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Introduction: The Lipid World scenario suggests early compositional replication as an alter-

native to the templating biopolymers of the RNA World. The graded autocatalysis replication 
domain (GARD) model is a chemistry-based kinetic formalism of Lipid World that simulates 
network dynamics within amphiphile-containing compositional assemblies, including lipid vesi-
cles [1]. In GARD, amphiphiles join and leave at rates determined by a mutually catalytic net-
work [2], resulting in homeostatic growth, followed by assembly fission into faithful progeny. 
GARD computer simulations show stationary states in compositional space termed composomes, 
which preserve their composition across many growth-fission cycles, resembling cell replication 
[1]. GARD composomes exhibit life-like behaviors such as selection, quasispecies formation and 
ecology-like population dynamics [3]. This model thus embodies two of the three cornerstones of 
life’s origin: compartmentalization as well as information storage and copying. 

Results: A crucial open question is how early prebiotic GARD entities might undergo further 
molecular complexification, including the appearance of rudimentary metabolism and templating 
biopolymers. We posit that this could be addressed by an extended GARD model: metabolic 
GARD or M-GARD. For this, we propose adding metabolic conversions that involve modified 
amphiphiles, thus preserving the compositional replication forte of basic GARD. M-GARD’s 
chemical reactions take place on both the outer and inner membrane surfaces, as well as within 
the inner aqueous vesicular volume. M-GARD’s metabolic networks employ small molecule ca-
talysis as proposed [2]. This notion draws further support from the experiment-based proposals 
that present-day low molecular weight cofactors may have been early non-protein catalysts [4,5]. 
M-GARD assumes the environmental presence of a highly diversity of compounds, some of 
which capable of generating vesicles. M-GARD’s simulated covalent transitions include head-
group modification and clipping. When the latter reactions occur on the inner vesicle surface, 
they contribute, along with trans-membrane transport, to intra-vesicle metabolism. M-GARD is 
also capable of simulation photochemically driven and high energy compound-dependent meta-
bolic and transport reactions. Crucially, both the bilayer and lumenal content of the vesicles be-
long to the same catalytic network, hence are reproduced upon homeostatic growth and fission.   

Conclusions: Important dynamic behaviors expected to emerge from M-GARD simulations, 
particularly when employing high-power supercomputing [6], include: a) Gradual transition from 
pure heterotrophy to increasing levels of autotrophy. b) Cross-generation gradual increase of 
homeostatic growth capacity, translated into more effective replication in multi-vesicle GARD 
reactor simulations with competition [5]; c) Portrayal of open-ended evolution stemming from 
the metabolic generation of novel compounds, including templating oligomers.            . 
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