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Abstract

The transition of chemistry into biology is poorly understood. One of the key questions in this transition is how the inherently
divergent nature of chemical reactions can be curtailed, allowing product mixtures to become enriched in only a limited subset
of all possible reaction products. Another seemingly unrelated question is whether Darwinian principles from biology extend
to chemistry. Addressing both questions simultaneously, we now show that the evolutionary principle of competitive exclusion,
which states that a single niche can only be stably occupied by one species, also applies to self-replicating chemical systems,
and that this principle diminishes the tendency of chemistry to diversify. Specifically, we report two systems in which three
different self-replicator quasi-species emerge in a largely stochastic fashion from a mixture of two building blocks (resources).
To enable their evolution, these replicator mixtures were subjected to an out-of-equilibrium replication-destruction regime,
implemented by serial transfer. Out of the many different products initially produced, competitive exclusion leads to the
selection of only a single quasi-species when all replicators rely to the same extent on both resources. When, on the other
hand, one of the quasi-species preferentially uses one resource and another quasi-species specializes in the other (resource
partitioning), these replicator quasi-species effectively occupy different niches and were found to coexist in an evolutionary
stable steady state. The ability to escape from competitive exclusion through resource partitioning is important for future
efforts on addressing a major evolutionary challenge on the path to life’s emergence: Eigen’s paradox, which requires
evolutionary stable communities of co-existing replicators with specific community dynamics.

Introduction

How chemistry can transition into biology is one of the grand challenges of modern science, which has raised several
fundamental questions: Do the laws of biology extend to abiotic chemical systems? Do Darwinian principles play a role in
turning chemistry into biology? How can the inherent tendency for reactive chemical mixtures to become more diverse be
reversed, allowing mixtures to become enriched in specific molecules? Research on synthetic chemical systems that start to
show life-like properties can provide answers to these questions. Self-replication is one such life-like property, and self-
replicating molecules are likely to have an important role in the transition of chemistry into biology.%? In principle, Darwinian
evolution may be expected to act on abiotic self-replicating systems. However, in practice, demonstrating evolutionary
phenomena in these systems has proven difficult. The first hurdle that has to be overcome is achieving exponential self-
replication. The vast majority of synthetic self-replicating systems that have been developed to date show only sub-exponential
growth, which, under most experimental conditions, will lead to co-existence of competing replicators. Yet, Darwinian
evolution involves survival of the fittest and extinction of the weaker competitors. Such dynamics effectively needs exponential
replicators,>* of which there are only a few.>8 A second requirement is that self-replication occurs in a regime that allows for
evolution, where replication is accompanied by replicator destruction (death; implementable by serial transfer,®? flow
setups,’3 or by chemical means?). The majority of experiments on self-replication have been run in closed systems, lacking a
process equivalent to death. In such systems the distribution of products is typically governed by thermodynamics, while under
out-of-equilibrium conditions relevant for evolution, dynamic kinetic stability (persistent state of an open chemical system
subject to separate formation and destruction processes)® ' governs the distribution of replicators. However, recently, self-
replication is starting to be investigated away from equilibrium. 101314

Now that exponential self-replicators have become available and the methodology of replication in an out-of-equilibrium
replication-destruction regime has been established, we are in a position to start probing the degree to which Darwinian
principles extend into chemistry. Among these, the competitive exclusion principle is of particular relevance. This principle
states that a single niche can only be stably occupied by one species.'”*® In ecology, when two species rely on the same food
source (niche) the one that has a slight advantage will lead to the extinction of the other (or forces it to move to a different
habitat).’>2° Two species can, on the other hand, stably coexist when they specialize in different available resources. This
resource partitioning (or niche differentiation) provides the basis for different plant species to coexist?! and is essential for
maintaining species diversity.?? Theoretical work suggests that resource partitioning is also essential for coexistence of
prebiotic (self-)replicating templates,? but this has not been demonstrated experimentally yet.
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The competitive exclusion principle may fulfil an important role in taming the natural tendency for chemistry to diversify due
the high cross-reactivity between molecules, leading to a rapid increase in the number of different molecules. Competitive
exclusion can curtail diversity, which is probably necessary for chemistry to transition into biology. However, at the same time,
a limited degree of diversity is needed. Diversity of co-existing self-replicators provides a solution to another hurdle in early
evolution: Eigen’s paradox,?* which states that self-replicators require a lot of information to be able to replicate accurately,
but in order to obtain a self-replicator that contains a lot of information, an accurate replication process is required. The
different theoretical solutions to this paradox?=28 all involve dividing the information over several separate co-existing self-
replicators which then cooperate such that selection acts on the community.! Thus, at some point in the transition of chemistry
into biology, replicator communities are likely required. Research on biology suggests that resource partitioning may provide
a means to achieve co-existence of self-replicators allowing evolutionary stable communities to form.

We reasoned that the questions whether systems of synthetic self-replicating molecules could exhibit competitive exclusion
and thereby limit chemical diversity, and whether the exclusion principle could be lifted by resource partitioning, could be
addressed using the systems of self-assembly based self-replicators we developed previously.? In these systems pseudo-
peptide building blocks (Figure 1a) can spontaneously form self-replicators in an agitated mixture.>?® When dithiol-bearing
building blocks, appended with a short peptide, are dissolved in an aqueous buffer, slow oxidation by oxygen from the air
results in the formation of a mixture of macrocycles that constantly exchange building blocks through thiol-disulfide exchange
(Figure 1b). If a macrocycle of a specific size is able to self-assemble into fibres, through a combination of B-sheet formation
and m-stacking of the aromatic core unit,3° the composition of the mixture will shift to produce more of the self-assembling
macrocycle, resulting in self-replication. Mechanical agitation of the sample causes fragmentation of fibres with a sufficient
length, increasing the number of growing fibre ends, pushing the replication process into an exponential regime (Figure 1c).2

We now show that allowing two different dithiol building blocks to oligomerise under kinetic control results in a diverse set of
products. Diversity is curtailed drastically after a set of replicators quasi-species (winning subsets of replicators in a mutation-
selection balance, that comprises a cloud of related structures with high mutation rates?*3!) emerged and was allowed to
evolve. Competition of these different quasi-species was found to obey the competitive exclusion principle. When the quasi-
species rely to the same extent on both resources, subjecting them to a replication/destruction regime (implemented by serial
transfer) led to the persistence of only one. We also demonstrate in another system that coexistence of a limited number of
quasi-species becomes possible when the replicators occupy different niches, which can be achieved by resource partitioning
(preferential incorporation of one of the building blocks over the other by one quasi-species, while the other has opposite
preferences).
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Figure 1. (a) Structures and graphical representation of building blocks. System A consists of equimolar amounts of 1 and 2, while system B
consists of equimolar amounts of 1 and 3. (b) When thiols are slowly oxidized to disulfides by oxygen from the air, a DCL of macrocycles is
formed that constantly exchange building blocks through thiol-disulfide exchange. Separate nucleation events can cause macrocycles of
specific sizes (pentamers, hexamers or octamers) to self-assemble into fibres (shown for the pentamer in panel c), shifting the equilibrium
of the DCL to produce more of the very macrocycle that self-assembles. (c) Fibers of a sufficient length are fragmented by mechanical
agitation through stirring, resulting in exponential growth of the fibres. The elongation/fragmentation mechanism is only shown for the
pentamers, but the other self-replicators also replicate using this mechanism. (d) Procedure of serial transfer. After oxidation is essentially
completed 10% of the DCL is transferred to a vial containing fresh building blocks (1.0 mM total concentration; 25 mM B,0s-buffer; pH
8.18) that had been rapidly oxidized to 50% disulfides using sodium perborate (NaBOs; 40 mM) prior to transfer. The new DCL was stirred
(1200 rpm) for 4 days at 45 °C to allow essentially complete conversion of all thiols to disulfides. Transfer to a fresh solution was performed
several times generating a total of n generations. (e) In the absence of resource partitioning (system A) the fittest replicator displaces all
others when they have to compete for their common resources in an out-of-equilibrium regime, implemented by serial transfer. Resource
partitioning (occurring in system B) allows different replicators to coexist in an out-of-equilibrium regime.
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Results and discussion

We focused our studies on two binary combinations of building blocks: system A, made from dithiol building blocks 1 and 2,
and system B, obtained upon mixing building blocks 1 and 3 (Figure 1a). These building block combinations were selected
following a large survey of dynamic combinatorial libraries (DCLs) prepared from binary mixtures of building blocks, where
these combinations stood out by their ability to give rise to several different-sized replicators. The inherent tendency of
chemistry to diversify was evident when equimolar amounts of building block 1 with either 2 or 3 were mixed and rapidly
oxidized, using perborate as an oxidant, to obtain kinetically controlled reaction products. Under these conditions the oxidation
of thiols to disulfides is faster than disulfide exchange. Ultra-performance liquid chromatography — mass spectrometry (UPLC-
MS) analysis showed that complex mixtures of oligomeric disulfide-linked macrocycles with diverse compositions and ring sizes,
ranging from 3 to 18 monomer units, were produced (top traces in Figure 2a and b; see Sl sections 11l.1 and 111.5.1 for a detailed
chromatographic analysis of System A).
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Figure 2. Normalized UPLC-chromatograms (recorded at 254 nm) showing different product distributions obtained upon mixing equimolar
amounts of (a) 1 and 2 (system A) or (b) 1 and 3 (system B). Rapid oxidation leads to a large variety of products, with 3-18 membered
macrocycles being detected (top traces). A reduced variety of products was obtained when self-replicators were allowed to emerge under
conditions that disulfide exchange takes place (middle traces). In these systems replicator quasi-species emerge with three different ring sizes:
Smer (orange), 6mer (blue) and 8mer (green). The variety of products was reduced further when the replicator quasi-species were allowed to
evolve while having to compete for their common building blocks, leading to competitive exclusion (bottom traces). Competitive exclusion
leads to the persistence of only a single replicator quasi-species, in case all quasi-species rely to the same extent on the available resources
(panel a) or the co-existence of two quasi-species, when these occupy different niches through resource partitioning (panel b).

System A: competitive exclusion. Recently, we reported that two different populations of replicators (hexamers and octamers)
can emerge from system A.32 Both populations of self-replicators are initially formed by stochastic nucleation events. In an
equimolar mixture of 1 and 2 both replicators were found to have similar chances of nucleation, similar growth kinetics and
very little (or no) cross-catalysis towards each other. These experiments were conducted in closed systems, where replicator
destruction was not actively promoted and no evolution could take place.

Because both populations of replicators (hexamers and octamers) can be produced from the same building blocks this is an
ideal system to explore the effect of evolution on the replicator composition. Analysis by UPLC (Figure 3a) showed that the
hexamer and octamer replicators incorporate building blocks 1 and 2 in similar and close to statistical amounts (Figure 3c+e),
which implies that they occupy the same niche. If the competitive exclusion principle holds here, then only one of the
replicators will be able to survive at the expense of the other once the replicator system is allowed to evolve.
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Figure 3. (a) UPLC-chromatogram (recorded at 254 nm) of a dynamic combinatorial library (DCL) made from equimolar amounts of 1 and 2
after 4 days. In this DCL both 6mer and 8mer replicators can be observed. The inset shows a chromatogram of a DCL where 5mer replicators
are dominant. (b) By integration of the peaks in the chromatogram shown in panel a the relative abundances of the various replicators can
be determined. (c-e) Relative abundances of the various macrocycle compositions (expressed in the number of units of 1 incorporated into the
macrocycle) obtained for 6mer, 5mer and 8mer replicators, respectively. (f) UPLC-chromatogram (recorded at 254 nm) of a DCL made from
equimolar amounts of 1 and 3 after 4 days. In this DCL 5mer, 6mer and 8mer replicators are present. (g) By integration of the peaks in the
chromatogram shown in panel f the relative abundances of the various replicators can be determined. (h-j) Relative abundances of the various
macrocycle compositions (expressed in the amount of 1 incorporated into the macrocycle) obtained for 6mer, 5mer and 8mer-replicators,
respectively. The black lines in panels c-e and h-j show, as a reference, a statistical (or random) incorporation of both building blocks in each
replicator. The relative peak areas can be used as a measure of the composition of the DCL, because the total peak area in the UPLC analysis
remains constant throughout the experiment (Figure S24).

As a starting point for evolutionary experiments, we prepared ten DCLs by dissolving 1 and 2 into an aqueous buffer (1.0 mM
total building block concentration in borate buffer (50 mM in B atoms, pH 8.2)), which were rapidly oxidized to 50% disulfides
by adding a sodium perborate solution (NaBOs, 100 mM). The DCLs were deliberately prepared to yield different ratios between
the hexamer and octamer replicators. This was done by seeding with 10 mol% of pre-formed replicators or by varying the initial
ratio between 1 and 2 (see Table S1). Changing the ratio between 1 and 2 will shift the replicator distribution towards hexamers
when there is more than 50 mol% 2 or octamers when there is more than 50 mol% of 1.3

Having different starting compositions allows probing the influence (if any) of this parameter on the evolutionary fate of the
systems. After stirring the 10 DCLs (1200 rpm) at 45 °C for 4 days essentially all thiols were converted to disulfides and strongly
varying library compositions were obtained with relative abundances ranging from 3% to 69% for hexamers and from 6% to
74% for octamers. Subsequently these DCLs were used to seed the second generation of replicators by serial transfer (Figure
1d). Ten mol% of the fully oxidized DCLs were transferred to fresh solutions of equimolar amounts of 1 and 2, oxidized to 50%
disulfides followed by stirring at 45 °C for 4 days. This serial transfer process was performed four times, producing five
generations of replicators. Note that, in the limit of many transfers, the dynamics of serial dilution resemble that of a
continuously stirred tank reactor, in which building blocks flow into the reactor and the produced replicators flow out of the
reactor with the same flow rate.®
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Figure 4. Evolution of replicator populations in system A made from equimolar amounts of 1 and 2 (1.0 mM total concentration in 25 mM
B,0s-buffer, pH 8.18) in a replication-destruction regime, implemented by serial transfer. The first generation was prepared as shown in Table
S1, stirred for 4 days (1200 rpm; 45 °C) and analysed by UPLC-MS. A small aliquot (10%) of each DCL was transferred to a fresh solution of 1
and 2 (oxidized to 50% disulfides) that was then also stirred for 4 days (1200 rpm; 45 °C) yielding a second generation. This process was
repeated three more times to yield a total of five generations.

With each generation the amount of octamer replicators in each DCL increased at the expense of the hexamer replicators.
After four serial transfers (fifth generation) almost no hexamers could be detected anymore (Figure 4). Apparently the
octamers constitute the quasi-species with the highest dynamic kinetic stability in this out-of-equilibrium regime, causing the
demise of the hexamers.

It is also possible to produce a population of pentamer replicators in this system by seeding with 25 (Figure S1a).3* Two DCLs
were prepared in this way, which, after four days, contained pentamers in relative abundances of 71% and 74%. These
pentamers, like the hexamers and octamers, incorporate building blocks 1 and 2 in similar amounts (Figure 3d). Also small
amounts of octamers (<5%) could be detected and some residual small macrocycles (3mers and 4mers). These DCLs were also
used as starting points for serial transfer experiments, performed as described before. After nine serial transfers (tenth
generation) almost no pentamers could be detected and all DCLs were dominated by octamers (Figure 5; note that the layout
differs from that of Figure 4 and 6). These data illustrate that, even when the difference in dynamic kinetic stability of two
competing replicator quasi-species populations is relatively small and the bias is initially towards the less stable quasi-species,
the one with the highest dynamic kinetic stability will ultimately displace competitors that occupy the same niche.
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Figure 5. Evolution of two pentamer replicator populations in system A made from equimolar amounts of 1 and 2 (1.0 mM total concentration
in borate buffer, 50 mM in B atoms, pH 8.18) in a replication-destruction regime, implemented by serial transfer. The first generation was
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prepared as shown in Table S2, stirred for 4 days (1200 rpm; 45 °C) and analysed by UPLC-MS. A small aliquot (10%) of each DCL was
transferred to a fresh solution of 1 and 2 (oxidized to 50% disulfides) that was stirred for 4 days (1200 rpm; 45 °C) yielding a second generation.
This process was repeated another eight times to yield a total of ten generations.

System B: coexistence through resource partitioning. The results above show that the competitive exclusion principle from
evolutionary biology also extends to replicator chemistry. The competitive exclusion principle also implies that two populations
(of replicators) can only stably coexist in a replication-destruction regime when they occupy different niches. We therefore
also investigated System B, consisting of 1 and 3. This system was part of a large screening of equimolar mixtures of different
building blocks that form self-replicators and piqued interest because in batch conditions three different replicators
(pentamers, hexamers and octamers) that have different building block preferences could be identified in a single DCL (Figure
2b and 3f; see Sl sections Ill.1 and I11.5.2 for a detailed chromatographic analysis). Seeding experiments confirmed that the
three species are indeed replicators (Figures S1b and S2; cf. Figure S3 for the kinetic traces of spontaneous octa- and hexamer
emergence from 1+3 in a 50:50-ratio). Thioflavin T assays (Sl section 111.2) and circular dichroism data (Sl section II.3) were in
line with previous observations on related replicators>?®3? suggesting that also the replicators in system B assemble through
B-sheet formation. Transmission electron microscopy (TEM) analysis revealed fibrous assemblies, similar to those observed
previously in related replicators (SI section 111.4).>2%32 Similar to System A,3? also system B shows stochastic effects in the
nucleation of the hexamer and octamer replicators that are largest near the phase boundary (Figure S4).

In this system the competing replicators have different building block preferences: octamers are enriched in building block 1
and hexamers and pentamers preferentially incorporate 3 (Figure 3h-j). As is the case for System A, different replicator
distributions can be obtained by varying the ratio between 1 and 3, where an increased amount of 1 promotes octamer
formation and an increased amount of 3 benefits hexamer formation (Figure S4). In System B there is also a possibility for small
amounts of pentamers to emerge. These pentamers are, just like the hexamers, rich in 3. The important difference between
Systems A and B is that in System B the replicators do not incorporate both available building blocks in a similar proportion.
The octamers are enriched in 1, while the hexamers and pentamers are enriched in 3. This effectively means that the octamers
occupy a different niche compared to the hexamers and pentamers, because they rely to a different extent on the different
available resources. We expected that, when DCLs containing replicators made from 1 and 3 are allowed to evolve in a
formation-destruction regime, it should be possible for two replicator populations to stably coexist, where one is rich in 1 and
the otherin 3.

We prepared ten DCLs by mixing 1 and 3, in the same way as described above for system A. As for system A DCLs were prepared
containing different ratios between the different replicators by varying the initial ratio between 1 and 3 (only for the first
generation samples; Table S3) for nine DCLs. The tenth DCL was cross-seeded with 10 mol% of preformed pentamers consisting
of 1 and 2 in order to obtain more pentamers.
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Figure 6. Evolution of replicator populations in system B made from 1 and 3 (1.0 mM total concentration in 25 mM B,Os-buffer, pH 8.18) in a
replication-destruction regime, implemented by serial transfer. The first generation was prepared as shown in Table S3, stirred for 4 days
(1200 rpm; 45 °C) and analysed by UPLC-MS. A small aliquot (10%) of each DCL was transferred to a fresh solution of 1 and 2 (oxidized to 50%
disulfides) that was stirred for 4 days (1200 rpom; 45 °C) yielding a second generation. This process was repeated another three times to yield
a total of five generations.

After stirring the DCLs (1200 rpm) at 45 °C for 4 days the conversion of thiols into disulfides was essentially complete and large
variations in library compositions were obtained with relative abundances of the different replicator quasi-species ranging
from 9% to 83% for hexamers, from 3% to 85% for octamers and from 0% to 37% for pentamers. These first generation DCLs
were used as the starting point for four successive serial transfers conducted in the same way as described above for system
A. With each generation the pentamer population decreased in abundance until it could no longer be detected (Figure 6). As
the pentamer and hexamer populations occupy the same niche (they both preferentially incorporate 3; Figure 3h+i), this result
is in agreement with competitive exclusion of the population with the lowest dynamic kinetic stability. With each generation
the octamer and hexamer populations converged towards a state where both quasi-species have a relative abundance of
around 50%, suggesting that they have comparable dynamic kinetic stability. Here it is possible for two quasi-species to stably
coexist next to each other because the hexamers and octamers occupy different niches: the hexamers preferentially
incorporate 3, while the octamers preferentially incorporate 1. Similar to a dual-point entry experiment to identify the
thermodynamic product, here various different starting compositions all converge to the same replicator distribution (at steady
state at the level of the serial transfer experiments), indicating that this distribution is evolutionary stable under the conditions
of these experiments.

Not surprisingly, the outcome of these selection experiments depends on the selection regime. Upon serial transfer, selection
is primarily based on replication kinetics, as the rate of “dying” (i.e. not being transferred to the next vial) should be identical
for all replicators. We briefly probed the behaviour of systems A and B under a different selection regime, where disulfide
bonds were continuously broken (by continuously supplying a reductant) and formed (by simultaneous supply of an oxidant),
using a previously established protocol (“redox infusion”).}* Here “death” is no longer indiscriminate, as the rate of reduction
tends to be different for different replicators. Indeed, under these conditions system B no longer exhibits coexistence of
octamer and hexamer, but yielded mostly hexamer alone (or together with pentamer, when this replicator was there from the
start; see Figure S5). We attribute this behaviour to the octamer being reduced more rapidly than the competing replicators
(Figure S6), diminishing its relative dynamic kinetic stability. System A proved to be more difficult to study under these
oxidation/reduction conditions: only one out of six attempts gave useful results (Figure S7), while others showed rapid loss of
total UPLC peak area, discouraging further investigation.
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The results obtained with systems B and A show that the substantial chemical diversity produced upon kinetically controlled
oligomerization of the two-building-block systems (Figure 2a and b, top traces) is drastically reduced upon the emergence of
self-replicators (Figure 2, middle traces) and further curtailed through competitive exclusion that takes place during the
evolution of these systems.

Mechanistic insights. System A shows competitive exclusion while system B shows coexistence, even though the building
blocks from which the two systems are made only exhibit minor differences in structure, raising the question what causes the
marked difference in behaviour. Earlier studies showed that unassembled material accumulates and diffuses on the fibre
surface forming a reservoir from which replicators “feed”.3> We now found that differences in binding selectivity of replicator
precursors to the side of the replicator fibres is partially responsible for the differences in behaviour of the two systems. We
probed the amount and composition of the fibre-bound precursor material by suspending pre-formed fibres of hexamer or
octamer in a solution containing their respective precursors, followed by centrifugation. The fibres were found to sediment
along with the bound material (control experiments without fibres gave negligible sedimentation). In both systems A and B,
hexamer fibres bind more material than the corresponding octamers (Figure 7a,d), especially trimers (Figure 7b,e). While in
system A the 1/2 ratio in bound trimers and tetramers is essentially identical for hexamer and octamer replicator (Figure 7c),
significant differences between the two competing replicators are observed in System B (Figure 7f). Here, 36 fibres show a
strong preference for 3-rich trimers (even more for 3-rich tetramers, cf. Figure S8), while 1s fibres accumulate more 1-rich
macrocycles, as compared to the building-block composition of the precursor solution. This observation is consistent with
octamers growing mostly on 1 and hexamers mostly on 3 and suggests that the observed precursor partitioning happens
already at the level binding of precursors to the fibres, presumably biasing what material will be incorporated during the
replication process.

IS

0.8 %0
a) | systemA b) i [ L2e "Lz W12, Wi
0.7 A rimer —_
2, |1+250:50 ® K10 |
T 3 1 S 06 A .
P o M Tetramer g 60 {
2 2 05 B =
b T * 50 4
8 2 8 04 | g
o~ © + 40 A
& < 03 - k]
'g % ’ o 30 4 B o =
1 I © 02 A | &
3 = g o 220 ]
o g == o
5 0.1 A £ 10 4
o & = — =
o T T 0.0 T T 0 T T T
8mer fibre 6mer fibre  8/6mer 50:50 8mer fibre 6mer fibre  8/6mer 50:50 6mer fibre No fibre 8mer fibre 8/6mer 50:50
14 12 f S0
d) | SystemB e) S Trimer ) o[ L3 13 w13, migy
2'? 11+3 50:50 ] g
£ = 70
=10 £ ® Tetramer il 5
5 o 84 £ 60 A
E 4 el =
b e = %01
o o 6 1 2
[ Q S 40
o s
- ki) 5]
° S 44 o 30 T
S 4 A 3 = =
o <4 £ 20 4
2 5, | I g {
= 2 == 4 o
S > = 10
s ‘ - = L
0 T 0 T 0 T T
8mer fibre 6mer fibre 8mer fibre 6mer fibre 8mer fibre No fibre 6mer fibre

Figure 7. Analysis of precursor material bound on fibres after centrifugation experiments (panels (a-c): system A, (d-f): system B). (a+d) Amount
of total material bound on fibres (building block units per fibre ring); (b+e) Amount of trimers and tetramers bound on fibres (number of
macrocycles per fibre ring); (c+f) Isomeric distribution of bound trimers (isomer percentage of total bound trimers). Fibres (1+2)s, (1+2)s, 15 or
35 were added to the corresponding precursor solution, centrifuged and the resulting pellet (containing fibre + bound precursors) analysed by
UPLC. “No fibre” entries correspond to analyses of the precursor solution prior to fibre addition. Note: due to peak overlap (cf. Sl section 1.2.2),
in System A the total amount of precursor bound to hexamers is probably underestimated (panel a).

The fact that system A exhibits no building block preference in precursor binding is consistent with building blocks 1 and 2
being more similar in hydrophobicity than 1 and 3 (reflected in reversed-phase-UPLC retention times, cf. Sl section 1l.1). With
precursor binding being non-selective in this system, the dominance of octamer replicator must have a kinetic origin. We
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monitored the rate of replication of the hexamer and octamer in system A separately, starting from pre-formed replicator. The
conditions were identical to those used for the serial transfer experiments in Figure 4, except that the buffer concentration
was raised from 50 to 200 mM (serial transfer in these conditions gave comparable hexamer exclusion, cf. Figure S9) to speed
up fibre growth. Individually the octamer (Figure 8a) and hexamer (Figure 8b) replicated with comparable rates and the
dominance of octamer in system A cannot be explained by a difference in individual growth rate. Instead, it appears that
hexamer and octamer fibres interfere with each other’s growth, as apparent from a kinetic experiment in which both
replicators were present from the start. In this case the hexamer grows fast over the first three hours and then stops (Figure
8c). In contrast, the octamer grows steadily, albeit substantially slower than in the absence of hexamer, to constitute 77% of
the DCL after ca. 70 h (hexamer: 22%; not shown). Note that this behaviour is different from the parallel growth of the same
two replicators observed in an earlier study, where different conditions were used.3? An investigation of the impact of reaction
conditions is described in the S, section I.7.1 (Figures S10-522).
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Figure 8. Replication kinetics in system A (1+2). Growth of (a) octamer replicator starting from 10 mol% octamer; (b) hexamer replicator
starting from 10 mol% hexamer and (c) octa- and hexamer replicators starting from a mixture of 5 mol% octamer and 5 mol% hexamer.
Conditions: 1.0 mM 1+2 (50:50), 50% pre-oxidation by NaBO3, 200 mM borate buffer. Notes: the hexamers are overestimated by 5-10% in
the early stage of the reaction (cf. Materials & Methods section 11.2.2); in panel b, the octamer nucleates spontaneously (growth starting
after 6 h) which might influence the growth of the hexamer.

A separate experiment, in which hexamer growth was monitored, starting from hexamer only, confirmed that the addition of
5 mol% octamer fibres (at t = 3 h) slowed down hexamer growth (Figure S12). We ascribe these effects to interactions between
the fibres of the different replicators interfering with the access that these replicators have to bound precursors. This
hypothesis is supported by TEM analyses of fibres obtained during serial transfer: hexamer and octamer fibres were found to
form bundles with distinct morphologies (S| section 1.8, Figure S23; cf. also an earlier study3?). These persist when both are
mixed post-growth. However, in a sample in which octa- and hexamers grew together we can no longer distinguish two distinct
morphologies, while fibres are still laterally associated. These observations suggest that hexamer and octamer fibres bind to
each other. We probed how this association affects precursor binding using centrifugation experiments. When separate,
hexamer fibres bind more precursor than octamer fibres. When grown together, a sample containing both octamer and
hexamer in a 50:50 ratio was found to bind only a small amount of precursor, comparable to an octamer-only sample (Figure
7a). The ratio of trimers and tetramer in the bound precursors was 2:1, which is in between the corresponding ratio observed
for the individual fibres (Figure 7b). Thus, a possible explanation for the replication kinetics in Figure 8a is that aggregation of
both fibres leads to a reduced access to food, which affects especially the hexamer, causing its replication to stall — possibly
because it is located more towards the inside of the fibre assemblies, once a substantial amount of octamer has been formed.
The higher tendency of hexamer to bind to precursors could also cause it to be bind to, and become surrounded by, octamer
fibres. In addition, fibre growth was observed to depend on the building-block composition of the precursor material. The
hexamer growth rate was found to be slower at a higher 1/2 ratio, while octamer growth rate is not affected by the 1/2 ratio.
Note that this ratio increases over the course of the reaction as the uptake of 2 by both octa- and hexamer replicators is initially
faster than of 1 (Sl section 1.7.3). This effect might contribute to the stalling of hexamer growth, even more since the depletion
of 2 from the precursor material seems to be enhanced by octamer/hexamer interaction. However, the importance of the
changing 1/2 ratio for the dominance of octamer is likely to be relatively small, since the 1/2 ratio in the final octamer and
hexamer replicator fibres, where these grew side by sides, exhibit only minor differences (see Figure 3).

We speculate that the fact that competitive exclusion occurs in system A, while coexistence takes place in system B, is due to
the bigger structural difference between building block 1 and 3 compared to 1 versus 2. Building block 3 is more hydrophobic
than 2 (also reflected in its later elution from the reversed-phase UPLC column) and therefore more distinct from building block
1. This allows the replicator fibres in system B to distinguish between the two and preferentially bind one of them, while such
discrimination fails to take place in system A.
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Conclusion

We have shown that the competitive exclusion principle can be used to curtail diversity in two different systems in which three
self-replicator quasi-species emerge with different macrocycle sizes: pentamers, hexamers and octamers, which compete for
two common building blocks. In the first system all self-replicators incorporate both building block resources in similar
amounts, which causes them to all occupy the same niche. When subjected to a replication-destruction regime, implemented
by serial transfer, only the octamer population prevails at the expense of the hexamer and pentamer quasi-species, irrespective
of their initial ratios. Mechanistic investigations suggest that the octamer replicator fibres bind to their competitors, hampering
the ability of the latter to bind precursor material. As the winning sub-set of replicators in a mutation-selection balance?*3! the
octamer population can be referred to as a quasi-species. In the second system, the pentamer and hexamer populations
preferentially incorporate one of the building blocks while the octamer quasi-species preferentially incorporates the other.
This selectivity was found to exist already at the stage where the replicators bind to precursor material, with the two building
blocks most likely exhibiting different affinities for the surfaces of the different fibres. Thus, the pentamer and hexamer
populations occupy the same niche, while the octamer occupies a different one. In serial transfer experiments the hexamer
populations were found to competitively exclude the pentamers while stably co-existing with the octamer populations. These
results show that the principles of competitive exclusion and resource partitioning, that play a key role in biology, also extend
to abiotic chemical systems of fully synthetic replicators. The competitive exclusion principle provides a means for taming the
inherent tendency for chemistry to diversify, reducing diversity in cases where different replicators occupy the same niche. At
the same time, resource partitioning provides a means to avoid limiting diversity too much. Diversity, in the form of stably
coexisting communities of replicators, is a promising starting point for overcoming Eigen’s paradox, a major remaining hurdle
in the transition from chemistry into biology. Overcoming this hurdle requires that replicator communities cooperate,*-38 such
that selection can act on the collective. Among the different ways such cooperation can be achieved, metabolic coupling seems
particularly promising, given the recent discovery of individual replicators capable of sustaining a primitive metabolism3**! and
given the encouraging results obtained through modelling the evolutionary dynamics of such systems.2842 It appears that the
pieces of the puzzle of the emergence of life are starting to come together.
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