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ABSTRACT: The emergence of collections of simple
chemical entities that create self-sustaining reaction networks,
embedding replication and catalysis, is cited as a potential
mechanism for the appearance on the early Earth of systems
that satisfy minimal definitions of life. In this work, a
functional reaction network that creates and maintains a set
of privileged replicator structures through auto- and cross-
catalyzed reaction cycles is created from the pairwise
combinations of four reagents. We show that the addition of
individual preformed templates to this network, representing
instructions to synthesize a specific replicator, induces changes
in the output composition of the system that represent a
network-level response. Further, we establish through sets of serial transfer experiments that the catalytic connections that exist
between the four replicators in this network and the system-level behavior thereby encoded impose limits on the compositional
variability that can be induced by repeated exposure to instructional inputs, in the form of preformed templates, to the system.
The origin of this persistence is traced through kinetic simulations to the properties and inter-relationships between the critical
ternary complexes formed by the auto- and crosscatalytic templates. These results demonstrate that in an environment where
there is no continuous selection pressure the network connectivity, described by the catalytic relationships and system-level
interactions between the replicators, is persistent, thereby limiting the ability of this network to adapt and evolve.

■ INTRODUCTION

The emergence of life on Earth signaled the appearance of self-
sustaining systems that could harness nonlinear processes in
the pursuit of complex functions, such as replication, self-
sorting, ensemble-based control mechanisms, and, ultimately,
chemical evolution. It has been suggested1 that small organic
molecules could create functional networks through sets of
auto- and cross-catalyzed reaction cycles that, in turn, could
select and amplify favored components. This process would
lead to the appearance of sets of privileged molecular
structures that are persistent within these networks. The
mechanisms by which these networks could emerge are the
subject of significant debate,2 and developing an understanding
of processes that can transition groups of simple chemical
entities into more complex systems is a key target for the
emerging field3 of systems chemistry.
Minimal replication processes are often placed2d,e,3a,f at the

center of these transitions and, consequently, may represent an
important requirement for the appearance on Earth of systems
that satisfy minimal definitions4 of life. Therefore, the
emergence of persistent sets of molecules that can establish
and manage replication within small chemical networks is a
critical prerequisite for the appearance of such systems.
Experimental synthetic replicating systems,5 developed by us6

and others,7−9 have demonstrated that template-driven
replication is possible in synthetic systems using a variety of

chemistries: from oligonucleotides7 and peptides8 to small
organic molecules.6,9 In isolation, individual replicators behave
in predictable ways and are capable of processing10 pools of
reagents to direct and amplify their own formation. However,
the presence of several interconnected catalytic processes
within the same reaction network can give rise to significantly
more complex phenomena, such as programmed out-
puts,6b,8e,11 feedback loops,12 and oscillations.13 In the context
of “metabolism-first” scenarios1,2d for the emergence of life,
network regulation in terms of composition is required to
ensure the persistence of the key chemical constitutions that
sustain the network. While taking inspiration from the
complexity of natural systems, we wish to explore the
persistence13a,14 of replicators in networks through systems
that possess both structural and interactional simplicity in
terms of their chemical components. Such systems can be
analyzed and characterized comprehensively, thereby providing
a methodological grounding for the development and under-
standing, both experimental and theoretical of the processes
relevant to the origin of life.
A prerequisite for examining replicator persistence is a

network of interconnected and interdependent replication
cycles in which the replicating templates compete with each
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Figure 1. Reagents A to D react to create a multicyclic network of interdependent replicators. (a) Pairwise reactions of four reagents (A to D,
center) form four replicators, T1, T2, R1, and R2 through bimolecular pathways (kuncat). Minimal replicators T1 and T2 are capable of assembling
the reagents required to copy themselves and accelerating the reaction between them (kcat; EMkinetic = kcat/kuncat), completing autocatalytic cycles
(top left and bottom right). Reciprocal replicators R1 and R2 are capable of assembling the reagents required to create their complementary
partner and then accelerating the reaction between them (kcat), completing reciprocal catalytic cycles (top right and bottom left). (b) Chemical
structures of reagents A to D and the replicators (T1, T2, R1, and R2) derived from these reagents. Key kinetic and thermodynamic parameters for
each replicator are given next to the relevant structure. nd indicates parameters that could not be determined experimentally as a result of the
limited solubility of R1 in CDCl3 following its purification.
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other for the chemical building blocks necessary for their
construction. The building blocks themselves must possess
recognition sites that can be used to direct the requisite
replication processes and reaction sites that can deliver a
programmed pattern of reactivity. To this end, we identified a
set of four reagents, shown at the center of Figure 1. These
four reagents, A to D, are grouped such that each individual
reagent possesses one of two possible recognition sites and one
of two possible reactive elements. Thus, reagent A and reagent
B possess recognition sites and reactive elements that are
complementary to each other, and their combination gives rise
to self-replicator T1, which is capable of directing its own
formation through an autocatalytic cycle (Figure 1a, top left).
Reagents C and D have a similar relationship and afford self-
replicator T2, which is also capable of directing its own
formation through an autocatalytic cycle (Figure 1a, bottom
right). By contrast, reagents B and C possess complementary
reactive elements, but identical recognition sites. The
combination of these two reagents affords template R1 (Figure
1a, top right), which bears identical recognition sites and so
cannot catalyze its own formation directly. Similarly, reagents
A and D also possess complementary reactive elements, but
identical recognition sites and their combination affords
template R2 (Figure 1a, bottom left), which also cannot
catalyze its own formation directly. However, taken together,
R1 and R2 are mutually complementary in terms of
recognition and can therefore participate (Figure 1a, top
right and bottom left) in two cross-catalytic cycles whereby R1
catalyzes the formation of R2 and vice versa. These relation-
ships represent a reciprocal replication cycle.
The network shown in Figure 1a possesses the minimal

lexicon of intermolecular interactions and reactions required to
create a tightly coupled reaction network that contains both
self-replicators (autocatalytic, T1 and T2) and reciprocal
replicators (cross-catalytic, R1 and R2). Since these replicators
must construct themselves from a common reagent pool (A to
D), we expect that the product distribution expressed by this
network will be amenable to perturbation by the addition5,6 of
the instructional templates (T1, T2, R1, and R2).
In order to implement this network experimentally, it is

necessary to design suitable building blocks to assume the roles
of reagents A to D. To this end, we exploited our previous
work in the design and construction of both self- and
reciprocal replicators6,10,15 to identify the four compounds
shown in Figure 1b. This group of compounds contains two
maleimides (A and C) and two nitrones (B and D). Pairwise
1,3-dipolar cycloaddition reactions afford two self-replicators,
T1 and T2, and two reciprocal replicators, R1 and R2. A key
consideration in the design of the network components is the
ease with which the composition of the reaction mixture can be
determined experimentally. To this end, a fluorine atom is
present in both B and D and, thus, a fluorine atom is also
present in each of the templates, allowing 19F{1H} NMR
spectroscopy to be used as the analytical tool for this network.
The large dispersion in 19F chemical shifts ensures that all of
the critical compounds present in the network can be identified
and quantified unambiguously.
In this work, we describe the properties of the tightly

coupled reaction network built from this set of simple synthetic
replicators and demonstrate that the population distribution
within this network can be influenced in predictable ways by
the addition of preformed replicator templates as instructions.
The system-level16 properties expressed by this network are

such that the global population ratios of the replicators within
the network are resistant to changes brought about by external
pressure. This resistance is demonstrated to be a consequence
of the catalytic relationships encoded by the network.

■ RESULTS AND DISCUSSION
Network Characterization. Initially, we characterized the

replicating behavior of each of the individual templates
experimentally and used published protocols6,10,15 for the
analyses of experimental data from replicators to extract the
key kinetic and thermodynamic parameters for each template
(Figure 1b; for details, see the Supporting Information).
Having characterized the replicators in isolation, we next
assessed the performance of the complete network. A solution
of reagents A to D in CDCl3 ([A] = [B] = [C] = [D] = 10
mM) was prepared, and the formation of the replicators, T1,
T2, R1, and R2, was monitored by 470 MHz 19F{1H} NMR
spectroscopy (Figure 2a) over a period of 44 000 s. From the
concentration−time profiles for the species present in the
network (Figure 2a), it is clear that the rates of formation of
the reciprocal replicators, R1 and R2, are higher than those for
the self-replicators, T1 and T2, and that the rates of formation
within each class of replicators are tightly coupled. These
differential reaction rates for the two classes of replicators
result in a 1.9:1 preference (Figure 2b, No T) for the
formation of R1 and R2 over T1 and T2.
In general, the introduction of the other reciprocal replicator

template (R2, Figure 4b) or a self-replicating template to a
reaction mixture represents5,6 an instruction to up-regulate the
production of the added template. Similarly, the introduction
of a reciprocal replicating template to a reaction mixture
represents an instruction to up-regulate the production of the
replicator that is complementary to the added template. In
order to investigate the ability of a template-based instruction
to alter the output of our replicator network, we performed a
series of experiments in which a solution of the reagents A to D
in CDCl3 ([A] = [B] = [C] = [D] = 10 mM) was instructed by
the addition of 20 mol % of either R2, T1, or T2 at t = 0. The
concentrations of the four replicators, T1, T2, R1, and R2,
were then determined by 470 MHz 19F{1H} NMR spectros-
copy after a period of 44 000 s. These experiments (Figure 2b)
reveal significant changes in the concentrations of all of the
replicators in each experiment compared to that where no
replicator instruction has been added.
When the network is instructed by the addition of R2, the

preference for the formation of the reciprocal replicators
overall is increased to 4.2:1. However, the replicator that is up-
regulated most strongly is, in fact, R1, i.e., the complementary
partner of the instructing template R2, reflecting the
instruction given to the system: make R1. The reciprocal,
cross-catalytic relationship between R1 and R2 ensures that
the increase in production of R1 arising from the presence of
the R2 instruction also results in an increase in the
concentration of the instructing template itself. By contrast,
when the network is instructed by the addition of self-
replicator T1, the preference for the formation of the
reciprocal replicators is erased almost entirely: the ratio of
the reciprocal replicators (R1 and R2) to the self-replicators
(T1 and T2) is now 1.1:1. In this case, however, the replicator
that is up-regulated the most is the instructing template T1
itself, reflecting the fact that this template is capable of
directing its own formation only. Similar results are obtained
when the network is instructed with self-replicator T2: the
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ratio of the reciprocal replicators (R1 and R2) to the self-
replicators (T1 and T2) is also 1.1:1.
The effects of instruction are also reinforced by the

connectivity of the reaction network created by the four
replicators. For example, instructing the system with T1 up-
regulates not only the production of this self-replicator within
the network but also the other self-replicator T2. This
observation is, at first sight, odd, since there is no explicit
cross-catalytic relationship between T1 and T2. However, this
system-level effect can be understood readily by considering
the effect of the T1 added on the rates of the various reaction
processes that form the replicators within the network. Self-
replicator T1 is constructed from building blocks A and B, and
the addition of T1 at the start of the experiment will increase
the initial rate of their consumption. In the absence of
appropriate added templates, the other replicators, T2, R1, and

R2, all rely on bimolecular reactions to form either themselves
or their complementary partner before the respective catalytic
cycles can become effective. In this context, the reciprocal
replicators R1 and R2 also require building blocks A and B,
respectively. Since these two building blocks are consumed at
significantly increased initial rates in the presence of added T1
through the autocatalytic cycle that T1 exploits to form itself,
the bimolecular rates for the formation of R1 and R2 are
decreased significantly. By contrast, self-replicator T2 actually
benefits from these changes in the rates of formation of R1 and
R2, since T2 requires building blocks C and D only.
Consequently, T2 will be formed at a comparatively higher
initial rate than either R1, which requires B, or R2, which
requires A. Therefore, the reagent flux through the
autocatalytic cycle involving T2 becomes significant at an
earlier time point than the cross-catalytic cycles involving the
reciprocal replicators R1 and R2. Since R1 and R2 also require
building blocks C and D for their formation, this small
advantage afforded to T2 through the differences in the
bimolecular rates is amplified by the autocatalytic formation of
T2 and results in the observed up-regulation of T2 at the
expense of R1 and R2.

Replicator Persistence within the Network. This
replicator network shows predictable responses to direct
template inputs and, additionally, exhibits system-level
behavior that arises as a result of interconnections between
the species within it. These features could lead to the
appearance of sets of privileged molecular structures that are
persistent within this network. The mechanisms by which such
networks could emerge are the subject of significant debate,2

and developing an understanding of processes that can
transition groups of simple chemical entities into more
complex systems is a key target for the emerging field3 of
systems chemistry. On the early Earth, such networks would
have been subject17 to pressures from compositional changes
in the reagent feed and environmental changes. These
pressures would have challenged the stability and persistence
of potentially fragile replicator networks. In order to establish
experimentally the effect of such events on the replicator
composition within this network, we designed a set of serial
transfer experiments18 (Figure 3) that subjected the replicator
network to simulated environmental changes.
First, we wished to explore how our network responded to

environmental events in which a fresh input of the starting
materials only was provided. The intrinsic kinetic properties of
the network generate an approximately 2:1 preference for the
reciprocal replicators R1 and R2, and we wished to explore
whether this natural bias was stable under the environmental
conditions described. Accordingly, we performed an initial
experiment in which a solution of the reagents A to D in
CDCl3 was prepared ([A] = [B] = [C] = [D] = 10 mM, Figure
3a, box labeled F). No additional instructional template was
added to this solution at the start of the reaction. The
formation of the minimal replicators, T1 and T2, and the
reciprocal replicators, R1 and R2, was assayed by 470 MHz
19F{1H} NMR spectroscopy after complete consumption of
starting materials. After this time, the ratio of reciprocal
replicators to self-replicators ([RR]/[SR] = ([R1] + [R2])/
([T1] + [T2])) in this sample (Figure 3a, cycle 0) was 2.06:1.
Next, the mixture of products obtained at the end of cycle 0
was used as an instructional input for cycle 1. This process
simulates pressures on the network arising from compositional
changes in the reagent feed and also environmental changes.

Figure 2. Individual replicators act as instructions to the multicyclic
network. (a, b) In the absence of an instructional template, reactions
of A to D within the network shown in Figure 1 ([A] = [B] = [C] =
[D] = 10 mM in CDCl3 at 283 K, monitored by 470 MHz 19F{1H}
NMR spectroscopy) result in the formation of a mixture of
replicators. The combined concentrations of reciprocal replicators
(R1 and R2, pink and red circles (a) and pink and red bars (b)) are
approximately twice those of the autocatalytic replicators (T1 and T2,
light and dark blue circles (a) and light and dark blue bars (b)). (c)
The addition of 20 mol % of specific replicators, introduced as
network instructions, at the start of the reaction between reagents A
to D elicits both predictable and system-level changes in the
composition of the reaction network after 44 000 s (12.2 h). The
addition of a reciprocal replicator (+R2) increases the concentrations
of both reciprocal replicators, and the addition of one autocatalytic
replicator (either + T1 or + T2) increases the concentrations of both
autocatalytic replicators. The poor solubility of R1 in CDCl3 following
its purification precluded its use as instruction in template-directed
experiments.
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To this end, 10 mol % of the output from cycle 0 was added to
a fresh solution of reagents A to D in CDCl3 such that [A] =
[B] = [C] = [D] = 10 mM. Once again, the formation of
replicators T1, T2, R1, and R2 was monitored by 470 MHz
19F{1H} NMR spectroscopy. This process was repeated a
further two times. The results of these experiments (Figure 3a)
reveal that, while the bias of the network toward reciprocal
replicators does increase from cycle 0 (2.06:1) to cycle 3
(2.30:1), the largest change occurs between cycle 0 and cycle 1
(2.26:1). This observation indicates that the relative sizes of
the four replicator populations are persistent under these
conditions.
In order to probe the stability of the network toward larger

perturbations, we next looked at the outcome of the recycling
experiments where an instructional template was added in
cycle 0 to generate an initial bias in the replicator populations.
In this context, we performed two series of experiments
(Figure 3b) whose basic setup was identical to that described
previously. In the first series, a solution of reagents A to D in
CDCl3 was prepared ([A] = [B] = [C] = [D] = 10 mM, Figure
3b), and reciprocal replicator R2 was added as an instructional
template at a concentration of 2 mM at t = 0. The addition of
this template simulates a large perturbation in the replicator
population from an exogenous source. The formation of the
minimal replicators, T1 and T2, and the reciprocal replicators,
R1 and R2, was assayed by 470 MHz 19F{1H} NMR
spectroscopy after complete consumption of starting materials.

After this time, the ratio of reciprocal replicators to self-
replicators ([RR]/[SR]) in this sample (Figure 3b, top, cycle
0) was significantly higher, at 3.75:1, than in the experiment
(Figure 3a) where no instructional template had been added.
However, as the output of one cycle was used as the
instruction for the subsequent cycle, this bias was eroded
rapidly and, after cycle 4, has settled at 2.54:1, a ratio close to
the steady state reached in the case of experiments (Figure 3a)
that were uninstructed initially.
When this process was repeated with self-replicator T1 as

the initial instruction, the pattern of results was similar. A
solution of reagents A to D in CDCl3 was prepared ([A] = [B]
= [C] = [D] = 10 mM, Figure 3b), and self-replicator T1 was
added as an instructional template at a concentration of 2 mM
at t = 0. The final ratio of reciprocal replicators to self-
replicators ([RR]/[SR]) in this sample (Figure 3b, bottom,
cycle 0) was significantly lower, at 1.14:1, than that in the
experiment (Figure 3a) where no instructional template had
been added. Once again, as the output of one cycle was used as
the instruction for the subsequent cycle, after cycle 4, the ratio
settled at 2.55:1, a value close to the steady state reached in
both the case of the recycling experiment (Figure 3a) that was
uninstructed initially and that where R2 was used as the initial
instruction.
These results are striking and demonstrate that this network

of replicators possesses a natural, steady state composition
(derived from the network connectivity) and that the network
is resistant to changes away from this composition, at least

Figure 3. A set of serial transfer experiments demonstrates replicator persistence within the multicyclic network. The outcome of a reaction
between reagents A to D ([A] = [B] = [C] = [D] = 10 mM in CDCl3 at 283 K, monitored by 470 MHz 19F{1H} NMR spectroscopy) can be used
as the instructional input for a subsequent reaction. (a) In the absence of an initial instruction, the ratio [RR]/[SR] (= ([R1] + [R2])/([T1] +
[T2])) increases slightly across four cycles from 2.06 to 2.30 when 10 mol % of the output of one cycle is used as the instruction for the subsequent
cycle. (b) The network can be biased toward either R1 and R2 or T1 and T2 by the addition of an instructional template to the initial reaction
mixture (in this case, using either T1 or R2). However, the initial bias in the ratio [RR]/[SR] is eroded over the four subsequent cycles when 20
mol % of the output of one cycle is used as the instruction for the subsequent cycle. When the initial bias is provided by R2 (red bars), [RR]/[SR]
= 3.75 after cycle 0 and 2.54 after cycle 4. When the initial bias is provided by T1 (blue bars), [RR]/[SR] = 1.14 after cycle 0 and 2.55 after cycle 4.
(c) The data from the serial transfer experiments demonstrate that the ratio [RR]/[SR] converges to a single value irrespective of the starting input
condition.
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within the confines of a well-stirred batch reactor where there
is no continuous19 inflow or outflow of material. In order to
understand the origin of persistence of this network fingerprint,
we employed a series of kinetic simulations using a mass action
model (Script S3) based on solving ordinary differential
equations (for full details, see Supporting Information, Section
S1.2.4) that was capable of reproducing (Figure S8) the trends
in the ratio of reciprocal to self-replicators observed in the
recycling experiments that we carried out experimentally. The
results of these simulations showed that the relative
concentrations of the four catalytically active ternary
complexes, namely, [A·D·R1], [B·C·R2], [A·B·T1], [C·D·
T2] (Figure 1a), and how these concentrations vary with time,
play a critical role in determining the output composition of
the network.
Accordingly, we extracted from the simulation data for each

cycle the maximum concentration of each ternary complex
([Concentration]max) and the time point in each experiment at
which this concentration maximum is achieved for each of the
replicating templates (tmax). When the network is instructed
initially with a reciprocal template (either R1 or R2), the
locations of these maxima for the ternary complexes converge

rapidly (Figures 4a and b) toward two points in this
concentration−time parameter spaceone point for the
reciprocal replicators and one point for the self-replicators
as the cycle number increases from 0 to 4. For example, in the
data for the simulation where R1 is the instructing template
(Figure 4a, top left), the concentration maxima for [A·B·T1]
and [C·D·T2] are around 25 μM and occur close to 20 000 s
in cycle 0. As the cycle number increases (Figure 4a, blue-
colored arrows), the maxima for T1 and T2 converge to a
point around 60 μM at 5500 s. Similarly, the maxima for R1
and R2 converge to a point around 150 μM at 5500 s as the
cycle number increases (Figure 4a, red-colored arrows). The
ratio of these maxima for the ternary complexes ([A·D·R1] +
[B·C·R2]/[A·B·T1] + [C·D·T2] = 2.45) mirrors that of the
final concentrations of the four replicators (([R1] + [R2])/
([T1] + [T2])) closely and is essentially invariant after four
cycles. Similar convergence is also evident where the network
is uninstructed (Figure 4c) or instructed initially with a self-
replicating template (either T1 or T2, Figure 4d and e).
Once again, the locations of the maxima for the relevant

ternary complexes converge rapidly toward two points in the
concentration−time parameter space as the cycle number

Figure 4. Data from the serial transfer experiments shown in Figure 3 can be reproduced using an appropriate kinetic model (Figure S8, Script S3).
This kinetic model can be used to extract the behavior of the critical catalytically active ternary complexes, [A·D·R1], [B·C·R2], [A·B·T1], [C·D·
T2], as a function of both cycle number and time. The maximum concentrations of these catalytically active ternary complexes
([Concentration]max) and the times at which these maxima are reached (tmax) converge as the cycle number increases when the multicyclic
network is (a and b) instructed with reciprocal replicators, (c) uninstructed, and (d and e) instructed with self-replicators. The colored arrows
indicate the paths described by the changes in these parameters for each ternary complex with increasing cycle number. As the system approaches
convergence (black points), the composition of the material used as input for the next cycle becomes close to invariant. As a result, RR/SR (= ([A·
D·R1] + [B·C·R2])/([A·B·T1] + [C·D·T2])) tends to a limiting condition and, therefore, the product distribution in subsequent cycles
convergences on a single [RR]/[SR] slowly.
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increases from 0 to 4 and the ratios of the maximum
concentrations of ternary complexes mirrors closely the ratio of
the final concentrations of the four replicators. After four
cycles, the ratios are essentially invariant. These results indicate
that the catalytic encoding present within this networkits
connectivity defined by the interrelationships between the
constituent replicating templatesstabilizes the output of the
network. The network is therefore capable of recovering from
significant perturbation to its composition, thereby preserving
the innate composition of this system. The simulations shown
in Figure 4 relate to starting conditions in which the
concentrations of the starting materials are all equal (10
mM). In order to demonstrate that the persistence observed is
a result of the network connectivity as opposed to the specific
kinetic and thermodynamic properties of the replicators used,
we performed two additional sets of simulations (for full
details, see Supporting Information, Section S1.2.4).
In the first set of simulations, we explored20 how variations

in the concentrations of starting materials A to D affected the
network output. In condition I (Figure 5a), the concentration
of building block A is reduced to 1 mM, while the starting
concentrations of B to D remain at 10 mM. Despite this drastic
change, the network exhibits a trend in persistence that is
qualitatively similar to that observed for the network when the
starting condition is [A] to [D] = 10 mM. This pattern is
repeated (condition II, Figure 5a) when the concentrations of
building blocks A and B are both reduced to 5 mM.
In the second set of simulations, we explored20 the effect of

changes in values of rate and duplex association constants
associated with the four template-instructed pathways leading
to R1, R2, T1, and T2. In condition III (Figure 5b), the
efficiencies of the catalytic ternary complexes [C·D·T2] and
[B·C·R2] are increased by a factor of 2. In condition IV
(Figure 5b), the stabilities of the product duplexes are changed
dramatically, by up to 20×. In both cases, the network exhibits
trends in persistence that are qualitatively similar to those
observed for the network when the original starting conditions
are employed (Figure 3).
Taken together, the results of these simulations suggest

strongly that the persistence observed experimentally is a direct
result of the network connectivity as opposed to the specific
kinetic and thermodynamic properties of the replicators used
and the starting conditions employed.

■ CONCLUSIONS
Replicator networks that embed replication processes provide
experimental platforms for understanding the appearance on
the early Earth of primitive “metabolic” pools capable of
processing reagent pools in predefined and sustainable ways.
Therefore, the establishment and maintenance of networks of
replicators possessing connectivities that render them instruct-
able by suitable template inputs can serve as models for these
types of processes. In this work, we have created a replicator
network whose behavior can be directed specifically by the
introduction of instructional templates. Despite the fact that
this network responds in predictable ways to instructions
provided by these replicating templates, the results presented
here show that there are compositional boundaries beyond
which the network cannot be pushed by addition of a specific
instruction provided by a replicating template. Within the
environment of a well-stirred batch reactor, it is the
connections between the compounds that make up the
networkin terms of both their noncovalent interactions
and their auto- and crosscatalytic propertiesthat encode
resistance to changes in the composition of the network. As a
consequence, this pool of replicators maintains a level of
compositional stability and diversity, which can only be broken
by placing the network in an environment where multiple
steady states are possible.
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