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Water cycles in a Hadean CO, atmosphere drive
the evolution of long DNA

Alan laneselli?, Miguel Atienza', Patrick W. Kudella 2 and

Dieter Braun ®"22<

12 Ulrich Gerland ®23, Christof B. Mast

Dew is a common form of water that deposits from saturated air on colder surfaces. Although presumably common on primor-
dial Earth, its potential involvement in the origin of life in early replication has not been investigated in detail. Here we report
that it can drive the first stages of Darwinian evolution for DNA and RNA, first by periodically denaturing their structures at
low temperatures and second by promoting the replication of long strands over short, faster replicating ones. Our experiments
mimicked a partially water-filled primordial rock pore in the probable CO, atmosphere of Hadean Earth. Under heat flow, water
continuously evaporated and recondensed as acidic dew droplets that created the humidity, salt and pH cycles that match many
prebiotic replication chemistries. In low-salt and low-pH regimes, the strands melted at 30 K below the bulk melting tempera-
ture, whereas longer sequences preferentially accumulated at the droplet interface. Under an enzymatic replication to mimic
a sped-up RNA world, long sequences of more than 1,000 nucleotides emerged. The replication was biased by the melting
conditions of the dew and the initial short ATGC strands evolved into long AT-rich sequences with repetitive and structured

nucleotide composition.

information is central to the origin of life and the onset of

Darwinian evolution. It is necessary for RNA or DNA to peri-
odically separate their strands to start a successive replication cycle.
Without a denaturation mechanism, the replication encounters a
dead-end'. Melting by heat has limitations because high tempera-
tures can induce damaging side reactions and lead to the hydrolysis
of chemical reagents’ as well as the RNA” itself. Moreover, the tem-
perature required to separate RNA strands can become higher than
100°C and therefore impossible to reach in aqueous solution.

Low salt concentrations can destabilize double strands and facili-
tate denaturation’. However, many replication reactions and cata-
lytic RNAs require elevated concentrations of ions to function®. For
example, Mg®* strongly stabilizes oligonucleotides in the duplex
form. It thus seems that the physico-chemical conditions that favour
replication reactions are, at the same time, incompatible with the
melting of oligonucleotides. Many studies suggest other denatur-
ation methods, such as Na* oscillations®, low pH"* or chaotropic
agents (for example, urea’ or formamide'’). However, how any of
these methods could be integrated in a primordial autonomous rep-
lication remains unclear.

A replicative system must also drive the evolution of the
sequence information. It is known that the longer oligonucleotides
are quickly lost, because the shorter oligomers are replicated with
faster kinetics and quickly outcompete them. This means that,
in a pool of sequences, shorter sequences will prevail and longer
ones will progressively die out. Mutations in the replication process
cause changes in the sequence length and thus start an evolutionary
race towards the shortest oligomers, leading to a progressive loss
of genetic information. This phenomenon, first demonstrated by
Spiegelman'’, is known as the ‘tyranny of the shortest’ and is a prob-
lem for the onset of Darwinian evolution.

The sequence space of long oligonucleotides is immense. In this
vast entropic land, the spontaneous emergence of sequences that
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contain particular motifs, secondary structures or that are enriched
in specific nucleotides becomes rare. Without a selective mecha-
nism that can reduce the sequence space, any sequence bias is likely
to remain unexplored and not emerge'”. For example, the assembly
of short oligomers into active ribozymes requires the presence of
particular sequences that can assemble by complementarity to build
a ribozyme with catalytic activity'*".

The composition of Earth’s atmosphere has changed substantially
over geological time'. High CO, pressure (between 0.1 and 10bar)
was likely in the Hadean eon'. Such an atmosphere could have
drastically affected the prebiotic chemistry—when gaseous CO, is
dissolved in water, it leads to the formation of carbonic acid, bicar-
bonate and carbonate, lowering the pH of the water (Supplementary
Section 1). The pH is a direct function of the partial pressure of CO,
(Pco,)"” and the surface waters of early Earth probably had an acidic
pH. Condensed water can reach particularly low pH (~4) due to its
high purity and thus lack of pH-buffering salt molecules.

We developed a laboratory model of a heated rock pore'® to cycli-
cally generate dew droplets at the microscale level. This consisted of
a thin rock-like pore containing gas and liquid. The gas was enriched
with Hadean levels of CO, (0.1-1bar) and the pore was heated by a
temperature gradient to imitate the heat sources of the Early Earth'®.
Water evaporated and condensed to form salt-free dew droplets that
absorbed CO, and became acidified (pH of ~4), then induced RNA
and DNA melting by means of their acidity and low salt levels. The
bulk retained high salt levels and neutral pH, preserving conditions
ideal for reannealing and replication. The dew chamber allowed for
DNA replication at 30K below the bulk melting temperature.

Moreover, oligonucleotides accumulated at the gas-liquid
boundaries at up to 10,000-fold (where fold indicates the increase in
concentration relative to the starting concentration). The accumu-
lation favoured the longer strands, which were then preferentially
replicated. The DNA wet-dry cycles induced unspecific anneal-
ing of the strands, which recombined into sequences of increasing
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Fig. 1| A heated rock pore at Hadean CO, levels generates acidic dew
cycles. The continuous formation of dew in a rock pore at Hadean pco,
generates cycles of RNA melting, as well as RNA wet-dry cycles. a,
Scheme of the dew cycle at Hadean CO, levels. The water that evaporates
condenses as acidic dew droplets that contain low salt. The dew droplets
grow and create a capillary bridge between the pore surfaces. RNA
oscillates between the dry and the wet states and denatures in the dew.
The salt-rich bulk maintains a neutral pH that allows reannealing and
replication of the oligonucleotides. b, Fluorescence images (FAM-labelled
(carboxyfluorescein) single-stranded RNA (ssRNA), 51nt) of the dew cycle,
imaged through the z axis.

complexity and length. As the sequences grew longer, their stabil-
ity against denaturation increased. It is known that the stability of
double-stranded DNA (dsDNA) is also determined by the fraction
of AT versus GC”. We found that the replication by CO, fog cycles
modulated the selection of oligonucleotides with an ATGC com-
position compatible with the melting conditions of the dew, drasti-
cally reducing the sequence space. At the same time, the length of
the DNAs increased by more than 25X, but, to ensure their melt-
ing, they were strongly enriched in AT (AT fraction >80%). This
showed that fog cycles avoid Spiegelmans dominance of the short-
est sequence, promote the Darwinian evolution of long DNAs and
allow low-entropy sequence biases to emerge.

Results and discussion

Figure 1a presents a scheme of the microfluidic CO, dew chamber,
viewed laterally (Supplementary Section 2). The temperature gradi-
ent across the thin chamber (250 um), half-filled with a Mg**-rich
solution and RNA (or DNA), creates a dew cycle at the microscale
level. Evaporation at the warm side is balanced by condensation
on the cold side, where acidic dew droplets of purified water are
formed. Oligomers accumulate at the evaporating gas-liquid inter-
faces™ (coffee-ring effect) and periodically dry out on the warm
wall during the evaporation-condensation-coalescence cycles.
Besides condensation, the dew droplets also grow by fusion with
other droplets. When the droplet radius exceeds the chamber thick-
ness (250 um), surface tension rearranges the dew droplets into
a capillary bridge between the chamber walls. At this point, the
dew redissolves the dry oligomers on the warm wall. The low pH
and low salt concentration efficiently denature the oligonucleotides.

Figure 1b shows the process via fluorescence, using fluorescently
labelled RNA, imaged through the warm side (viewed perpendicu-
lar with respect to Fig. la; Supplementary Video 1). The dew either
dries out and redeposits oligonucleotides on the warm side or grows
large by fusion then coalesces with the bulk, where the oligonucle-
otides can be promptly replicated and elongated (Supplementary
Section 3).

We expected the dew droplets to have a reduced concentration of
buffers and salts and thus be particularly susceptible to the acidifica-
tion induced by CO, absorption. On the other hand, the bulk would
remain buffer-rich and maintain a quasi-neutral pH. The result
would be pH and salt oscillations that lead to periodic melting of
RNA in the dew and reannealing in the bulk. The pH and RNA
conformation were measured by fluorescence microscopy. pH was
measured with the ratiometric dye Lysosensor Yellow/Blue DND-
160. RNA conformation was measured by fluorescence resonance
energy transfer (FRET), using FRET-pair fluorophores positioned
centrally on opposite strands” (Supplementary Section 4).

The pH of the dew and bulk during the dew cycle was measured
at a range of CO, pressures. The bulk contained 10 mM MgCl, and
10 mM Tris (initial pH 7.0), to which Lysosensor Yellow/Blue DND-
160 was added at 20uM for pH imaging. A temperature gradient
of 5°C was applied (hot side 27°C, cold side 22°C). Fluorescence
images are presented in Fig. 2a. At room pCO, levels (0.4mbar),
the pH of the bulk was neutral (7.0 +0.2)(mean =+ standard devia-
tion). In the dew droplets we found slightly acidic pH (5.6+0.3),
as expected for very low salt water at room CO,. At higher pCO,
(1bar), the bulk pH dropped to 5.8 (+0.2), even though it contained
Tris buffer. The dew acidified down to pH4.0 (0.4). The experi-
mental data were compared to a theoretical model based on the
rate equations of CO, absorption into water or into a buffered solu-
tion (Fig. 2b). In the dew droplets, the pH drastically dropped with
increasing pco,. In the bulk, the buffer molecules neutralized the
carbonic acid and dampened the pH change.

Prebiotically, the pH of an aqueous solution is probably buff-
ered by the minerals in contact with the liquid by means of min-
eral dissolution, ion exchange and surface complexation reactions*.
Silicate minerals—ubiquitous rock-forming minerals*—can act as
a buffer and maintain neutral pH in the long term*. The process
of pH buffering by minerals requires several days®, much slower
than dew cycles (which require seconds). Accordingly, dew cycles
can plausibly create local and temporary acidic spikes on top of a
buffered bulk, similar to what we are showing.

We expected the acidity and the low salt content of the dew to be
strongly denaturing conditions. The bulk, instead, retained high salt
levels and quasi-neutral pH, ideal for stabilizing duplexes. We stud-
ied the conformation of a 24-bp dsRNA (33% GC, melting tempera-
ture (T,,) =66°C) in a solution of 12.5mM MgCl, and 10 mM Tris
(initial pH of 7.0). The chamber walls were differentially heated at
31°Cand 43°C (AT=12°C). The temperature of the chamber was,
on average, 29 °C below the RNA T, In the dew, the dsRNA fraction
decreased proportionally with increasing pco, (Fig. 2c), from 0.78
(0.05) at ambient CO, down to 0.17 (+0.08) for pco, >0.8 bar. In
the bulk, the dsRNA fraction remained close to 100%. Fluorescence
images are shown in Fig. 2d and Supplementary Video 2.

The RNA FRET experiments were compared to a hybridization
model based on the Van ‘t Hoff equation (Supplementary Section
5). The model was created by fitting experimental RNA melting
curves measured at different pH values, Mg>* concentrations and
for different RNA sequences. The best agreement between experi-
ments and the model was for a Mg?" concentration in the dew of
between 0.5 and 0.1 mM (Fig. 2c), which corresponds to an ~50-
100x reduction compared to the bulk. This concentration agrees
well with measurements of the salt content of rainwater®. With the
same hybridization model we calculated the duplex RNA fraction
(RNA FRET) as a function of pH and Mg?* concentration (Fig. 2e).
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Fig. 2 | RNA melts at low temperature in the acidic low-salt dew at a pco, of 1bar. A synergistic combination of low salts, low pH and temperature

is necessary to generate strong denaturing conditions for RNA melting at low temperatures. a, Dew and bulk viewed by RNA fluorescence (top) and
corresponding pH (bottom). Dew droplets at a pcq, of 1bar acidify to pH 4, while the bulk remains almost pH-neutral. b, Model (lines) and experimental
(points) bulk and dew pH as a function of pco,- Error bars represent the standard deviation (n~3). The dew pH drops with increasing pco, Whereas

the bulk is buffered by the salts. ¢, Model (lines) and experiments (bars) of RNA FRET in the dew as a function of pc,. Error bars represent the
standard deviation (n~4). RNA melts with increasing pco, inside dew droplets that contain low salts (0.25mM Mg?*). d, Dew and bulk viewed by RNA
fluorescence (top) and corresponding RNA FRET (bottom). RNA melts in the acidic, low-salt dew (RNA FRET =0.14). In the salt-rich bulk, the RNA
remains double-stranded (RNA FRET =0.86). e, Surface plot (model) showing how pH and Mg?+ cooperatively affect the duplex RNA fraction (RNA
FRET). Experimental RNA FRET values for bulk and dew droplets are shown as rectangles.

The relationship between Mg**, pH and RNA FRET was nonlin-
ear. We observed a sharp drop in RNA FRET at certain values of
pH and Mg?**, suggesting that pH, Mg** and temperature are acting
synergistically.

It is important to note that, due to the technical limitations of
the pH-imaging method, the pH measurements of Fig. 2a were per-
formed at 27°C (warm side). However, the FRET measurements of
Fig. 2d or the later replication experiments of Fig. 4a—d were instead
performed at a higher temperature (warm side: 43°C, 67°C and
60°C, respectively). Increasing the temperature can affect the pH
of aqueous solutions*”**. The pH of CO,-saturated buffer-free water
(that is, the dew) at a pco, of 1bar undergoes negligible changes
with increasing temperature (ApH/20°C=+0.1)*. The dew’s pH
is supposed to remain at ~4.0 up to 80°C. On the other hand, we
determined that the bulk could retain annealing conditions (duplex
fraction >0.8) down to a pH of ~4.3 (Supplementary Section 5).
A pH acidification of this magnitude is, however, not observed for
neutral buffered solutions at a pco, of 1bar, which tend to remain
more neutral®’'. Hence, the main features of the water-dew cycles
are stable across the different temperatures: acidic low-salt dew for
the denaturation of oligonucleotides, and salt-rich and moderate
pH in the bulk for annealing.

The dual combination of low salt content and low pH in the
dew created a strong denaturing microenvironment that effi-
ciently melted RNA at temperatures 30K below the bulk T,,. No
high-temperature spikes were needed to induce melting, maintain-
ing a low RNA hydrolysis rate and therefore preserving sequence
integrity for a longer time. However, selection pressure towards the
survival of the longer RNA (or DNA) strands must be present in the
system to overcome the ‘tyranny of the shortest.

By simulation, we studied whether the non-equilibrium conditions
of the dew chamber could host selective mechanisms for oligonucle-
otide length. We performed a three-dimensional (3D) finite-element
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simulation of an evaporating dew droplet and bulk, using the soft-
ware COMSOL Multiphysics. The simulation was performed for
DNA so as to simulate the DNA accumulation that takes place during
the replication reactions that will follow. The diffusion coefficients
(D) of DNA and RNA are in fact very similar (Dpy/Dygpna = 1.15)"
The capillary flow, diffusion, thermophoresis and transport of dis-
solved DNA in a temperature gradient of 17°C (hot side 60°C, cold
side 43°C) were simulated. The size and shape of the simulated
dew and bulk were geometrically identical to those in our experi-
ments, as was the shape of the meniscus at the gas—water boundaries
(Supplementary Section 6). The thermal gradient induced convec-
tion in the bulk and in the dew, with an average speed of 25ums™.
The differential evaporation rates at the warm and cold sides created
a capillary flow with an average speed of 50ums™' directed towards
the hot side (Fig. 3a). The result was a net transport of DNA, driven
by a continuous coffee-ring effect, that strongly accumulated DNA
(up to 10,000+ fold for a 77-nt DNA) at the gas-liquid interface on
the warm side. Our observations by fluorescence microscopy com-
pared qualitatively well with the simulation results (Fig. 3b,c).

The accumulation favoured longer DNA sequences (Fig. 3d).
Because the diffusion coefficient of DNA decreases with length®,
longer DNA molecules accumulated more strongly, as they had a
slower back-diffusivity. The effect was more pronounced at the gas-
water interface of the bulk, where it reached an accumulation factor
of 20,000+ for a 300-nt DNA (versus 1,200+ at the dew’s interface).

So far, the CO, dew chamber has shown characteristics that are
essential for a molecular replicator in the RNA world:

o Melting of oligonucleotides in the dew at 30K below the bulk
T, This provides low thermal stress to RNA while allowing long
RNA sequences to cyclically melt and reanneal. The bulk also
retains the high salt concentrations that are necessary for prebi-
otic replication chemistries.
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Fig. 3 | Simulations predict the accumulation of longer DNA at gas-
water interfaces. The preferential accumulation of longer DNA strands
counteracts the tyranny of shorter sequences. a, Lateral distribution of
DNA (77 nt) in the dew and bulk at steady state. Surface tension dictates
the shape of the dew droplets (capillary bridge) and of the bulk (concave
meniscus). Owing to a continuous coffee-ring effect, DNA accumulates
at the gas-water boundaries. b, The same simulation viewed frontally
(resized). ¢, Fluorescence image of DNA accumulation. d, Accumulation
as a function of DNA length (1-300 nt). Owing to their lower diffusion
coefficient, longer DNA strands are favoured and accumulate more
strongly. Each data point corresponds to a simulation performed with a
given DNA length.

o Preferential accumulation of longer oligonucleotides at the
evaporating gas-water interfaces. This feature can promote
replication of the longer sequences, avoiding the detrimental
kinetic race towards the shortest oligomers, as we have shown
in the past for a bulk DNA replication in an open pore under
thermal cycling™.

To mimic the yet-to-be-discovered replication mechanisms of
the RNA world, assuming they existed, in the experiment we used a
DNA replicating protein. First, we wanted to confirm that our CO,
dew chamber was able to perform DNA replication at temperatures
much less than T;. The Tug DNA polymerase enzyme has been used
to amplify a 51-bp DNA (54% GC, T,, 88°C) by templated polym-
erization. The mixture (QIAGEN Master Mix) consisted of 10 mM
Tris (starting pH8.2+0.1), KCI and (NH,),SO, (concentration not
specified), 1.5mM MgCl,, nucleotides (200uM each), DNA poly-
merase (2.5Upl™"), to which we added the DNA template (0.5nM)
and complementary primers (forward and reverse, each at 0.25 uM).
The solution was inserted inside the dew chamber in a temperature
gradient of 15°C (warm side 67 °C, cold side 52°C). The average
chamber temperature was 28°C lower than the template T,,. After
~5h of experiment, SYBR Green I fluorescence (a dsDNA fluores-
cent stain) started increasing in the bulk in the classical exponen-
tial manner (Fig. 4a,b and Supplementary Video 3). The replication

product was confirmed on a 15% denaturing polyacrylamide gel
(Fig. 4c). No replication was observed without CO, enrichment,
because no substantial DNA melting could occur in the dew and
the whole replication could not continue further.

We studied whether the preferential accumulation of longer
DNAs at the evaporating gas—water interfaces could actually prevent
the ‘tyranny of the shortest’ sequences during replication. Under
standard replication conditions (for example, standard thermocy-
cling protocols), shorter DNA sequences have a kinetic advantage
and prevail over the longer ones. This can be seen in the polyacryl-
amide gel electrophoresis (PAGE) results in Fig. 4d, fourth lane.
In this experiment, two DNA templates of different lengths were
used—47nt (53% GC, T,,=78°C) and 77 nt (51% GC, T,,=89°C)—
which shared the same primer binding sites. The replication of the
shorter sequence (47 nt) prevailed and completely hindered the lon-
ger strand (77nt).

The replication reaction was then performed in the CO, dew
chamber. We applied a temperature gradient of 17°C (hot side
60°C, cold side 43°C) and enriched the gas with 1bar of pCO,.
After ~12h, the reaction was stopped and the product was mea-
sured on the gel. As shown in Fig. 4d (sixth lane), not only could
both DNA templates be replicated with comparable efficiency, but
additional longer DNAs unexpectedly emerged in the CO, dew rep-
lication. This indicated that the length-selective features of DNA
accumulation at the gas—water interfaces promoted the survival and
replication of the longer strands. The longer DNA products were
observed only in the dew chamber enriched in pCO,, suggesting
that they arose as a combination of enhanced DNA melting + pref-
erential accumulation of long DNAs. In an ambient atmosphere
(lane 7), only primer dimers were observed (similar to the nega-
tive control experiment without DNA templates, lane 8). The lon-
ger DNAs were probably created during the DNA wet-dry cycles,
where the extremely high DNA and enzyme concentrations forced
unspecific annealing and polymerization, leading to elongation and
shortening processes. This created novel and mixed DNA sequences
of increasing complexity. Also the formation of hairpins and other
forms of self-priming can drive the formation of long replication
strands®. But what are those long DNA products?

The products were sequenced using the Nanopore technique
MinION (Methods). The sequencing machine yielded 2,856 reads
with lengths between 140 and 1,300 nt. Reads shorter than 140nt
were not detected. In the length range of 140-300nt, the reads con-
tained numerous repetitions of primers and templates, attached one
after the other multiple times, in a mixed and repetitive manner
(Supplementary Section 7). With increasing lengths (up to 1,300 nt),
the nucleotide composition of the reads was revealed to be biased
towards AT (AT fraction >80%) and the primer/template repeti-
tions were lost and could only rarely be found. The question is why
the nucleotide composition of the sequences is so biased towards
AT (>80%). To obtain such a bias in the immense sequence space of
long oligonucleotides is entropically unfavourable. The answer lies
in the adaptation of the sequences to the melting conditions of the
dew, as we will demonstrate in the following sections.

The reads are plotted in Fig. 5a,b according to their AT and CG
counts. This was done because the AT:GC ratio is one major factor
that determines the stability of DNA duplexes”. The background
of Fig. 5a,b corresponds to the duplex DNA fraction (indicated
as DNA FRET) computed as a function of the AT and GC counts
under the conditions of the CO, dew (Pco, of 1bar, pH4, Mg>*
0.25mM, temperature range 43-60°C). The longer AT-rich reads
(white circles) lie in a region of low-DNA FRET (0.14+0.12), far
away from what is expected from a pool of randomized sequences
(black circles). No reads were found in the yellow area to the right or
at the left blue extreme of the map. This suggests that the sequences
with low stability, which were more prone to undergo multiple
cycles of denaturation and reannealing, were the ones preferen-
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Fig. 4 | Dew cycles at 1-bar CO, drive the replication of long DNAs. The
dew chamber enables DNA replication at cold temperatures and drives
molecular evolution towards longer strands. a-¢, Replication of a single
DNA template (51nt). In a, fluorescence (SYBR Green |) images are
shown of the replication reaction at different times. DNA accumulates and
replicates at the gas-water interfaces and undergoes repeated wet-dry
cycles. Dry replicative spots can be seen above the gas-water interface. In
b, SYBR Green | fluorescence over time is shown for the CO, dew chamber
replication, showing classic exponential behaviour. In ¢, PAGE (15%
denaturing, SYBR Gold staining) of the reaction products is shown. DNA
replication is only possible at 1-bar pCO,. d, Replication with two DNA
templates (47 and 77 nt), shown by PAGE of the reaction. The numbers at
the top indicate the lanes. In contrast to the replication in the thermocycler,
the CO, dew chamber avoids the ‘tyranny of the shortest’ sequences and
favours longer DNAs.

tially replicated. DNA sequences with a too high or too low melt-
ing temperature replicated more slowly, because they struggled to
be cyclically melted and to template. In this sense, the DNA FRET
landscape of the CO, dew selected which sequences were replicated
and which ones died out.

To prove the generality of this concept—sequence adaptation
to the melting conditions—we emulated an unspecific replication
process via a stochastic model (Supplementary Section 8). Starting
from an initial pool of DNAs, at every step the model calculated
the probability of each sequence to be replicated according to its
stability on the DNA FRET landscape of the dew. When a sequence
was replicated, its reverse complement was created and a mutation
introduced. The mutation consisted of the insertion or deletion of
a random subsequence at a random position (Fig. 5c). This was
done to mimic the unspecific templation characteristics seen in the
CO, dew replication experiments. Finally, at every step, random
single-point mutations in the sequences were introduced with the
frequency of the Tag polymerase error rate (1 107*)*. The results
are shown in Fig. 5a,b.

The simulation was started from the initial templates or from
the sequences rich in template/primer repetitions. In both cases,
the sequences replicated and randomly mutated. The DNA FRET
landscape preferentially replicated the mutated sequences that best
matched the denaturing conditions of the CO, dew (that is, low
FRET). The DNA sequences that were too stable or too unstable
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could not replicate further and were discarded. As a consequence,
the DNA evolved towards longer sequences rich in AT. The ATGC
content was thus adapting to the melting conditions of the envi-
ronment. The simulation also highlighted a progressive loss of the
intact templates within the sequence (pink gradient in Fig. 5a,b),
similar to what has been observed experimentally, and a conse-
quence of the progressive mutations at every replication step. The
dashed lines (in Fig. 5a,b) correspond to other simulations using
different parameters.

A similar sequence evolution was also observed for starting tem-
plates rich in GC (Fig. 5b, orange line), as is often the case in many
non-enzymatic primer extension chemistries®*.

To understand the nucleotide sequence of these long AT-enriched
reads, we counted the frequency of every 4-nt submer combination
that could be found within the reads. As shown in Fig. 5d, the most
frequent submers were those rich in AT (AT fraction >0.75), with
some of the most abundant ones being ATAT, AATA (experiment)
and AAAA, TTAT (model). Both the experiment and the model
showed similar fingerprints, with small differences in the most
abundant combinations. The frequency distribution was also very
different from a random pool.

The difference from a random pool could also be seen in terms of
the relative reduction of Shannon entropy, as shown in Fig. 5e. This
indicates the average decrease in the level of information encoded in
the replicated sequences, relative to a random pool (the latter con-
tains the maximum possible amount of information)®. Calculated
as a function of the submer length, the relative entropy reduction in
our experiments and model was <1 overall and reached a minimum
of 0.56 (experiment) and 0.66 (model). In other words, the repli-
cative constraint introduced by the DNA FRET landscape drove
a selection of sequences that reduced the informational entropy
by 44% (experiment) and 34% (model). This drastic reduction in
entropy allowed the sequences to replicate and evolve in a subset
of the sequence space that would be otherwise too immense to be
explored’’.

The model reproduced the key features and fingerprints that
were measured in the experiments. Owing to its simplicity and
purely stochastic nature, the model confirmed the hypothesis of the
sequence adaptation to the melting conditions of the environment.

In a molecular replicator where DNAs evolve and adapt to the
environment, it should be possible to modulate the final ATGC
composition of the sequences by varying the melting conditions
of the setting. Higher temperatures facilitate the melting of more
stable DNA sequences (those richer in GC), moving the region of
low DNA FRET towards higher GC fractions. We varied the average
temperature of the dew chamber while maintaining a fixed temper-
ature gradient of 17°C (Fig. 5f). In the range from 50 to 75°C, the
AT:GC ratio of the replicated sequences changed from 8.0+1.0 to
0.9+0.1, respectively (model). A similar trend was observed in the
experiments, where it dropped from 4.7 + 1.1 to 0.9 +0.6 when the
average chamber temperature was increased from 51 to 67°C. The
final ATGC composition was driven by the DNA stability landscape
of the dew droplets, which was synergistically determined by their
Mg?** concentration (<0.25mM), their pH (pH 4 ata of 1bar)
and the temperature. pco,

Starting with an out-of-equilibrium condition, we have dem-
onstrated an autonomous molecular replicator of oligonucleotides
that is compatible with an RNA world: low-temperature melting
minimized the hydrolysis rates, and high salt levels were provided
for prebiotic replication chemistries and for the catalytic activity of
RNAs.

Conclusions

A CO, dew chamber could accommodate the essential features of
a molecular replicator in the context of the origin of life on Earth
and the RNA world. It mimics the ubiquitous setting of a heated
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Fig. 5| New DNA sequences rich in AT emerge during the CO, dew cycles. The CO, dew chamber triggers the emergence of long DNA strands, the
ATGC compositions of which correlate with the denaturing conditions of the dew. a, Reads (white circles) are plotted according to their AT (y axis)

and CG (x axis) count. The background colour corresponds to the simulated duplex fraction (DNA FRET) in the CO, dew. Denaturing conditions (DNA
FRET=0.14 + 0.12) correlate with the sequence composition of the reads and drove the evolution of the sequences. The purple colourmap indicates
the number of intact templates found in the read. b, Zoomed subsection (dashed box in a) of the surface plot. Starting from the initial templates,

the DNA sequences, whether directly evolved towards the long AT-rich strands by means of mutations or into templates-rich strands, are driven by
cross-templation. Similar results were observed when starting with a pool of 6-30-nt short templates rich in GC (orange line). ¢, Shortening, elongation
and mutation processes modify the sequences during the replication in the dew cycles. d, Probability of every 4-nt subsequence combination (ordered
by AT fraction) that were found in the experimental reads (green), in the model (gold) or in a random pool (black). The replication in the dew drove the
evolution of sequences that frequently contain AT-rich motifs. e, DNA replication in the CO, dew drastically reduces the informational entropy. The model
(gold) and the experiment (green) show a similar entropy reduction. f, The average (<>) temperature of the dew can be modulated to drive the final
AT.GC composition of the replicated DNA pool, with higher temperatures leading to strands richer in GC. Error bars indicate standard deviation.

rock pore in a CO,-rich Hadean atmosphere. The acidic dew leads
to strand displacement of oligonucleotides at 30K below the melt-
ing temperature. At the same time, the closed rock pore main-
tains a pH-neutral bulk solution rich in salts that promotes strand
reannealing and replication. The low temperatures offer a moder-
ate hydrolysis rate for RNA, allowing for extended survival of the
genetic information. As a consequence of the DNA wet-dry cycles
and the DNA length-selective accumulation at the gas—water
interfaces, the sequences recombine with increasing length and
complexity, overcoming the ‘tyranny of the shortest’ dilemma and
building new genetic information. In this primordial molecular rep-
licator, the new DNA sequences adapt to the melting conditions of
the environment and evolve towards a biased ATGC composition of
reduced entropy.

Hadean water cycles in a CO, atmosphere present adequate
physico-chemical conditions to host the first reactions of molecular
evolution during the origin of life. The non-equilibrium properties
of the dew droplets boost chemical reactions that have limited effi-
ciency under standard conditions. They provide a strong increase in
concentrations at gas—water interfaces and during wet-dry cycles,
fluctuations between low and high salt concentration and a periodic
change between acidic and neutral pH. As shown here, the combi-
nation of the above processes enhances the replication of oligonu-
cleotides with increasing lengths, opening the door to open-ended
Darwinian evolution.
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Methods

The experiments were carried out in a microfluidic chamber

(250 um X 30 mm X 14 mm) made of Teflon, placed on a silicon wafer and then
between a transparent sapphire and a copper back plate. The silicon wafer was
covered with a thin (50 um) Teflon foil to increase the hydrophobicity. The liquid
volume of every experiment was ~20 ul, corresponding to one-third of the chamber
volume. The remaining two-thirds of the volume was left for the gas. A temperature
gradient was produced by differentially heating the sapphire with rod resistors and
the silicon back plate with a Peltier element. The temperature gradients applied

in the experiments ranged from 5 to 17 °C. The software LabVIEW was used to
maintain a constant target temperature with an accuracy of +1 °C. Microfluidic
tubings were connected to the chamber for the inflows and outflows of liquid, to
control the flux of CO, and to measure the barometric pressure within the chamber.
The fluorescent microscope pointed towards the transparent sapphire and was
focused on the cold wall.

The set-up for FRET and pH imaging consisted of a custom-built fluorescence
microscope (with the body of a Zeiss Axiotech Vario microscope) equipped
with four excitation light-emitting diodes (M340L4, M385L2, M470L2, M590L2;
Thorlabs), excitation filters (BP 340/26, BP 379/34, BP 482/35, BP 588/20),
beamsplitters (DC 475/40, DC 425 LP, DC 365 LP), a triple-edge dichroic mirror
(DC 395/495/610), an Optosplit II with a ratiometric filter set (DC 600 LP, BP
536/40, BP 630/50), a Stingray-F145B ASG camera (ALLIED Vision Technologies)
and a X1 objective (AC254 100-A-ML Achromatic Doublet). The specifications
for the light-emitting diodes, filters, beamsplitters and dichroic mirrors are given
in nanometres (average/full-width at half-maximum). A schematic of the set-up is
provided in Supplementary Section 4.

RNA oligonucleotides were purchased from biomers.net, with
high-performance liquid chromatography purification. The sequences used for the
FRET experiments were as follows (5'-3")—24-bp RNA 33% GC: strand forward
CGU AGU AAA UAT *FAM* CUA GCU AAA GUG, strand reverse CAC UUU
AGC UAG AT*ROX*A UUU ACU ACG; 24-bp RNA 0% GC: strand forward AAA
UAA AUA AUA T*FAM*AA AAU AAU AAA, strand reverse UUU AUU AUU
UUA T*ROX*AU UAU UUA UUU. The two labelled complementary strands were
diluted from stock solution (100 uM in nuclease-free water) and mixed together to
a final concentration of 5uM in salt-rich buffer (Tris 10 mM, MgCl, 10-12.5mM,
pH7.0). To favour annealing of the two complementary strands, before every
experiment the solution was heated and slowly cooled from 80°C to 4°C (ramp
rate of —1°C per 5s) in a standard thermocycler (Bio-Rad CFX96 Real-Time
System). Lysosensor Yellow/Blue DND-160 (stock 1 mM in anhydrous dimethyl
sulfoxide) at a final concentration of 20 uM in aqueous solution was eventually
added to the solution.

The replication reaction was performed using the Taq PCR Master Mix
(QIAGEN) at 1x final concentration, primers forward and reverse 0.25uM, SYBR
Green I 2%, BSA 0.1%, DNA template 0.5nM. The QITAGEN Master Mix 2X
contains 3mM MgCl,, 20 mM Tris, KCI (concentration unspecified), (NH,),SO,
(concentration not specified), 400 uM of each ANTP and Taq DNA polymerase
(5Uul™) and has a pH of 8.2+ 0.1. For the reaction in the thermocycler, the
protocol was as follows: initial heat activation at 95 °C for 3 min, 25 cycles of 90°C
for 55, 40°C for 15s and 60 °C for 15s, then 4 °C for storage. For the reaction in
the dew chamber, the same mixture was inserted after an initial activation step
at 95°C for 3 min. The temperature gradient was then applied and the gas phase
was eventually enriched with 1bar of CO,. For replication of the 51-bp DNA, we
used the following sequences (5'-3'): template DNA 51 bp, TTA GCA GAG CGA
GGT ATG TAG GCG GGA CGC TCA GTG GAA CGA AAA CTC ACG, primer
forward TTA GCA GAG CGA GGT ATG TAG GCG G, primer reverse CGT GAG
TTT TCG TTC CAC TGA GCG T. For replication of the 47-bp and 77-bp DNA,
we used the following sequences (5'-3"): template DNA 47bp AGG AGG CGG
ATA AAG TAG GAC CAC GGG AGT CAG GCA ACT ATG GAT GA, template
DNA 77bp TCA TCC ATA GTT GCG AGT GTA GAT ACG AGG GCT TAC CAG
CGA GAC CCC AGT AAC CAA GTC TAC TTT ATC CGC CTC CT, primer
forward TCA TCC ATA GTT GC, primer reverse AGG AGG CGG ATA AAGT.

The samples were run on a 12.5% denaturing (50% urea) polyacrylamide
gel, with an acrylamide:bis acrylamide ratio of 29:1, solidified with TEMED
(tetramethylethylenediamine) and ammonium persulfate. The replicated DNA

samples were mixed with the gel loading dye blue (BioLabs, final concentration 2X)
and loaded onto the gel wells. The samples were run in an electrophoretic chamber
at 50V for 5min (alignment step) followed by 300V for 15-20 min. The gel was
then taken out and stained with SYBR Gold in TBE (Tris/Borate/EDTA) 1xX for
5min, and then imaged at the ChemiDOC MP (Bio-Rad) imaging station.

To prepare the replicated DNA for sequencing with Nanopore we used the
following protocol. The DNA was end-repaired and 3’ A-tailed with NEBnext
Ultra II repair and an A-tailing module (purchased from New England Biolabs)
by incubation at 20°C for 10 min and subsequent enzyme inactivation at 65°C
for 5min. The DNA was then purified using magnetic beads (Beckman Coulter
AMPure XP). A barcode adapter from the Oxford Nanopore barcoding kit (kit
NBD104) was then ligated using the NEBnext Quick ligation module by incubation
at 20 °C for 15 min. Barcode-ligated DNA was purified with Beckman Coulter
AMPure XP magnetic beads. The barcoded samples were then pooled and ligated
to the Oxford Nanopore sequencing adapter preloaded with a stalled motor protein.
Ligation was performed with an NEBnext Quick ligation module by incubation
at 20°C for 15 min. The pooled sequencing library was purified with Beckman
Coulter AMPure XP magnetic beads and eluted in elution buffer (EB) provided
with the Oxford Nanopore sequencing kit. The eluted library was mixed with
loading beads and sequencing fuel buffer (ONT sequencing kit LSK109) and loaded
to a flowcell on a MinION sequencer. The flowcell was run for 24 h. The raw signals
were converted to FASTQ sequence reads by ONT basecaller guppy v3.6.
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