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Abstract: The origin of life from the chemical point of view is an intriguing and fascinating topic,
and is of continuous interest. Currently, the chemical elements that are part of the different cellular
types from microorganisms to higher organisms have been described. However, although science has
advanced in this context, it has not been elucidated yet which were the first chemical elements that
gave origin to the first primitive cells, nor how evolution eliminated or incorporated other chemical
elements to give origin to other types of cells through evolution. Calcium, barium, and strontium
silica-carbonates have been obtained in vitro and named biomorphs, because they mimic living
organism structures. Therefore, it is considered that these forms can resemble the first structures that
were part of primitive organisms. Hence, the objective of this work was to synthesize biomorphs
starting with different mixtures of alkaline earth metals—beryllium (Be2+), magnesium (Mg2+),
calcium (Ca2+), barium (Ba2+), and strontium (Sr2+)—in the presence of nucleic acids, RNA and
genomic DNA (gDNA). Our results allow us to infer that the stability of calcium followed by strontium
had played an important role in the evolution of life since the Precambrian era until our current
age. In this way, the presence of these two chemical elements as well as silica (in the primitive life)
and some organic molecules give origin to a great variety of life forms, in which calcium is the most
common dominating element in many living organisms as we know nowadays.
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1. Introduction

Since ancient times, humans have been trying to define life, without yet reaching a universally
accepted definition. However, there are diverse hypotheses and theories from several branches of
science that emphasize the unique abilities, characteristics, and properties that distinguish living
organisms from inanimate matter. Understanding how life originated and how it has been conserved
for millions of years is an intriguing and interesting topic and of permanent discussion. The first
hypothesis on life’s origin was conceived from a chemical point of view [1]. Oparin proposed that in
the presence of a reducing atmosphere in the primitive Earth, the action of high temperatures and
ultraviolet radiation, from the gradual chemical evolution of molecules based on carbon and contained
in a primordial soup, favored the formation of more complex organic substances that gave origin to
the first molecules, which eventually gave rise to life [1]. The order of the synthesis of biomolecules
that allowed for the appearance of primitive cells from which life emerged resulted in a difficult to

Crystals 2019, 9, 381; doi:10.3390/cryst9080381 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0002-6616-7917
https://orcid.org/0000-0002-5810-078X
http://www.mdpi.com/2073-4352/9/8/381?type=check_update&version=1
http://dx.doi.org/10.3390/cryst9080381
http://www.mdpi.com/journal/crystals


Crystals 2019, 9, 381 2 of 19

explain topic. Hence, in 1981, some researchers determined that the sequences of the ribosomal RNA
of some protozoa, like Tetrahymena, have the ability to behave as enzymes, as they catalyze specific
ruptures of sequences and allow linking reactions in substrates of RNA molecules [2,3]. Based on
these results, it was determined that RNA was the first biomolecule that emerged in the primitive era.
This knowledge has enabled us to understand cellular mechanisms for cell maintenance. Additionally,
contemporary biology, specifically biochemistry, has allowed us to know the chemical elements that
constitute living organisms. The elements that currently constitute mostly life are hydrogen (H),
carbon (O), nitrogen (N), oxygen (O), and sulfur (S). In addition, organisms need other essential
elements at a lower proportion, like sodium (Na), potassium (K), magnesium (Mg), calcium (Ca), iron
(Fe), and/or manganese (Mn), cobalt (Co), zinc (Zn), molybdenum (Mo), selenium (Se), and chlorine
(Cl) [4–6]. Interestingly, there are other life forms in which the required essential chemical elements
are different, thus, they have incorporated some additional elements, like strontium (Sr), barium (Ba),
boron (B), silicon (Si), arsenic (As), bromine (Br), iodine (I), vanadium (V), chromium (Cr), nickel (Ni),
copper (Cu), cadmium (Cd), and wolfram (W) [5–7]. These data indicate that the different chemical
elements’ requirements for each species must be the result of evolution in response to its adaptation to
different habitats.

Currently it is known that the survival of a microorganism, a cell line, and an organism depends
on its metabolome, which is defined as the set of biomolecules (RNA, DNA, proteins, carbohydrates,
and lipids) with their elementary content [5]. Notwithstanding, although science has advanced in this
route, the first elements that gave origin to the first primitive cell have not been described nor how
evolution eliminated or incorporated other chemical elements to give origin to other types of cells
along evolution. Identifying the first chemical elements that were part of the primitive cells structure
is not an easy task, however, remnants of the first forms of life have been found in sedentary plates,
which date back to the Precambrian era [8]. To be able to elucidate the elemental chemical composition
of the first cells that existed in the Precambrian era is fundamental because it would help to understand
evolution along the different eras. In this sense aiming at understanding which were the first structures
formed in the Precambrian era with certain chemical elements in the presence of the first biomolecules
reported to have existed in that era (RNA and DNA) [9], we decided to start with some chemical
elements in the presence of RNA and DNA to assess the influence of nucleic acids in the formation of
specific compounds. These compounds are the so-called silica-carbonates, because, in the last decades,
silica-carbonates of calcium, barium, and strontium have been obtained in vitro; these have been
called biomorphs because they mimic structures of living organisms. Therefore, it is considered that
their form can resemble the first structures that were part of primitive organisms [10–12], because the
chemical properties of a compound are determined by the arrangement, number, and types of atoms
that constitute the compound. The synthesis mechanism of biomorphs is relatively simple as they are
formed from self-assembled silica-carbonate nanocrystals to give origin to highly ordered complex
structures in micrometers or millimeter scales, which mimic architectures of organisms obtained
through biomineralization processes [13]. The differences in the type of links of molecules are of special
relevance in living organisms. Even though, biomorphs have been obtained at different temperatures,
reagent concentrations [14–16] and, recently, in the presence of nucleic acids (RNA, genomic DNA,
and plasmid DNA) in a mixture of chemical elements, it has not been analyzed which is the chemical
element that predominates over the others in the synthesis of biomorphs [14]. This determination
would help to understand, partially, the reason why only some chemical elements have been conserved
in living organisms along millions of years. With the aim of evaluating which is the predominating
element in a metallic-type mixture containing several elements and a biomolecule, we synthesized
biomorphs from different mixtures of alkaline earth metals—beryllium (Be2+), magnesium (Mg2+),
calcium (Ca2+), barium (Ba2+), and strontium (Sr2+)—in the presence of nucleic acids, that is, RNA and
genomic DNA (gDNA). The structure of the obtained biomorphs was identified through scanning
electron microscopy (SEM). Chemical composition and the crystalline structure were determined
through Raman microspectroscopy. Results showed that in both the obtained biomorphs and the solid
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structures formed, the most abundant element was calcium followed by strontium. These results allow
us to infer that probably the stability of calcium followed by strontium has enabled the conservation
and evolution of life since the Precambrian era until our current age. In this way, the presence of these
two chemical elements as well as silica (in the primitive life) and some organic molecules give origin to
a great variety of life forms, in which calcium is the most common dominating element in many living
organisms as we know nowadays.

2. Materials and Methods

2.1. Strains Used for Nucleic Acids Extraction

Extraction of nucleic acids (genomic DNA and RNA) was performed from a liquid culture of
Candida albicans (Department of Microbiology, ENCB-IPN, Mexico City, Mexico). The culture medium
used was YPD (10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose).

The bacterial strain Escherichia coli JM109 was used to obtain plasmid DNA. The culture medium
used was Luria-Bertani (LB: 5 g/L yeast extract, 10 g/L tryptone, and 5 g/L NaCl).

2.2. Extraction of Genomic DNA

The protocol used to extract the genomic DNA was in general as follows; C. albicans cells
were suspended in 600 µL of a lysis buffer, containing 7 M urea, 50 mM Tris-HCl, pH 8.0, 1%
N-lauroylsarcosine, 20 mM EDTA, and 0.35 M NaCl. The mixture was left to rest for 30 min at room
temperature. Then, 600 µL of phenol-chloroform-isoamyl alcohol was added at a proportion of 25:24:1,
mixed and centrifuged at 12,000× g for 10 min. Next, the aqueous phase was placed into a new assay
tube, this last step was repeated until eliminating completely the organic phase. To precipitate the
DNA, the clean aqueous phase was supplemented with an equal volume of isopropanol; the mixture
was homogenized by inversion until observing the appearance of white strands. The homogeneous
mixture was centrifuged at 14,000× g for 10 min, the supernatant was discarded, and the pellet was
resuspended in 500 µL of 70% ethanol, homogenized in a vortex, and centrifuged at 12,000× g for 10
min. The supernatant was discarded, and the pellet was resuspended in sterile nuclease-free water,
which contained 1 µL RNAsa (20 mg/mL) and incubated at 37 ◦C for 20 min to eliminate the RNA; the
obtained gDNA was used in the synthesis of the biomorphs.

2.3. RNA Extraction

RNA was obtained with the Trizol technique. Briefly, the C. albicans cell pellet was washed five
times with 1% diethyl pyrocarbonate (DEPC, Sigma-Aldrich, St. Louis, MO, USA). Then, cell rupture
was achieved mechanically with the aid of a vortex and glass pearls. After cell lysis, Trizol and 200 µL
of chloroform were added to the sample to allow for the completed dissociation of the nucleic-protein
complex, the sample was incubated for 2–3 min at room temperature. The mixture was centrifuged at
12,000× g for 15 min at 4 ◦C, and the aqueous phase (which contains the RNA) was recovered and
transferred to a new assay tube. The recovered aqueous phase was supplemented with 500 µL of cold
isopropyl alcohol, shaken gently, and incubated for 10 min at room temperature. Then, the sample was
centrifuged at 12,000× g for 10 min at 4 ◦C, the isopropanol was removed, adding immediately 1 mL of
cold 75% ethanol, molecular biology grade, and centrifuging at 7500× g for 5 min at 4 ◦C. The ethanol
was discarded, and the pellet was resuspended in DEPC water. To eliminate the DNA, the RNA
samples were treated with DNAse (Invitrogen). The concentration of total RNA was determined
through Nano Drop 2000/2000c (Thermo Scientific) at 260 nm. The obtained RNA was used to form
the biomorphs.

2.4. Biomorphs Formation

Biomorphs were synthesized in different mixture of chemical alkaline earth elements: beryllium
(Be), magnesium (Mg), calcium (Ca), barium (Ba), and strontium (Sr). In all the different combinations
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of mixtures, a 1:1 relation was maintained of each of the elements. Procurement of biomorphs was
achieved through the gas diffusion method [17]. Synthesis was performed on glass squares of 1 mm
thickness; the size of the glass square was of 5 mm × 5 mm height and width. The glass square was
placed in a crystallization chamber, supplemented with 1000 ppm of sodium metasilicate, beryllium,
magnesium, calcium, barium, or strontium chloride at a final concentration of 20 mM, 0.1 ng genomic
DNA, plasmid DNA, or RNA, at pH 11.0, adjusted with sodium hydroxide (Figure 1). Table 1
summarizes the different assessed combinations. All reagents were from Sigma-Aldrich. Experiments
were performed at 37 ◦C. Biomorphs formation was performed during 24 h. Experiments were repeated
in triplicate.Crystals 2019, 9, x FOR PEER REVIEW 5 of 20 
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Figure 1. Synthesis and characterization of biomorphs.

Table 1. Combinations of different chemical elements in the presence of RNA and DNA.

Number of Combinations Combinations

1 Ca2+ + Mg2+

2 Ca2+ + Mg2+ + RNA
3 Ca2+ + Mg2+ + gDNA
4 Ba2+ + Sr2+

5 Ba2+ + Sr2+ + RNA
6 Ba2+ + Sr2+ + gDNA
7 Ca2+ + Ba2+ + Sr2+

8 Ca2+ + Ba2+ + Sr2+ + RNA
9 Ca2+ + Ba2+ + Sr2+ + gDNA
10 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+

11 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+ + RNA
12 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+ + gDNA

2.5. Characterization of Biomorphs

Characterization of biomorphs was accomplished first by observing their morphology through
SEM, using a model VEGA3 microscope (TESCAN, Brno, Czech Republic). Then, biomorphs were
characterized through Raman spectroscopy (Figure 1). Raman measurements were performed with
a confocal Raman microscope, WITec alpha300 R system, at room temperature. The Raman laser
excitation wavelength was 532 nm and the spectral resolution of the spectrometer is 1.0 cm−1. Raman
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spectra were recorded with a WITec Alpha 300 Series Raman-AFM (WITec GmbH, Ulm, Germany) using
a 672 lines/mm grating with 100x Zeiss objective (0.9 NA). A Nb:YVO4 green laser with wavelength of
532 nm was used as an excitations source with 14.4 mW of laser power. Punctual Raman spectra had
0.5 s of integration time and 10 accumulations and map Raman with 0.03 s of integration time.

3. Results and Discussion

3.1. Composition of Biomorphs Depends on the Nature of the Chemical Elements, Whereas the Shape Depends
on the Biomolecules

To contribute to understanding why some organisms have conserved certain chemical elements
over others along the different geological eras, e.g., calcium is part of some bony structures, and in
an attempt to elucidate how the first biomolecules (RNA and DNA), reported to have appeared in
the Precambrian era in the presence of certain chemical elements, influenced the formation of certain
structures as are the biomorphs, we evaluated the formation of these silica-carbonates biomorphs
in different combinations. The first assessed cocktail combination was formed by Ca2+ and Mg2+ at
a 1:1 proportion, in the presence or absence of RNA or gDNA. We chose these chemical elements
because, aside from being alkaline earth metals, they are important constituents of current organisms.
Calcium is the most abundant mineral in the human body, while magnesium is necessary for more
than 300 biochemical reactions in the human body. As seen in Figure 2a, the biomorphs synthesized
with calcium and magnesium presented a spherical morphology, but which also resembles a flower.Crystals 2019, 9, x FOR PEER REVIEW 6 of 20 

 

 
Figure 2. SEM microphotographs of the biomorphs obtained with the mixture of different ion 
compositions. (a) Ca2+/Mg2+, (b) Ca2+/Mg2+/RNA, and (c) Ca2+/Mg2+/gDNA. 

Biomorphs obtained in the presence of Ca2+, Mg2+, and RNA (Figure 2b) showed a rhombohedral 
morphology, in contrast to the morphology obtained without the nucleic acids (Figure 2a). This result 
is relevant because it indicates that biomolecules, such as RNA and gDNA, arrange the chemical 
elements to adopt a specific crystalline structure that is common when calcium is the sole chemical 
element forming the biomorph. This datum indicates that in the presence of the elements Ca2+ and 
Mg2+, the interaction of the nucleic acids with these elements favors calcium over magnesium, since 
the crystalline form found is common to Ca2+ (Figures 2b) with RNA, but different with gDNA (Figure 
2c). These findings agree with previous results from our research team [14] and other groups that 
have shown that certain biomolecules, as are some peptides, modify the crystal habit of calcite [18]. 
Notwithstanding, although apparently both the gDNA and RNA direct the synthesis of the silica-
carbonate biomorphs, it is necessary to know the chemical composition of the synthesized biomorphs, 
and to elucidate if a biomorph constituted by calcium and magnesium had been formed or rather one 
of these elements dominated the synthesis of the biomorph. To determine both the chemical 
composition and the crystalline phase of the obtained silica-carbonate biomorphs, Raman 
spectroscopy was used because it is a technique that enables to determine the polymorphs of 
crystalline compounds [19].  

Figure 2. SEM microphotographs of the biomorphs obtained with the mixture of different ion
compositions. (a) Ca2+/Mg2+, (b) Ca2+/Mg2+/RNA, and (c) Ca2+/Mg2+/gDNA.



Crystals 2019, 9, 381 6 of 19

Biomorphs obtained in the presence of Ca2+, Mg2+, and RNA (Figure 2b) showed a rhombohedral
morphology, in contrast to the morphology obtained without the nucleic acids (Figure 2a). This result
is relevant because it indicates that biomolecules, such as RNA and gDNA, arrange the chemical
elements to adopt a specific crystalline structure that is common when calcium is the sole chemical
element forming the biomorph. This datum indicates that in the presence of the elements Ca2+

and Mg2+, the interaction of the nucleic acids with these elements favors calcium over magnesium,
since the crystalline form found is common to Ca2+ (Figure 2b) with RNA, but different with gDNA
(Figure 2c). These findings agree with previous results from our research team [14] and other
groups that have shown that certain biomolecules, as are some peptides, modify the crystal habit of
calcite [18]. Notwithstanding, although apparently both the gDNA and RNA direct the synthesis of
the silica-carbonate biomorphs, it is necessary to know the chemical composition of the synthesized
biomorphs, and to elucidate if a biomorph constituted by calcium and magnesium had been formed
or rather one of these elements dominated the synthesis of the biomorph. To determine both the
chemical composition and the crystalline phase of the obtained silica-carbonate biomorphs, Raman
spectroscopy was used because it is a technique that enables to determine the polymorphs of crystalline
compounds [19].

In the Raman spectrum for the biomorphs synthesized with Ca2+ and Mg2+, bands at 160, 288,
715, and 1088 cm−1 were identified (Figure 3a). These peaks correspond to calcium carbonate (CaCO3),
specifically to the calcite polymorph with a trigonal structure, as reported by other authors [20,21].
In the analysis of biomorphs synthesized with the mixture of different ions/biomolecule made of Ca2+,
Mg2+, and RNA (Figure 3b), spectra at different points of the biomorph were obtained to identify
whether the chemical composition was the same or different in the whole structure of the biomorph.
Punctual spectra presented vibrations at 160, 285, 715, and 1088 cm−1 (Figure 3b), which correspond to
the calcite one polymorph of CaCO3. Whereas in the combination of Ca2+, Mg2+, and gDNA, the bands
of the synthesized biomorphs were identified at 115, 117, 307, 1090, 1091, and 1092 cm−1 (Figure 3c).
These vibrations correspond to the polymorph aragonite. These data are relevant because they show
that calcium is the dominating element in the formation of the biomorphs over magnesium. Possibly,
this event dominated in the organisms, and therefore their hard structures are formed by calcium
and not magnesium. In this way, calcium in the form of CaCO3 is found as part of marine sponges,
otoliths of all vertebrates, egg shells, seashells, bones, teeth, and nails [22–26]. Structures of organisms
can present one or several of the three CaCO3 polymorphs (aragonite, calcite, and vaterite) [27,28].
For example, calcite and aragonite are the main phases found in marine organisms [29,30], whereas
vaterite is found in few organisms [31,32]. The mechanisms by which some organisms synthesize
preferentially one or another CaCO3 polymorph has not been elucidated yet; however, some authors
refer that CaCO3 is initially precipitated as amorphous calcium carbonate to be later modified into
stable polymorphs, as occurs in pearls that are formed by vaterite and aragonite [33,34]. It has also been
reported that the formation of one or another polymorph depends on the environment; for example,
it has been shown that vaterite can be generated in shells that are generally aragonitic but when
found in fresh water change from aragonite to vaterite [35]. Our results agree with the above-cited
information, because, even in the presence of magnesium, the prevalent polymorphs are calcite and
aragonite (Figure 3). The prevalence of these polymorphs in the different structures of organisms is
possibly because they have similar crystalline structures, in which the calcium ions are located in the
same positions of the lattice layers (001), alternating with layers of carbonate ions [36]. In addition,
the presence of Mg2+ favors the polymorph aragonite [36], as found in our mixture of different ions
in the presence of gDNA (Figure 3c). As a whole, these data indicate that the composition of the
organisms’ structures are controlled by the nature of the chemical elements, whereas the shape of the
structures are controlled by biomolecules, as are RNA and gDNA, as shown in previous works [14].
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of biomorphs.

3.2. Strontium is the Dominant Element in the Biomorphs Synthesized in a Combination of Ba2+ and Sr2+

Other relevant elements to be analyzed are Ba2+ and Sr2+, because they have been conserved
since ancient times until our current days. In this sense, strontium has been found in approximately
744 marine carbonates from the Phanerozoic era [37]. Currently, there are still organisms that contain
strontium like algae, invertebrate organisms like Polyzoa, Crustacea, and Echinodermata; Ba2+ has
also been found in algae, invertebrate species, and in fish of the Irish sea [38]. Based on the above
information, we considered important to analyze, in a Ba2+ and Sr2+ mixture, which of the two is
the predominant one in the formed biomorphs. For this, silica-carbonate biomorphs were obtained
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in the presence of a mixture of different ions made of Ba2+ and Sr2+ at a 1:1 proportion with or
without RNA or gDNA. Biomorphs synthesized in the presence of only Ba2+ and Sr2+ were visualized
through SEM. As seen in Figure 4a, biomorphs presented different morphologies that mimic flowers
and bunches of flowers. The silica-carbonates obtained with the metallic combination of Ba2+, Sr2+,
and RNA showed a morphology of circular and round structures linked through helix-type strands
(Figure 4b). Interestingly, in these biomorphs a brilliant and an opaque part were observed, suggesting
a possible different composition, as they were formed by a combination of two chemical elements and
RNA. Some of the morphologies found in the obtained biomorphs have been previously described by
other authors, such as cardioid structures (cardioid leaves), helicoidal forms (helicoidal filaments),
funnel-like aggregates (circular and conic), worm form, braided structure, curly forms, framboidal
forms, and fern-like forms [39]. The composition of the obtained structures was confirmed through
Raman spectroscopy. In the biomorphs generated by the combination of Ba2+, Sr2+, and gDNA,
morphologies similar to stems, leaves, and flowers were observed (Figure 4c).Crystals 2019, 9, x FOR PEER REVIEW 9 of 20 
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Determination of the chemical composition as well as the crystalline phase of the silica-carbonate
biomorphs generated with these chemical elements was performed through Raman spectroscopy. For
this, multiple punctual spectra were obtained.

In five of the punctual spectra, corresponding to the sample with Ba2+ and Sr2+, vibrations
at 144–147, 697, and 1068 cm−1 were identified (Figure 5a), which are characteristic of SrCO3 and
correspond to the strontianite [40]. Also, in these biomorphs, one of the punctual spectra presented
bands at 462, 902, and 1063 cm−1. These vibrations correspond to SrO [41]. Because the bands
identified as of strontianite in the punctual spectra could be confused with BaCO3, we decided to
perform a mapping of the complete biomorph and obtain a global spectrum, in which all bands
could be distinguished and, thereby, confirm whether punctual spectra assignment had been correct.
The spectrum corresponding to the mapping of the complete biomorph showed vibrations at 108,
146, 172, 242, 699, and 1067 cm−1 (Figure S1a in Supplementary Materials). These bands indeed
correspond to strontianite because BaCO3 presents bands corresponding to the lattice vibration at
136, 155, 180, and 225, as well as two bands of internal vibrations at 691 and 1059 cm−1 [42]. In the
biomorphs synthesized in the combination of Ba2+, Sr2+, and RNA (Figure 5b), as well as with Ba2+,
Sr2+, and gDNA (Figure 5c), bands at 110, 111, 142–147, 694–697, 1065–1068, and 1095 cm−1 were
identified, these vibrations correspond to the strontianite (SrCO3). In addition, as in the biomorphs
obtained in the absence of RNA or DNA, a spectrum of complete biomorph mapping was also obtained
from these biomorphs, to ensure their correct assignment. As shown in Figure S1b,c, spectra revealed
the peaks corresponding to strontianite. This result is relevant and agrees with other previous works
reporting that in several organisms like some algal species, invertebrates, and fishes, calcium and
strontium have been identified, whereas barium has only been found in some cases [38]. These data
indicate that although barium and strontium are similar chemical elements [43], strontium is the
dominant element with respect to barium. Possibly, over time, this preference of strontium over
barium gave these organisms an advantage over those organisms in which barium is part of their
metabolism. The finding that the morphology is different for the three analyzed combinations (Figure 4),
but their chemical composition is the same (Figure 5 and Figure S1), indicates that the arrangement of
the crystalline networks of the obtained biomorphs depends on the nature of the elements, but the
morphology depends on the nucleic acids, RNA and gDNA; the same was found for the Ca2+ and
Mg2+ mixture (Figures 2 and 3).
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3.3. In the Presence of Nucleic Acids, Calcium is the Element that Controls the Synthesis of Biomorphs

Because barium and strontium present chemical similarity with calcium [44], we were interested
in knowing which of these elements is the one to control the biomorphs synthesis in a mixture
of different ions in which the three cations were present in the presence or absence of RNA and
gDNA. In the silica-carbonate biomorphs obtained in the presence of only Ca2+, Ba2+, and Sr2+, SEM
mainly revealed structures resembling stems and flowers and a minimal amount of rhombus-type
morphologies (Figure 6a), whereas in the combinations of the three elements with RNA (Figure 6b)
or gDNA (Figure 6c), the morphology was spherical. For these biomorphs, as done for the previous
combinations, their chemical composition was also determined, as well as their crystalline structure
through punctual spectra obtained with Raman spectroscopy; this type of spectra allow identifying the
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The punctual spectra of the sample obtained with the three elements without nucleic acid showed
vibrations at 156–158, 698, and 1071–1072 cm−1 (Figure 7a). However, determining the compound to
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Faced with this complexity, we analyzed each vibration, and were able to determine that the
formed compound was the strontianite (SrCO3) (Figure 7a), since none of the vibrations corresponded to
a calcium or barium compound. Additionally, to confirm that the assignment had been correct, a global
mapping was performed of the obtained biomorphs. The spectrum of the global mapping reveled peaks
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at 165, 255, 699, and 1070 cm−1 (Figure S2a), which correspond to strontianite, confirming that, indeed,
the biomorphs produced in the presence of Ca2+, Ba2+, and Sr2+ are composed of the strontianite.
This result is important, because it indicates that strontium controls the synthesis of biomorphs in the
presence of Ca2+, Ba2+, and Sr2+ (Figure 7a and Figure S2a). This is probably related with the fact
that several of the primitive organisms that have been conserved since the Precambrian era until now,
conserved strontium as an essential element participating in their metabolism, as this possibly granted
them an advantage allowing them to survive over time [5–7]. These primitive organisms, probably,
incorporated strontium in their metabolism as it was available in the Precambrian era and, along the
years, conserved it because they keep obtaining it from their habitat. For example, it has been reported
that strontium can be found in most soils [45], wetlands, and aquatic environments [44]. The biomorphs
synthesized in the presence of Ca2+, Ba2+, Sr2+, and RNA (Figure 6b) or gDNA (Figure 6c) presented
spherical morphology. When determining their chemical composition, the punctual spectra showed
bands at 150–156, 695–696, and 1066–1070 cm−1 (Figure 7b,c). These vibrations correspond to the
polymorph calcite of CaCO3 for three punctual spectra of the biomorphs with RNA (Figure 7b),
and for all punctual spectra of the sample with gDNA (Figure 6c). Additionally, in the case of
biomorphs formed with RNA, one punctual spectrum corresponded to the polymorph vaterite of
CaCO3 (Figure 7b). To confirm that the biomorphs synthesized in these mixtures corresponded
mainly to calcite, global mappings of the biomorph were performed (Figure S2b,c). In the global
mappings, peaks at 153–155, 697–696, and 1067–1070 cm−1 were identified, these vibrations indeed
correspond to the polymorph calcite (Figure S2b,c). These results are very interesting, because in the
presence of any of the nucleic acids (RNA or gDNA), calcium is the element that controls the synthesis
of biomorphs over strontium and barium (Figure 7b,c and Figure S2b,c), which does not occur in
their absence (Figure 7a and Figure S2a). This information contributes to the knowledge that there
were organisms in which calcium already participated in their metabolism in the presence of RNA
(which has been postulated as the first biomolecule that appeared in the Precambrian era [9,46]); this
is probably because nucleic acids select the element that provides the best thermodynamic stability
and viability for the organisms, ensuring survival of species along millions of years [46]. In this sense,
it has been reported that the polymorph calcite is thermodynamically more stable than aragonite
and vaterite [19,36]. Notwithstanding, the identification of vaterite (Figure 7b) is an interesting
result, because it has been reported that this polymorph can adopt multiple structures [28,47–49].
Therefore, being calcite the most stable polymorph, RNA and gDNA induce mainly the formation of this
polymorph in the different structures of organisms, ensuring in this way the biological perpetuation
of a species. As indicated previously, the calcite polymorph is part of echinoderms, sea urchins,
ophiuroids, sea cucumbers, crinoids; arthropods like trilobites; mollusks like bivalves, gastropods,
polyplacophorans, ammonoids, or nautiloids; calcareous seashells; and spicules of sponges, algae,
eggshells, teeth, bones, and otoliths [23–25,50,51]. Calcium, besides forming part of the support
structures of organisms, is also very important for cellular metabolism. For example, it plays a role as
second messenger in eukaryote cells, as it produces the largest number of intracellular signals with
physiological and pathological implications. In addition, calcium is involved in neurotransmission,
muscle contraction, control of ion channels, gene expression, and cell death [52–54]. In plants, calcium
is required in structures like the cell wall and membranes, it also activates and regulates cell division
and cell enlargement and influences the specialization of cell organs [55]. Hence, calcium is essential
for root, fruits, and leaf differentiation, and, in consequence, in the absence of calcium there will be no
new leaves or flowers in a plant. In bacteria, calcium is needed at a relatively high concentration as it
participates in maintaining the cellular structure, motility, cell differentiation processes; besides, it has
been suggested that there is also calcium-dependent signals transduction like in eukaryote cells [56].
All together, these data demonstrate that in the presence of nucleic acids, in a combination where more
than two chemical elements coexist, the chemical element with the best stability and viability for the
cell will always be chosen; this element is clearly calcium, which can be considered an evolutionary
achievement that developed from the first cells in the Precambrian era and has been conserved until
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our current times. Our data provide support to this fact, because life as we know it would not be
possible without calcium.

3.4. Calcium and Strontium in the Presence of Nucleic Acids are Part of Solid Structures Obtained from a
Mixture with Multiple Chemical Elements

Although it had been evaluated before that calcium is the element regulating the synthesis of
biomorphs in the presence of Ca2+, Ba2+, Sr2+, and nucleic acids, we also wanted to know what would
happen in the synthesis of biomorphs in a mixture of different ions containing five alkaline earth
elements: Be2+, Mg2+, Ca2+, Ba2+, and Sr2+, in the absence or presence of RNA and gDNA. The first
assessed sample was constituted by only Be2+, Mg2+, Ca2+, Ba2+, and Sr2+, at an equimolecular relation.
SEM observation of the formed biomorphs revealed a druse morphology (Figure 8a).
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To determine the chemical composition of the obtained biomorphs, multiple punctual spectra
were performed through Raman spectroscopy. Four of the punctual spectra showed peaks at 153–154,
699, and 1070–1074 cm−1 (Figure 9a and Figure S3a), these vibrations correspond to the strontianite
(SrCO3).
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Whereas the other four punctual spectra presented bands at 103–106, 108, 155, and 1072 cm−1

(Figure 9a) correspond to the polymorph vaterite of CaCO3. These results indicate that, in the
presence of five elements, calcium and strontium are the ones that regulate the synthesis of biomorphs.
Apparently, the presence of Be2+ and Mg2+ induces an effect so that both Ca2+ and Sr2+ become part of
the formed biomorph. When Ca2+, Ba2+, and Sr2+ are present, strontium is the element that forms
part of the biomorph (Figure 7a and Figure S2a). This result could be related to the fact that in nature
there are species that contain calcium and strontium [38]. Whereas SEM observations of the metallic
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combinations that included Be2+, Mg2+, Ca2+, Ba2+, Sr2+, and RNA (Figure 8b) or gDNA (Figure 8c)
revealed that no biomorphs were formed, but rather solid structures that mimic bones (Figure 8b),
and a flower (Figure 8c). These structures are not hollow; therefore, these structures would not be
fulfilling this important characteristic of biomorphs, hence they cannot be considered biomorphs.
However, the formed structures became of interest because they were formed in a mixture of different
ions containing five chemical elements and nucleic acids. Besides, these solid structures could be
considered to be emulating the first structures formed in the Precambrian era, by the existence of
the first biomolecule, i.e., RNA. These structures could have been the predecessors of the first cell
formed in the Precambrian. Therefore, it was also important to determine the chemical composition of
these solid structures through Raman spectroscopy. The multiple punctual spectra of the structure
formed with Be2+, Mg2+, Ca2+, Ba2+, Sr2+, and RNA (Figure 8a) showed that it was composed of calcite,
aragonite, and vaterite polymorphs of CaCO3, as well as the strontianite (SrCO3) (Figure 9b and Figure
S3b). Whereas for the structure formed with Be2+, Mg2+, Ca2+, Ba2+, Sr2+, and gDNA (Figure 8b),
the multiple punctual spectra showed vibrations corresponding to vaterite and aragonite polymorphs
of CaCO3 and strontianite, and one punctual spectrum also corresponding to SrO (Figure 9c and
Figure S3c). These results obtained with the different combinations, as shown in Table 2, indicate the
availability of several elements to form a new structure in the presence of nucleic acids. Both the RNA
and gDNA can interact with the different chemical elements, but possibly those elements with which
they form the most stable interactions will be the elements that will specifically form part of organisms;
hence, calcium is the most stable element to form the structure followed by strontium, as shown in
this work.

Table 2. Prevalent polymorphs obtained in the different assessed combinations.

Number Combinations Prevalent Polymorphs

1 Ca2+ + Mg2+ Calcite
2 Ca2+ + Mg2+ + RNA Calcite
3 Ca2+ + Mg2+ + gDNA Aragonite
4 Ba2+ + Sr2+ Strontianite
5 Ba2+ + Sr2+ + RNA Strontianite
6 Ba2+ + Sr2+ + gDNA Strontianite
7 Ca2+ + Ba2+ + Sr2+ Strontianite
8 Ca2+ + Ba2+ + Sr2+ + RNA Calcite, Vaterite
9 Ca2+ + Ba2+ + Sr2+ + gDNA Calcite

10 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+ Strontianite, Vaterite
11 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+ + RNA Calcite, Strontianite, Aragonite, Vaterite
12 Be2+ + Mg2+ + Ca2+ + Ba2+ + Sr2+ + gDNA Strontianite, Aragonite, Vaterite

This information can be correlated with other works that have described that both calcium and
strontium are elements identified mainly in 15 algal species, 45 invertebrate species, and six fish species
in the Iris sea [38].

4. Conclusions

Based on our data, we can infer that the stability presented by calcium, strontium, and certain
biomolecules such as nucleic acids could have allowed conserving the first cells and primitive organisms
generated in the Precambrian era to our present days and, on the other side, more complex life forms
have evolved from relatively simple cells, produced since millions of years ago, such as the higher
organisms but conserving calcium and, in some cases, strontium in their structures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/8/381/s1,
Figure S1: Raman spectrum corresponding to the global mapping of biomorphs obtained with the combinations:
(a) Ba2+/Sr2+, (b) Ba2+/Sr2+/RNA, and (c) Ba2+/Sr2+/gDNA. Figure S2: Raman spectrum corresponding to the global
mapping of biomorphs obtained with (a) Ca2+/Ba2+/Sr2+, (b) Ca2+/Ba2+/Sr2+/RNA, and (c) Ca2+/Ba2+/Sr2+/gDNA.
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Figure S3: Raman spectrum corresponding to the global mapping of biomorphs obtained with (a)
Be2+/Mg2+/Ca2+/Ba2+/Sr2+, (b) Be2+/Mg2+/Ca2+/Ba2+/Sr2+/RNA, and (c) Be2+/Mg2+/Ca2+/Ba2+/Sr2+/gDNA.
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