical evolution, during the emergence of biopolymers, genes, and modern translation.
[bookmark: _Hlk217682890]The Ribosome. The functional interface that couples the decoding subunit (small subunit) and the synthetic subunit (large subunit) of the ribosome is a relatively late acquisition during the evolution of the ribosome (Petrov et al., 2014; Petrov et al., 2015). The two subunits did not descend from a common molecular ancestor. Each underwent extensive independent growth prior to their association as part of a functional translation system. As with the AARSs, the number of surviving ribosomes (one) is anticipated to be far smaller than the number of ancestral lineages, implying extensive extinction and evolutionary selection in a pre-coding chemical environment.
[bookmark: _Hlk219748748][bookmark: _Hlk219748396]Early Evolution. This emergence of AARSs and the ribosome via evolution necessarily occurred during a pre-genetic stage of chemical evolution. Genetics as we know it today requires genes that code for specific proteins through transcription and translation. Modern genetic evolution operates through multiple mechanisms: changes in allele frequencies within populations, de novo mutations, horizontal gene transfer mediated by viruses and other vectors, and additional processes. But the translation system could not have emerged through this type of genetic evolution alone, as that would require the translation machinery to already exist—a logical tautology. Instead, it emerged from chemical evolution that transitioned into a regime of rudimentary translation, wherein precursors of genes imprecisely encoded ensembles of molecular sequences that were precursors of proteins. In describing this we are faced with limitations on language and mechanism. Horizontal gene transfer emerged from horizontal transfer of the ancestors of genes, which is why we have used the phrase "horizontal transfer" without being specific about what exactly is transferred. Synthesis of coded protein emerged from synthesis of the ancestors of coded protein using the ancestors of proteinaceous amino acids as substrates. We do not have names for the ancestors of genes and proteins and amino acids, nor do we fully understand their chemical compositions.
[bookmark: _Hlk219279302]VWG developed a dynamical-systems model of genetic-code emergence through collective networked evolution. VWG showed how precise functional genes and translation machinery emerged from imprecise translation, which used statistical ensembles of building blocks to produce statistical ensembles of proto-proteins. Without horizontal transfer among lineages, the model evolved slowly and became trapped in non-optimal, non-unique codes. Horizontal transfer refers to acquisition from contemporaneous systems independent of lineage, whereas vertical transfer refers to inheritance from parent to offspring within a lineage (Soucy et al., 2015). When horizontal transfer between lineages was incorporated, (Figure 1b) simulations rapidly and repeatedly converged to a single optimized genetic code, thus explaining salient features of translation (i-iii, above).
[bookmark: _Hlk217768349]Why does horizontal transfer succeed where vertical transfer alone fails? Horizontal transfer is non-local in fitness space and can make large jumps, enabling exploration of distant regions of the fitness landscape in parallel across diverse environments. By contrast, vertical transfer is local in fitness space and promotes trapping in local optima. In network convergence (Figure 1b), horizontal exchange of biochemical components—including different polymer backbones and monomer alphabets—explored distant regions of the fitness landscape. 
[bookmark: _Hlk219747703][bookmark: _Hlk218849443]The combined data point to a core biochemistry, including the translation system, that co-evolved with proto-biological complexity. As translational precision emerged and core biopolymer composition annealed, so did the genotype–phenotype distinction, enabling network-level evolutionary mechanisms to efficiently incorporate what we now recognize as horizontal gene transfer. Critically, as MMFW noted, effective horizontal gene transfer (HGT) requires not only a universal genetic code but also universal biopolymer backbones and monomer alphabets.
[bookmark: _Hlk217116326][bookmark: _Hlk216694368][bookmark: _Hlk217126560][bookmark: _Hlk217116512]Phases of Early Evolution. These results suggest that core biochemistry—including biopolymer backbones, monomer alphabets and the genetic code—arose by a network-driven evolutionary process that converged at LUCA to core biochemistry. This conclusion echoes earlier suggestions by Woese and Fox (Woese and Fox, 1977) and by Jacob (Jacob, 1977) that evolution underwent fundamental transitions during the emergence of life. However, the mechanism is more complex than rampant HGT transitioning to primarily VGT. 
The evolutionary timeline requires a progression in which: (a) early pre-LUCA chemical and biochemical evolution generated diverse translation systems with diverse biopolymers, (b) late pre-LUCA the mechanism modeled by VWG drove convergence of these systems toward biochemical universals, and (c) post-LUCA, VGT dominated, driving sequence-level diversification, while HGT and other sharing processes constrained the universal biochemical core. 
[bookmark: _Hlk216517583][bookmark: _Hlk216601138]In sum, the observed properties of core and non-core biochemistry provide strong evidence for evolutionary origins. The data support a model in which core biochemistry arose from selection (Figure 1b) among multiple porous networks with systems exchanging and testing molecular innovations, not from inheritance from a single ancestral lineage (Figure 1a). Universality outcompeted diversity because interacting, exchanging, communicating, and coordinating systems are more robust and innovative than non-interacting, non-exchanging, non-communicating, and non-coordinating alternatives. Core biochemistry is an innovation-sharing protocol that confers such intense selective advantage that life requires it. 
[bookmark: _Hlk216475113]A networked system arising from multiple independent origins with diverse biochemistries, driven to biochemical universality by selection (Figure 1b), is a predictive model consistent with available data. In this model, the universality of biochemistry emerged late, well after the origins of life, driven by acute selective pressures that favored compatibility, exchange, and integration.
[bookmark: _32m4sciid61a][bookmark: _Hlk216565747]Origins: Common, Not Rare. If the constraint of a single root is lifted from models of the origins of life, then existing data support a model in which the origins of life was not rare. In this model, the origins of life encompassed diverse biochemistries. Life emerged repeatedly across diverse locations and environments, producing many lineages that cooperated and competed with one another. The origins of life was a planetary process that gradually converged to a universal core biochemistry. The system at biochemical convergence is what we call LUCA (Figure 1b). At or near LUCA, lineages with divergent biochemistries were outcompeted and went extinct. LUCA led to intense Darwinian evolutionary innovation, which remains ongoing.
[bookmark: _8hpuzhtqk6mo][bookmark: _Hlk216518015][bookmark: _Hlk216510772]Network convergence does not require multiple unlikely events or unique chemistries occurring in specific temporal sequences in boutique environments. Instead, life's origin was driven by probable chemical processes under broadly distributed conditions.
[bookmark: _Hlk217117447]The global requirements may have been as simple as a planet with oceans and land, rotating on its axis at a distance from its star that induces water cycles between liquid and vapor phases, and where ensembles of small organic molecules were abundant (26, 40). Diverse, dynamic, and adjacent environments—each containing varied organic and inorganic inventories—would have sufficed. In fact, a diversity of environments, each with distinct molecular mixtures, may have been critical to the evolutionary network, even if some ensembles were not retained in the final convergence to core biochemistry.
[bookmark: _Hlk216511338]In this model, racemic mixtures of molecules cooperated and competed in advance of, or alongside, the eventual surviving building blocks (Hud et al., 2013). These molecular ensembles likely contained diverse linkage chemistries including thiol ester, ester, and peptide bonds (Frenkel-Pinter et al., 2022), a diverse sidechain alphabet (Glavin et al., 2025), a variety of sugars such as arabinose, xylose, threose, glycerol, hexitol, ribose and glucose (Wang and Yu, 2024; Eschenmoser, 1997; Furukawa et al., 2025), and proto-nucleobases such as barbituric acid and melamine (Roche et al., 2023). Interacting ensembles gave rise to chemical networks within which autocatalytic and mutually reinforcing relationships among molecules emerged and strengthened over time. In this view, temperature, pressure, and photon flux, operating under the laws of thermodynamics and kinetics on organic mixtures, made the origin of life a probable outcome.
[bookmark: _Toc219998161]The Network Effect
[bookmark: _uz40cx6f0w66][bookmark: _Hlk216511393][bookmark: _Hlk220068924]The universal core of biochemistry enables connectivity across scales, from molecules to cells to ecosystems. At the biosphere level, universal biochemistry links organisms through shared chemical elements and redox couples (Sardans and Penuelas, 2024). Ecosystems, as we observe them, presuppose core biochemistry; without it, the trophic interactions, biogeochemical cycling, and co-evolution characteristic of Earth's biosphere would not be possible. At the organism level, universal biochemistry permits organisms to consume one another and exchange metabolites through trophic and syntrophic relationships. It enables pathogenesis, symbiosis, and endosymbiosis. At the cellular level, it underpins horizontal gene transfer, expression of foreign proteins, and mobility of genetic elements such as plasmids and viruses. For multicellular organisms, it makes developmental coordination possible; shared regulatory mechanisms enable diverse cell types to coordinate and communicate. Across all levels of biological organization, universal biochemistry enables the flow of energy and information, the cycling of matter, and the integration of molecular interactions. These functional advantages explain why lineages that converged on universal biochemistry outcompeted those that did not, making biochemical convergence an expected outcome of evolutionary selection.
[bookmark: _3ie11coz0cd8][bookmark: _Toc219998162][bookmark: _Hlk216518287]The Networking Path to Universal Core Biochemistry
[bookmark: _oq5eovy59uvt]If life initiated many times with diverse biochemistries, why did only one platform survive? Once a biochemical platform achieved sufficient adoption, systems using alternative biochemistries became increasingly isolated—unable to develop ecosystem-level relationships (e.g. nutrient cycling) with dominant biota, share genetic innovations, or participate in syntrophic relationships—creating runaway selection for biochemical universality. The network effect conferred greater fitness to participants in increasingly dominant biochemical platforms: the more extensive the adoption of the platform, the greater the benefits for organisms using it.
[bookmark: _Hlk216518810]Biochemical platforms that evolved in more common and widespread environments were more likely to achieve dominance than those arising in rare or restricted conditions. Environmental ubiquity drove extensive adoption, which in turn created positive feedback loops that accelerated convergence on a single, universal biochemistry. Once network lock-in occurred, even superior biochemical alternatives would have been competitively disadvantaged, unable to interact with the dominant biota. These isolated lineages would have been driven extinct, regardless of any intrinsic biochemical advantages.
[bookmark: _numel9jdcjm7]Systems subject to the network effect are common and familiar (Metcalfe, 1995; Goldenfeld, 2014). Although computational analogies to biology are fraught, the internet offers a striking and illustrative example of the network effect (Greenstein, 2015). In the early days of computing, many networking protocols competed—DECnet, NCP, IPX/SPX, AppleTalk, SNA, and others. Over time, this diversity converged to a single protocol. Universal adoption of TCP/IP enabled interoperability between all different types of hardware and software, conferring returns in interoperability on all participants. The advantages of the universal standard are profound, spanning technical, economic, and social domains. This convergence did not occur because TCP/IP was inherently superior to all other solutions, but because universality conferred systemic advantage, because TCP/IP was good enough, and because of contingent political factors (Townes, 2012). In the early 1980s, the U.S. Department of Defense mandated TCP/IP adoption, cutting off all non-compliant systems from ARPANET—the networking protocol equivalent of environmental driving factors in biochemical evolution. In the 1990s, networking crossed a tipping point to a single protocol (Townes, 2012), which can be described as the Last Universal Common Ancestor of networking (LUCANW). From the time of LUCANW, all non-TCP/IP networking protocols were destined for extinction, even if they arose in small, localized pockets. LUCANW was followed by intense innovation and the spread of the internet, demonstrating the catalyzing power of the network effect.
[bookmark: _Hlk216682530][bookmark: _Hlk219842132][bookmark: _Hlk220367124]The Tipping Point. LUCA represents a tipping point (Gladwell, 2006), or rather a protracted tipping process. This process marks a broad threshold where network convergence reached critical density, and universal core biochemistry began displacing competing platforms. The threshold was not instantaneous. The transition was distributed across time, chemical networks, and ecological niches, with no single moment marking the crossover. As biochemical integration accumulated, core biochemistry gained dominance until the biosphere operated primarily on shared metabolism. Beyond this threshold, the integrated biosphere exchanged energy and information, molecules and metals, and Darwinian evolution accelerated.
[bookmark: _Toc219998163]Predictions of Network Convergence
[bookmark: _4l7rshbydtdd][bookmark: _Hlk216518866][bookmark: _Hlk216518862]TOL root models make predictions about biology. Under a single root model, core biochemistry—including the genetic code, biopolymer backbones, and monomer alphabets—would primarily reflect inheritance from a single origin, with universal features frozen in place by early constraints and reflecting prebiotic chemistry. By contrast, the network convergence model predicts that these same features are highly evolved, arising from evolutionary optimization and convergence. Indeed, the genetic code, biopolymer backbones, and monomer alphabets are products of evolution (Matange et al., 2025; Freeland and Hurst, 1998; Philip and Freeland, 2011; Mayer-Bacon and Freeland, 2021), supporting network convergence over a single root.
[bookmark: _wy6p1yce46my][bookmark: _Hlk216565256][bookmark: _Hlk216519270][bookmark: _Hlk216519759]Network convergence predicts deep molecular entanglement: reciprocal functional and chemical dependencies between different molecular classes. Entangled molecules cannot be synthesized or sustained independently. Entanglement is a hallmark of evolution, manifesting as webs of interdependence in which function and identity emerge not in isolation but through mutual reliance. Biological molecules form co-dependent networks of synthesis and function, where no component can exist or operate without the others (Lanier et al., 2017). For example, proteins and RNA are entangled: proteins are synthesized by RNA in ribosomes, and RNAs are synthesized by protein polymerases. Under network convergence, such entanglement emerged gradually, enroute to universality. Over time, selection both reinforced advantageous molecular partnerships and eliminated incompatible alternatives, progressively integrating the network into a tightly entangled system at LUCA. A single root requires that mutually dependent systems arose independently, without prior refinement.
[bookmark: _mql03zwdjx8h]Network convergence predicts that many synthetic routes to building blocks and biopolymers that developed during the early phases of prebiotic chemistry were later rewritten during the emergence and evolution of core biochemistry. Thus, core biochemical networks cannot necessarily be inferred from more primitive networks and vice versa. Under a single root, by contrast, modern biosynthetic pathways should largely preserve prebiotic reaction sequences, inherited from the original chemical system. Indeed, proposed prebiotic reaction sequences differ markedly from the biosynthetic pathways used in cells to produce building blocks and biopolymers (Yadav et al., 2020; Krishnamurthy, 2021; Harrison and Lane, 2018).
[bookmark: _2ip3rqxt1qd9][bookmark: _Hlk216520004]Network convergence predicts that features not contributing to cooperation or resource sharing would escape convergence and retain heterogeneity—a pattern most evident in lipids, transition metals, and protein translation factors. Humans possess approximately 1,000 distinct structural lipids (Harayama and Riezman, 2018), compared to only 20 proteinogenic amino acids. Essential translation initiation factors bIF3 of bacteria and a/eIF1 of archaea and eukaryotes participate similarly in start codon selection but do not share an ancestor (Maduzia et al., 2010; Schmitt et al., 2020). This pattern is precisely what the network convergence model predicts: universality in features under selection for compatibility, heterogeneity in features without such constraints. Under a single root, there is no clear basis for expecting this differential pattern. Network convergence predicts biochemical and code universality within any given biosphere, but diversity between biospheres. This prediction is testable if future NASA missions discover and characterize life on other worlds.
[bookmark: _Hlk219735459][bookmark: _Hlk216562617][bookmark: _Hlk219992800]Finally, network convergence predicts that pre-LUCA molecular systems, including the ancestors of the ribosome and RNase P, accreted RNA ancestral elements from a common pool over chemical evolutionary history. In a network convergence scenario, diverse chemical lineages and assemblies would develop and exchange functional modules. Successful modules would be incorporated into emerging assemblies through horizontal transfer. This process would leave distinctive molecular fingerprints - discrete structural substructures, each folding-competent, layered via accretion.
This prediction is observed. Structural analysis reveals stepwise accretion of folding-competent RNA elements into both the ribosome (Petrov et al., 2014; Petrov et al., 2015) and RNase P (Petrov et al., 2026). I can be observed that modules exchanged between various assemblies (Petrov et al., 2026). Mosaic structures are built from horizontally transferred components. This outcome is the expected consequence of horizontal transfer processes operating in a network.
Summary
[bookmark: _wrjhdc31d819][bookmark: _Hlk216562756]The distinction between a single root and network convergence of the TOL is fundamental. Under a single root model, universal biochemistry reflects vertical inheritance from a single origin. Under network convergence, universal biochemistry reflects convergence from multiple origins through evolutionary processes. These two models can be distinguished by their predictions; the observations presented here support network convergence.
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