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Abstract: One of the challenges in understanding chemical evolution is the large number of starting
organics and environments that were plausible on early Earth. Starting with realistic organic mixtures
and using chemical analyses that are not biologically biased, understanding the interplay between
organic composition and environment can be approached using statistical analysis. In this work,
a mixture of 73 organics was cycled through dehydrating conditions five times, considering envi-
ronmental parameters of pH, salinity, and rehydration solution. Products were analyzed by HPLC,
amide and ester assays, and phosphatase and esterase assays. While all environmental factors were
found to influence chemical evolution, salinity was found to play a large role in the evolution of these
mixtures, with samples diverging at very high sea salt concentrations. This framework should be
expanded and formalized to improve our understanding of abiogenesis.
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1. Introduction

Organics from both interstellar and terrestrial syntheses are proposed to have blan-
keted the early Earth [1–4]. These chemicals would have mixed into the ocean or perhaps
landed on transient volcanic islands. Often referred to as the “prebiotic soup”, these organic
mixtures would have served as the building blocks and early metabolic components for
chemical systems to emerge and evolve into biology [5–7].

These organics were mostly generated from high energy systems interacting with small
molecules (e.g., H2O, CO2, and N2), and produce a range of organics with huge molecular
diversity [8]. Analysis of both spark discharge and carbonaceous meteorites by mass
spectrometry found hundreds of thousands of compounds in both types of samples [9–11].
Moreover, these sources, with similar starting molecules produced a suite of compounds
that are represented in extant biology, such as amino acids, hydroxy acids, and purines.
While most of the material by mass is not present in modern biology, it has been proposed
that the evolution of these organic mixtures could lead to selection of specific sets of
compounds [12–15].

The study of chemical evolution is hardly new; for example, some of the forces of selec-
tion that previously have been explored include interactions with mineral surfaces [16,17],
ionizing radiation [18–24], and wet–dry cycling [25–27]. Many of these studies have focused
on formation of biopolymers (e.g., oligonucleotides or peptides) exclusively. Specifically,
the formation of peptides through ester–amide exchange has been the focus of many recent
works [27–31] and indicates a growing popularity of wet–dry cycling in hypothesized
prebiotic reactions. Other products of condensation reactions, such as lipids or oligonu-
cleotides, during wet–dry cycling make a compelling case for the process or a similar driver
of condensation reactions during the origins of life [25,32,33].
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In addition to the starting organic inventory, the environmental conditions are expected
to play a role in the evolution of chemical mixtures. Previous work has explored the effect
of solution pH [34–36], the role of ionic strength and composition, the effect of temperature
on chemical evolution [37–39], and pressure on the reactivity of prebiotically relevant
mixtures [40]. Indeed, recent results by Surman et al. show that mineral surfaces during
drying result in a differentiation of spark-discharge type chemical mixtures [41]. Using a
similar framework, this paper evaluates the role of ionic strength and pH in the evolution
of chemical mixtures through dehydrating conditions.

Much of the published literature uses a biologically biased lens to evaluate chemical
evolution (i.e., how much does this look like modern biochemistry?). Additionally, most
experiments have worked with a tractable number of organic compounds (often <10), and
those compounds are generally biased towards extant biology. With the improvement in
instrument sensitivity, the development of high throughput methods for analysis and the
increased accessibility of data analysis software, previously “intractable” mixtures can be
understood more effectively [42]. While preparing such compositionally diverse mixtures
can pose a challenge, we have assembled a synthetic soup to mimic the chemical groups
commonly produced through prebiotic chemistry, specifically in mass ratios comparable to
the Muchison meteorite [43].

While more focused and biologically based approaches can be informative, more gen-
eralized metrics may be necessary as early life could have been fairly dissimilar from extant
biology. For example, the extent of condensation reactions within a dehydration sample
can be evaluated through the formation of ester and amide bonds without specifically
looking for peptides. Here, in addition to esters and amides, we evaluated the ability to
hydrolyze ester and phosphoester bonds as a functional/catalytic component, and the
changes in molecular polarity within the mixture through HPLC separation using a C18
column. Using this method, we find that in addition to starting organic composition, ionic
strength of the solution plays a large role in the evolution of these mixtures.

2. Materials and Methods

Soup Preparation. The prebiotic soup was made from a mixture of sulfonic acids
(102.9 mol), N-heterocycles (8.784 mol), pyridine carboxylic acids (7.104 mol), amides
(5.850 mol), dicarboxylic acids (2.246 mol), amino acids (1.828 mol), monocarboxylic acids
(0.9150 mol), polyols (0.8185 mol), polar hydrocarbons (0.6625 mol), and hydroxy acids
(0.1191 mol), and diluted to a final volume of 500 mL with ultrapure water [43]. This
mixture was developed to model the organic composition of the Murchison Meteorite
from commercially available chemicals. For a complete list of components see Table S1.
Chemicals were purchased through Fisher Scientific using TCI brand when available.
Sodium bicarbonate, sulfuric acid, and phosphoric acid were added in 10, 10, and 1 mM
concentrations, respectively [44].

From this solution, 5 mL samples were prepared in triplicate for each pH/salt con-
dition. The nine sample types represent a matrix of three different salt concentrations:
low sea salt (1.8 g/L), modern sea salt (35 g/L), and 2x modern sea salt (70 g/L) [45], and
solution pHs: acidic (pH 2–3), neutral (pH 6–8), and basic (pH 9–10). The 27 samples were
then put in an oven at 100 ◦C for 4–8 days. At the end of each drying period, the samples
were removed from the oven and rehydrated with 5 mL of ultrapure water. The pH of
each sample was checked and adjusted to the original pH range. After the fifth cycle, the
samples were rehydrated with 5 mL of 1:1 methanol water and analyzed.

Using the same starting soup, a similar experiment was prepared with three starting
salt concentrations at the acidic pH. The samples were “fed” using dilute organics in
each cycle. The rehydration solution was varied to contain one of the three following
conditions: 0.3 g/L organics (1/200 dilution of the starting organic mixture), 6 g/L organics
(1/10 dilution of the starting organic mixture), and 6 g/L organics with 35 g/L sea salt
(1:10 dilution of the starting organics with modern ocean water). All 27 samples were
adjusted to have a pH between 2 and 3. The samples were heated in an oven at 100 ◦C for
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20 h. When removed from the oven, the samples were rehydrated with their respective
diluted soup. After five wet–dry cycles, the samples were rehydrated with deionized water
and analyzed.

Analysis was also performed to determine the role of the concentration of starting
organics on the evolution of mixtures. A 100 g/L organic soup was prepared (a 3.3× solu-
tion of the starting soup) and analyzed under three pH conditions: acidic (pH 2–3), neutral
(pH 6–8), and basic (pH 9–10) and two starting salt conditions: 0 g/L sea salt and 35 g/L sea
salt. The rehydration solution was water through five rounds of dehydration/rehydration.

Chemical Analysis. HPLC. Chromatographic analysis was completed on a Thermo
Fisher UltiMate 3000 HPLC system using a C18 column (Thermo Scientific Accucore C18
2.6 µm, 2.1 × 100 mm). A 10 µL injection was analyzed, using the following gradient:
ultrapure water/acetonitrile (90:10) for 2 min, then a linear gradient to 10:90 at 12 min, held
until 15 min, then a return to starting conditions at 15.1 min held to 18 min. Separations
were analyzed using 210 nm on the diode array detector. Peak areas were determined for
three time ranges as total area above baseline through the time given: void volume (“polar”
0.5–0.8 min), small polar molecules (“polar2” 0.8–2 min), and oligomers (4.7–5.8 min).
These regions had the greatest variability between samples. Other regions were examined
but had similar peak areas for all samples.

Amide Assay. A 25 µL aliquot of each sample was put into a 96-well plate. A working
solution 50:1 BCA (Pierce, ThermoFisher Scientific, Waltham, MA, USA) to 4% copper
sulfate (w/v) was made and 175 µL was added to each sample well. The well plate was
put in an incubator at 37 ◦C for 30 min to allow color to develop. The absorbance of the
samples was taken at 562 nm.

Ester Assay [46]. A 25 µL aliquot of each sample was put into a 96-well plate. A
1:1 solution of 2.5% (w/v) hydroxylamine in ethanol and 2.5% (w/v) NaOH in ethanol was
prepared as the working reagent. The working solution was centrifuged and 75 µL of the
supernatant was added to each sample well. After 30 min at room temperature, 100 µL of a
0.4% (w/v) ferric chloride in 50% H2SO4 was added to each well. The absorbance of the
samples was taken at 510 nm.

Functional Assays. A para-nitrophenyl acetate (pNPA) or para-nitrophenyl phosphate
(pNPP) were used to test esterase [47] or phosphatase activity, respectively. Samples were
buffered with 20 mM HEPES at pH 7.2. A 100 µL aliquot of each sample was placed into a
96-well plate. Each soup received a 100 µL addition of a 7 mM pNPA or pNPP solution.
Production of para-nitrophenol in the soups was evaluated at 405 nm.

Data Analysis. For each analysis above, averages of the triplicate samples were found
(Table S2). Samples were analyzed in R Studio version 4.0.3 with the packages factoextra,
ggbiplot, and tidyverse using principal component analysis by correlation.

3. Results

Realistic organic mixtures composed of 73 different commercially available com-
pounds were evolved through five cycles of dehydration. The effects of pH, ionic strength,
rehydration solution, and starting organic content were evaluated using principal compo-
nent analysis. We observed the evolved mixtures through colorimetric assays to evaluate
function (esterase and phosphatase activity) and condensation reactions (amide and ester
bond formation). HPLC analysis with UV detection was also used to identify “groups” of
molecules that change over time, without following specific peaks.

3.1. Evolution of Function

Two different assays were developed to test for function within the evolved mixtures:
(1) esterase activity as determined by the hydrolysis of p-nitrophenol from p-nitrophenyl
acetate; (2) phosphatase activity as determined by the hydrolysis of p-nitrophenol from
p-nitrophenyl phosphate. The esterase and phosphatase assays formed product in some,
but not all of the samples, indicating that functionality evolves differently depending on
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environment (Figure 1). Unevolved soups, without dehydration cycles, did not produce
any product.
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Figure 1. Evaluation of functional activity of evolved soups by pH and salinity. Left graph shows
esterase activity; right graph shows phosphatase activity. Activity is reported as the absorbance (AU)
at 405 nm as the formation of para-nitrophenol. Error bars are the standard deviation (n = 3) from
independently dehydrated/rehydrated samples from a single starting soup.

The esterase activity was moderately dependent on pH, where acidic samples showed
less p-nitrophenol hydrolysis than both basic and neutral samples. Note that the pH is
referring to the pH at the time of evolution. All samples were pH adjusted to 7.2 prior to
the assay. There was a large deviation between samples within the same set, preventing the
determination of significance.

Interestingly, in the phosphatase samples, the activity was largely dependent on
salinity, with very little to no product formation in the 70 g/L samples. It was also
surprising that samples that performed well in the esterase assay had little overlap with
the performance of the phosphatase assay, even though the substrates are fairly similar.
Additionally, when compared to E. coli extracts esterase and phosphatase activity of evolved
soups was very low (data not shown). This indicates that while environment plays a role
in evolving chemical mixtures into reactive or catalytic systems, biological evolution has
produced far superior mechanisms for these functions.

3.2. Effect of Dissolved Solutes in Starting and Rehydration Solution

Samples were prepared and rehydrated in acidic (pH 2–3), neutral (pH 6–8), and
basic (pH 9–10) conditions. Starting salinity was 1.8 g/L (as a 1/20 dilute ocean), 35 g/L
(modern ocean salinity), and 70 g/L (2× modern ocean). These samples were analyzed
using the four assays and liquid chromatographic separation then evaluated using principal
component analysis (Figure 2).

Figure 2 shows the PCA biplot of the evolved 30 g/L organic mixture rehydrated with
ultrapure water. The samples are grouped by initial salt concentration. The first principal
component (PC1) trends somewhat with salt concentration, as the three groups increase
in salt concentration from left to right, with the exception of HB samples. PC1 was in
part determined by the values for small polar molecules on the LC which could indicate
that added salts are influencing the retention of organics in those peak areas. The second
principal component (PC2) trends somewhat with pH of the sample and is influenced
in-part by the esterase values (Figure 1). It is also well established in the literature that the
formation of polyesters, depsipeptides, and peptides by condensing hydroxy acids and
amino acids is favored under acidic conditions, also driving the variation seen in the acidic
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samples. Interestingly, the largest ellipsoid is the highest concentration of salts, which is
consistent across most of our results.
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Figure 2. PCA biplot of evolved soups grouped by starting salinity. Low salinity (L, 1.8 g/L sea salt)
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Samples are also identified by acidic (A), neutral (N), or basic (B) labels within the graph. Brown
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To better model tidal pool type conditions likely found on the transient volcanic
islands proposed as early land masses, rehydration solutions with varying amounts of salts
and organics were tested: 200-fold dilution of organic starting mixture (0.3 g/L), 10-fold
dilution of organic starting mixture (6 g/L), or 10-fold dilution of organic starting mixture
with 35 g/L sea salt (6* g/L) were used for rehydrating samples (Figure 3). Samples also
varied the starting condition for salinity as above and started with 30 g/L organic material.
All samples were between pH 2 and 3 throughout the experiment.
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water (A, 0 g/L organics) are in red; samples rehydrated with 200-fold diluted soup (0.3 g/L organics)
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rehydrated with 10-fold diluted soup containing 35 g/L sea salt (6*, 6 g/L organics*) are in purple.
Starting salinity indicated with L, M, or H (as in Figure 1). All sample pH values were prepared and
maintained between 2 and 3.
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The samples are grouped by the concentration of soup used to rehydrate the sam-
ples during the wet–dry cycles in Figure 3. The first principal component is somewhat
dependent on the concentration of soup in the rehydration solution. The water-rehydrated
samples have lower PC1 values, and the 6 g/L organics samples have high PC1 values. In
this “feeding” experiment, for the 6 g/L solutions after five rehydration cycles, a total of
15 g/L of organics were added, influencing the evolution of the mixtures.

The second principal component in Figure 3 appears to trend with the starting concen-
tration of salt, even when salt was present in 35 g/L quantities in the rehydration solution
(6* samples). This may indicate that the first round of dehydration plays a large role in
the evolution of these soups. The rehydration solution containing 35 g/L sea salt was not
tightly grouped, reinforcing the previous observation that salinity plays an important role
in chemical evolution.

Figure 4 shows the PCA biplot of three different evolved soups, grouped by the con-
centration of organics in the starting soup and/or the presence of mineral oil. The starting
organic composition unsurprisingly impacts the chemical evolution of these mixtures.
The addition of about 5% by weight of mineral oil resulted in variation in both principal
components (Figure 4, green vs. blue grouping). The group with the largest variation
is the 100 g/L organics + oil samples, suggesting that higher starting concentrations of
organics may allow for greater divergence of the products of chemical evolution based
on environment.
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Figure 4. PCA of evolved soups grouped by starting organic composition. Samples containing
100 g/L organics including mineral oil are in red, 30 g/L organics not including mineral oil are in
green, and 30 g/L including mineral oil are in blue.

These three PCA biplots show how the salt concentration, concentration of organics
in the rehydration solution, and concentration of organics in the starting soup affect the
evolution of these mixtures. When evaluating all three plots as a whole, high salinity sam-
ples (either H or * samples) showed large variations in measurements across the groupings,
indicating that salinity is playing a role in the chemical evolution of these mixtures.
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4. Discussion

This work demonstrates the role of starting mixtures and environmental conditions
on the evolution of prebiotic soups. Often, the principal components showed variation
by salinity, and high salinity caused larger divergence of samples within other variables
(e.g., rehydration solution composition with higher salt has a larger ellipsoid). Many
prebiotic reactions previously proposed do not consider salt as part of the reaction mixture;
some papers go as far as indicating distilled solutions would be likely due to rainwater on
early landmasses. Our results suggest that the outcomes of chemical evolution would be
heavily influenced by salts in both the starting solutions and the rehydration solutions, and
that functionality could be a direct result of having salt, for example, for esterase activity.

The effect of pH seemed to be less important in distinguishing groups, based on the
metrics used here for evaluation. While extremes of pH due to geothermal activity are
likely on early Earth, and have been proposed to drive chemical evolution, the weak effect
of pH within these samples indicates the divergence between samples was more dependent
on other environmental parameters.

Finally, both the starting organics and the organic content of the rehydration solution
caused divergence of sample properties to allow for non-overlapping grouping. This
finding emphasizes the challenge of exploring chemical evolution: the products of an
energetic selection, like wet–dry cycling, are largely dependent on the organic inputs, which
cannot be known. Further, even small changes in the inputs, here as the 5% w/w addition
of an oil phase, generated non-overlapping outcomes.

Much of the work to date using wet–dry cycling has focused on the formation of
polymers or lipids through condensation reactions, specifically targeting those molecules
for analysis. This paper, while attempting to quantitate evolution, used the formation of
esters and amides of any type, not just polymers, these metrics also need iteration. For
example, the ester assay used does not have the same response for all esters; this could
result in sample differences being attributed to the formation of a single high-abundance
product in certain samples. Additionally, while the metrics used here were appropriate
for fast analysis using a 96-well plate and relatively inexpensive reagents, it would be
ideal to develop a larger set of evaluations that could be completed quickly and reliably
to automate this process and measure a larger set of properties. For example, the redox
state of the molecules may be a good indicator of the energetic capacity of the evolved
samples. Other functional assays would also be helpful in understanding the evolution of
these soups. Finally, using circular dichroism, microscopy, gel permeation chromatography,
or other measurements may also aid in understanding the evolution of structures within
these samples.

Finally, while wet–dry cycling is a simple mechanism to drive these reactions, other
forces may be more relevant to the origins of life. Continental land masses are likely a later
geological development and early Earth was a “water world” when biology first appeared.
Therefore, other mechanisms for chemical evolution such as high energy radiation, redox
chemistry, surface chemistry of both minerals and water/air interfaces, and others could
have been more important for chemical evolution. In this work, we established a starting
point for the exploration of these spaces, but imagine that expansion, standardization, and
technology will be needed to truly probe its depths.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sci4020022/s1, Table S1: Soup composition; Table S2.csv: PCA dataset.
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