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Abstract

The consumption of calcium (Ca*™) is more frequent in the human diet due to its bioavailability
and viability naturally in the cultivation of the nopal vegetable (Opuntia ficus-indica L. Miller.);
however, its availability is limited by water stress in the plant by sequestering Ca** in the form of
calcium oxalate (CaC204). The study delves into sequential microphotographic analysis to produce
high definition digital mosaics in undisturbed samples of the nopal cladodes with 60 days of age at
water differentials 10 and 30% of available water (AD) and are processed in thin sections (SD) of
30 microns (um) in thickness, besides being analyzed densitometrically in three different light
phases by means of a petrographic microscope, the characterization of CaC204 and CaCOz was
carried out by signature in RGB formats characterizing the type of compound, its nucleus, size and
texture. The results obtained by size of CaC.04 of 10 and 30% A y D were: 37.63 um and 71.39
um in these compounds and the nuclei of these compounds reached 20.4 um and 24.04 um; with a
texture of prismatic and cubic shape, while the CaCOz for the same levels of available water: they
reached size of 19.15um and 20.86um with a preponderant cubic texture. Concluding that the size
of CaC.04 and CaCOs3 depends on the state of dehydration of the plants, as well as a correlation
was observed between the size of the nucleus of CaC.04, where for each CaC,04 a CaCOz is fixed,
becoming unavailable.
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Calcium carbonate (CaCO:s) is an abundant compound due to inorganic substances originated
by living organisms, an important aspect in the development of new materials and field of
application (Shu-Chen et al., 2007). These present three anhydrous crystalline polymorphs
such as calcite, aragonite and vaterite ordered by their thermodynamic stability (Payne et al.,
2007). So calcite is present in nopal as well as in egg shells, mollusk shells, crustaceans and
other biominerals (Shu-Chen et al., 2007). The carbonates have a discrete radical that depend
on the conditions of pressure and temperature to give rise to calcium carbonate minerals
monohydrate (Young et al., 2003) or for their specific cubic form in plant species (Franceschi
and Horner, 1980).

In developing countries like Mexico, the consumption of calcium in dairy products is limited by
its high cost, presenting as an alternative nopal vegetable (Heaney, 2001; Fairweather, 2007). For
body absorption, calcium is available in nopal vegetables unless they have high concentrations of
oxalic acid (CoH.04) or dietary fiber (Kennefick and Cashman, 2000; Heaney, 2001;
Charoenkiatkul et al., 2008) since they limit its formation when sequestered as oxalates, preventing
its absorption by the metabolism, in addition calcium oxalate (CaC20a) is limited by the type and
shape of crystals which varies between 8 and 50% of the dry weight of the cladode (Gallaher, 1975;
McConn and Nakata, 2004). Likewise, the consumption of nopalito varies depending on the state
of maturation (between 400 and 500 g) that reports high contents of oxalate-free calcium (3.4 g in
100 g) (Rodriguez et al., 2007).

On the other hand, it has been reported that nopal by its physiology produces calcium oxalate
crystals (Franceschi and Horner, 1980) classified into four types by their morphology (Jauregui et
al., 2003) in: rafidia (acicular crystals in aggregates), drusen (spherical crystalline aggregates),
styloid (acicular crystals) and prisms. Where the morphology of the crystals and distribution within
the tissues of the plant are specific, which may be in the form of whewellite (calcium oxalate
monohydrate) or weddellite (calcium oxalate dihydrate) (Horner, 1980).

Attending the concern to know the shape and structure of different crystals present in the nopal
Jauregui et al. (2003) used scanning electron microscopy coupled to an energy of dispersive
X-ray spectrometer (EDS), or using systematic infrared spectroscopy to characterize the
chemical nature and deposits of crystals (Moje and Baran, 2003), or characterization of drusen.
of calcium oxalate in vegetal tissue (Monje and Baran, 2009) or characterization of inclusion
cells of minerals including the chemical composition and its morphology by means of the
identification by X-ray diffraction (XRD) and petrographic microscope (Barcénas et al.,
2015).

However, these methodologies for the characterization of oxalates and calcium carbonates require
very specific instruments, so it is proposed to implement procedures for the analysis of minerals
within the plant structures and their quantification on a microscopic scale with micro photomosaics
in Giga images of thin sections, as a viable alternative to analysis using transmission microscopy.
This methodological proposal was used to quantify and identify the geospatial distribution in
bacteria and microorganisms within the soil components (Tarquini and Favalli, 2010; Gutiérrez et
al., 2016).
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Despite this, the technique has not been applied in the characterization of calcium oxalates and
carbonates, so it can be adapted to plant tissues, allowing sequential photographs of continuous
fields to be used to form composite or micro-photomosaic images. The capture of sequential
images is very precise, and allows the generation of micromosaics with high spectral and spatial
resolution (Gutiérrez et al., 2016), of high precision (Li et al., 2008).

However, the quantification and spatial distribution of oxalates and calcium carbonates within
plant structures, as well as the location of these, remains limited due to the scarcity of
information on how to quantify and characterize these minerals in nopal vegetables. The
objective of this work was to describe an image analysis procedure that can be used to
characterize calcium carbonates and oxalates present in the nopal vegetable (Opuntia ficus-
indica L. Miller.) in composite images derived from thin sections of plant tissue; therefore, the
assumption suggests that the size, quantity and form in calcium carbonates is related to water
stress, where the different levels of dehydration of cladodes will influence their presence or
absence.

Procedures

The present investigation was carried out in the Experimental Field Marin in the Faculty of
Agronomy of the Autonomous University of Nuevo Leon during the years 2015-2017. The
experimental units were established in containers of 36 cm high, 28.5 cm in diameter, under
controlled conditions.

The substrate used reported differential constants to water stress during the development of the
cladodes. The stress consisted of reducing the amount of available water to 10% and 30% based
on volume, taking as reference the field capacity (CC) and permanent wilting point (WTP) of the
substrate. The watering moments were determined based on the periodic weight of the pots until
reaching the referred humidity levels.

Vegetable tissue samples were obtained from cladodes of 60 days, by transversal cuts of 4 cm?
and subjected to a state of dehydration with 100% acetone (CHsCH3) for 6 days and
impregnated with 90% resin and a styrene monomer (CgHs) at 10%. The impregnation was
carried out in a vacuum chamber for 45 min at 15 Ibs of tension, drying for 15 days thereafter,
once they were dried, they were placed on coverslips fixed with apoxic resin and polished up
to 30 um thick.

The micromorphological analysis began capturing sequential microimages with different light
sources at a 10x objective using a digital camera mounted on a petrographic microscope
(Olimpus BX51), later high-resolution micro-photomosaics were created. The image analysis
was using ERDAS Imagine 2014v®. The measurement of calcium oxalates and carbonates was
achieved by converting raster information into vector format using ArcGIS v.10.1. The
processes were based on the methodology reported by Gutiérrez et al. (2016).
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Discussions

The capture of sequential photographs with different light phases: flat (Figure 1A), polarized or
crossed (Figure 1B) and compensated (Figure 1C) formed high quality micro-mosaics in spatial
resolution in the treatment 10% and 30% of AD (Figure 2 A, B, C).

Figure 1. Treatment of 10% AD Construction of mosaics of high spatial resolution in different light
sources and with different objectives. A) flat light; B) polarized or crossed light; and C) light
compensated.

Figure 2. Treatment of 30% AD. Construction of mosaics of high spatial resolution in different light
sources and with different objectives. A) flat light; B) polarized or crossed light; and C) light
compensated.

The construction of micro-mosaics with Giga Images technique allowed observing the calcium
oxalate crystals (drusen) (Figure 3) and carbonates (calcites) with polarized and compensated light
(Figure 4).

Figure 3. Visualization of calcium oxalate crystals with three light sources. A. flat light; B. Polarized or
crossed light; and C. Light compensated.
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Figure 4. Calcium carbonates (calcite) with two light sources. A) polarized or crossed light; and B)
compensated light.

Other advantages of the use of this methodology was the measurement of the minerals, which
resulted in a significant difference between the calcium oxalates of the treatments of 10 and 30%
of AD (Figure 5) with diameters of 5.9 and 11.11 um respectively, also achieving the measurement
of calcium carbonates (Figure 6).

Figure 5. Measurement of calcium oxalates with a water stress of 10 and 30% of AD. A) calcium
oxalate from the 10% treatment of AD with a diameter of 5.9 um; and B) calcium oxalate from
the treatment 30% available water with a diameter of 11.11 pum.

Figure 6. Measurement of calcium carbonates with water stress of 10 and 30% of AD. A) calcium
carbonate of treatment 10% of AD with a measurement of 1.4 um. B) calcium carbonate from
treatment 30% of AD with a measurement of 2.2 pm.

In addition, it was possible to make a comparison of sizes between the oxalate nuclei and the
calcium carbonates of some samples of the treatments of 10 and 30% of AD, demonstrating that
for each oxalate a calcium carbonate is sequestered (Figure 7) when comparing the images of
calcium oxalates and calcium carbonates in different light sources with petrographic microscopy
and electronic scanning (Figure 8 and 9).
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Figure 7. Comparison of measurements of the core of calcium oxalates and calcium carbonates. A)
treatment of 10% of available water, shows the similarity in size of the oxalate nucleus 1.38 um
and the carbonate 1.4 um; and B) treatment of 30% of available water, shows the similarity in
size of the core of the oxalate 2.4 um and the carbonate 2.2 um.

Figure 8. Comparison of photographs of calcium oxalate in different light sources with a petrographic
and electronic microscope. A) flat light; B. polarized or crossed light; C) compensated light; and
D) electronic scanning microscope by McCoonn and Nakata (2004).

Figure 9. Comparison of photographs of calcium carbonate in different light sources with a
petrographic and electronic microscope. A) polarized or crossed light; B) compensated light;
and C) electronic scanning microscope by McCoonn and Nakata (2004).

A comparison of means of representative samples of treatments of 10 and 30% of AD (Table 1)
where the diameter of the oxalates was significantly higher than that of the calcium carbonates with
a diameter of 71.39 um.

Table 1. Comparison of means between different types of minerals from the treatments of 10 and 30%
of available water.

Treatment Diameter of calcium Diameter of calcium Diameter of the core of
AD oxalates (um) carbonate (um) calcium oxalate (um)
10% 37.63 19.15 20.04
30% 71.39 20.86 24.05
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Conclusions

It is determined that water stress inhibits and promotes the size, quantity and shape of calcium
oxalates and carbonates within vegetable structures of nopal vegetable. While the identification
and characterization in undisturbed samples in cladodes with different stress was possible using
multispectral analysis techniques in Giga Micro-photomosaic images determining the existing
correlation between the nuclei that for each oxalate there is an unavailable calcium carbonate.
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