[bookmark: _Hlk205625200][bookmark: _Hlk216211521]The Network Effect
Universal biochemistry enables connectivity across scales, from molecules to cells to ecosystems. At the biosphere level, universal biochemistry links organisms through shared elements, oxidants and reductants (1). The very concept of an ecosystem presupposes universal biochemistry. Without it, organisms could not participate in trophic interactions, biogeochemical cycling, or co-evolution. At the organism level, universal biochemistry permits organisms to feed on, engulf, and consume one another, and to 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; diverse cell types interpret shared regulatory signals and communicate via common biochemical messengers. Across all levels of organization, universal biochemistry enables the flow of energy and information, the cycling of matter, and the networking of interactions. 
Networking Path to Universality
Why only one survivor? In this model, once a biochemical platform achieves dominance, organisms using alternative biochemistries become increasingly isolated—unable to feed on dominant biota, share genetic innovations, or participate in syntrophic relationships—creating runaway selection for biochemical universality. Greater fitness is conferred on participants in biochemical platforms of increasing dominance. The more extensive the adoption of a given biochemical platform, the greater the benefits conferred on organisms that use the platform. Positive and negative feedback loops directed the global system of many biochemical platforms to converge on a single, universal biochemistry. Superior alternatives that arose after network lock-in would have been competitively disadvantaged: unable to interact with the dominant biota. They would have been isolated and ultimately driven extinct, regardless of intrinsic biochemical advantages.
Systems subject to the network effect are common and familiar (2, 3). Although computational analogies to biology are fraught, the internet offers a striking and illustrative of the network effect (4). 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. A single winner in the networking wars conferred returns in interoperability on all participants. The advantages of a 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, and because TCP/IP was good enough, and because of contingent political factors (5). In the early 1980’s the U.S. Department of Defense cut off all systems that failed to adopt TCP/IP from ARPANET. In the 1990’s networking crystallized to a single protocol (5), which can be described as the LUCA of computer networking (LUCANW). From the time of LUCANW all non-TCP/IP networking protocols were destined for extinction. LUCANW was followed by intense innovation and the spread of the internet. The power of the network effect is demonstrated by the intensity of this innovation.
Networking Predictions
Root models make predictions about biology. Under monophyly, biochemistry would be inherited unchanged from life's chemical origins. If life arose once and universal features were inherited from that origin, biochemistry should reflect prebiotic chemistry, not evolutionary creativity. The networking model makes a fundamental prediction that biochemistry should show evidence of evolutionary optimization. Networking predicts that biochemistry—including the genetic code, biopolymer backbones, and the amino acid and nucleotide alphabets—is highly evolved rather than the result of frozen accidents. The genetic code and biopolymer backbones and amino acid composition are indeed thought to be products of evolution (6-9). These observations appear to be incompatible with monophyly.
Networking predicts deep molecular entanglement: reciprocal functional and chemical dependencies between different molecular classes. Entanglement is a hallmark of evolution, manifesting as webs of molecular interdependence in which function and identity emerge not in isolation but through mutual reliance. Biological molecules form closed, co-dependent networks of synthesis and function, where no component can exist or operate without the others (10). For example, proteins and RNA are entangled: proteins are synthesized by RNA in ribosomes, and RNAs are synthesized by protein polymerases. Entangled molecules cannot be synthesized or sustained independently.
Networking predicts that synthetic routes to building blocks and biopolymers that developed during the earliest phases of prebiotic chemistry were later rewritten during the evolution of biochemistry. Indeed, proposed prebiotic reaction sequences differ markedly from the biosynthetic pathways used in cells to produce building blocks and biopolymers (11-13).
Networking predicts that features not contributing to cooperation or resource sharing would escape convergence and retain heterogeneity—a pattern most evident in lipids and transition metals. In humans alone, there are on the order of 1,000 distinct structural lipids (14), compared to only 20 proteinaceous amino acids. This pattern, universality in features under selection for compatibility, heterogeneity in features without networking constraints, is precisely what the network convergence model predicts.
Networking predicts biochemical universality within any given biosphere, but diversity between biospheres. This prediction is testable if future NASA missions discover and characterize life on other worlds.
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