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ABSTRACT: The origin of life on Earth is associated with the
Precambrian era, in which the existence of a large diversity of
microbial fossils has been demonstrated. Notwithstanding, despite
existing evidence of the emergence of life many unsolved questions
remain. The first question could be as follows: Which was the
inorganic structure that allowed isolation and conservation of the
first biomolecules in the existing reduced conditions of the
primigenial era? Minerals have been postulated as the ones in
charge of protecting theses biomolecules against the external
environment. There are calcium, barium, or strontium silica−
carbonates, called biomorphs, which we propose as being one of the
first inorganic structures in which biomolecules were protected from
the external medium. Biomorphs are structures with different
biological morphologies that are not formed by cells, but by nanocrystals; some of their morphologies resemble the microfossils
found in Precambrian cherts. Even though biomorphs are unknown structures in the geological registry, their similarity with some
biological forms, including some Apex fossils, could suggest them as the first “inorganic scaffold” where the first biomolecules
became concentrated, conserved, aligned, and duplicated to give rise to the pioneering cell. However, it has not been documented
whether biomorphs could have been the primary structures that conserved biomolecules in the Precambrian era. To attain a better
understanding on whether biomorphs could have been the inorganic scaffold that existed in the primigenial Earth, the aim of this
contribution is to synthesize calcium, barium, and strontium biomorphs in the presence of genomic DNA from organisms of the five
kingdoms in conditions emulating the atmosphere of the Precambrian era and that CO2 concentration in conditions emulating
current atmospheric conditions. Our results showed, for the first time, the formation of the kerogen signal, which is a marker of
biogenicity in fossils, in the biomorphs grown in the presence of DNA. We also found the DNA to be internalized into the structure
of biomorphs.

■ INTRODUCTION
The scientific study on the origin of life on Earth is associated
with the primitive era, ∼3500 Ma ago, where the existence of a
large diversity of microbial fossils mainly composed of
carbonaceous matter has been demonstrated.1−5 Notwith-
standing, although there is evidence that life existed since an
early stage of our planet (taking into account the Precambrian
cherts), questions remain like, “What is the chemical origin
that allowed primitive cells to exist, starting from simple
molecules and chemical reactions, in that era of the Earth?”
and, “How did these primitive microorganisms evolve to allow
the generation of organisms of other species?” Trying to
respond to these questions entails the difficulty of establishing
solid hypotheses because they are based on the emergence of
life and the evolution of species, events that have only been

inferred, but not the tracking between the prebiotic chemistry
to the biological chemistry. To explain the origin of life, during
decades, experiments have been designed that emulate the
conditions that existed in the Precambrian era.6−16 One of
these experiments was performed by Urey and Miller, who,
from the primitive atmosphere, obtained essential chemical
blocks like amino acids and organic chemical compounds.8,9

The results favor the hypothesis that the first cell must have
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emerged from the conditions prevailing in the Precambrian era.
It has also been experimentally shown that simple chemical
molecules originated the first biomolecule from these
compounds in conditions that emulate the primitive era.6−9

There are other unknowns and inherent factors to that era that
have not been solved (e.g., the role of highly intense UV
radiation).9−16 One of the most important questions is, “Once
the first biomolecule was formed, what was the mechanism or
inorganic structure that isolated and conserved the biomole-
cules in the reducing conditions existing in the primitive era?”
The first reason to consider why the first DNA molecules had
to be isolated and become protected from the environment is
that during this primitive era there also existed a high energy
ultraviolet (UV) radiation. The latter, due to the lack of ozone,
impinged directly on the Earth,17 rupturing the nucleic
acids.18,19 On the other hand, it has been shown that UV
light favors the chemistry of small molecules, through
photolysis, photoionization, and photoexcitation; these mech-
anisms gave rise to prebiotic chemistry.10,11 Notwithstanding,
in both cases, it was necessary to preserve a given number of
nucleic acid molecules that would allow for the generation of
the first cells. The second reason to consider that the
biomolecules were conserved in an inorganic-type structure
is that it has been possible, through diverse studies, to infer
that minerals and clays existing in that era favored the
emergence of life.20−26 It has been postulated that minerals are
able to protect against UV radiation, concentrate, organize, and
catalyze the polymerization of molecules, preserve, and
replicate structural defects, anionic substitutions, dislocations,
and act as genetic candidates.20−22 The third evidence
indicating those biomolecules were concentrated and con-
served in some inorganic-type structure is that the natural
environment that surrounds us is formed by organisms and
inert elements, which have been interacting since the primitive
stages of the Earth. Thus, the ancestral microorganisms already
performed intracellular and extracellular mineralization pro-
cesses, biologically induced by the precipitation of minerals in
the environment.27 This process has been conserved in the
organisms of the five kingdoms until the current era.28,29 Once
the primitive microorganism had been formed, how was the
emergence of other species favored? Was it performed through
a macroevolution process as has been proposed?30 Was the
DNA from the new species also conserved in the first inorganic
structures? In the current era, is there any evidence on how the
DNA was isolated and conserved? Our research team is
interested in contributing responses to these and other
questions on the origin of life; therefore, to start the studies
on this topic, we must count upon an inorganic model that
could help to understand whether the DNA of all kingdoms is
capable of incorporating itself into an inorganic structure. The
latter could be the first evidence that the DNA was isolated
and conserved in a mineral structure in the Precambrian era,
and since then, the biomineralization process is part of all
living organisms. These inorganic compounds emulate the
curved, helicoidal, or conic morphologies of some organisms
like radiolarians, diatoms, worms, spirals, leaves, and flowers,
among others. Included in them are the silica−carbonates of
Ba(II), Ca(II), and Sr(II) usually called silica biomorphs.31−40

This characteristic is especially relevant because they are
structures with diverse biological morphologies that are not
formed by cells, but by nanocrystals, and some of these
morphologies resemble some of the microfossils found in the
cherts of the Precambrian era.1,38 Even though biomorphs are

unknown structures in the geological registry, their similarity
with biological forms, including some Apex fossils,1 could lead
to considering them as the first “inorganic scaffold” where the
first biomolecules concentrated, conserved, aligned, and
duplicated to give rise to the pioneer cell. However, it has
not been documented whether biomorphs could have been the
primary structures that conserved biomolecules in the
Precambrian era. To gain a better understanding on whether
biomorphs could have been the inorganic scaffold that existed
in the primigenial Earth, the present work was aimed at
synthesizing calcium, barium, or strontium silica biomorphs in
the presence of genomic DNA of selected organisms of the five
kingdoms in two synthesis conditions that emulate both the
atmosphere of the Precambrian era and that of the CO2
concentration in conditions emulating current atmospheric
conditions at room temperature (called RTP in this
contribution). The morphology of the synthesized biomorphs
was evaluated through scanning electron microscopy (SEM).
The obtained microphotographs showed that the biomorphs’
morphology is influenced by the contents of CO2 from the
atmosphere, as well as the type of alkaline earth metal element,
and the DNA of the different organisms. The chemical
composition, the crystalline structure, as well as the presence of
the molecular biomarker, kerogen, were determined through
Raman and IR spectroscopy. The obtained calcium, barium, or
strontium biomorphs corresponded to crystalline CaCO3
structures (calcite, aragonite, vaterite), BaCO3 (witherite), or
SrCO3 (strontianite), respectively; interestingly, the presence
of kerogen was identified in most biomorphs. In this way, the
presence of kerogen bands was identified for the first time in
conditions emulating the Precambrian atmosphere and in RTP
conditions and CO2 concentration in the presence of DNAs.
Additionally, to assess whether DNA was or not part of the
biomorphs’ structure, as well as its location in them, DNA was
specifically marked with the 2-(4-amininophenyl)-1H-indole-6-
carboxamidine (DAPI) fluorochrome. In the biomorphs
synthesized with the different DNA-DAPI, DNA was found
to be part of the structure of the biomorphs and that it
becomes internalized in them. The aim of this contribution is
to synthesize calcium, barium, and strontium biomorphs in the
presence of genomic DNA from organisms of the five
kingdoms in conditions emulating the atmosphere of the
Precambrian era and that of the current era regarding the CO2
concentration. Even though these results do not conclusively
mean that the biomorphs are the structures found in cherts
(archaic microfossils), it must comply with the given
conditions, that is, to be geochemically plausible, which is
inferred from the characteristic kerogen signal, a condition that
is complied with by the biomorphs we have synthesized in the
presence of a biomolecule like the DNA.

■ EXPERIMENTAL SECTION
Organisms Used for DNA Extraction. From the Monera

kingdom, the strain of the eubacterium Escherichia coli JM109
was used, which was cultured in Luria−Bertani medium (LB:
containing 5 g/L of yeast extract, 10 g/L of tryptone, and 5 g/
L of NaCl).
From the Protista kingdom (currently classified in the

Chromista kingdom for algae), the Arthrospira maxima alga was
used.
From the Fungi kingdom, the yeast Candida albicans was

used. This microorganism was cultured in YPD medium (10 g/
L yeast extract, 20 g/L peptone, and 20 g/L dextrose).
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From the Plantae kingdom, the plant Equisetum arvense was
used.
From the Animalia kingdom, an aliquot of venous Homo

sapiens blood, obtained from the cephalic median vein of the
arm was used. The sample was donated by one of the authors
of this work (M.C.-C.).

Extraction of Genomic DNA. E. coli. For the extraction of
the genomic DNA from E. coli cells, a 5 mL culture was used
that was centrifuged at 3000g for 10 min. The cell pellet was
resuspended in lysis buffer (20 mM Tris-Cl, pH 8.0, 2 mM
sodium EDTA, 1.2% Triton X-100, lysozyme 20 mg/mL).
Starting with the cell lysate, the protocol was followed
according to the One-4-all genomic DNA kit (Bio Basic
Canada, Inc., Toronto, Canada). Briefly, 180 μL of the ACL
buffer and 20 μL of proteinase K were added and vortexed.
The mixture was incubated at 56 °C for 1 h. Then, 500 μL of
solution CW2 was added and centrifuged at 9000g for 1 min.
Finally, ethanol was allowed to evaporate from the membrane,
and the obtained DNA was resuspended in 50 μL of nuclease-
free water and stored at −20 °C until its use in the synthesis of
biomorphs.

A. maxima. The DNA of A. maxima was purified from 50
mg of microalgal biomass using the All-in-one kit (Bio Basic
Canada, Inc.). The biomass was supplemented with 350 μL of
lysis buffer, then incubated in a water bath for 10 min at 70 °C.
The lysate was centrifuged at 12,000g for 3 min at 4 °C, and
the supernatant was transferred to a purification column and
centrifuged at 9000g for 1 min at room temperature. Then 500
μL of the CW1 solution was added and incubated for 1 min at
room temperature and then centrifuged at 9000g for 1 min at
room temperature; the supernatant was discarded. The
membrane containing the DNA was supplemented with 500
μL of the CW2 solution and centrifuged at 9000g for 1 min at
room temperature. Then the ethanol was evaporated in a dry
bath at 50 °C for 10 min, and the DNA was resuspended in 50
μL of endonucleases-free water. The extracted DNA was stored
at −20 °C until its use.

C. albicans. The genomic DNA from C. albicans was
obtained following the protocol previously described.31 The
yeast cells were lysed with liquid nitrogen, supplemented with
600 μL of urea buffer (7 M urea, 0.35 M NaCl, 50 mM Tris-
HCl, pH 8.0, 20 mM EDTA, 1% N-lauroylsarcosine), vortexed
for 2 min, and left to rest at room temperature for 30 min.
Then, 600 μL of a mixture of phenol−chloroform−isoamyl
alcohol (25:24:1) was added and vortexed from 2 to 10 min
and centrifuged at 12,000g for 10 min. The aqueous phase was
recovered and placed in an Eppendorf tube. This step was
repeated several times with the phenol−chloroform−isoamyl
alcohol (25:24:1) until the organic phase was no longer visible.
The DNA was precipitated by adding an equal volume of
isopropanol to the recovered supernatant from the previous
step, the tubes were mixed by inversion and then centrifuged at
14,000g for 10 min, the supernatant was discarded, and the
pellet was resuspended in 500 μL of cold ethanol at 70%,
which was vortexed and centrifuged at 12,000g for 10 min. The
supernatant was discarded, the pellet was dried at room
temperature, the pellet was resuspended in sterile nucleases-
free water; and then 1 μL of RNase (20 mg/mL) was added to
each tube and incubated at 37 °C for 20 min. The obtained
genomic DNA was used for the formation of biomorphs.

E. arvense. Extraction and purification of the DNA from E.
arvense was achieved from 50 mg of vegetal tissue, which was
crushed in a mortar with liquid nitrogen until a fine powder

was obtained. The powder was resuspended with 350 μL of
lysis-DRP buffer (according to the instruction of the All-in-one
kit of Bio Basic Canada, Inc.), and then it was incubated in a
water bath for 10 min at 70 °C and the mixture was
centrifuged at 12,000g for 3 min at 4 °C. The supernatant was
transferred to a purification column and centrifuged at 9000g
for 1 min at room temperature. To the center of the membrane
containing the DNA was added 500 μL of solution CW1 and
maintained for 1 min at room temperature. After this time, the
sample was centrifuged at 9000g for 1 min at room
temperature, and the supernatant was discarded. Then, 500
μL of the CW2 solution was added to the membrane
containing the DNA and centrifuged at 9000g for 1 min at
room temperature. Afterward, the ethanol was evaporated in a
dry bath at 50 °C for 10 min. Finally, the DNA was
resuspended with 50 μL of endonuclease-free water and stored
at −20 °C for use for the synthesis of biomorphs.

H. sapiens. Procurement of DNA from peripheral venous
blood was performed following the protocol described in the
One-4-all genomic DNA kit (Bio Basic Canada, Inc.). From
the donor (author of the article, M.C.-C.), 5 mL of peripheral
blood was collected in a tube containing EDTA as
anticoagulant; from this aliquot, 100 μL was taken and placed
in a sterile 1.5 mL microtube containing 20 μL of proteinase K
and 220 μL of PBS (150 mM sodium chloride, 50 mM
potassium phosphate, pH = 7.2). The mixture was
supplemented with 200 μL of cell lysis (CL) buffer, and
vortexed. The mixture was incubated at 56 °C for 10 min,
adding 200 mL of 6% (v/v) ethanol free of nucleases. The
mixture was transferred to an EZ-10 spin column and
centrifuged at 9000g for 1 min, and the supernatant was
discarded. Immediately thereafter, 500 μL of the CW1 solution
was added and centrifuged at 9000g for 1 min, discarding the
supernatant. Then, 500 μL of the CW2 solution was added and
centrifuged for 1 min at 9000g, and the supernatant was
discarded. Evaporation of ethanol was achieved at 50 °C for 10
min in a dry bath. Finally, the DNA was eluted by adding 50
μL of water free of DNases. The obtained DNA was stored at
−20 °C to be used in the synthesis of biomorphs.

Electrophoretic Analysis. The obtained DNA was
visualized through agarose gel electrophoresis denaturalized
at 0.8% using the procedure described by Rickwood and
Hames.41 The gel was stained with 0.1% ethidium bromide,
and the bands were observed in a UV transilluminator (Gel
Doc XR System, Bio-Rad, Hercules, CA).

Spectrophotometric Analysis. The quality and concen-
tration of the DNA samples was assessed with a spectropho-
tometer (Nanodrop, 2000). The absorbance of each sample
was measured at 230, 260, and 280 nm to estimate their quality
ratios A260 nm/A280 nm and A260 nm/A230 nm.

Biomorph Formation. Formation of the calcium, barium,
or strontium silica−carbonate biomorphs was achieved by the
gas diffusion method.42 Experiments were performed on glass
plates of 5 mm in length, 5 mm in width, and 1 mm of
thickness. The glass plate was placed inside a crystallization cell
with a final volume of 200 μL. The biomorph synthesis
solution was prepared with a mixture of 1000 ppm sodium
metasilicate, 20 mM calcium, barium, or strontium chloride,
and 50 ng of genomic DNA. Finally, the pH of the mixture was
adjusted to 11.0 with sodium hydroxide. All reagents were
from Sigma-Aldrich (St. Louis, MO). Experiments were
performed at 37 °C in two different conditions: the first at
constant 5% (v/v) CO2 inside of an incubator and the second
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in conditions emulating current atmospheric conditions called
RTP; see Table 1. In this way, 42 different biomorph synthesis
conditions were attained. Biomorph formation was allowed for
24 h. Experiments were repeated in triplicate.

Labeling of Biomorphs with 2-(4-Amininophenyl)-
1H-indole-6-carboxamidine (DAPI). To assess whether
DNA integrates into the structure of biomorphs, the DNA
was labeled with the fluorescent marker 4′,6-diamidino-2-
phenylindole (DAPI) or bis(benzimidazole), and then the
biomorphs were visualized through confocal microscopy. DAPI
was chosen because it is a fluorescent marker that binds
strongly to adenine- and thymine-rich regions in DNA
sequences. The DNA staining technique and its incorporation
were modified, taking as basis the reports by Brunk et al.;
Labarca and Paigen; and Kapuscinki and Skoczylas.42−45

Characterization of Biomorphs. Biomorphs were
observed through scanning electron microscopy (SEM) and
analyzed through Raman microspectroscopy, Fourier trans-
form infrared (FTIR) microspectroscopy, and confocal
microscopy.

Scanning Electron Microscopy (SEM). Biomorphs were
observed by means of SEM microphotographs in a TESCAN
microscope (Brno, Czech Republic) model VEGA3 SB, with a
secondary electron detector (SED) from 10 to 20 kV in high
vacuum conditions (work distance of 10 mm).

Confocal Microscopy. Confocal microscopy was carried out
using a Zeiss LSM700 scanning laser confocal microscope and
image software (Zen 2011, Carl Zeiss MicroImaging GHBH,
Jena, Germany). Confocal images were acquired using an EC
Pln N 10x/0.3 DICI and N Achro Pln 63x/0.85 objective lens
and a 405 nm laser. Vertical optical sectioning at every position
with a slice thickness of 1 μm was used to generate Z-direction
series.

Raman Microspectroscopy. Raman spectrum measure-
ments were recorded with a WITec alpha300 R (WITec
GmbH, Ulm, Germany) using a Nd:YVO4 green laser with a
wavelength of 532 nm and 672 lines/mm grating. The incident
laser beam was focused by a 100× objective (Zeiss, Germany)
with 0.9 NA. Punctual Raman spectra were obtained with 0.5 s
of integration time and 10 accumulations and a Raman map
using 0.03 s of integration time with 14.4 mW of laser power.
The data processing and analysis were performed with the
WITec Project Version 5.1 software.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
analysis was performed in a Nicolet iS50R Thermo-Scientific
(Waltham, MA) spectrometer equipped with an attenuated
total reflectance (ATR) diamond crystal accessory (Smart-

iTX). Spectral acquisitions were collected with 32 scans, 4
cm−1 of spectral resolution, in the range of 525 to 4000 cm−1.
Data processing and analysis were performed with the OMNIC
version 9.0 software.

3. RESULTS AND DISCUSSION
The most typical morphologies for the silica−carbonate
biomorphs of calcium, barium, and strontium have been
properly characterized and have been extensively published in
many papers in the literature. However, the most prevalent and
the most characteristic morphologies have been described
along these results and discussion’s part. It is well known that
the addition in the crystallization environment of a biological
macromolecule, as DNA is, can affect the morphology of
inorganic crystals. Notwithstanding, in biomorphs it has not
been evaluated whether DNA acts as a catalyst and directs the
morphology that the biomorph can adopt, or if it becomes
integrated into the crystalline structure of the biomorph. It is
fundamental to elucidate how the DNA participates in the
structure of the biomorph as this would be proof whether
biomorphs are able or not to isolate the DNA from the
surrounding environment.

3.1. Calcium Silica−Carbonate Biomorphs in the
Presence of DNA Conserve the Biogenicity Markers.
Knowledge of the morphology adopted by biomorphs in the
presence of DNA obtained from different organisms is of
special relevance because they are structures with diverse
biological morphologies that are not formed by cells; however,
some of these biomorphs present simililarities with some Apex
fossils.1 This fact suggests that biomorphs could be considered
as the first “inorganic scaffold” where the first biomolecules,
formed in the primitive era, concentrated, conserved, aligned,
and duplicated to give rise to the pioneer cell. To analyze
whether the DNAs obtained from different organisms modify
or not the morphology of biomorphs, we analyzed their
formation in the presence of DNA from E. coli (bacteria), A.
maxima (algae), C. albicans (yeasts), E. arvense (plants), and H.
sapiens (humans), as well as in the presence of a mixture of the
five DNAs. Synthesis of these biomorphs was performed under
two synthesis conditions: (i) 5% (v/v) CO2 or (ii) at CO2
concentration of the current atmospheric conditions of the
laboratory (RTP). The experiments were performed at 37 °C,
although the effect of different temperatures from ambient to
low temperatures has been already published elsewhere.34

These two conditions were chosen to emulate the conditions
prevailing in the Precambrian era where a high CO2
concentration existed and the atmospheric conditions prevail-
ing in the current era.
The biomorphs synthesized in the presence of calcium

(Ca2+) without DNA, at a high CO2 concentration, presented
rhombohedral and rhombic morphology (Figure 1A), which
has been reported to be characteristic of calcium silica−
carbonates.31,46

Interestingly, in the presence of DNA from E. coli (Figure
1B), C. albicans (Figure 1D), E. arvense (Figure 1E), H. sapiens
(Figure 1F), as well as in the presence of all DNAs (Figure
1G), polycrystalline or multilaminar structures were formed;
this type of structure has been observed previously in the
presence of genomic DNA from C. albicans.31 Additionally, it
has been reported that calcium carbonate can generate several
structural morphologies, including that observed herein.47−49

These data indicate that the calcium silica−carbonates in the
presence of DNA, independently of coming from organisms of

Table 1. Biomorphs Obtained under Different Synthesis
Conditionsa

Ca2+ Ba2+ Sr2+

type of
DNA

5% (v/v)
CO2 RTP

5% (v/v)
CO2 RTP

5% (v/v)
CO2 RTP

control √ √ √ √ √ √
E. coli √ √ √ √ √ √
A. maxima √ √ √ √ √ √
C. albicans √ √ √ √ √ √
E. arvense √ √ √ √ √ √
H. sapiens √ √ √ √ √ √
all DNAs √ √ √ √ √ √

aThe control sample does not contain DNA.
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different kingdoms, are able to adopt practically the
polycrystalline or multilaminar morphology. This stability
characteristic is possibly the reason why this element is
fundamental for life, as it has been part of different structural
and inorganic parts of living organisms since the primitive era
until our current days.
An important issue to consider is that the DNA from A.

maxima did not change the biomorph morphology as
compared to the control (Figure 1C). This behavior could
possibly be explained because algae were one of the first forms
of life on Earth described as the first organisms that were
enveloped by a membrane and with the capacity to duplicate.
To assess whether the morphologies of the biomorphs are

the same in the current CO2 conditions of the Earth with
respect to those obtained at a high CO2 concentration (Figure
1), biomorphs were synthesized in CO2 concentration
emulating current atmospheric conditions (RTP). In the
control calcium sample, the morphology of biomorphs was
rhombohedral and rhombic (Figure 1H), whereas in the
biomorphs synthesized in the presence of DNA from E. coli
(Figure 1I), A. maxima (Figure 1J), C. albicans (Figure 1K), E.
arvense (Figure 1L), and H. sapiens (Figure 1M) they
presented polycrystalline multilaminar arrangements of druse
and chain types. These morphologies were not found under a
5% (v/v) CO2 atmosphere (Figures 1A−G).

Procurement of biomorphs with this type of morphologies in
RTP conditions indicates that in the current atmospheric
conditions of the Earth, in which the CO2 concentration is
lower than in the primitive era, the formation of the different
calcium structures in the different organisms is chemically
plausible. Calcium, as mentioned, is one of the chemical
elements of fundamental importance in nature because it is an
element that helps to sustain life in all kingdoms. Thus, in
prokaryote cells, the Ca2+ ion is found at an intracellular
concentration from 100 to 300 nM, which is like that reported
in eukaryote cells.50−57 Calcium is also part of motility, in the
maintenance of cell structure, and is considered to participate
in diverse cell processes like the cell cycle, the host−pathogen
interaction, chemotaxis, sporulation, and gene expression.57,58

In fungi, calcium also plays an important role in homeostasis,
signaling, and cell structure.59−72

In plants, Ca2+ is an essential nutrient, and like in other
organisms, it is part of the cell wall and membranes and is a
second messenger in diverse processes like fertilization.73−76

Calcium, as a structural component, plays a relevant role in the
morphology of plants, which is influenced by the effects of
tension and compression, and the latter mechanisms are
regulated by Ca2+.77,78 In addition, Ca2+ stabilizes cell
membranes through its interaction with phospholipids,79,80

which reveals that biomolecules interact with Ca2+ to stabilize
the cell structures. For biomorphs synthesized in the presence
of DNA, calcium must be interacting with the phosphate
groups, influencing the morphology they adopt. This
information correlates with the morphology adopted by
biomorphs in the presence of calcium and DNA (Figures
1H−N); this evidence allows us to propose that calcium has
determined the morphology from the first cells in the
Precambrian era (which were limited morphologies, as found
in biomorphs synthesized in 5% (v/v) CO2) (Figure 1A−G))
until living organisms of the current era, with a diversity of
shapes, as observed in the biomorphs synthesized in RTP
conditions (Figure 1H−N).
Ca2+ is the most abundant mineral in the human body; it is

the structural component of bones and teeth and amounts to
99%.81 In the serum, it is found in 1% yield and participates in
muscle contraction, regulation of the cardiac rhythm and
nervous functions, blood clotting, cellular differentiation,
immune response, programmed cell death, and neuronal
activity.81−85

The process of crystalline mineral formation, like calcium
minerals, has been considered to be a biomarker of the
existence of life on Earth and other planets like Mars.86−90 The
crystalline minerals of Ca2+ could display a biotic (microbially
induced) or an abiotic origin as shown for Mars research in
space.86−90 Identifying the origin and polymorphs of calcium
minerals is not a trivial effort because detection of
biomolecular markers in crystalline minerals provides valuable
information on the possible existence of life on Earth. In this
sense, several authors have proposed that the minerals
obtained from controlled mineralization processes can be
used as biomarkers as they fulfill characteristics that are
different from abiotic minerals with the same chemical
composition.90 For the identification of biomarkers, techniques
like Raman and infrared spectroscopy (IR) have been used
because both methods are robust enough to be used in
different samples like stromatolites and microbialites, which are
considered the most primitive organisms that contain traces of
biological activity in our planet.1,87,89 Hence, if some of the

Figure 1. SEM microphotographs of calcium silica−carbonate
biomorphs synthesized in the presence of different DNAs and 5%
(v/v) CO2 (A−G) and in conditions emulating current atmospheric
conditions, called RTP in the second column (H−N).
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compounds proposed as biomarkers in crystalline minerals are
identified in the calcium biomorphs synthesized in the
presence of DNA, it could be proposed that biomorphs
might have been the first crystalline mineral structures where
the biomolecules formed in the Precambrian were conserved
and duplicated. However, because they are crystalline
structures on the nano- or micrometer scale, no registries are
found among the fossil remnants. To assess whether some
biogenicity marker could be identified in the obtained calcium
biomorphs (Figure 1), in addition to its chemical composition,
the biomorphs were subjected to Raman and infrared
spectroscopy.
Figure S1 shows representative samples of the obtained

biomorphs characterized by Raman spectroscopy. In the
Raman spectrum corresponding to the control samples
produced in 5% (v/v) CO2 and RTP conditions, bands at
157, 283, 713, 1085 and at 165 291, 724, 1093 cm−1,
respectively, were identified (Figure S1A,B, Table 2). These
vibrations correspond to CaCO3 in one of its polymorphs that
corresponds to calcite with a trigonal P3-m structure.32,91,92 In
this case, no bands corresponding to any compound that
would correspond to a biomarker in fossils was identified.
Kerogen has been proposed as a biogenicity marker because
the carbon isotopic composition of biogenic kerogen and
carbonate carbon coexist since the Precambrian era; and
kerogen has been identified in Apex cherts.1−3,93,94 In the
Raman spectrum, the presence of kerogen is typically identified
in two bands around 1300 (Band “D”) and 1600 (Band “G”)
cm−1, as well as in poorly intense bands of 2600−2900
cm−1.1,94 In biomorphs, bands D and G appear between 1300
and 1700 cm−1, and generally, one band or the two poorly
intense bands are identified from 2600 to 2900 cm−1. The IR
analysis of the microstructure of the two silica-calcium
carbonate crystals showed both conditions’ peaks at 760,

872, 903, 1394, 1560, 1654, 1685, 1793, and 1968 cm−1

(Figure S1A,B, Table 2). These results confirm that they
correspond to abiotic type calcite because if there had been the
presence of any compound used as biogenicity marker, they
would have been the characteristics kerogen bands, which
appear approximately at 700, 900, 1630, 1710, 2890, and 2930
cm−1.95 The small variations in these values in the IR spectra
have been reported to be due to the type of kerogen and the
degree of maturation.95 Interestingly, in the DNA samples
from E. coli at a high CO2 concentration, bands corresponding
to abiotic type calcite were also identified (Table 2). Like in
RTP conditions, abiotic-type calcite was identified (Figure
S1D, Table 2).
Biomorphs produced with DNA from A. maxima in 5% (v/

v) CO2 showed an abiotic-type vaterite polymorph, whereas in
RTP conditions, calcite, aragonite, and vaterite but of the
biotic type were identified (Table 2). For biomorphs obtained
with DNA from an eukaryote unicellular organism, like C.
albicans, both at a high and low (RTP) concentrations of CO2,
polymorphs of calcite were identified in presence of kerogen
(Table 2). Analysis of the silica−carbonate samples obtained
with DNA from E. arvense with 5% (v/v) CO2 revealed the
three polymorphs calcite, aragonite, and vaterite (Table 2),
whereas in RTP conditions, the biotic-type calcite polymorph
was identified in both conditions (Table 2). With the DNA
from H. sapiens, calcite and aragonite polymorphs were
obtained in the presence of kerogen in both conditions
(Table 2). Finally, in the presence of all DNAs, the biomorphs
synthesized at a high CO2 concentrations presented the biotic-
type calcite and vaterite polymorphs, whereas the biomorphs in
RTP conditions only presented the calcite polymorph (Table
2). Among minerals, CaCO3 is of great interest because
organisms from all kingdoms are able to biomineralize it,
generally in the calcite and aragonite polymorphs, and this

Table 2. Identification through Raman and IR Spectroscopy of the Polymorphs of Calcium Silica−Carbonate Biomorphsa

type of
DNA

type of
synthesis Raman (λ cm−1) IR (λ cm−1)

composition/
biotic or abiotic

control 5% (v/v)
CO2

157, 283, 713, 1085 760, 872, 903, 1394, 1560, 1654, 1685,
1793, 1968

calcite/abiotic

RTP 165, 291, 724, 1093 603, 756, 870, 905, 1074, 1389 calcite/abiotic
E. coli 5% (v/v)

CO2

156, 282, 712, 1084 548, 604, 712, 757, 870, 904, 1388, 1793,
1979

calcite/abiotic

RTP 172, 290, 782, 1093, 2925, 2982 577, 587, 603, 712, 760, 871, 897, 1406,
1793

calcite/abiotic

A.
maxima

5% (v/v)
CO2

105, 156, 283, 712, 1085 573, 603, 712, 757, 870, 1387, 1793,
1978

vaterite/abiotic

RTP 111−113, 121, 165, 275, 290, 456, 499, 720, 803, 1093, 1125, 1444, 1689, 1706,
2769, 2976

712, 792, 871, 1069, 1406, 1795, 2870,
2940

calcite, aragonite,
vaterite/biotic

C.
albicans

5% (v/v)
CO2

100, 103, 109, 158, 283, 489, 712, 1085, 1460, 1546, 2934 572, 712, 756, 870, 900, 1390, 1795,
2073, 2503, 2880, 2920

calcite, vaterite/
biotic

RTP 118, 165, 290, 720, 1093, 1443, 1450, 1757, 2978 541, 712, 797, 870, 1081, 1260, 1390,
1800, 2560, 2870, 2910

calcite, vaterite/
biotic

E. arvense 5% (v/v)
CO2

103, 110, 282, 426, 487−491, 570−585, 712−793, 827, 1085, 1102−1109, 1442,
1501, 1588, 1757, 2152−2182, 2360, 2428, 2534, 2905−2998

626, 712, 870, 902, 1064, 1390, 1794,
2850, 2940

calcite, aragonite,
vaterite/biotic

RTP 165, 290, 720, 1093, 1443, 1757, 2865 712, 796, 871, 1062, 1393, 1793, 2507,
2870, 2940

calcite/biotic

H. sapiens 5% (v/v)
CO2

112−114, 158, 283, 446, 554, 713, 973, 1086, 1436, 1750, 2153, 2264, 2601, 2906,
2914

626, 712, 757, 870, 902, 1064, 1390,
1794, 1976, 2024, 2507, 2880, 2930

calcite, aragonite/
biotic

RTP 123, 164, 290, 560, 718, 1088, 1093, 2460, 2971 582, 712, 871, 907, 1080, 1261, 1406,
1793, 2018, 2153, 2560, 2990

calcite, aragonite/
biotic

all DNAs 5% (v/v)
CO2

102−104, 158, 283, 378,550, 713, 1086, 113, 1615, 2242, 2375, 2585, 2941 574, 597, 604, 617, 712, 761, 871, 898,
1389, 1788, 2870, 2910

calcite, vaterite/
biotic

RTP 164, 290, 720, 1093, 1444, 1756, 2504, 2935 561, 573, 604, 711, 869, 1063, 1369,
1792, 2860, 2940

calcite/biotic

aThe control sample does not contain DNA.
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finding is considered the most ancient evidence of life,
although they can be synthesized biotically and abioti-
cally.88,89,96 The polymorph calcite (microbially induced) is a
biogenic mineral that has been conserved in organisms for at
least 500 million years and is present in most organisms.96−102

Our results showed that the CaCO3 biomorphs obtained in the
presence of genomic DNA correspond precisely to the calcite
polymorphism in all conditions (Table 2). This is an important
datum as it can explain the reason why this polymorphism in
fossils is found in the five kingdoms in nature. In addition, it is
obtained in RTP conditions, which are the usual conditions for
many organisms of our current era, supporting the hypothesis
that this biogenic mineral is the link between the Precambrian
era and the subsequent ones. Additionally, the fact that in the
presence of genomic DNA CaCO3 polymorphisms can coexist
could explain the proposal that the calcite and aragonite
polymorphisms are the most abundant crystalline structures in
organisms from microorganisms to humans,101 with calcite
being the one with the highest stability,96−102 which was
identified also in all biomorphs, independently from the
synthesis conditions (Figure 1, Table 2). The fact that there
are organisms constituted by two CaCO3 polymorphs suggests
that since the Precambrian era, with the existence of

biomolecules, the organisms formed vital crystalline structures
that have been conserved along millions of years.32,33 Our
results also show that kerogen was identified as a biomarker of
biogenicity in the presence of DNA from both prokaryote and
eukaryote organisms (Table 2). To the best of our knowledge,
this is the first time that kerogen could be identified in both
atmospheric conditions, that emulating those of the Precam-
brian and the current atmosphere in the presence of DNAs.
Even though these results do not conclusively mean that the
biomorphs are the structures found in cherts (archaic
microfossils), it must comply with given conditions, that is,
to be geochemically plausible, which is inferred from the
characteristic kerogen signal, a condition that is complied with
by the biomorphs we have synthesized in the presence of a
biomolecule like the DNA (Figure 1, Table 2). They will
always keep the footprint or biomarker that their origin is
biogenic, independent from the time elapsed since their
synthesis as in the case of the Apex cherts.1 In addition, their
morphology will be different from the mineral of biotic origin.
For the biomorphs synthesized with the different DNA (Figure
1), the encountered morphologies had a laminar or granular
pattern, morphologies that have been reported in the
biomineralized CaCO3 of organisms. The laminar pattern is

Figure 2. Microphotographs of barium or strontium silica−carbonate biomorphs observed through SEM at 5% (v/v) CO2 or RTP. Biomorphs
were synthesized in the absence (control, A, H, O, V) or presence of DNA from E. coli (B, I, P, W), A. maxima (C, J, Q, X), C. albicans (D, K, R, Y),
E. arvense (E, L, S, Z), H. sapiens (F, M, T, AA), and a combination of the DNAs of the five organisms (G, N, U, BB).
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found in corals, sponges, and fossil shells, whereas the small
crystals granular pattern is found in algae, microbialites, and
stromatolites.88

3.2. Barium and Strontium Biomorphs Are Selective
toward a Given Type of DNA. Barium and strontium
biomorphs are of additional interest because, like the calcium
biomorphs, they form morphologies that resemble living
organisms and primitive organisms.32,33,103−105 Therefore, to
assess whether the morphology of biomorphs changed in the
presence of DNAs, as observed with the calcium ones, we
performed the synthesis of barium or strontium silica−
carbonates in the presence of these biomolecules and under
high or low CO2 concentration. The control barium
biomorphs under a 5% (v/v) CO2 current formed a spherulitic
morphology (Figure 2A), which is the typical morphology
observed in these synthesis conditions.32,33 The morphology
adopted by the barium biomorphs in the presence of DNA
from E. coli was of spherulitic type (Figure 2B), but the shape
and distribution of the spicules of the crystals is very different
from the controls (Figure 2A). For the biomorphs obtained
with DNA from A. maxima (Figure 2C), C. albicans (Figure
2D), and E. arvense (Figure 2E), hollow structures were
obtained resembling the skeleton of some type of face with
clefts and crystals of short spicules This type of morphology is
not commonly found in barium biomorphs; this contrasts with
the morphology found in the biomorphs synthesized in the
presence of DNA from H. sapiens, where they adopted a
morula-type spherulitic morphology (Figure 2F). In the
presence of the DNAs of the different organisms, the
biomorphs also presented the morula-type spherulitic
morphology (Figure 2G). This result reveals that in this
combination the DNA from H. sapiens prevails over the other
DNAs. The appearance of cell divisions, as in the morula-type
process, it is favored by means of certain structures with clefts
(Figure 2C−E). Our results agree with previous findings of our
research team and thpse of other authors because the barium
silica−carbonates are capable of forming structures that
emulate early forms of life such as ancient micro-
fossils.32−34,38−40 In addition, having obtained Ba2+ biomorphs
with morphologies resembling radiolarians and diatoms106,107

in the presence of DNA is interesting evidence, as it suggests
that possibly radiolarians and diatoms were formed after the
primitive era and have been conserved until the present time.

Another condition in which barium biomorphs were
synthesized was at low CO2 (RTP) in the presence of the
different DNAs. As shown in Figure 2H, the biomorphs of the
control sample presented morphologies of leaves, flowers,
helixes, and spheres, which are typical morphologies found in
the absence of DNA.32−34 The samples treated with the DNA
from E. coli (Figure 2I), A. maxima (Figure 2J), and C. albicans
(Figure 2K) showed morphologies of leaves and stems,
whereas those obtained with the DNA from H. sapiens (Figure
2M) showed a worm-type helix morphology. The biomorphs
with the combination of all DNAs revealed a morphology
where the worm-like helix morphology stands out (Figure 2N),
similar to the morphology encountered with the DNA from H.
sapiens (Figure 2M). In the barium biomorphs synthesized at a
high CO2 concentration (Figures 2A−G), which emulates the
atmosphere present in the Precambrian, the favored
morphologies resembled radiolarians and diatoms, organisms
that could have existed in that primitive era.106−108 In contrast,
the morphologies obtained in RTP conditions are common in
the current epoch (Figures 2H−N). The results could
indirectly indicate how the atmospheric conditions of the
primitive era favored relatively more simple morphologies,
although of great beauty, like radiolarians and diatoms. When
the atmospheric conditions changed, it is possible that these
structures had to adequate themselves, favoring the diversity of
morphologies, which gave rise to the evolution of species.
For the strontium biomorphs synthesized without DNA, a

sphere-type morphology with discrete clefts was observed
(Figure 2O); this is one of the typical morphologies reported
in these conditions.32−34 The biomorphs synthesized in the
presence of the different DNAs also presented a spherical
morphology but without clefts and with a different crystalline
structure; some biomorphs showed a smooth surface like the
biomorphs obtained in the presence of the DNA from E. coli
(Figure 2P), C. albicans (Figure 2R), and H. sapiens (Figure
2T), and others showed a rugose texture like those with the
DNA from A. maxima (Figure 2Q) and E. arvense (Figure 2S).
The biomorphs obtained with all of the DNAs also showed a
smooth spherical morphology but with marked lines (Figure
2U). These data are relevant because it has been described that
strontium was part of some of the first organisms since the
Precambrian era and has been conserved until the present day,
and most strontium biomorphs present spherical morphology
with different textures.106−108 SEM images of the strontium

Figure 3. Comparison of morphologies between the biomorph obtained with DNA from A. maxima and Sr2+ (A) and algae found in nature (B).
(B) Public domain picture under the standard license from IStock by Getty Images: www.istockphoto.com.
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silica−carbonates formed under RTP conditions revealed that
the control sample presents spiral, leaf, and flower structures
(Figure 2V). This morphology corresponds to a typical
structure as reported by our research team and other
authors.32−34,39,109 The Sr2+ silica−carbonates synthesized
with genomic DNA from E. coli presented a morphology of
leaves (Figure 2W), whereas those with DNA from A. maxima
presented a morphology similar to algae (Figures 2X and 3).
Obtaining this morphology precisely with the DNA from the
alga A. maxima and strontium is very interesting because
having a morphology similar to that of algae of the current
epoch evidence that it can be the linking point between the
Precambrian and recent eras. In this sense, Sr2+ has been
identified in 744 marine carbonates during the Phanerozoic
era,110 and currently, there are organisms, including algae, that
contain strontium.111

Samples obtained in the presence of DNA from C. albicans
(Figure 2Y), E. arvense (Figure 2Z), H. sapiens (Figure 2AA),
and the mixture of all DNAs (Figure 2BB) showed a
morphology of flowers and compound leaves more complex
than those of the control sample (Figure 2V). Obtaining
biomorphs with more complex leaf, flower, and spiral
morphologies in the presence of DNAs from eukaryote
organisms is interesting because it suggests that this could be
the reason why eukaryote organisms present more complex
and differentiated morphologies than prokaryote organisms.
Additionally, to learn the chemical composition and the

crystalline structure of the Ba2+ and Sr2+silica−carbonates, they
were analyzed through Raman and IR spectroscopy like the
calcium silica−carbonates. The Raman spectrum of the control
sample of the Ba2+ silica−carbonate biomorphs in the presence
of 5% (v/v) CO2 showed bands at 93, 139, 155, 229, 692, and
1059 cm−1 (Table 3), whereas in the same sample but in the
presence of RTP conditions, the bands were found at 101, 145,
158, 228, 697, 1064, 1361, and 1609 cm−1. In both samples,
these vibrations correspond to the BaCO3 polymorph
aragonite-type, named witherite.112,113 In these samples, the
band corresponding to kerogen was not identified; hence, they

are considered of abiotic origin. In the barium samples
synthesized in the presence of DNA from E. coli obtained at
high or low CO2, the characteristic peaks of witherite were
identified plus three peaks approximately at 1300, 1600, and
2900 cm−1 (Table 3). As stated before, these peaks indicate the
presence of kerogen, proposed as a marker of biogenicity.1,94

Therefore, these samples are considered of biotic origin. The
microstructure analysis of the silica−carbonate crystals through
IR spectroscopy, in both conditions, revealed peaks at 554,
582, 600, 692, 778, 854, 894, 1058, 1412, 1577, 1751, 1980,
2451, 2830, 2910 cm−1 (Table 3), confirming the presence of
kerogen in these samples through both Raman and IR
spectroscopy.
Regarding barium silica−carbonate biomorphs synthesized

with DNA from A. maxima, at 5% (v/v) CO2, the abiotic-type
witherite was found, whereas in concentrations emulating
current atmospheric conditions of the laboratory, biotic
witherite was formed (Table 3). The biomorphs obtained
with DNA from C. albicans in 5% CO2 corresponded to biotic-
type witherite; in contrast, biomorphs obtained in RTP
conditions showed spectra with the characteristics of abiotic-
type witherite (Table 3). Surprisingly, biomorphs in the
presence of DNA from E. arvense, H. sapiens, and the
combination of all DNAs in both conditions showed the
characteristic witherite bands but not that of kerogen (Table
3). These data indicate, on one side, that the presence of
barium with these types of DNA does not favor the formation
of this biomarker, and on the other side that the DNA from E.
arvense and H. sapiens is not compatible with this chemical
element, which would explain why barium is not a component
of plants and the human body.
In summary, these results indicate that the biomorphs in the

presence of Ba2+ and DNA, like the calcium silica−carbonate
biomorphs, could be the first mineral crystalline structure
where the biomolecules of the Precambrian were isolated from
the existing environment and, in this way, were conserved and
duplicated, favoring the diversity of organisms. But, relevantly,
they also show that the DNAs of plants and humans are not

Table 3. Identification through Raman and IR Spectroscopy of the Barium Silica−Carbonate Biomorphsa

type of
DNA

type of
synthesis Raman (λ, cm−1) IR (λ, cm−1)

composition/biotic or
abiotic

control 5% (v/v)
CO2

93, 139, 155, 229, 692, 1059 692, 794, 855, 1073, 1415 witherite/abiotic

RTP 101, 145, 158, 228, 697, 1064 603, 692, 800, 854, 954, 1080, 1413, 1577 witherite/abiotic
E. coli 5% (v/v)

CO2

93, 142, 156, 224, 1060, 1296, 1449, 1607,
2917

554, 582, 600, 692, 778, 854, 894, 1058, 1412, 1577, 1751, 1980,
2451, 2830, 2910

witherite/biotic

RTP 99, 141, 152, 223, 692, 930, 1060, 1357,
1508, 2936

603, 692, 855, 953, 1077, 1416, 1576, 1748, 1979, 2161, 2990 witherite/biotic

A.
maxima

5% (v/v)
CO2

94, 139, 155, 225, 691, 1059, 2922 591, 692, 785, 855, 1058, 1417 witherite/abiotic

RTP 141, 152, 224, 694, 1061, 1425, 1508, 2920 692, 799, 854, 953, 1077, 1471, 1600, 1750, 2970 witherite/biotic
C. albicans 5% (v/v)

CO2

104, 146, 161, 475, 698, 1066, 1461, 1613,
2924

604, 662, 786, 855, 951, 1076, 1416, 1749, 1960, 2050, 2450,
2650, 2830, 2920

witherite/biotic

RTP 101, 143, 696, 1061, 2934 572, 609, 692, 799, 854, 950, 1080, 1413, 1557 witherite/abiotic
E. arvense 5% CO2 95, 140, 157, 225, 692, 1060 692, 800, 856, 958, 1080, 1415 witherite/abiotic

RTP 141, 225, 693, 1061, 2940 662, 788, 856, 933, 1074, 1413 witherite/abiotic
H. sapiens 5% (v/v)

CO2

102, 146, 162, 230, 698, 1066 692, 789, 855, 1058, 1417 witherite/abiotic

RTP 99, 142, 152, 225, 694, 1011, 1061 604, 761, 896, 1054, 1417 witherite/abiotic
all DNAs 5% (v/v)

CO2

94,108, 145, 224, 690, 1059 692, 788, 855, 1058, 1418 witherite/abiotic

RTP 141, 222, 692, 1060, 2917 662, 799, 855, 953, 1080, 1417, 1576 witherite/abiotic
aThe control sample does not contain DNA.
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compatible with this chemical element (barium), which would
reveal that, indeed, current plants and humans did not
originate in the Precambrian era, but rather in more recent
eras.114,115 In contrast, for example, there are algae and some
marine organisms that are compatible with barium and even
strontium and have conserved it until our current epoch.116

The chemical composition and crystalline structure of the
strontium silica−carbonates was also determined. The control
sample at 5% (v/v) CO2 showed bands at 105, 256, 488, 1072,
1302, and 1456 cm−1 (Table 4). These vibrations correspond
to SrCO3 in the crystalline structure of strontianite, which is
identical to that of aragonite.32−34,113,117 The control
strontium biomorphs synthesized in RTP conditions (Table
4) showed the characteristic peaks reported for strontianite. In
both conditions, the peaks corresponding to kerogen were not
identified; hence, they correspond to abiotic-type strontianite.
The Raman spectra of the strontium silica−carbonates
synthesized with DNA from E. coli or A. maxima showed the
characteristic peaks of strontianite and kerogen (Table 4).
In the biomorphs obtained in the presence of DNA from C.

albicans with 5% (v/v) CO2, only the characteristic peaks of
strontianite were identified; hence, they are of abiotic type
(Table 4). In those produced under RTP conditions, also
strontianite was identified, together with a low intensity band
at 2917 cm−1, but kerogen characteristic peaks were not
identified (Table 4); hence, they are also of abiotic type. In
biomorphs synthesized with DNA from E. arvense at both CO2
concentrations, characteristic peaks of strontianite and kerogen
were identified (Table 4). These are interesting results because
they could suggest that the pioneer cells that later gave origin
to algae, as we know it today, were compatible with the
strontium present in the Precambrian, and some of these algae
have conserved strontium since that era. The latter shows that
strontium in contrast to barium is an element that under
certain condition can be part of plants. The biomorphs
obtained with DNA from H. sapiens, and the combination of all
DNAs, in both synthesis conditions, showed the peaks

corresponding to strontianite, but not those of kerogen
(Table 4); in this case, like with barium, our data indicate
that the human DNA is not compatible with these chemical
elements.
These results are relevant and agree with other authors, who

have reported that in several organisms like some species of
algae, invertebrates, and fish, calcium and strontium have been
identified mainly, and barium has been found only in few
organisms.111 Data indicate that, indeed, although strontium
and barium are elements of similar chemistry,116 strontium is
preferred over barium in some organisms. This preference
could be favored by the availability of this element because
strontium can be found in different habitats like soils, peat
bogs, and aquatic media.118,119 However, the human DNA is
not compatible with any of these two chemical elements,
suggesting that even in very simple systems, like biomorphs, it
can be noted that calcium is an element completely compatible
with this type of DNA, allowing for a selection at the chemical
level since the origin of each organism.

3.3. DNA Is Internalized and Becomes Part of the
Biomorphs’ Structure. The morphology and the crystalline
habit of biomorphs depend on the type of DNA employed as
well as on the alkaline earth metal that participates in its
synthesis (Figures 1 and 2, Tables 2−4). Notwithstanding, in
biomorphs it has not been evaluated whether DNA acts as a
catalyst and directs the morphology that the biomorph can
adopt, or if it becomes integrated into the crystalline structure
of the biomorph. It is fundamental to elucidate how the DNA
participates in the structure of the biomorph, as this would be
proof that biomorphs are able or not to isolate the DNA from
the surrounding environment. Besides, it would prove the
biogenicity that favors the formation of kerogen, as we have
shown in the biomorphs synthesized with the different DNAs.
The latter will allow us to propose biomorphs as one of the
first mineral structures where the biomolecules formed in the
Precambrian could be isolated, protected, and duplicated,

Table 4. Identification through Raman and IR Spectroscopy of the Polymorphs of Strontium Silica−Carbonate Biomorphsa

type of
DNA

type of
synthesis Raman (λ, cm−1) IR (λ, cm−1)

composition/biotic or
abiotic

Control 5% (v/v)
CO2

105, 256, 488, 1072, 1456 548, 608, 705, 854, 1070, 1439, 2005, 2005 strontianite/abiotic

RTP 158, 190, 252, 710, 1080, 1461 798, 854, 953, 1080, 1444 strontianite/abiotic
E. coli 5% (v/v)

CO2

104, 112, 122, 486, 1072, 1454, 1605, 2880, 2960 604, 698, 705, 854, 953, 1070, 1143, 1730,
2900

strontianite/biotic

RTP 150, 181, 244, 700, 1072, 1361, 1450, 2874, 2934 795, 854, 944, 1081, 1458, 1716, 2840, 2970 strontianite/biotic
A. maxima 5% (v/v)

CO2

109, 152, 479, 700, 913, 1071, 1177, 1451, 1606, 1870, 2205,
2406, 2889

688, 705, 796, 854, 960, 1070, 1441, 1750,
2900

strontianite/biotic

RTP 111, 154, 487, 1071, 1467, 1645, 2885 608, 705, 798, 854, 946, 1077, 1458, 1578,
1710, 2960

strontianite/biotic

C. albicans 5% (v/v)
CO2

112, 150, 182, 700, 1071 577, 604, 688, 705, 1070, 1979 strontianite/abiotic

RTP 111, 151, 182, 699, 1072, 2917 794, 854, 945, 1077, 1442 strontianite/abiotic
E. arvense 5% (v/v)

CO2

108, 572, 1072, 1455, 1608, 1953, 2025, 2476, 2887, 2951 604, 698, 705, 854, 853, 1070, 1442, 1712,
2950

strontianite/biotic

RTP 115, 151, 183, 246, 701, 1072, 1456, 1608, 2769, 2940 792, 945, 1077, 1446, 1700, 2850, 2930 strontianite/biotic
H. sapiens 5% (v/v)

CO2

150, 182, 1071 698, 854, 1070, 1433, 1879 strontianite/abiotic

RTP 115, 184, 700, 1072, 1775, 1937 792, 845, 1077, 1448 strontianite/abiotic
all DNAs 5% (v/v)

CO2

114, 151, 183, 699, 1071 580, 773, 854, 1068, 1232, 1437, 1768, 1988,
2158

strontianite/abiotic

RTP 105, 150, 182, 699, 1071, 2915 705, 792, 854, 1077, 1441 strontianite/abiotic
aThe control sample does not contain DNA.
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allowing for their conservation and posterior evolution and
generation of the different organisms.
To assess the participation of DNA in the structure of

biomorphs, DNA from all kingdoms was stained with the
DAPI fluorochrome; then the biomorphs were visualized
through confocal microscopy. The DNA staining technique
and the incorporation to biomorphs was modified, and the
synthesis was adjusted for this, based on reports by Brunk et
al., Labarca and Paigen, and Kapuscinki and Skoczylas,43−45 as
this is the first time that a fluorochrome was used for this
purpose in biomorphs. Biomorphs with and without DNA
were inspected in the presence of DAPI for the three types of
silica−carbonates, (i) Ca2+, (ii) Ba2+, and (iii) Sr2+ at both CO2
concentrations, as described in the Experimental Section. The
synthesized biomorphs were visualized through SEM, bright
field, and fluorescence (Figures 4, 5). The DNA used for each
alkaline metal was selected as follows: Ca2+ was from DNA of
E. coli; Ba2+ was from DNA of H. sapiens and Sr2+ was from
DNA of A. maxima.
Regarding the biomorphs synthesized at a 5% (v/v) CO2

concentration, the control calcium silica carbonates are not
autofluorescent, as shown by fluorescence micrographs (Figure
4A), whereas in the sample of DNA marked with DAPI (DNA-
DAPI), fluorescence colocalized with the biomorphs (Figure
4A), revealing that the DNA is localized in the biomorphs, as

no fluorescence is observed in any other field outside of them.
For the control sample of the barium biomorphs, as shown in
the fluorescence micrograph, the barium exhibited low
autofluorescence, barely perceived as a spot (Figure 4B). In
contrast, the barium biomorphs synthesized with the DNA-
DAPI, showed a high intensity fluorescence (Figure 4B). Like
with the calcium biomorphs, fluorescence is localized only
within the barium biomorphs (Figure 4B). The control sample
of the strontium biomorphs shows barely perceptible spots;
this is because barium and strontium per se present a very low
fluorescence (Figure 4C), whereas in those with DNA-DAPI,
the DNA was localized in the biomorphs (Figure 4C).
To prove that the binding of DNA to the DAPI biomorphs

was achieved in RTP conditions (Figure 5), in the control
calcium biomorphs, no fluorescence was found (Figure 5A),
whereas in those obtained in the presence of DNA-DAPI,
fluorescence was identified only in biomorphs (Figure 5A), as
had been observed with 5% (v/v) CO2 (Figure 4A).
In the control samples with barium and strontium, barely

perceptible fluorescence spots were observed (Figure 5B,C),
which correspond to the self-fluorescence that these chemical
elements have as mentioned before. The biomorphs
synthesized with DNA-DAPI in the presence of barium or
strontium presented a defined fluorescence in the biomorphs
(Figure 5B,C). Another important issue to analyze was
whether the DNA was sourced from prokaryotes or

Figure 4. Micrographs of biomorphs synthesized in the absence or
presence of DNA-DAPI under a constant 5% (v/v) CO2 current with
(A) Ca2+, (B) Ba2+, or (C) Sr2+, obtained through SEM, bright field,
and confocal microscopy.

Figure 5. Micrographs of biomorphs synthesized in the presence or
absence of DNA-DAPI in RTP conditions with (A) Ca2+, (B) Ba2+, or
(C) Sr2+, obtained through SEM, bright field, and confocal
microscopy.
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eukaryotes; therefore, we marked the DNAs of all organisms.
Although it was observed that independently from the
synthesis conditions and the used DNA, the DNA is localized
in the biomorphs (Figures 4, 5, and S2), we were interested in
knowing whether the DNA was in the external part of the
biomorphs or if it became integrated internally in their
structure. Knowing this is relevant as it allows understanding
whether the DNA is located inside like in cells. With this in
mind, biomorphs were subjected to optical sections, as
confocal microscopy allows us to perform several fine optical
sections and then perform tridimensional reconstructions, that
is, in the depth plane of the sample, originating an image with
the information from the x, y, z planes. This tool is used, for
example, to know the changes in the expression and
distribution of molecules in organelles, as well as in the
analysis of colocalization of membrane or intracellular
biomolecules.120,121 When performing the optical sections in
several biomorphs synthesized in the presence of DNA-DAPI,
we found, interestingly, that the DNA is inside the biomorph
in both conditions and with the three analyzed chemical
elements (Figure 6).
Additionally, to show that, in biomorphs with different

morphologies, the DNA is located in their interior, we depict a
biomorph that emulates a leaf with stems and flowers where

the DNA is found inside the different morphologies (Figure
S3).
In general, these data evidence that the DNA is located

inside the biomorphs, which allows us to infer that, indeed,
biomorphs are good candidates to allow biomolecules like the
DNA to get isolated from the environment, independently
from the synthetic conditions. This ability of DNA to be
incorporated to the structure of the biomorphs in both
synthesis conditions agrees with reports from other authors,
who have proposed that the first organism was constituted by a
mineral part and an organic part.122 This author postulates that
this pioneer organism first evolved toward a cellular
membrane, which would cover the mineral part.122 It has
also been proposed that this first organism contained the first
biomolecules like RNA, DNA, ribosomes, and enzymes and
had a fixed metabolism.123,124 From this organism, through
slow and complicated evolutionary processes, the development
of more complex organisms was favored.125 Our results agree
with these hypotheses because as observed the DNA becomes
internalized in biomorphs; in this way, it was protected from
the external environment (Figures 4−6), which would be the
equivalent of the protocell proposed by Wac̈htershaüser.122

From this mineral−organic structure the cell membrane was
formed, and more complex organisms were originated, as

Figure 6. Representative images of the fine optical sections and tridimensional reconstructions of biomorphs synthesized in the presence of DNA-
DAPI, with (A) Ca2+, (B) Ba2+, or (C) Sr2+, obtained through bright field and confocal microscopy.
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proposed by several authors.123−125 This hypothesis is the
most viable regarding the origin of life on Earth as proposed
because, as known, all organisms are constituted by a mineral
portion that is part of the structure and function. This
characteristic has been proposed to have existed since the
protocell,122 and this mineral−organic relation was necessary
for the origin of life in the Precambrian era is now supported
by our results. Or it is the possible basis for how organisms of
all kingdoms have conserved their mineral part in their
structures. In this way, through the mineralization process,
organisms produce the materials required for their protection
and support. The synthesis of biogenic minerals among
organisms of the five kingdoms has been widely described in
bacteria, yeasts, protists, plants, and animals.28,32−34 Addition-
ally, our results strengthen the proposals of other research
teams that indicate that the first biomolecules and, hence, the
first organism originated in the primordial soup included
minerals.126−134 Another hypothesis supported by our results
concerning the participation of minerals in the origin of life is
the proposed mechanism through which minerals formed the
crystals that are part of organisms.135 The fourth evidence is
that we were able, for the first time, to identify kerogen bands
in conditions that emulate the Precambrian as well as in the
current RTP conditions in the presence of DNA. This had not
been achieved because the presence of this biomarker in
biomorphs had been induced in extreme conditions.38,136 Our
results show that biomorphs could have been the first mineral
structures in which the biomolecules formed in the
Precambrian were concentrated, aligned, polymerized, and
protected from UV radiations and hydrolysis, allowing for the
formation of polymers, which assembled to form the first
organisms, and later on, all organisms were formed through
macroevolution.30

Finally, our proposal that biomorphs could have been the
first mineral structures in which the pioneer biomolecules of
the primigenial Earth were isolated from the environment to
give origin to the first organisms is based on the similarities
that biomorphs share with organisms from the cherts, like
radiolarians and diatoms, which are as follows. (i) Both
radiolarians and diatoms have a mineral skeleton, which is
always of silica, a characteristic they share with biomorphs as
their structure is also a silicate and require silicon for their
synthesis. (ii) Both radiolarians and diatoms are unicellular
organisms, although sometimes several organisms can coexist, a
characteristic also found in biomorphs in the presence of DNA,
where most synthesized biomorphs are found as individual
biomorphs, with a minimal amount of grouped biomorphs.
(iii) Radiolarians generally present a hollow structure, like
some diatoms, a characteristic presented also by biomorphs.
(iv) Both radiolarians and diatoms can have very elaborated
and beautiful structures, just like biomorphs. (v) The body of
radiolarians can be divided in an internal and an external part,
leaving the nucleus in the inside; this characteristic was
assessed in this work, where it was determined that biomorphs
also present an external and an internal part. (vi) The DNA in
radiolarians and diatoms is in their interior; the DNA in
biomorphs is also located in their interior as shown in this
work (Figures 4−6, S2, and S3). On the other side, the
identification of kerogen, plausibly synthesized geochemically
in biomorphs, complies with microfossil studies that establish
that to confirm that a structure found in cherts is an archaic
microfossil it must fulfill two fundamental conditions: (a) that
the microfossil (MF), objective of the study, must be the result

of a self-assembly process and (b) must be geochemically
plausible. The MFs must comply with tests of antiquity and
biogenicity; that is, MFs are or have been generated in a small
petrographic section and must have appeared in a sedimentary
or metasedimentary rock, the MF must be larger than the
microorganism to which it is compared, the MF be composed
of kerogen, aside from its silicon (quartz) composition,and the
MF must present a defined tridimensional structure, its
morphology compares with other microfossils of similar
morphology, it must be hollow, and it must be elaborated
cellularly.
The preceding data indicate that biomorphs could have been

the first inorganic structures in which biomolecules like DNA
became concentrated, aligned, polymerized, and protected
from UV radiation and hydrolysis, allowing the formation of
polymers, which became assembled to form the first organism.
Although they are not dated as fossil registry, this could be
because they are possibly the antecessor structure of the
Precambrian cherts, becoming, in this way, invisible, or what
has been dated are the silicon biomorphs that formed
according to the chemical and physical conditions prevailing
in that geological era and that the inclusion in sedimentary
rocks is a simple common mineralization process.
Biomorphs fulfill these conditions; therefore, we propose

them as one of the first inorganic structures where
biomolecules became isolated from the surrounding environ-
ment during the Precambrian era.

■ CONCLUSIONS
Our results support that biomorphs could have been the first
inorganic structures in which biomolecules, like Precambrian
DNA, became concentrated, aligned, polymerized, and
protected from the damaging effects of UV radiation. This
allowed for the formation of polymers that assembled to form
the first organism. Although biomorphs are not dated as fossil
registry, this could be because they are the antecessor structure
of the Precambrian cherts, making them invisible, or rather
what has been dated are indeed silicon biomorphs that formed
according to the chemical and physical conditions prevailing in
the geological era, and the inclusion in sedimentary rocks is
nothing more than a simple common biomineralization
process.
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