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Each living species carries a complex DNA sequence that determines their unique features and
functionalities. It is generally assumed that life started from a random pool of oligonucleotide sequences,
generated by a prebiotic polymerization of nucleotides. The mechanism that initially facilitated the
emergence of sequences that code for the function of the first species from such a random pool of sequences
remains unknown. It is a central problem of the origin of life. An interesting option would be a self-
selection mechanism by spontaneous symmetry breaking. Initial concentration fluctuations of specific
sequence motifs would have been amplified and outcompeted less abundant sequences, enhancing the
signal to noise to replicate and select functional sequences. Here, we demonstrate with experimental and
theoretical findings that templated ligation would provide such a self-selection. In templated ligation, two
adjacent single sequences strands are chemically joined when a third complementary strand sequence
brings them in close proximity. This simple mechanism is a likely side product of a prebiotic
polymerization chemistry once the strands reach the length to form double-stranded species. As shown
here, the ligation gives rise to a nonlinear replication process by the cooperative ligation of matching
sequences which self-promote their own elongation. This process leads to a cascade of enhanced template
binding and faster ligation reactions. A requirement is the reshuffling of the strands by thermal cycling,
enabled, for example, by microscale convection. By using a limited initial sequence space and performing
long-term ligations, we find that complementary sequences with an initially higher concentration prevail
over either noncomplementary or less-concentrated sequences. The latter die out by the molecular
degradation that we simulate in the experiment by serial dilution. The experimental results are consistent
with both explicit and abstract theory models that are generated considering the ligation rates determined
experimentally. Previously, other nonlinear modes of replication such as hypercycles have been discussed
to overcome instabilities from first-order replication dynamics such as the error catastrophe and the
dominance of structurally simple but fast-replicating sequences, known as the Spiegelman problem.
Assuming that templated ligation is driven by the same chemical mechanism that generates prebiotic
polymerization of oligonucleotides, the mechanism could function as a missing link between polymeri-
zation and the self-stabilized replication, offering a pathway to the autonomous emergence of Darwinian
evolution for the origin of life.
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I. INTRODUCTION

The genetic information of present-day living species is
encoded in the DNA sequence as a specific combination
of four different nucleotides: A, C, G, and T. How the first
functional information coding sequences could have

emerged from an initial pool of random sequences is
one of the central questions to understand the origin of life.
Any sequence space of even a moderate length of, for

example, 25 bases is so large (425 ≈ 1015) that, even with a
significant volume and concentration, the sampling can
only be sparse, meaning that each molecule would have a
different sequence. It must be expected that, even if such a
very short sequence would have encoded and conferred an
advantageous function for molecular evolution, it would
not have had an impact on such a random pool of
sequences. This limited sampling of sequence space is
even the case for the most sophisticated systematic
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evolution of ligands by exponential enrichment (SELEX)
[1,2] lab procedures that are intended to select for functional
molecules despite the fact that human brains and hands and
complex machines are guiding the evolutionary process.
Spontaneous symmetry breaking is a basic physical

mechanism that creates structure out of random initial
conditions. We assess here whether nonlinear effects in a
basic replicationmechanism could implement the symmetry
breaking in sequence space. Stochastic fluctuations in the
initial sequence distribution would be amplified and give
rise to an increasing homogeneous sequence space at a given
location (Fig. 1). With the same process happening at
different locations with stochastic variations, a large diver-
sity of sequences could be sampled. Each sequencewould be
present at each location in significant concentrations such
that a selection based on its function could be implemented.
To test this scenario, we study how, under the replication
dynamics of templated ligation, sets of similar sequences
with high concentrations could survive by replication while
less-concentrated or uncorrelated sequences die out.
It is no coincidence that a replication mechanism is

the means to drive the self-selection dynamics of sponta-
neous symmetry breaking. Replication is necessary to later
maintain and improve the functional sequence by the
mechanism of Darwinian evolution. Therefore, the mecha-
nism could be a route towards the emergence of sequence
species for Darwinian evolution.
The understanding of the emergence of life has advanced

and progressed fast in the past years. Examples include big
steps forward in RNA catalyzed replication [3–10], syn-
thesis of nucleotides [11,12], and base-by-base replication
with activated nucleotides [13,14]. Autocatalytic replica-
tion of sequence information by the catalytic function of
ribozymes is thought to be crucial for the evolution of
central functions of biology. Autocatalytic replication has
been demonstrated with carefully designed and selected
ribozymes [15,16], where exponential growth of a group of
mutually catalytic ribozymes is observed. However, the
search of mechanisms allowing the spontaneous emergence
of such complex autocatalytic sequences from a pool of
random sequences remains an unsolved problem.
The first information molecules did not have many

mechanisms at their disposal. After the synthesis and
accumulation of the first nucleotides, random sequences
[17–21] could polymerize. Once they are long enough to
bind at the given temperature, three-molecule complexes
form, and one sequence would bind to two complementary
sequences which can then be connected by a suitable
chemical reaction. This three-body reaction is termed a
templated ligation. It offers a most basic replication
mechanism, since the two sequences are linked only if
the sequences match sufficiently, offering a transfer of
information from one molecule to another (Fig. 1).
Our experiments reveal a reduction of the sequence

space by replicating sequences with templated ligation. It is

based on the fact that longer sequences are more likely to
bind, and this replicates faster with the templated ligation.
In addition, matching sequences can increase their length
by ligation and therefore enhance their replication speed.
As discussed with the experiments and theoretical descrip-
tions below, this finding makes the replication nonlinear
with respect to sequence concentrations.
In addition to the intractable search through a huge

sequence space, early replicators faced two major instabil-
ities: the error catastrophe [22] and a convergence towards

FIG. 1. Potential role of cooperative ligation in early molecular
evolution of DNA oligonucleotides. Schematic representation of
a potential path towards the selection and emergence of DNA
sequences with incipient catalytic activities. Initially, a random
oligonucleotide pool could have originated from the condensa-
tion and polymerization of single nucleotides. The same chemical
mechanism that catalyzed the oligomerization of nucleotides
could have also carried out the ligation of two adjacent oligo-
nucleotides sequences brought into close proximity by a third
complementary sequence. This process is termed templated
ligation. The template binding would have required a critical
oligonucleotide length at the temperature of polymerization. We
use 20 mer oligomers at 67 °C to minimize the bias of the ligase
protein used for ligation. In a pool of sequences, templated
ligation becomes cooperative. Our experiments suggest that
cooperative ligation could have led to a spontaneous breaking
of sequence space symmetry. Depending on the initial concen-
tration of ligated sequences at a given location, a cooperative set
of sequences emerge that stabilize their own replication by
ligation. Interestingly, the sequences with the highest initial
concentration dominate the population, a process requiring a
nonlinear replication characteristic. At a given location, this
spontaneous symmetry breaking would generate a homogeneous
oligonucleotide sequence pool. If this had an incipient function,
the whole molecule population would show a significant evolu-
tionary advantage, outcompeting the neighboring locations and
creating a starting condition and stabilization for the emergence
of Darwinian evolution.
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the fastest replicators, also known as the Spiegelman
problem [23]. The first sequences are shaped by the balance
between mutation and selection in a fitness landscape
[22,24,25]. If the error rate exceeds a certain threshold,
the selection can no longer suppress the accumulation of
sequence errors and the sequences vanishes, which is termed
an error catastrophe. This instability would have been a
major bottleneck for early molecular evolution, since
primitive replicators would initially have had only a limited
fidelity. The dilemma is that strands require long and
structured sequences in order to provide the necessary
catalytic activity to decrease the error rate. But, for longer
sequences, it is much harder to keep the error rate below the
error threshold of the error catastrophe. Therefore, even if a
self-replicating molecule did emerge at some point in a soup
of random sequences, it would have been difficult for it to
replicate only its own sequence information against the
sequence majority of the pool.
The second dilemma is that first-order exponential growth

tends to converge to a sequence with the highest replication
rate. However, the faster replication of ever-shorter mutant
sequences is very likely. Therefore, the inherent shortening
of the strands by mutations likely suppresses the possibility
to use oligonucleotides for the storage of sufficient infor-
mation unless another process enhances the length of the
sequences. In many experimental systems, the shortest
possible sequence ends up dominating the population, as
experimentally shown by Spiegelman [23,26] and also
recently observed for the case of Ribo-PCR by Joyce [9].
Both the error catastrophe and the convergence to a common
sequence would have strongly limited the emergence of
early molecular Darwinian evolution.
The hypercycle proposed by Eigen and Schuster is a

theoretical concept that can overcome both dilemmas [22].
A hypercycle is a ring-shaped network of replication
reactions in which the product of a replication cycle
catalyzes the reaction of the following replication cycle.
This cooperative mechanism amplifies the sequence infor-
mation at second order [20]; _x ¼ kx2–dx. Here, k and d are
the replication and the deletion rates, respectively, which
can differ between replicators. Unlike the first-order
growth, the growth rate of the hypercycle _x=x ¼ kx − d
depends on x, and, thus, it is enhanced with the accumu-
lation of x. Sexual reproduction is another example of
higher-order growth [27]. That is, two elements react to
generate the next generation of the elements. Such a system
has been shown in vitro with an enzymatic DNA-RNA
amplification system called cooperative amplification of
templates by cross-hybridization (CATCH) [28,29]. The
frequency-dependent selection, or the Allee effect [22],
caused by the nonlinear growth of sequences could stabilize
the wild types and could raise the error threshold. With the
frequency-dependent selection, even replicators with
smaller k could survive and dominate if they once obtained
a high frequency by fluctuations.

II. RESULTS

A. Templated ligation

The implementation of templated ligation experiments of
DNA strands require, first, a ligation mechanism that could
facilitate the formation of a phosphodiester bond between
the 3’-hydroxyl and 5’-phosphate groups of two adjacent
DNA strands and, second, the presence of a third template
DNA strand that by complementary base pairing could bring
the strands in close proximity for the ligation (Fig. S1 [30]).
Prebiotically plausible molecules that can carry out such

a ligation reaction, in an efficient and rapid way, have not
yet been identified. In this regard, diamidophosphate
(DAP) is reported [31] as a potential prebiotic candidate
molecule that could favor the oligomerization or conden-
sation of nucleotides and amino acids into their respective
polymers. However, the slow kinetic and low yield of such
processes needs the support of physical nonequilibrium
boundary conditions.
Faster methods and strategies exist, for example, the use

of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
as in situ activator of phosphate groups of nucleotides, but
the reaction suffers from modifications of the oligonucleo-
tides at elevated temperatures. Furthermore, EDC in its
optimized form is prebiotically not very plausible, but it can
trigger both the polymerization and templated ligation of
RNA or DNA.
Therefore, we decide to use a highly evolved protein to

ligate the DNA strands. The ligation reaction experiments
are conducted with a thermostable Taq DNA ligase [32]
that catalyzes the ligation reaction >100-fold faster than
EDC. We use elevated temperatures and relatively long
sequences to reduce the impact of a sequence dependence
in the catalytic activity of the ligase protein. In order to
mathematically model the system, the sequence space is
reduced to three different 20 mer DNA sequences denoted
with lowercase letters, a ¼ 50-atca gtgga agtgc tggtt,
b ¼ 50-atgag ggaca aggca acagt, and c ¼
50-attgg gtcac atcgg agtct and their reverse complements
ā, b̄, and c̄ with a single-base overhang at the 5’ end to
avoid blunt-end ligations. Capital letters denote both the
respective sequences and their complements A ¼ fa; āg,
B ¼ fb; b̄g, and C ¼ fc; c̄g. The sequences are designed to
have comparable ligation rates, similar melting temper-
atures, and reduced self-annealing (Supplemental Material,
Sec. S1 [30]). To allow the shuffling between hybridized
strands prior to ligation, all experiments are conducted
under the following thermal cycling conditions: 67 °C for
10 s and 95 °C for 5 s). Such thermal cycling could have
been provided by thermal microscale convection [26,33] in
prebiotic environments.

1. Length dependence of templated ligation

Under the above-mentioned conditions, 20 mer sequences
are found to bind less stably than 40mers or 60mer oligomers
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to the same complementary 60 mer template sequence, and,
therefore, longer sequences are elongated faster than shorter
sequences [Figs. 2(a)–2(c)]. Template ligations are performed
under thermal cycling with the template sequence cba. The
kinetics of the ligation are measured for the following three
sequence substrate sets: (a) aþ b, (b) aþ bc, and the
competitive situation (c) aþ bþ bc starting with the con-
centrations ½a� ¼ 100 nM, ½b� ¼ ½bc� ¼ 33.3 nM, and
½cba� ¼ 0.25 nM. For the last case (c), the shorter strands
aþ b compete with the longer strands aþ bc for ligation on
the template. Under the competitive conditions (c), aþ bc
ligate to form abc with a rate of 215 pM per cycle, 40-fold
higher than the 5 pM per cycle rate calculated in order to
obtain the elongation product from the shorter strands to form
the sequence ab. This competitive speed advantage of longer
sequences leads to nonlinear replication.
Before going into the details of the cooperative ligation

networks, we discuss how these ligation experiments are
used to infer the experimental parameters of the subsequent
models. As we see, the initial growth rates of ligation
products provide both the dissociation constants KD of
strand hybridization and the ligation rates k. To measure the
initial growth rates vab, vabc, v0ab, and v0abc for ½ab� in (a),
½abc� in (b), ½ab� and ½abc� in (c), respectively, the product
concentrations ½x�ðtÞ are fitted by a simple saturation curve

½x�ðtÞ ¼ ðvx=qÞ½1 − expð−qtÞ� to find the initial growth
rate vx at t ¼ 0 and the kinetics of saturation q (Figs. 2 and
S5 [30]). The saturation is caused by the inhibitory binding
of the ligation products ab in (a) and (c) or abc in (b) and
(c) to the template cba. As seen by the measurement results,
the found saturation is minimal.
The thermal cycling is sufficiently fast such that the

hybridization does not equilibrate during the cycles.
Therefore, the experimental data are modeled by assuming
that an effective dissociation constant KD defines the
probability of binding under such fast thermal cycling
conditions and that the hybridized strands are then ligated
with a rate k. For the simplest case (a), the growth rate of
the product ab is thus given by

d½ab�0
dt

¼ kab
½a�f½b�f½cba�f
KD;20KD;20

: ð1Þ

Here, ½ �f denotes the concentration of free, unhybridized
strands, and ½ �0 indicates the total concentration of strands.
To infer the free-strand concentrations, the conservation
laws for the binding of three strands are given by

½a�0 ¼ ½a�f þ
½a�f½cba�f
KD;20

þ ½a�f½b�f½cba�f
KD;20KD;20

;

½b�0 ¼ ½b�f þ
½b�f½cba�f
KD;20

þ ½a�f½b�f½cba�f
KD;20KD;20

;

½cba�0 ¼ ½cba�f þ
½a�f½b�f½cba�f
KD;20KD;20

þ ½a�f½cba�f
KD;20

þ ½b�f½cba�f
KD;20

þ ½ab�f½cba�f
KD;40

: ð2Þ

By solving these equations for the three cases (a, b, c) at
t ¼ 0, we obtain

KD;20 ¼ αKD;40 and KD;40 ¼
β − 1

α − β
c0; ð3Þ

where α ¼ vabc=vab and β ¼ v0abc=v0ab are obtained from
the experiments.
The ligation rate k is determined with the following

reasoning. At small t, ½ab�f ¼ 0, ½a�f ≈ ½a�0, and ½b�f≈
½b�0, because the template concentration ½cba�0 ¼ 0.25 nM
is considerably smaller than ½a�0 ¼ 100 nM and
½b�0 ¼ 33 nM. By inserting these values, we obtain the
reaction rates for the ligation of ab from aþ b and that of
abc from aþ bc:
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FIG. 2. Competitive ligation kinetics. To model the reaction, the
kinetics of ligation is measured for (a) 20 mers, (b) 40 mers, and c)
in the competitive case. Two DNA oligonucleotide sequences b
and bc compete for ligation to a common complementary 60 mer
template and ligate under thermal cycles between 67 °C for 10 s
and 95 °C for 5 s without serial dilutions. The sequences of
the 20 mers are a∶50-ATCAGGTGGAAGTGCTGGTT-30,
b∶50-ATGAGGGACAAGGCAACAGT-30, and c∶50-
ATTGGGTCACATCGGAGTCT-30. Under competitive condi-
tions, the templated ligation that gives rise to abc is 40 times faster
than the ligation, leading to the ab sequence.Without competition,
the difference reduces to a factor of 6. The kinetics could be
understood by the ratio of the dissociation constantsKD due to the
competitive hybridization of b and bc on the same template
sequence [Eq. (3)]. KD is modeled as an effective dissociation
constant under thermal cycling. The KD for 20-base, 40-base, and
60-base nucleotide sequences could be determined by analyzing
the ligation kinetics. The ligation rate k is found to be constant in
all three cases.
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kab ≃
vab

½cba�0

�
1þ KD;20

½a�0
þ KD;20

½b�0

�
and

kabc ≃
vabc
½cba�0

�
1þ KD;20

½a�0
þ KD;40

½bc�0

�
: ð4Þ

This analysis results in the effective dissociation
constants for the short and the long strands with
KD;20 ¼ 193 nM and KD;40 ¼ 4.5 nM. The ligation rate
instead is found to be kab ¼ 3.0 nM−1 cycle−1 and
kabc ¼ 3.0 nM−1 cycle−1. Since the ligation rate is there-
fore independent of the oligonucleotide strand length, we
assume k to be constant for all the sequences including
substrates and templates. For case (b) and the competitive
case (c) shown in Fig. 2, the binding of the ligated product
abc on the template results in the saturation of the growth
curves. By fitting the simulated curves with the parameters
obtained above, we estimate KD;60 to be 2.7 nM. In the
subsequent simulations, we modelled the ligations with
the effective dissociation constants estimated above
KD;20 ¼ 193 nM, KD;40 ¼ 4.5 nM, and KD;60 ¼ 2.7 nM
for 20-base, 40-base and 60-base oligomers, respectively,
under the applied temperature cycling.

B. Ligation chain reaction under thermal cycling

So far, the elongation sequence product concentration is
observed to increase linearly, since the complementary
short strands are not added to the ligation reactions. The
exponential product formation becomes important when,
for instance, the pressure of a serial dilution, simulating the
degradation of strands, exponentially removes molecules
by, for example, the diffusion of molecules from the
system. We therefore decide to implement a ligation chain
reaction with exponential product formation by providing
to the ligation reactions a, b, and c, and also their
complementary sequences ā, b̄, and c̄, as described in
Fig. 3(a). In this case, binding is not expected to be
inhibited by the exponential growth due to the periodical
temperature cycling and the sufficient supply of the above-
mentioned shorter strands.
Importantly, if the ligation reaction does not reach an

exponential phase, the replicates are gradually removed by
serial dilution and die out. The molecule degradation
present in early molecular evolution is in our experiments
approximated by serial dilution. This worst-case approach
avoids the possible complexities that could arise from the
recycling of degraded sequences.

C. Cooperative ligation network

Multiple ligase chain reactions, sharing overlapping
sequences, could generate a cooperative ligation network.
In the example shown in Fig. 3(b), the 40-base sequences
depicted in the gray circle, AB ¼ fab; bag, CA ¼ fca; acg,
and BC ¼ fbc; cbg, when supplied with the short 20-base

sequence substrates A ¼ fa; āg, B ¼ fb; b̄g, and C ¼
fc; c̄g can initially experience an exponential but slow
growth, due to their short length and low stability to bind
the substrates fragments with KD;20. However, the sequen-
ces AB and BC can cooperate by complementary hybrid-
izing at the common sequence B and elongate, giving rise
to the novel 60-base (yellow circle). Since the longer ABC
sequence can now act as a template for longer overlapping
sequences, the ligations ABþ C → ABC and Aþ BC →
ABC show a faster ligation kinetics, since KD;40 ≪ KD;20,
and provide significantly stronger binding. For this
enhanced ligation reaction, the 40-base sequence substrates
are provided by feeding from the slower ligation chain
reactions with two letters (black arrows). But, in addition,
the creation of the three-letter 60 mer sequences also offers
an enhanced template to create AB and BC from A, B, and
C (blue circle). This combination of feed forward to

LigationHybridization

Ligation chain reaction (LCR)(a)

(b)

=

SlowFast

Substrate feeding
Templating

Slow

Fast
Feedback

Elongation

FIG. 3. Cooperative ligation chain reaction. (a) Schematic
diagram of a ligation chain reaction depicting the exponential
replication of oligonucleotide sequences under thermal cycling.
Individual lowercase letters correspond to their 20-base single-
stranded DNA sequences. (b) Schematic diagram of a cooperative
ligation cascade network. Templated ligations of partially com-
plementary sequences form a cooperative information-replication
network. They are connected by binding to templates (dashed
arrows) and by providing substrates (solid arrows). As seen in the
enlarged section, the network expands towards longer sequences
by ligation-based elongation. Longer sequences have more
possibilities to work as templates and substrates and, therefore,
mediate more reactions. Furthermore, the higher stability of
longer strands (40-base and 60-base vs 20-base sequences) leads
to faster ligation. This process creates a nonlinear cascade of
cooperative replication reactions with a multistable dynamics.
The replication became frequency dependent and sequences with
higher initial concentrations are preferred, a characteristic not
possible with the simple ligation chain reaction in (a).
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elongate the sequence (yellow) and feed backward to
enhance the creation of substrates (blue) increases the
concentrations of 40-base and 60-base sequences for
cooperating sequences which are able to elongate. As
documented with the following experiments, the increase
in both complexity and overall ligation kinetics of the
growing network therefore increases its replication speed as
it progresses outward and gives rise to a concentration-
dependent, higher-order replication dynamics.

D. Simple cooperative ligation

To test a simple cooperative ligation network, we start
the reaction with either a pair of two 40-base sequences that
could (AB and BC) or that could not cooperate (AB and
AC) in an elongation step with a common sequence pattern.
The resulting elongated products are measured with gel
electrophoresis [Figs. 4(a) and S4 [30] ].
For the noncooperative sequences AB and AC [Fig. 4(a),

left], the logarithmic plot shows an initially exponential
growth of the sequences AB and AC. In comparison, the
cooperative sequence pair AB and BC [Fig. 4(a), right]
grows similarly in the first 40 cycles, but then the 60-base
sequence (ABC) is found to grow at a faster rate. The longer
sequence ABC could act as an efficient template for the
enhanced ligation rate of producing more AB and BC
templates (Aþ BC → ABC; ABþ C → ABC). This find-
ing is confirmed by theoretical modeling as indicated below
(Fig. 4, solid lines).
The concentrations of 40-base, two-letter sequence

motifs, denoted by two capital letters in brackets
(hAAi; hABi; hACi;…) are determined by COLD PCR.
For example, the concentration hABi indicates the con-
centrations of all motifs AB in all present sequences. In
Fig. 4, for example, hABi corresponds to the sum of
concentrations of the sequences ab, abc, ba, and cba.
The measurement of the concentrations of the two-letter
sequence motifs is possible experimentally by applying a
quantitative PCR method with an initial low denaturation
temperature (COLD PCR; further details are provided in
Supplemental Material, Sec. S2 [30]) [29] which amplifies
only 40 mers, even from longer strands. Note that deep
sequencing would not have provided a comparable dynamic
concentration range in terms of concentration to record
motif concentrations between 0.1 pM and 100 nM needed to
measure the sequence dynamics in our experiments. The
method is calibrated with known 40 mer sequences.
When applied to the experiments in Fig. 4(a), we find the

positive feedback by the elongating sequences. The motifs
hABi and hBCi grow about twofold more efficiently for the
cooperative starting sequences as compared to the nonco-
operative pair hABi and hACi [Fig. 4(b)]. The cooperative
ligation provides a significant boost in the presence of the
common sequence motif hABi and hBCi of the cooperating
strands and provides more template concentration to grow

more cooperating 40 mers from the supplied 20 mer
sequences.

E. Cooperative ligation model

The deterministic rate equations are generated
automatically with a program on Visual C# source
code. Subsequently, the experiments are modeled on
Mathematica 10.1 (Wolfram research, IL, USA) with the
obtained deterministic rate equations. The equations use the
kinetic rates determined by the experiments in Fig. 2.
Moreover, the equations take into consideration the binding
by hybridization between strands. Conservation laws are
used to infer the unbound molecule concentrations and to
consider the serial dilutions to feed the substrates and dilute
the products. Because of the inherent symmetry in the
systems using both (a, b, c) and their complementary
sequences (ā, b̄, c̄) in equal amounts, the rate equations
are formulated in a simplified manner considering the
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FIG. 4. Enhanced replication by cooperative ligation. (a) The
ligation dynamics of the noncooperative sequences (AB and AC)
is compared with the cooperative sequences (AB and BC). The
latter could hybridize at the sequence B, creating a 60-base
sequence template ABC for faster ligations of AB and BC. All
reactions are supplied with the substrates sequences A ¼ fa; āg,
B ¼ fb; b̄g, and C ¼ fc; c̄g. The concentrations of the oligonu-
cleotides obtained after the ligation experiment are measured by
gel electrophoresis as explained in Supplemental Material,
Sec. S4 [30]. Solid lines are obtained from simulations
[Eq. (9)] (Supplemental Material, Sec. S5 [30]) that considers
the experimentally determined KD and k parameters. (b) The
concentration of the two-letter 40 mer sequence motifs hNNi is
quantified by a calibrated real-time COLD PCR (Supplemental
Material, Sec. S2 [30]). The cooperative ligation leads to a
twofold faster growth rate of the 40-base sequence two-letter
sequence motifs hABi and hBCi compared to the growth rate of
the noncooperative sequences hABi and hACi. For example,
hABi combines the concentrations of the two sequences ½AB�þ
½ABC�. Replicates of the experiment are shown in Fig. S10 [30].
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concentrations of A, B, andC. An overview of the modeling
method is given below. Further details of the modeling are
provided in Supplemental Material, Sec. S5 [30].
As already discussed, thermal cycling is not modeled

explicitly, but we consider the experimentally determined
ligation rate k and effective dissociation constants KD
(Fig. 2). In Figs. 4 and 5, because the strands do not
elongate longer than 60 bases due to the limited number of
initial 40-base template strands, we simulate all possible
sequences. For the other experiments, it is checked that we
can limit the maximum strand length to 120 bases for
Fig. 5(a), to 640 bases for Fig. 6(b), and to 80 bases for
Fig. 7 without affecting the simulation results significantly.
We consider only binding complexes with up to three
strands (Figs. 6 and 7) or four strands (Figs. 4 and 5). We
estimate that the chance for higher-order complexes is
much smaller than the three- or four-body complexes.
Despite the reduction of the complexity of the system

and the use of a limited sequence space composed of only a,
b, c sequences to study the dynamics, the resulting kinetic
equation systems reach ASCII files forMathematica with a
size of around 30 MB. We include the Visual C# source
code that is used to generate the equations in Supplemental
Material [30]. In order to understand the approach, we
show here the logic for the short reaction system of the
experiment in Fig. 4.
As discussed, when measuring the ligation rates in Fig. 2,

we determine the effective dissociation constants KD;n

experimentally under thermal cycling with an n-base over-
lap. For an overlap longer than 60 bases, we use the same
value asKD;60. Qualitatively, this is a reasonable assumption
based on the stronger binding thermodynamics but a slower
binding kinetics due to the smaller concentrations of the
binders. We use the following nomenclature to calculate
concentrations of binding complexes on the assumption that
the hybridization is effectively at equilibrium:

½A=AB� ¼ ½A�f½AB�f
KD;20

;

½AB;C=ABC� ¼ ½AB�f½C�f½ABC�f
KD;40KD;20

;

½AB;C=A; BC� ¼ ½AB�f½C�f½A�f½BC�f
KD;20KD;20KD;20

: ð5Þ

For example, ½AB;C=A; BC� denotes a four-body com-
plex where AB and BC are hybridized with overhangs and
C and A are hybridized to these overhangs. Some com-
plexes have isomers; for example, AA could hybridize to
AAC in two ways, one with only 20-base overlapping and
one with a 40-base overlap and no overhang, both requiring
different dissociation constants. Partially unbound com-
plexes are included. For example, ABC=ACC has a 40-base
overlap in total; therefore, we use KD;40 for this hybridi-
zation:

½ABC=ACC� ¼ ½ABC�f½ACC�f
KD;40

;

½AB;C=BBC� ¼ ½AB�f½C�f½BBC�f
KD;20KD;20

: ð6Þ
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FIG. 5. Concentration-dependent replication by cooperative
ligation. Cooperative ligation is found to replicate differentially
based on the initial concentrations of the cooperating sequences.
The reactions are performed under thermal cycling and serial
dilution. The dilution simulates molecule degradation and is used
to replenish ligase and a complete pool of 20-bases A, B, and C,
simulating an untemplated polymerization as the oligonucleotide
source. The three cases are as follows. (a) 40-base templates BA
and BC are found to replicate from 0.01 nM (initial concen-
tration) to similar steady state concentrations. 60-base sequences
could not be formed due to the lack of a common binding motif.
(b) The same ias performed with the addition of 1 nM of CA
sequence to the reaction. Since the sequences CA and BC could
cooperate by forming the motif BCA, we observe that both the
sequences survive the dilution effect. However, the noncooperat-
ing sequence BA dies out. The initial concentration bias triggers a
symmetry breaking by a concentration-dependent sequence
selection. (c) Conversely, when the BA sequence is provided
to the reaction, the system picks AC instead of BC and creates the
60 mer sequence BAC. The thin lines correspond to mathematical
simulations that consider the serial dilution dynamics. Thick
curves connect the averages before and after the serial dilutions
for comparing the simulation with experimental data. Replicates
of the experiment are shown in Fig. S10 [30]. (d) We test how the
kinetically driven cooperation could compensate a thermody-
namic binding bias of the sequences A, B, and C. The reaction in
(b) is simulated with a thermodynamic bias where sequences A
and B bind s-fold better than the sequence C. Without a
cooperative ligation mechanism (KD;20=KD;40 ¼ 1), the
sequence BA dominates after 1000 cycles over BC. With the
experimental value KD;20 ¼ 43KD;40, the sequence BC domi-
nates over BA. The cooperative kinetics could overcome an
up to s ¼ 3-fold thermodynamic bias, offering an increased
sequence diversity.
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The following conservation laws are added to the above
hybridization expressions to obtain the total concentrations
[XY] on the left side from the free concentrations such as
½A�f and ½AB�f. The occurrence of a given strand is
collected from all the bound complexes. The conservation
laws become, for example,

½A� ¼ ½A�f þ ½A=A� þ ½A=AB� þ ½A=CA�
þ ½A=BAC� þ � � � þ ½A;B=AB� þ ½A; BC=ABC�
þ ½C;A=CBA� þ � � � ;

½AB� ¼ ½AB�f þ ½A=AB� þ ½AB=AB� þ ½A=CA� þ � � �
þ ½A;B=AB� þ ½AB;C=ABC�
þ 2½AB; AB=ABAB� þ � � � : ð7Þ

The ligation rate k is not found to be dependent on the
strand length (Fig. 2). Please note that ligations are
modeled only if both end sequences of the substrates
(B and C in this case) are matched with the template
sequences and untemplated ligation is neglected. For
example, we obtain

_½A� ¼ −k0ð2½A;A=AA� þ ½A;B=AB� þ ½A;BC=ABC�
þ ½B;A=BA� þ � � �Þ;

_½AB� ¼ k0ð½A;B=AB� þ ½A;B=CAB� þ ½A;B=ABC�
þ ½A;B=ABB� þ � � �Þ− k0ð½AB;C=ABC�
þ ½AB;C=AB� þ ½A;AB=AA� þ � � �Þ;

_½ABC� ¼ k0ð½AB;C=ABC� þ ½AB;C=AB�
þ ½AB;C=BBC� þ ½A;BC=ABC�
þ ½A;BC=AB� þ ½A;BC=CAB� þ � � �Þ
− k0ð½ABC;C=CC�− ½A;ABC=AAB� þ � � �Þ: ð8Þ

The reaction rate k0 is only slightly modified with k0ðtÞ ¼
αkfnðtÞ from the experimentally determined rate of
k ¼ 3.0 nM−1 cycle−1. The coefficient α is necessary to
model a saturation due to a limiting amount of the ligase.
We use α ¼ 1 in Fig. 4, α ¼ 1.27 in Fig. 5, and α ¼ 1.05 in
Fig. 6. We use larger α where the total concentrations of
ligating complexes are low compared to that of Fig. 2. The
term fnðtÞ models the degradation of the ligase by heating.
We assume that the ligase degrades exponentially with a
time constant of τ; since fresh ligase is introduced by the
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FIG. 6. Frequency-dependent selection of cooperative ligation sequences. Frequency-dependent replication of two competing groups
of cooperating ligation patterns. Two groups of three cooperative sequences AB, BC, and CA could generate the sequence
“…BCABC…” by elongation, whereas the sequences CB, BA, and AC could cooperate to generate the sequence “…BACBA…”.
(a) The reaction is started either with a concentration bias of 6 nM vs 60 pM for AB, BC, and CA over CB, BA, and AC or in the inverted
concentration situation. As before, the replication reactions are supplemented with A, B, and C sequences and subjected to a serial
dilution that mimics a worst-case molecule degradation without sequence recycling. In both cases, the majority sequence motif patterns
are sustained by replication against the serial dilution. The minority sequences die out. The simulation predicts the experimental finding.
See Fig. S10 [30] for replicates of the experiment. (b) The cooperation generates long oligomers up to 160 bases in length from the
initially 40-bases-long starting sequences after more than 500 cycles. The length distribution shows fat tails as measured by gel
electrophoresis. The simulation predicts this length distribution (solid line).
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serial dilution, in the n-th round of serial dilution, we
assume fnðtÞ ¼ ð1 − d0Þe−½t−ðn−1Þt0�=τ þ d0fn−1ðtÞ with
f1ðtÞ ¼ e−t=τ, where d0 ¼ 1=6 is the dilution ratio and t0 ¼
50 cycles the period between serial dilutions. A degradation
timescale of τ ¼ 80 cycles reproduces the experimental

data well and could be expected even for a thermostable
DNA ligase under our thermal cycling conditions. No
additional modeling is needed to account for the binding of
degraded ligase, suggesting that the degraded ligase does
not actively block other ligation reactions.
The serial dilution in the simulation follows the exper-

imental protocol: After 50 cycles, all strand concentrations
are diluted by 1=6 except the 20 mer strands, which are
also fed with ½X� → 1=6½X� þ 5=6X0, with X0 ¼ 33 nM
the feeding concentration. Only for Figs. 7 and S8 [30]
is a continuous degradation rate of 3.6%=cycle ¼
−ð1=50Þ lnð1=6Þ used for simplicity. To illustrate how
the above building blocks converge into a system of rate
equations, we show the simplest example, the reaction
of Fig. 4 for the cooperative case of AB and BC. The
above rules lead to the rate equations (9). The effective
ligation rate is k̂≡ k expð−t=80Þ=K2

D;20 with an affinity
ratio p≡ KD;20=KD;40 − 1:

_½A� ¼−k̂ð½A�½B�f½AB�þ ½ABC�gþ ½A�½BC�f½AB�
þ ð1þpÞ½ABC�gÞ;

_½B� ¼−k̂ð½A�½B�f½AB�þ ½ABC�gþ ½B�½C�f½BC�
þ ½ABC�gÞ;

_½C� ¼−k̂ð½B�½C�f½BC�þ ½ABC�gþ ½AB�½C�f½BC�
þ ð1þpÞ½ABC�gÞ;

_½AB� ¼ k̂ð½A�½B�f½AB�þ ½ABC�g− ½AB�½C�½BC�
− ð1þpÞ½AB�½C�½ABC�Þ;

_½BC� ¼ k̂ð½B�½C�f½BC�þ ½ABC�g− ½A�½BC�½AB�
− ð1þpÞ½A�½BC�½ABC�Þ;

_½ABC� ¼ k̂f½A�½BC�½AB�þ ½AB�½C�½BC�
þ ð1þpÞ½A�½BC�½ABC�þ ð1þpÞ½AB�½C�½ABC�g:

ð9Þ
2. Long-term cooperative replication with serial dilution

To test how the cooperative ligation affects the survival of
sequences, we perform long-term replication experiments
with various combinations of templates that are serially
diluted. Every 50 cycles, 1=6 of the volume of the solution
is diluted with a fresh solution containing 20-base DNA
substrates and Taq DNA ligase. The dilution effect allows the
simulation of an exponential long-term degradation of the
template sequence and amounts to a simulated degradation of
3.6% per cycle against which the replication has to counteract
to maintain the initial sequence pool of sequences.
First, the noncooperating template pairs BA and BC

are investigated at an initial concentration of 0.01 nM
[Fig. 5(a)]. Both withstand the exponential degradation,
demonstrating their exponential replication, and settle into
a steady state determined by the rates of replication and
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FIG. 7. Spontaneous symmetry breaking. (a) In a simulation of
cooperative ligation, sequence structures emerge stochastically
under well-mixed situations when we initiate the reactions by a
5%concentration fluctuation in an otherwise uniform concentration
of all nine possible dimers (AA; AB;…; CC). We observe a final
steady state dominated by one of six possible cooperative combi-
nations. For example, AB and AC do not coexist, because AB and
AC are competitive asB andC compete for the right-hand side ofA.
The dilution rate is d ¼ 0.045=cycle. (b) Spatial sequence patterns
emerge and coexist despite the mixing by diffusion. Cooperating
sequences emerge as local patterns after more than 10 000 cycles.
Examples of the dominant ligation network are shown at the
position of the broken lines. They correspond to the sequences
in (a), which demonstrates the emergence of individual sequence
patterns without the need of compartmentalization. (c) Control
simulation without cooperative enhancement of the ligation from
binding (KD;20 ¼ KD;40 ¼ KD;60 ¼ 150 nM). The initial concen-
tration fluctuations disappear, and the system converges to a
uniform state.
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serial dilution. This mutual symmetry breaks down as soon
as the motifCA is initially present [Fig. 5(b)]. The sequence
pattern hBAi is suppressed and approaches extinction, but
the sequence motif hBCi survives together with hCAi. It
has to be noted that the need for substrates is identical for
both cases: All motifs compete with a second one for the
substrates A, B, or C.
What breaks the symmetry in favor of hBCi and against

hBAi? Again, three-letter sequences emerge from two-letter
templates. The metasequence BCA assembles from BC and
CA and helps both hBCi and hCAi in their replication
[Fig. 4(b)] but offers no binding site for templated ligation
with a cooperative partner for hBAi. The alternative system
where initially the template AC is added instead of CA
inverts the preference and hBCi dies out. This result shows
that the above asymmetry is not due to a thermodynamic
bias of one particular 20 mer substrate or from a sequence
dependent ligation rate, since now the cooperating 60 mer
sequence BAC emerges [Fig. 5(c)]. The simulation, based
on the parameters found from Fig. 2, confirms the nonlinear
growth and provides a quantitative description for the
experiment [Figs. 5(a)–5(c), solid lines]. The length
dependence of competitive ligation offers an enhanced
replication of long consensus sequences and tips the
balance towards the sequences which could collaborate
by templated ligation with already existing motifs.

3. Kinetics of cooperation can overcome a
thermodynamic bias

So far, sequences are chosen with similar hybridization
strength for the same length of the oligonucleotide
sequence. The question arises is how a concentration bias
could outcompete over sequences which have a stronger
hybridization and therefore a faster ligation kinetics in a
frequency-dependent manner in Fig. 5. If this would not
have been the case, stronger binding sequences would still
invade even the majority of the population. To test this
possibility, a sequence bias “s” is introduced to the ligation
reactions by enhancing the thermodynamic binding stabil-
ity of A and B compared to that of C. To keep the change
symmetric, the KD;20 for A and B is reduced to KD;20=

ffiffiffi
s

p
and increases KD;20 for C to KD;20

ffiffiffi
s

p
[Fig. 5(d)]. For

consistency, we modify the dissociation constants of longer
sequences and useKD;40=s,KD;40,KD;40, andKD;60=

ffiffiffi
s

p
for

BA, BC, CA, and BCA, respectively.
We start a simulation with the initial concentrations of

templates BA, BC, andCA as in the experiment in Fig. 5(b).
We plot the concentration ratio of hBCi over hBAi after
1000 temperature cycles versus the binding ratio of KD;20

over KD;40 which determines the cooperativity of the
ligation network. The ratio indicates how much the initial
concentration could determine the final replication out-
come. For a vanishing length dependence of ligation, i.e.,
by switching off the advantage of cooperative ligation with
KD;20=KD;40 ¼ 1, hBAi dominates over hBCi due to the

introduced thermodynamic bias of binding. For example,
for s ¼ 1.3, as KD;20=KD;40 approaches 10, the coopera-
tivity could overcome the thermodynamics bias. The motif
hBCi now dominates over hBAi due to its faster ligation
kinetics, a situation also formed at the experimental value
of KD;20=KD;40 ¼ 43. Based on the model, cooperative
ligation could therefore overcome a significant thermody-
namic binding bias, which allows the system to amplify
sequence motifs once they are present at an initially higher
concentration even if they bind with lower affinity. The
result would be an enhanced diversity of the accessible
sequence space for evolution.

4. Frequency-dependent selection

In the previous experiments in Fig. 5, the length of
the ligating sequences is limited to 60 mers due to the
limited initial template set lacking templates that form
overhangs necessary for an elongation. The same selection
of the majority sequences is found for fully ligating
templates. Now the sequences grow to considerable lengths
[Fig. 6(b)]. We compare the replication of two competing
groups of cooperating templates. On the one hand, the
templates AB, BC, and CA support the common, periodic
motif …ABCABC…. When starting with templates CB,
BA, and AC, the reverse motif …CBACBA… would be
expected to emerge. Those two motifs are two out of six
possibilities of the two-letter sequences to cooperate
(Fig. 7 and Supplemental Material, Sec. S6 [30]). Each
of them is not promoting the ligation of the other two-letter
sequences.
As seen in Fig. 6(a), the sequences which initially have a

majority concentration establish and survive in a steady
state, while the minority sequences decay exponentially as
seen already in Fig. 5. For both opposing biases, we observe
splitting of the growth kinetics and confirm that the initial
concentration bias is amplified, even though the replication
at lower concentrations is faster due to reduced saturation
effects. The simulations of cooperative ligation predict the
selection dynamics. In contrast, an exponential replicator
without interactions would have immediately replicated all
sequences to the identical, high concentration level as
documented in Supplemental Material, Sec. S7 [30].
As seen in Fig. 6(b), the length distribution is initially

exponential. But, after several cycles, long strands accu-
mulate and form nonexponential fat tails. Similar shaped
distributions were predicted by ligation models previously
[18,34,35]. In our experiments, we find sequences with
more than 160 bases, offering good support for the
subsequent concentration-dependent selection of even
more complex sequences.

5. Spontaneous symmetry breaking in simulated
cooperative ligation networks

As we validate the theoretical model with the experi-
ments, we use the model to extrapolate how individual
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cooperating sequences emerge locally. Interestingly, the
formed sequence patterns persist against the mixing
mechanism of diffusion. Because of the nonlinear growth
kinetics, the initial state with a near-uniform sequence
concentration is found to be inherently unstable.
To extrapolate how the replication dynamics would

amplify small concentration fluctuations, we perform a long-
termsimulation (Fig. 7). In addition to assuming awell-mixed
situation [Fig. 7(a)], we implement molecular diffusion along
one dimension. The experimental implementation of feeding,
dilution flows, and diffusion in the physical space of such a
setting is realized with microfluidics for the autocatalytic
replication for the case of CATCH andQβ replicase [29,36].
However, in the given setting, a similar stable long-term
observation of ligation under thermal cycling and with the
appropriate spatially resolved sequence analysis would be a
highly challenging experiment.
The initial concentration of all two-letter template

sequences (AA; AB; AC; BA;…) is superimposed with
5% random concentration fluctuations. Despite molecular
diffusion, sequence patterns emerge after many temperature
cycles. The combination of surviving two-letter sequences
can be understood from the hierarchical replication struc-
ture. For example, AB, BC, and CA cooperate towards
sequences …BCABCA… [Fig. 7(b), red], whereas BC,
CB, and AA converge to …BCBC… and …AAAA…
[Fig. 7(b), yellow], representing two examples of six
possible sequence patterns the system can converge to
(Fig. S8 [30]).
The simulation parameters translate to a 5-mm-wide

experimental system when using typical diffusion coef-
ficients of the simulated oligomers [37] D ¼ 10−9 cm2=s
and a temperature cycle of 30 s. The control simulation
without cooperative rates of ligation (KD;20=KD;40 ¼ 1)
produces no patterns [Fig. 7(c)]. Also, systems under
well-mixed conditions but an initial 5% concentra-
tion fluctuation converge towards a randomly chosen
single cooperative network where all other competing
sequence networks die out (Supplemental Material,
Sec. S6 [30]). This result demonstrates in a simulation
that the nonlinear selection by the cooperative and
hierarchical replication could amplify small fluctuations
and spontaneously break the symmetry in sequence
space.

III. DISCUSSION

We argue with our experiments that cooperative inter-
actions between complementary single-stranded DNA
sequences under templated ligation create replication net-
works that implement two important properties of the
hypercycle hypothesis [22,27,38]: (i) the achievement of
a faster than exponential growth that results in a frequency-
dependent replication, stabilizing the replication of past
majorities sequences, and (ii) the inherent selection dynam-
ics for the cooperating sequences in the ligation network.

Both dynamic features are not due to special catalytic
sequences at or near the ligation site [39,40] but caused by
the simple fact that sequences that are elongated by ligation
are able to bind stronger and therefore ligate faster. The
mechanism requires only the minimal replication chemistry
of ligation.
In the past, a number of theoretical explorations have

indicated an interesting dynamic of ligation using coarse-
grained modeling [33,41–44]. However, the lack of kinetic
and thermodynamic details and the frequent inclusion of an
experimentally not supported catalytic function prevent
these models to yield quantitative experimental predictions
for the presented cooperative ligation. The model by
Tkachenko and Maslov indicates the possibility of non-
linear growth for templated ligation. To our knowledge, no
experimental demonstration of nonlinear growth for co-
operative ligation has been shown. Other modeling work on
reaction networks [45–47] do not take into account
sufficient mechanistic details to allow direct experimental
implementation.
With the higher-order growth modes, the concentration

of templates could enhance the speed of replication. The
experiments show how majority sequence networks could
suppress minority sequence networks. Growth becomes not
only a function of the ligation rate. A network of coop-
erating ligation reactions could compensate for weaker
binding [Fig. 5(d)]. The majority sequence could survive
despite the suboptimal replication rate from inferior bind-
ing. The sequence history of replication becomes impor-
tant: Once a cooperating majority sequence pattern
emerges, it is inherently more stable and could defend
itself favorably against emerging mutations, stabilizing the
initially emerging sequences from statistical fluctuations. If
we could include sequence degradation by hydrolysis into
the reaction, we expect that the additionally provided
sequences for templating would further stabilize the
sequence majority.
This dynamic is seen in the experiment. High initial

concentrations trigger a dominant ligation network that
emerges from the cooperative hybridization dynamics
between the sequences in the initial pool [48]. The non-
linear enhancement of growth by sequence matching is
observed in the experiment already for the simplest binary
cooperation (Fig. 4) but is also in trimeric cooperation
networks [Figs. 5(b) and 5(c)] and for the formation of long
sequences under long-term ligation [Fig. 6(a)]. The theo-
retical modeling supports the idea that the cooperativity ias
caused by feedback and feed-forward mechanisms. For
example, in Fig. 4, sequence matching 40 mer two-letter
sequences concatenates into a feed-forward direction to
form 60 mers with a three-letter sequence. In addition, a
feedback loop back to two-letter sequences is created: The
three-letter 60 mers template and replicate an increased
concentration of two-letter sequences from single-letter
sequences. The theoretical analysis finds that the
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cooperation strength is given by the binding enhancement
p ¼ KD;20=KD;40 − 1 [Eq. (9)]. Nonlinear growth and
selection are observed only for p > 0 (Fig. 8). The value
of p is determined experimentally to about 40 (Fig. 2).

In the mechanism, the whole sequence determines the
template binding for ligation. Specific bases at the ligation
site are not essential for the mechanism. This contrasts with
first-order base-by-base modes of replication [15,23],
where sequences patterns with the highest thermodynamic
stability have the tendency to dominate, leading to sequen-
ces biased towards G and C and presumably giving rise
to a low sequence complexity. But molecules with a
desirable catalytic function such as translation require
sophisticated higher-order structures, which would be
unlikely to develop from a purely thermodynamically
dominated replication. In contrast, frequency-dependent
selection from higher-order growth opens new routes for
the emergence of complex functional molecules.
To study the basic properties of the cooperative cascade

networks, we limit the number of unit blocks to three (A, B,
and C). However, since the derivation of the nonlinear
growth equations (12) does not explicitly depend on the
number of unit blocks, the nonlinearity and the symmetry
breaking shown in the result section should have also taken
place with more unit blocks. We, indeed, expect that the use
of more unit blocks would provide a richer selection
dynamic. However, at the same time, the increase in the
number of units would reduce the probability of binding
between complementary DNA strands. While the proba-
bility to bind a complementary sequence would drop, it is
not obvious why the concentration window for the onset of
nonlinear growth would have changed with respect to the
concentration regime of ligation.
Our proposed mechanism considerably differs from

second-order growth models such as the hypercycle. In
these models, the replication rate becomes proportional to
the number of replicates, leading to hyperbolic growth
[Eq. (13)]. Unfortunately, the hyperbolic growth also
implies that for degradation conditions, mimicked in our
experimental setting by serial dilution, the initial strand
concentration must be kept over a concentration threshold.
Otherwise, the replicators vanish due to the lack of a fast
replication kinetics [Fig. 8(c)]. In contrast, the nonlinearity
of a cooperative cascade of ligation offers a nonvanishing
replication rate for low replicate concentrations. Even
vanishing concentrations can be replicated in principle
[Eq. (12) and Fig. 8(b)]. We do not clearly observe a
downward convexity in the growth curves (Figs. 4–6).
While the hypercycle has a strong downward convexity
because of its pure second-order nature [Fig. 8(c)],
the convexity is subtle in the present system because the
first-order and second-order reactions are superposed
[Fig. 8(b)]. A significant improvement in the quantification
would be necessary to detect the subtle convexity.
It has been argued that classical hypercycles are sensitive to

parasites that could take a free ride on the catalytic functions
of the cycle [48,49]. The reason is that the cooperation is
asymmetric and theproduct of one cycle acts as the replicating
machinery for the next cycle. In the shown cooperative
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FIG. 8. Ligation cascade in simplified theoretical models. We
analyze the theoretical model of our experimental system. A
comparison with a hypercycle model illustrates the difference in
their reaction orders and dynamics. (a) Cooperative ligation in
Fig. 4 is simulated with a simplified model of Eq. (A1) with the
parameters of effective reaction rate k̂ ¼ 1, dilution rate d ¼ 0.6,
concentration of fed substrate S ¼ 1, and a ligation enhancement
by cooperation of p ¼ 50 (solid lines) or p ¼ 0 (dashed lines).
The initial concentrations are ½A� ¼ ½B� ¼ ½C� ¼ 1. ½ABC� ¼ 0.
½AB� ¼ ½BC� ¼ 0.1=16. Growth curves of ½A� (navy), ½AB�; ½BC�
(orange), ½ABC� (red), and hABi ¼ ½AB� þ ½ABC�, hBCi ¼
½BC� þ ½ABC� (green) with positive cooperativity (p ¼ 50) are
shown. (b) Growth curves start from different initial concen-
trations (0.1, 0.1=4, 0.1=16, 0.1=64, and 0.1=256) for the
cooperative cascade model (A1) with p ¼ 50 (solid lines) or p ¼
0 (dashed lines). The initial concentrations are changed to
illustrate the difference in the growth dynamics. The growth is
enhanced when the motif amount exceeds a threshold given by
hABi ¼ hBCi ≈ 2½A�=p indicated by a horizontal dotted line. We
use the steady state value of [A]. Hypercycles die out against
dilution if started at a too low initial concentration. (c) Growth
curves of the hypercycle model [15,43] with the same initial
concentrations as in (b). (d) The concentration-dependent selec-
tion of cooperating sequences for the cooperative cascade model
with p ¼ 10 (solid lines) or 0 (dashed lines). Equations (B1) are
numerically solved with the parameters k ¼ 1, S ¼ 1, d ¼ 0.5,
αðt ¼ 0Þ ¼ 0.1, and βðt ¼ 0Þ ¼ 0.05. Lα is approximated by α
for simplicity.
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ligation networks, however, the catalytic role played by the
template is symmetric. If there is a reaction where a strand X
works as a template to produce a strand Y, there is also the
reverse reaction where Y acts as a template to produce X.
Therefore, asymmetric free riders of one sequence which
would not also offer themselves as a template would be
difficult to imagine. The symmetric nature of the ligation
network, in contrast to hypercycles, should therefore bemuch
robust against simple sequence parasites.
In the past, well-balanced combinations of protein-cata-

lyzed DNA reactions using multiple proteins have been
shown to implement complex algorithms [28,50,51]. These
experiments include higher-order growth dynamics. But
these implementations were created from a fine-tuned net-
work of complex protein functions which are hard, if not
impossible, to imagine prebiotically. In contrast, we use a
protein to speed up a prebiotically plausible ligation reac-
tion. The mechanism we study does not require a particular
catalytic enzyme, but the basic combination of hybridization
and ligation. This reaction is likely implemented by the
prebiotic activation chemistry that would have also triggered
the random polymerization of the nucleotides in the
first place.
Previously, replication mechanisms have been studied

using the complex catalytic function of proteins to imple-
ment base-by-base replication such as Qβ replicase [23] or
a combination of a reverse transcriptase and a polymerase
[32]. These proteins generally show particular sequence
dependencies and nontrivial reaction mechanisms such as
template detection. The Qβ replicase under high salt
concentrations could lead to an arbitrary elongation of
sequences by untemplated bases [52]. However, under
kinetic competition, as done in the classical experiments
of Spiegelman [23], these replication mechanisms have the
tendency to shorten the sequence length by mutations.
In comparison, the templated concatenation by ligation

shows the inherent tendency to produce sequences longer
than the initial templates. And since longer sequences offer
more stable binding sites, they are able to cooperate with
other sequences, and longer strands are favored in the
ligation networks. We find a fat tail in the length distri-
bution in our experiments [Fig. 6(b)] which enables
significantly more complex sequences to emerge, enhanc-
ing the possibility of finding catalytically functional oli-
gonucleotides. In the past, theoretical and experimental
analysis of ligated sequences confirmed a reduction in the
sequence diversity [18,34,35].
We measure the sequence dependence of the ligation

kinetics and use it to model the ligation experiments
(Fig. 2). We find that the ligation rate k is constant and
independent of the strand length once a bound template
complex is established. However, the binding affinity KD
determines the formation of the templated preligation
complex and modulates the effective rate of ligation.
Both kinetic rates are kept constant in the modeling.

Between experimental implementations, the rate k
requires only slight adaptations to fit the experiments,
likely caused by saturating the catalytic activity of the
protein due to varying concentrations of ligation sites. In
addition, different batches of the ligase show slightly varied
thermal degradation. Apart from these minor adaptations of
the overall ligation characteristics, no fits of parameters are
required to describe the experiments with the theoretical
models, which is why we are confident to use the
simulations to predict the system’s behavior in scenarios
which would have been experimentally too difficult to
perform reproducibily.
In this study, we limit the number of unit building blocks

to three pairs (A, B, and C) in order to study the basic
properties of the cooperative cascade and still be able to
follow the dynamics with the theory. However, there is no
reason to assume the shown nonlinear replication that
enables symmetry breaking would not take place, for
example, for a more diverse sequence population or for
shorter sequence lengths at lower temperatures. For exam-
ple, the derivation of the nonlinear growth equations (12)
does not depend on the number of different short sequen-
ces. We expect that the use of more starting sequences
provides a richer dynamic. But, at the same time, the
increase in sequence space would reduce the probability for
a matching hybridization to happen, resulting in the need to
enhance the concentrations of the starting strands in the
experiments.
In addition to the numerical simulations, the analytical

theory in the Appendixes is used to describe how the
cooperativity causes the instability of the uniform state in
the sequence space. The amplification from small concen-
tration perturbations merges into patterns of majority net-
works and makes them stable in sequence space. The
amplification of the fluctuations is predicted to produce
different dominating sequence patterns at different loca-
tions even under the presence of diffusion. Once the spatial
pattern forms, it would have been stabilized by the
frequency-dependent selection, suppressing the growth of
competing sequences diffusing from neighboring patterns.
It is likely that in the long term only one sequence pattern
remains. Before, the coexistence of multiple sequence
configurations could only be realized without compart-
ments such as membranes, limiting the potential for lateral
gene transfer. It should be noted that the spatial pattern
formation based on hypercycle, CATCH, and Qβ replicase
characteristics has been explored previously by simulations
[28,49] and in impressive microfluidic experiments
[28,35,52]. An experimental test of the spatial coexistence
of different sequence information under ligation and
thermal cycles is one of the next experimental challenges.
In this study, ligation provides a primitive mode for the

replication for sequences. As shown, the inherent co-
operative characteristic of ligation would likely stabilize
the replication of sequence information. It should be noted
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that, for the full exploration of long sequences, the thermal
cycling seems important to shuffle sequences between
templates and to enable exponential replication. Limited
versions of the dynamics should be, however, already seen
for short sequences where the off rate is high enough to
allow spontaneous exponential ligation chain reactions.
To implement temperature cycles, a heat flow, for

example, across elongated rock pore systems on an early
Earth [36,53], could provide thermal cycling by micro-
fluidic convection [54,55]. Such a thermal convection
could also provide the enhanced concentrations of oligo-
nucleotides for templating and possibly increase their
polymerization dynamics [20]. Combined with a flow-
through, the thermal gradient could localize replicated
oligonucleotides in a length-selective manner and supply
the replication reactions continuously [26]. It should be
noted that the shown mechanism bears a strong similarity to
chemical systems that are able to amplify a bias between
chiral molecules [56]. We therefore hypothesize that the
concentration dependence of the ligation network could
also purify backbone heterogeneity based on their differ-
ential duplex stability [57].
Ligation is a comparably simple reaction, and the

chemical details of its prebiotic implementation have been
explored [12,58–62]. It will be interesting to see how
similar cooperative mechanisms could be established in
base-by-base replication mechanisms. Replication of RNA
or DNA from single bases using ribozymes has progressed
continuously as shown by Joyce [9] and Holliger [63].
Noncatalytic replication is a very interesting third possibil-
ity, and recent experiments by Szostak show fast progress
[64], becoming more attractive after better understanding
its prebiotic plausibility [19]. In the future, it would be also
interesting to integrate the network capabilities of RNA-
based recombinases [8,16,65] to explore how the emer-
gence of recombination as a most simple catalytic activity
of RNA could implement modes of cooperative replication
dynamics under thermal cycling.

IV. CONCLUSION

Our experiments showed that a most basic mechanism—
the joining of two DNA strands on a third template strand
in a pool of diverse sequences—formed a cooperative
cross-catalytic reaction network with higher-order replica-
tion kinetics. The shown process offers a mechanism that
implements in a significantly more simple and robust
manner the nonlinear replication dynamics first proposed
by hypercycles. This nonlinear ligation chain reaction
could circumvent central drawbacks of hypercycles,
namely, the concentration growth threshold under molecule
degradation [Fig. 8(c)] and the instability against “viral”
molecules using the replication dynamics but not contrib-
uting to it.
It remains to be seen how the mechanism could amplify a

majority sequence bias from more than the shown six

sequences, i.e., from a more diverse random sequence pool.
We expect that the hybridization dynamics of 20 mers
would offer many more sequences to implement the shown
mechanism. Unfortunately, it is challenging to extrapolate
the brute-force theoretical modeling to more complex experi-
ments. In the future, we expect long-term experiments using
deep sequencing to offer more insights into this highly
nonlinear, but realistic replication dynamics which was
possible when the first oligonucleotides emerged.
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APPENDIX A: NONLINEAR GROWTH
MECHANISM

We analyze an analytical model to elaborate on the
mechanism of the higher-order growth and the frequency-
dependent selection. Instead of the huge set of equations
used in the numerical simulations (Supplemental Material,
Sec. S5 [30]), we use simplified rate equations. We
consider a simple cooperative system starting with the
templates AB and BC. This system corresponds to the
experiment shown in Fig. 3, but here we add dilution and
feeding kinetics. The rate equations are

_½A� ¼ −k̂(½A�½B�f½AB� þ ½ABC�g þ ½A�½BC�f½AB�
þ ð1þpÞ½ABC�g)− dð½A�− SÞ;

_½B� ¼ −k̂(½A�½B�f½AB� þ ½ABC�g þ ½B�½C�f½BC�
þ ½ABC�g)− dð½B�− SÞ;

_½C� ¼ −k̂(½B�½C�f½BC� þ ½ABC�g þ ½AB�½C�f½BC�
þ ð1þpÞ½ABC�g)− dð½C�− SÞ;

_½AB� ¼ k̂(½A�½B�f½AB� þ ½ABC�g− ½AB�½C�½BC�
− ð1þpÞ½AB�½C�½ABC�)− d½AB�;

_½BC� ¼ k̂(½B�½C�f½BC� þ ½ABC�g− ½A�½BC�½AB�
− ð1þpÞ½A�½BC�½ABC�)− d½BC�;

_½ABC� ¼ k̂f½A�½BC�½AB� þ ½AB�½C�½BC�
þ ð1þpÞ½A�½BC�½ABC� þ ð1þpÞ½AB�½C�½ABC�g
− d½ABC�: ðA1Þ

Here, k̂≡ k=K2
D;20 and p≡ KD;20=KD;40−1 − 1. S is the

amount of the substrate supply, and d is a degradation rate.
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The growth curves obtained by simulating Eq. (A1) with
p ¼ 50 and p ¼ 0 are plotted in Fig. 8(a). We see an
enhanced growth of ABC with p ¼ 50 which eventually
dominates the hABi and hBCi motif concentrations. After
AB and BC accumulate, ABC grows due to the faster
ligation rate (Fig. 2). This enhanced growth demonstrates
the positive feedback mechanism by the cooperation of AB
and BC. ABC mediates the cooperation between AB and
BC and accelerates the growth of hABi and hBCi with a
downward convex. Without the enhanced ligation speed by
a longer overlapping (p ¼ 0), we do not observe the
higher-order growth and find a lower steady state concen-
tration of hABi and hBCi. These plots show that two factors
account for the higher-order growth: the cooperation
mediated by an elongation and the enhanced ligation rate
for longer strands.
The growth curves of the cooperative cascade model

[Fig. 8(b)] and the simplest hypercycle model [Fig. 8(c)]
calculated starting from varied initial concentrations clearly
show the difference of the two models. Both show a
nonlinear growth, but with different characteristics. In
the hypercycle model [Fig. 8(c)], the initial growth rate
decreases as the initial concentrations decrease. A growth
overcoming dilution is observed only with an initial
concentration above some threshold. On the other hand,
in the cooperative cascade model, the initial growth rates
are similar for all initial concentrations. When the concen-
trations exceed a threshold, concentration indicated by a
dotted horizontal line, the reaction is accelerated. The
threshold is given by approximately 2½A�=p, which is
indicated by a dotted horizontal line in Fig. 8(b) as we see.
To understand these behaviors, we simplify the rate

equations. By rearranging Eq. (A1), we obtain the rate
equations of the sequence motifs hABi≡ ½AB� þ ½ABC�
and hBCi≡ ½BC� þ ½ABC�:

_hABi ¼ k0½A�fðS − hABiÞhABi þ p½BC�½ABC�g − dhABi;
_hBCi ¼ k0½C�fðS − hBCiÞhBCi þ p½AB�½ABC�g − dhBCi:

ðA2Þ

By reasonably assuming the symmetry ½A� ¼ ½C� and
½AB� ¼ ½BC�, we obtain the rate equation for α ¼ hABi ¼
hBCi according to

_α ¼ k0ðS − αÞ2ð1þ pLαÞα − dα: ðA3Þ

Here, Lα ≡ ð½A�=½AB� þ ½A�=½ABC�Þ−1 is the harmonic
average of ½AB�=½A� and ½ABC�=½A� divided by 2, which is
close to the minimum of either ½AB�=½A� or ½ABC�=½A�.
Because Lα quantifies the accumulation of long strands,
the reaction rate k̃ ¼ k0ðS − αÞ2ð1þ pLαÞ increases as the
reactions proceed and the long strands accumulate. The
growth is enhanced when the nonlinear term pLα exceeds

one. This threshold corresponds to ½ABC� ≈ ½A�=p or
approximately α ≈ 2½A�=p in the present setup.
The hypercycle model based on the template-directed

ligations with an unknown hypothetical catalytic function
by oligonucleotides is theoretically studied by Wills et al.
[43]. They assume an unknown hypothetical catalytic
ability by oligonucleotide to construct a hypercycle model.
The rate equation of the hypercycle is reduced to

_x ¼ k0ðS − xÞ2x2 − dx: ðA4Þ
These simplified rate equations (A3) and (A4) explain

the growth modes seen in Figs. 8(b) and 8(c). The hyper-
cycle (A4) has a strong nonlinearity with the reaction rate
proportional to x, which vanishes as x goes to zero.
Therefore, a growth that can overcome the serial dilution
is not observed when started from low initial concentra-
tions. On the other hand, in the cooperative ligation cascade
model (A2), the reaction rate does not vanish even at a
vanishing concentration α because of the moderate non-
linearity ð1þ pLαÞα. Therefore, if the reaction rate k̃ is
larger than dilution rate d, positive growth is always
observed independent of the initial concentrations. The
system grows in a manner that the reaction rate k̃ increases
gradually from a slow rate k0ðS − αÞ2 to a faster rate
k0ðS − αÞ2ð1þ pLαÞ as the concentration α increased.

APPENDIX B: CONCENTRATION-DEPENDENT
SELECTION OF SEQUENCE MOTIFS

We consider another cooperative sequence group β,
which is, for example, hBCi and hCAi and shares the
same substrates A, B, and C with α. The rate equation for
the competitive growth of α and β leads to
�

_α
_β

�
¼ k0ðS − α − βÞ2

� ð1þ pLαÞα
ð1þ pLβÞβ

�
− d

�
α

β

�
: ðB1Þ

The selection dynamics simulated by Eq. (B1) is shown
in Fig. 8(d). The frequency-dependent selection is observed
only when p > 0, similar to the results in Fig. 6(a). This
behavior can be explained by a linear-stability analysis of
Eq. (B1). The stability of the uniform state, α0 ¼ β0 ≠ 0, is
determined by the sign of p (see Supplemental Material,
Sec. S7.2 [30]). When p > 0, the uniform state is unstable,
and either α or β becomes dominant. When p ¼ 0, the
uniform state is neutral. The initial difference is kept for a
long time. This neutral behavior with p ¼ 0 is observed
because the simple model by Eq. (B1) neglects the effect of
product inhibition, which causes the convergence of α and
β to the same value.

APPENDIX C: SPATIAL PATTERN

The pattern formation observed in the simulation
[Fig. 7(b)] can be modeled by adding a diffusional term
to Eq. (B1):
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∂
∂t

�
αðx; tÞ
βðx; tÞ

�
¼ k0ðS − α − βÞ2

� ð1þ pLαÞα
ð1þ pLβÞβ

�

− d

�
α

β

�
þD

∂2

∂x2
�
α

β

�
: ðC1Þ

The linear-stability analysis shows that the uniform
state is unstable when p > 0 and a spatial pattern
forms spontaneously if the wave number is less thanffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kpα0ðS − 2α0Þ=D

p
(Supplemental Material, Sec. S7.2

[30]). This inequality suggests that the pattern forms only
when p > 0, which is consistent with our observation in the
simulation [Fig. 7(b)]. The pattern becomes finer with
smaller diffusion and a larger reaction rate. The spatial
instability is caused by the inherent instability of the
reaction in the sequence space and is not a spatial effect.
The formed spatial patterns are stabilized by the frequency-
dependent selection, which suppresses the growth of other
sequence patterns diffusing from a neighboring pattern.
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