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Dr. Antonio Panico Università degli Studi Pegaso, Italia
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Paul Esteban Bravo López, Universidad del Azuay,

Instituto de Estudios de Régimen Seccional del Ecuador (IERSE), Ecuador.
Fredy Cuarán, Universidad Politécnica Salesiana, Ecuador.
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Editorial

Dear reader,

Since the pioneering experiments of Louis Pas-

teur, conducted in collaboration with Marie Lau-

rent in the nineteenth century, chirality has capti-

vated scientific, artistic, and philosophical thought.

By observing crystals derived from tartaric acid,

Laurent and Pasteur distinguished mirror-image

forms and opened a window onto one of the most

profound problems in science: the preference for

one symmetry over another in matter. In living sys-

tems, this asymmetry is clearly manifested, as cer-

tain molecular forms predominate over their mirror

images and acquire specific functions. Chirality can

be recognized at multiple scales, from subatomic

particles to biological systems and cosmological

structures. This special issue of La Granja: Revista

de Ciencias de la Vida, in collaboration with the Ins-

titute of Nuclear Sciences of the National Autonomous

University of Mexico (UNAM), the Chemical Research

Center of the Autonomous University of the State of

Morelos (UAEM), Mexico, the Faculty of Sciences of the

National Autonomous University of Mexico (UNAM),

and the Interdisciplinary Research Network on Chira-

lity (RiiQ), explores some of its multiple facets and

its role in the organization of matter and living sys-

tems.

The study of chiral symmetry breaking in crys-

talline systems has provided a robust theoretical

and experimental model for understanding how

asymmetry may have emerged before the origin of

life. The crystallization of NaClO3, an achiral com-

pound in solution that forms enantiomorphic con-

glomerates, demonstrates that chirality can emerge

at the supramolecular level from simple systems.

This phenomenon is addressed in the manuscript

by Cruz-Rosas, H. et al., “Chiral Symmetry Breaking

in NaClO3 Crystals as a Model for the Study of Biolo-

gical Homochirality,” which analyzes experimental

conditions that allow a system initially lacking chi-

ral preference to transition toward states of high

enantiomeric purity.

Processes such as secondary nucleation and

Viedma deracemization show that local fluctua-

tions, coupled with dissolution and crystallization

cycles induced by mechanical or thermal energy,

can amplify an asymmetry without necessarily re-

quiring an initial external bias. These nonequili-

brium processes offer plausible scenarios for un-

derstanding how an initially racemic prebiotic che-

mistry could have evolved toward chiral prefe-

rences. However, the transition between this phy-

sicochemical asymmetry and its fixation in self-

replicating systems remains an open question. We-

re crystalline processes decisive in biasing chemical

evolution, or did they act jointly with other physical

mechanisms?

Biological homochirality, particularly the pre-

dominance of L-amino acids in protein synthesis,

has traditionally been considered a characteristic

property of life. However, as Díaz Aguilar, J. et

8 LA GRANJA:Revista de Ciencias de la Vida 44(2) 2026: 8-12
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al. explain in “A Look at D-Amino Acids in Living

Organisms,” this view has been enriched by the

discovery of essential functions performed by D-

enantiomers in different organisms.

D-amino acids such as D-alanine and D-

glutamate are fundamental components of bacterial

peptidoglycan, whereas D-serine and D-aspartate

perform relevant functions in mammals. This co-

existence raises a central question: how do orga-

nisms preserve the chiral fidelity of their proteome

while selectively using the opposite enantiomer?

Enzymatic mechanisms such as D-aminoacyl-tRNA

deacylases contribute to this control. Rather than

absolute homochirality at all levels, life thus reveals

a scenario in which homochirality and heterochira-

lity can functionally coexist.

At a higher level of complexity, chirality is also

manifested in the organization of genetic informa-

tion. The work by Rios-Willars et al., “Tendency To-

ward Functional Asymmetry and Microsatellite-Induced

Helical Chirality in Staphylococcus aureus,” explores

this dimension through the analysis of repetitive se-

quences or microsatellites. The differences observed

in the distribution of motifs such as ATAT, AGAG,

and ACAC suggest a reorganization of repetitive ar-

chitecture with possible structural and evolutionary

implications. This asymmetry introduces a spatial

and conformational dimension into genome orga-

nization that transcends its description as a simple

linear sequence.

We currently have more tools available to un-

derstand chiral symmetry breaking and its amplifi-

cation, yet we have still not unraveled why asym-

metry appears so persistently in nature. Is the chiral

preference of biological systems the consequence of

initial fluctuations amplified through nonlinear and

autocatalytic processes, or does it reflect more fun-

damental asymmetries in the laws of physics, such

as parity violation in the weak interaction? The ans-

wer may lie at the convergence of different levels of

explanation.

This search resonates with the work of Germinal

Cocho Gil† and Thomas Buhse†, two leading figu-

res in the study of complexity and chirality, whom

we miss and remember with admiration in these

pages. Their contributions broadened our unders-

tanding of irreversibility, symmetry breaking, and

the emergence of order in chemical and biological

systems.

In this context, the Interdisciplinary Network

for Research on Chirality in Mexico constitutes a

space for dialogue and collaboration among those

who study these phenomena from different disci-

plines. Its annual meeting, which this year will be

held at the Institute of Nuclear Sciences of UNAM

on November 12, 2026, represents an opportunity to

share ideas and chart new avenues of research. This

special issue of La Granja contributes to this effort

by providing a platform for disseminating know-

ledge and stimulating debate.

As living beings, we embody symmetry brea-

king in our cells, amino acids, proteins, and in the

helical structure of DNA. Molecular asymmetry is

not merely a geometric curiosity: it is intimately lin-

ked to the organization and functionality of life. Ho-

wever, life is also a dynamic and fragile process.

When it ends, the slow process of racemization be-

gins; the molecular orientation associated with fun-

ction fades, and the system once again moves to-

ward thermodynamic equilibrium. The amino acids

that once formed part of active proteins progressi-

vely tend toward racemic states, like an echo of the

prebiotic chemistry of the early Earth from which

they emerged.

LA GRANJA: Revista de Ciencias de la Vida 44(2) 2026: 8-12
©2026, Universidad Politécnica Salesiana, Ecuador. 9



Chirality at different scales confronts us with

questions that span physics, chemistry, and biology,

and invites us to reflect on the relationship between

elementary particles, life, and the cosmos; between

order and equilibrium; between functional asym-

metry and thermodynamic symmetry. This special

issue of La Granja does not seek to offer definitive

answers, but rather to delineate some of the fron-

tiers that our academic community continues to

explore. In this sense, it constitutes an invitation to

critically examine one of the most persistent ques-

tions in science: how, from matter and its interac-

tions, could the organization that gave rise to life

have emerged?

Following the three manuscripts in the special

section on chirality, the issue opens to seven misce-

llaneous articles in the life sciences. Although diver-

se, they share the same purpose: to transform rigo-

rous observation into knowledge capable of explai-

ning the complexity of living systems and guiding

their care. Watersheds, reserves, native species, and

foods thus trace a continuity between fundamental

research, conservation, and innovation.

Two studies highlight the need for continuous

observation of environmental changes. First, Raúl

Moreno and María Flores analyze the Wawayme

River watershed in Ecuador, where the reduction in

vegetation cover associated with mining activities

modifies the hydrological response and demonstra-

tes that changes in land use directly affect water

availability and dynamics. The study emphasizes

the importance of combining monitoring, mitiga-

tion, and conservation with actions that strengthen

the resilience of local communities.

Meanwhile, Jaime Enrique Maza, Hugo Anazco,

Darwin Poma, and Alex Luna study the Arenillas

Ecological Reserve. The analysis identifies high-

risk areas near roads and productive activities and

confirms that protecting the interior of a reserve

is insufficient if its boundaries are not managed.

Conservation requires protecting adjacent areas, re-

ducing anthropogenic pressures, and maintaining

connectivity with other natural remnants.

Regional biodiversity, in turn, is presented as a

source of knowledge and added value. Laura Scal-

venzi, Sting Luna Fox, and Matteo Radice optimize

a freeze-dried extract of Ilex guayusa rich in caffeine.

Ultrasound-assisted aqueous extraction and pro-

duct characterization provide a technological ba-

sis for developing ingredients intended for energy

drinks. The study shows how an Amazonian re-

source can generate added value when innovation

is grounded in rigorous and responsible processes.

Likewise, Johana Meneses, Stephanie Monca-

yo, María Elena Maldonado, and Ramiro Acurio

evaluate extracts of Vaccinium floribundum against

Staphylococcus saprophyticus. The marked antimicro-

bial activity observed in vitro links the phenolic and

anthocyanin richness of mortiño with a promising

response. The study broadens the scientific horizon

of an Andean species of cultural and productive re-

levance.

Food systems complete this journey. David Vi-

vanco, Haydee Rodríguez, Raúl Siche, and David

Callirgos optimize the drying of Muscat of Ale-

xandria grapes. Indirect solar drying reduces pro-

cessing time and maintains high acceptability, de-

monstrating that the use of mathematical models

can improve efficiency without compromising qua-

lity. This approach offers relevant alternatives for

agri-food chains seeking to make better use of solar

energy.

Likewise, Luis David Jarquín-Izaguirre, Luisa

10 LA GRANJA:Revista de Ciencias de la Vida 44(2) 2026: 8-12
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Fernanda Correa Díaz, and Saúl Alejandro Jarquín-

Izaguirre review the management of Zabrotes sub-

fasciatus in common bean. The integration of cultu-

ral, physical, chemical, and plant-breeding methods

emerges as the most robust strategy for protecting

stored grains and reducing dependence on insecti-

cides. Monitoring, resistant varieties, and producer

training are essential for food security.

Environmental quality is also expressed through

what is not always visible. The study conducted in

Espíndola by David del Pozo, María de los Ángeles

Álvarez, and Bryan Valle found concentrations of

settleable particulate matter below the regulatory

limit, but confirmed the presence of heavy metals.

Compliance with a standard, therefore, should not

be interpreted as the absence of risk. Strengthening

air-quality monitoring in rural communities will

make it possible to identify at an early stage the

effects of vehicular emissions and extractive activi-

ties, areas in which information remains limited.

Taken together, this issue articulates two com-

plementary perspectives within the life sciences.

The special section on chirality investigates the fun-

damental asymmetries involved in the organization

of matter and biological systems; the miscellaneo-

us section extends this same commitment to un-

derstanding toward concrete challenges involving

territories, biodiversity, food production, and en-

vironmental quality. From molecular architecture

to watershed dynamics or forest conservation, the

works brought together here confirm that life can

only be understood through dialogue across scales,

disciplines, and contexts. With this issue, La Gran-

ja renews its commitment to plural, rigorous, and

context-sensitive science, capable of posing funda-

mental questions while simultaneously providing

tools for building healthier, more sustainable, and

more resilient futures.
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Abstract

Living systems are composed of chiral molecules. In the absence of asymmetric influences, chemical reactions that
generate chiral molecules produce statistically equivalent proportions of left- and right-handed enantiomers (the ra-
cemic state). However, biological systems exhibit a marked preference for one enantiomer over the other. The para-
digmatic example is the predominant use of L-amino acids in protein synthesis and D-pentose sugars in the synthesis
of nucleic acids (DNA and RNA). The asymmetric crystallization mechanisms of sodium chlorate (NaClO3) provide
an experimental model for investigating the possible origin of this molecular asymmetry and its relevance to living
systems. In this article, we review the mechanisms responsible for the formation of chiral NaClO3 crystals, including
amplification and deracemization processes, as well as their potential applications in the production of enantiomeri-
cally pure compounds. We also examine the relationship between the chiral asymmetry observed in these inorganic
systems and biological homochirality. Finally, we discuss the hypothesis that asymmetric crystallization processes
may have occurred on the prebiotic Earth and influenced the molecular dynamics associated with the origin of life.
We conclude that NaClO3-based systems provide a useful model for understanding the physical mechanisms capable
of generating and amplifying chiral asymmetries from initially symmetric conditions.

Keywords: Homochirality, asymmetric crystallization, deracemization, sodium chlorate (NaClO3), origin of life.
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Resumen

Los seres vivos están constituidos por moléculas quirales. En ausencia de influencias asimétricas, las reacciones quí-
micas que producen moléculas quirales generan proporciones estadísticamente equivalentes de los enantiómeros iz-
quierdo y derecho (estado racémico). Sin embargo, los sistemas biológicos muestran una marcada preferencia por
uno de los enantiómeros. El caso paradigmático es el uso predominante de aminoácidos levógiros (L) en la síntesis de
proteínas y de azúcares pentosas dextrógiras (D) en la síntesis de ácidos nucleicos (DNA y RNA). Los mecanismos de
cristalización asimétrica del clorato de sodio (NaClO3) constituyen un modelo experimental para estudiar el posible
origen de esta asimetría molecular y su relevancia para los sistemas biológicos. En el presente artículo revisamos los
mecanismos responsables de la formación de cristales quirales de NaClO3, incluyendo los procesos de amplificación
y desracemización, así como sus posibles aplicaciones en la obtención de compuestos enantioméricamente puros.
Asimismo, analizamos la relación entre la asimetría observada en estos sistemas inorgánicos y la homoquiralidad bio-
lógica. Finalmente, discutimos la hipótesis de que procesos de cristalización asimétrica pudieron ocurrir en la Tierra
prebiótica e influir en la dinámica molecular asociada con el origen de la vida. Concluimos que los sistemas basados
en NaClO3 constituyen un modelo útil para comprender los mecanismos físicos capaces de generar y amplificar asi-
metrías quirales a partir de condiciones inicialmente simétricas.

Palabras clave: Homoquiralidad, cristalización asimétrica, desracemización, clorato de sodio (NaClO3), origen de la vida.
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Chiral symmetry breaking in NaClO3 crystals as a model for the study of biological homochirality

1 Introduction
Chirality is a fundamental geometric property whe-
rein an object or system exists in two distinct confi-
gurations that are non-superimposable mirror ima-
ges of each other, precisely analogous to the struc-
tural relationship between a left and a right hand
(See Figure 1).

In the case of chiral molecules and crystals, the-
se forms are known as enantiomers. Experimen-
tally, enantiomers can be distinguished by their in-
teraction with plane-polarized light, as they rota-
te the plane of polarization in opposite directions.
This property is denoted as (+) or (−), depending
on whether the rotation is clockwise or counter-
clockwise, respectively. Historically, this phenome-

non gave rise to the terms levorotatory (L) and dex-
trorotatory (D); however, in modern chemistry, the
designations L and D do not describe optical rota-
tion but instead correspond to a relative structu-
ral nomenclature based on the Fischer projection of
glyceraldehyde. In contrast, the absolute configura-
tion of a chiral molecule is defined using the R/S
(rectus/sinister) system, which is assigned according
to the Cahn–Ingold–Prelog priority rules (Cleaves,
2023). These rules establish the priority of substi-
tuents around a chiral center based on the atomic
number (Z) of the atoms directly bonded to it. In
the event of a tie, the next atoms along the chain are
progressively compared until a difference is found,
determining the spatial arrangement of the groups
around the chiral center.

Figure 1. Chirality is prominently expressed in gastropod anatomy through the direction of shell coiling. The dextral
(right-handed) coiling of the shell in most snail species defines a chiral asymmetry, as individuals with sinistral (left-
handed) shell coiling are less common. This reversal in shell coiling is caused by mutations that alter the animal’s

anatomy from the earliest cleavage stages of embryonic development.
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Figure 2 illustrates the assignment of the R/S
absolute configuration for lactic acid according to
these rules. In both enantiomers, the substituent
with the lowest priority is −H (Z = 1), which is
oriented away from the observer. Moving upward
in priority, −CH3 is followed by −CO2H. This as-
signment arises because the atoms directly bonded
to the chiral center (the α-carbon) are identical, as
both substituents possess a carbon atom with Z = 6.
To resolve this tie, the next atoms in the chain are
compared: hydrogen has Z = 1, whereas oxygen

has Z = 8. Consequently, −CH3 (carbon bonded to
H, H, H) holds a lower priority than −CO2H (car-
bon bonded to O, O, H). Finally, −OH is the substi-
tuent with the highest priority because the oxygen
atom directly bonded to the chiral center has Z = 8.
Thus, the overall priority order is OH > CO2H >
CH3 > H. Based on this sequence, the orientation
OH → CO2H → CH3 traced in a counterclockwise
direction corresponds to the S configuration, whe-
reas a clockwise sequence corresponds to the R con-
figuration.

Figure 2. Assignment of the R/S absolute configuration for lactic acid according to Cahn–Ingold–Prelog priority rules.
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In biological systems, homochirality is a pro-
perty of functional asymmetry associated with the
flow of information at the cellular level (Carroll,
2009; Cruz-Rosas et al., 2020). It is a distinctive cha-
racteristic of life that extends across different levels
of biological organization (Cruz-Rosas et al., 2022;
Inaki et al., 2016). During the synthesis of infor-
mational biopolymers, ribosomes recognize only
L-amino acids (except glycine, which is achiral),
whereas RNA polymerase and DNA polymerase
recognize only nucleotides containing D-ribose and
D-deoxyribose—a phenomenon strictly referred to
as biohomochirality. Nevertheless, the presence of
D-amino acids and L-sugars has been reported to
play important roles in certain biological processes
(Bitchagno et al., 2022; Forsman and Leino, 2011;
Fuchs et al., 2005; Genchi, 2017). Conversely, the
synthesis of mirror proteins and mirror nucleic
acids—achieved by polymerizing D-amino acids

and L-nucleotides—has been accomplished only
under laboratory conditions, requiring synthetic
mirror enzymes (Harrison et al., 2023; Young et al.,
2019).

Thus, the strict homochirality involved in the
synthesis of proteins and nucleic acids is not main-
tained universally outside these core processes. Ho-
wever, the preferential use of one enantiomer over
the other remains a consistent characteristic of bio-
logical systems (Franco-Rodríguez et al., 2023). In-
terestingly, inorganic systems also exhibit chiral
asymmetry, displaying biases toward either right-
handed or left-handed configurations that range
from the weak interactions within atoms to the ro-
tation of spiral galaxies like the Milky Way (Pa-
vlov and Klabunovskii, 2014), thereby demonstra-
ting that chiral asymmetry is a widespread feature
of nature.

A
B

Figure 3. Schematic illustration of chirality observed in crystals. A) Enantiomorphs in which chirality emerges because
of the spatial arrangement of the chemical units. B) Enantiomorphs in which chirality is observed as inclined striations

on the surface of one of the crystal faces.

The stable, disordered, and most probable state
of a chiral system is the racemic state, which re-
presents an equimolar mixture of both enantiomers
(50% left-handed and 50% right-handed). Conse-
quently, biohomochirality represents a distinct state
of molecular asymmetry and order in biology. Even
non-living biological systems, such as viruses, must
be homochiral to interact with the cells they infect.
In crystalline systems composed of inorganic com-
pounds, where molecular order follows a periodic
pattern, chirality does not necessarily reside in the
individual chemical units; instead, it emerges as a
collective property of the spatial arrangement of the
crystal lattice and its space group symmetry (Flack,
2003; Valentín-Pérez et al., 2022). These arrange-

ments can manifest as helices rotating either clock-
wise or counterclockwise, as seen in sodium chlo-
rate (NaClO3) (Dickinson and Goodhue, 1921), or
as striations on crystal faces that incline to the left
or right relative to the observer, as observed in the
hemihedral faces of sodium tartrate (Gal, 2011) (Fi-
gure 3).

In these cases, each crystal form is the mirror
image of the other and is referred to as an enantio-
morph (Flack, 2003). Notably, this chirality occurs
at the supramolecular level, largely independent
of the chirality of the units constituting the lattice.
This is exemplified by sodium chlorate, an achiral
molecule that gives rise to a chiral helical lattice,
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further demonstrating that chirality is an emergent
property determined by the spatial arrangement
of a system’s components. Therefore, chirality can
be observed at different levels of organization in
nature without necessarily being present at the pre-
ceding level.

The emergence of chirality in a molecular sys-
tem depends on physicochemical forces and proces-
ses that may have operated on the prebiotic Earth,
influencing the origin or the earliest evolutionary
stages of life and determining, from a very early
stage, the subsequent development toward present-
day biohomochirality. Therefore, studying these
forces and processes may provide important in-
sights into the mechanisms that led to the emergen-
ce of living systems. Furthermore, research focused
on the pathways that induce chiral asymmetry is
interesting for understanding the origin and fun-
ctioning of biological processes, with implications
that are not only theoretical but also highly practi-
cal.

An example of this is the development of me-
dical therapies based on the fact that biohomo-
chirality represents a fundamental structural order
enabling stereospecific recognition among biomo-
lecules. This principle has been exploited in the
design of chiral nanomaterials capable of selecti-
vely recognizing molecular structures of biomedical
interest, with applications in diagnostics, targeted
drug delivery, and medical therapies (Sun et al.,
2026; Zhao et al., 2024). The development of enan-
tiomerically specific drugs is also an area of research
based on molecular chirality, aiming to minimize
adverse effects while enhancing physiological acti-
vity through the stereoisomer with the appropriate
biological action (Nguyen et al., 2006).

To achieve these objectives, various research
groups employ simple molecular models, such as
the formation of chiral crystals to understand the
mechanisms by which chiral symmetry breaking
can be induced and to investigate their implications
for biology. On this basis, the present study high-
lights the relevance of investigating the crystalliza-
tion of NaClO3 and the mechanisms underlying its
chiral symmetry breaking as a simple and useful
experimental model for approaching the possible
asymmetric conditions under which the earliest li-
ving systems were assembled.

2 Sodium Chlorate (NaClO3):
An Experimental Model

Sodium chlorate is an achiral inorganic salt that
crystallizes to form chiral conglomerates. This chi-
rality does not reside in the individual chemical
units but rather emerges because of the three-
dimensional arrangement of the Na+ and ClO−

3

ions within the crystal lattice. Specifically, the crys-
tal belongs to a chiral space group (P213), in which
the structural units are arranged along helical axes,
giving rise to left- or right-handed enantiomorphic
structures (Buhse et al., 2021; Flack, 2003; Florent et
al., 2023). An important consequence of this arran-
gement is that the crystals exhibit optical activity;
i.e., they are capable of rotating the plane of plane-
polarized light. As a result, when observed through
polarized filters, crystals of opposite handedness
interact differently with light, allowing opposite
chiral conglomerates to be visually distinguished.

If the polarizing plates are initially crossed (their
polarization planes oriented perpendicularly to
each other at 90◦) and the upper plate (analyzer)
is rotated to the right, the polarized light passes
through the crystal mixture, causing the L-crystals
of NaClO3 to appear brighter than the D-crystals.
Conversely, if the analyzer is rotated to the left, the
appearance of the conglomerates is reversed, and
the D-crystals appear brighter. This phenomenon is
illustrated in Figure 4, where the arrows indicate
clockwise and counterclockwise rotations and the
corresponding effect on the pair of crystals. The lo-
wer images show the appearance of the L and D
conglomerates, respectively, because each enantio-
morph interacts differently with the direction of the
polarized light passing through the crystal mixture.
There is no direct relationship between the clock-
wise or counterclockwise rotation of the analyzer
and the chirality of each enantiomorph. Therefore,
this method does not determine the absolute con-
figuration of each conglomerate but rather serves
as a technique for distinguishing between left- and
right-handed crystals, as well as from achiral crys-
tals (Niinomi et al., 2014).

A particularly interesting feature of NaClO3

crystallization is that when a supersaturated solu-
tion is prepared from previously formed crystals—
whether composed exclusively of left-handed crys-
tals, right-handed crystals, or a racemic mixture—
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the chirality associated with the crystal lattice is en-
tirely lost upon dissolution. Consequently, the for-
mation of new crystals from this solution yields a
racemic mixture. This demonstrates that the race-
mate is the natural equilibrium state of the system’s
dynamics, to which it recurrently returns. Under

certain conditions, however, this equilibrium can
be broken, leading to non-racemic growth and the
clear predominance of one of the enantiomorphic
crystal forms (Buhse et al., 2021; Noble-Terán et al.,
2023).

Figure 4. Asymmetric interaction of l- and d-NaClO3 crystals with plane-polarized light. When the upper polarizing
plate is rotated clockwise (to the right) relative to the lower polarizing plate, the l-NaClO3 crystals appear brighter.
When the upper polarizing plate is rotated counterclockwise (to the left), the d-NaClO3 crystals appear brighter. Original

image: Heidi García Quintana. Colors are for illustrative purposes only.

3 Chiral Symmetry Breaking and
Non-Racemic Growth

Non-racemic growth refers to any process that re-
sults in a significant excess of one enantiomer over
the other (in this case, one enantiomorphic crystal
form of a given handedness over the other). Both
stochastic (random) and deterministic mechanisms
can cause this phenomenon.

3.1 The Effect of Spontaneous Conglo-
meration and Viedma Ripening

Viedma ripening operates through the spontaneous
formation of chiral crystals resulting from a dy-
namic process of conglomeration, fragmentation,
and recycling, in which a chiral nucleus induces
the incorporation (adsorption) of structural units

compatible with the configuration of the growing
enantiomorph, thereby giving rise to crystals with a
defined chirality. Under static conditions, the crys-
tallization of NaClO3 produces left-handed and
right-handed conglomerates in a symmetric (race-
mic) state. From this spontaneous conglomeration,
the Viedma ripening mechanism (Viedma, 2005)
makes it possible to obtain a homochiral crystal
population (100% enantiomorphs of the same han-
dedness) from a supersaturated racemic solution.

The system is subjected to a continuous cycle of
dissolution and growth of the crystal conglomera-
tes. This process can be induced in two ways. The
first involves the mechanical fragmentation of crys-
tals through the presence of glass beads that act
as a grinding medium under continuous stirring,
causing the smaller, less stable conglomerates to
dissolve preferentially. This favors an Ostwald ri-
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pening process, in which the dissolved material is
incorporated into the larger crystals, thereby pro-
moting their growth (Noorduin et al., 2009). The
second approach involves thermal fluctuations, in
which cycles of heating and cooling induce crystal
dissolution and growth, respectively (Noorduin et
al., 2008).

The key to this mechanism lies in the fact that
NaClO3 ions transition from the crystal phase in-
to the aqueous phase during dissolution and are
subsequently adsorbed again by either of the two
enantiomorphic crystal forms. This solid–liquid–
solid interconversion is reversible and exhibits no
preference for the formation of crystals of a parti-
cular chirality, since NaClO3 is achiral in solution
and its ionic units (Na+ and ClO−

3 ) can be incorpo-
rated into either enantiomorph. However, owing to
stochastic fluctuations, a slight excess of one han-
dedness may arise at a given moment. As the cy-
cles of crystal dissolution and growth continue, the
enantiomorph present in greater abundance has a
higher probability of adsorbing the ions released
by crystals that have dissolved after reaching a size
below the critical threshold (Noorduin et al., 2008).

This dynamic constitutes a symmetry-breaking pro-
cess in the formation of the two enantiomorphs and
establishes a positive feedback loop that ultimately
leads to the complete disappearance of the minority
enantiomorph and the formation of a homochiral
crystal population (Noble-Terán et al., 2023).

The Viedma mechanism is stochastic, giving rise
to homochiral populations of either the left-handed
or the right-handed enantiomorph following a bi-
nomial probability distribution, without preferen-
ce for either handedness (Kondepudi et al., 1990;
Viedma, 2005) (Figure 5). However, it is possible to
control the direction of chiral symmetry breaking,
thereby making the system deterministic, either by
applying unidirectional stirring to the solution (Ri-
bó et al., 2001) or by using chiral initiators, also refe-
rred to as chiral seeds, such as crystals of the same
compound or molecules dissolved in the medium
(Putman and Armstrong, 2022). In this context, con-
trolling the handedness of the resulting homochiral
state has implications that are not only theoretical
for the origin of life but also practical, for example,
in the food and pharmaceutical industries.

Figure 5. Example of a binomial distribution. An idealized histogram is shown with symmetric probabilities of obtaining
homochiral populations of left-handed and right-handed crystals, each having a maximum probability of 50%. Colors

are for illustrative purposes only.
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3.2 Chiral Symmetry Breaking by Se-
condary Nucleation

This mechanism, observed in salts such as NaClO3,
is based on the growth of crystals from previously
formed crystals. During primary nucleation, the
stochastic formation of the first crystals gives ri-
se to a racemic mixture (Kondepudi et al., 1990).
As the initial crystals continue to grow in solution,
they may induce secondary nucleation: small frag-
ments detached from the parent crystals act as new
crystallization nuclei, inheriting their structure and,
consequently, their chirality (Noorduin et al., 2008).

This mechanism may constitute a source of
asymmetry if either a left-handed or a right-handed
crystal becomes slightly larger or more active by in-
corporating more ions into its crystal lattice, thereby
generating more secondary nuclei of the same chira-
lity. These newly formed crystals, in turn, generate
additional crystallization nuclei with the same han-
dedness, thus establishing an autocatalytic process.
This cascade effect can rapidly lead to the predomi-
nance of a single enantiomorph in the crystalliza-
tion medium. Under appropriate conditions, these
mechanisms can produce crystal populations with
enantiomeric purities approaching 100% (Viedma,
2005).

4 Some Implications for the
Pharmaceutical and Food
Industries

In the pharmaceutical industry, the production of
enantiomerically pure substances is important be-
cause biological systems exhibit stereospecific re-
cognition and utilization of chiral molecules. Con-
sequently, enantiomers of the same drug may dis-
play different pharmacological properties. There
are several examples, one of the most famous being
thalidomide, which causes severe malformations
during embryonic development if the S-enantiomer
is administered; however, both enantiomers in-
terconvert under physiological conditions, under-
going in vivo racemization, which makes it difficult
to use them as enantiomerically pure compounds
(Hutt and Tan, 1996). Another example is ibupro-
fen, where the S-enantiomer is the physiologically
active form in humans (and, in general, in mam-
mals). This anti-inflammatory drug can be obtained

as a racemate, in which the R-enantiomer (right-
handed) is physiologically inactive but is converted
to the S-enantiomer in blood plasma. If the racemic
mixture is administered, the effective dose increa-
ses because the R-enantiomer is partially converted
to the active S-form in the body by liver enzymes,
which can potentially lead to kidney damage (Ngu-
yen et al., 2006).

In many cases, enantiopure drugs are obtained
through enantioselective synthesis or chiral resolu-
tion. From an alternative perspective, chiral crys-
tallization processes can be explored as potential
methods for the separation of enantiomers; ho-
wever, most chiral organic compounds, including
ibuprofen, crystallize as racemic compounds (whe-
re both S- and R-ibuprofen are part of the same
crystal lattice) rather than as enantiomeric aggre-
gates, which limits the direct application of these
methods. Research into the mechanisms of asym-
metric nucleation, such as the Viedma mechanism
or secondary crystallization, remains an open field
for the development of industrial processes aimed
at obtaining aggregates of these substances with
high enantiomeric purity.

In the food industry, a similar situation occurs
because sensory chemoreceptors recognize chiral
molecules differently depending on the specific
enantiomer. Since smell and taste are closely lin-
ked, there are numerous examples starting with
the classic case of limonene, where it is often clai-
med that S(−)-limonene is perceived as the scent
of lemon, while R(+)-limonene is recognized as
the scent of orange (Brenna et al., 2003). However,
the validity of this widely cited example has been
questioned. In a study on aroma characteristics, it is
argued that R(+)-limonene is actually the primary
terpene present in the essential oil of all citrus fruits
(including both lemons and oranges), and that the
S(−)-limonene historically obtained from lemon
peel may have been contaminated with citral. This
contamination likely produced the reported lemon
aroma—making it an artifact of the experimental
method used—an error that has since persisted in
the scientific literature (Sell, 2014).

Leaving the debate about limonene aside for
now, chiral organic molecules are consistently
found in asymmetric proportions within living or-
ganisms. Menthol, obtained from certain species of
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herbaceous plants of the genus Mentha, is naturally
produced as (−)-menthol, which corresponds to
the (1R, 3R, 4S) configuration because the molecule
possesses three chiral centers. This notation indica-
tes that each of the three chiral centers has an abso-
lute configuration of R or S, describing the three-
dimensional arrangement of substituents around
each center; for menthol, this structural comple-
xity results in 8 stereoisomers. (−)-Menthol is res-
ponsible for the characteristic mint flavor and co-
oling sensation when recognized by sensory chemo-
receptors in the mucous membranes. Conversely,
(+)-menthol, which corresponds to the (1S, 3S, 4R)
configuration, is perceived as having an artificial,
medicine-like flavor and actively interferes with
the receptor recognition of (−)-menthol when both
are present together. Although the extraction of
(−)-menthol from peppermint oil (primarily from
the species Mentha canadensis) remains the primary
source of this monoterpenoid, its industrial synthe-
sis can occur via chiral precursors such as (+)-
limonene, or achiral precursors such as β-pinene,
followed by isolation of the pure compound th-
rough the crystallization of (−)-menthol (Kamatou
et al., 2013). In this regard, research into the me-
chanisms of crystal formation with high enantiome-
ric purity—such as Viedma ripening or secondary
crystallization—represents an active field that could
lead to new, economically feasible industrial proces-
ses.

5 Implications for the Origin of
Biological Chirality

Regarding the origin of biohomochirality, both
the Viedma mechanism and secondary nuclea-
tion demonstrate that simple processes based on
crystallization–dissolution cycles and statistical
fluctuations can lead to homochiral states in inorga-
nic systems. This may imply the existence of sites or
local environments exhibiting chiral asymmetry on
mineral surfaces of the prebiotic Earth, or within the
environments in which the earliest living systems
assembled and began their evolutionary process.
The transfer of chiral bias from inorganic crystals to
organic molecules such as amino acids and sugars
constitutes a field of research that can be framed
within Curie’s principle of symmetry: “When cer-
tain causes produce certain effects, the symmetry
elements of the causes must be found in the ef-

fects produced” (quoted by Chalmers, 1970). Accor-
dingly, inorganic chiral asymmetry would impose
geometric constraints on molecular dynamics, bia-
sing organic molecular systems toward one of the
enantiomers.

The chiral symmetry breaking observed during
NaClO3 crystallization demonstrates that simple
processes, independent of biological dynamics, can
generate homochiral states. This asymmetry in inor-
ganic systems may have contributed to determining
biological chiral asymmetry under one of two ge-
neral scenarios: first, as a condition preceding the
origin of life; or second, as an environmental factor
that influenced evolutionary processes during the
earliest stages following the emergence of living
systems. In both cases, one hypothesis linking these
phenomena to life proposes that chiral crystals may
have acted as the earliest agents of selection and
amplification of molecular chirality, either before or
after the origin of life.

The non-racemic growth of chiral minerals or
prebiotic organic compounds (such as amino acids
that crystallize as conglomerates) may have provi-
ded the earliest local environments on the primitive
Earth with a significant enantiomeric excess. Un-
like other hypotheses, such as molecular pansper-
mia (Bonner, 1991; Bonner and Rubenstein, 1987;
Rubenstein et al., 1983) or the Oparin–Haldane hy-
pothesis (Schopf, 2024), chiral symmetry breaking
during NaClO3 crystallization did not require cos-
mic radiation or a source of circularly polarized
light to induce asymmetric growth; statistical fluc-
tuations and amplification alone were sufficient.

One of the simplest proposed mechanisms is
that crystal surfaces exhibiting chiral asymmetry
may have functioned as reaction surfaces, displa-
ying asymmetric interactions based on molecular
geometric affinities with one enantiomer of organic
molecules. For example, a homochiral crystal could
preferentially promote the binding and polymeri-
zation of amino acids, in this case L-amino acids,
or sugars such as D-ribose and D-deoxyribose. This
process could have led to the formation of the first
oligopeptides or oligonucleotides with a chiral bias,
which, once molecular life became autonomous,
perpetuated this initial asymmetry (Vogl, 2011).

Several research groups have reported the se-
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lective adsorption of one enantiomer by mineral
surfaces exhibiting chiral asymmetry. Examples in-
clude the preferential adsorption of L-amino acids
onto mineral surfaces such as calcite (Hazen et al.,
2001) and the selective adsorption of D-ribose onto
mineral surfaces (Delidovich et al., 2014).

Along the same lines, cross-amplification may
also have played an important role. A slight excess
of L-amino acids or D-ribose, perhaps generated
by a homochiral population of inorganic crystals,
could subsequently have been amplified by other
mechanisms, such as asymmetric catalysis on mine-
ral surfaces or autocatalytic reaction systems such
as the Soai reaction, ultimately leading to the homo-
chirality observed in living systems today (Barron,
2008).

6 Conclusion: Inorganic Asym-
metry and Biological
Asymmetry

The crystallization of NaClO3 into enantiomorphic
conglomerates demonstrates that chirality can
emerge at the supramolecular level from an achi-
ral molecular system. Furthermore, secondary nu-
cleation and Viedma ripening demonstrate that an
initially racemic condition can generate a state of
pure homochirality through simple physicochemi-
cal processes (crystallization, dissolution, mechani-
cal energy, or thermal energy). No initial external
asymmetric influence is required; only statistical
fluctuations are sufficient. These processes may the-
refore represent an abiotic mechanism capable of
inducing chiral symmetry breaking in organic mo-
lecules, particularly in amino acids and pentose
sugars (such as ribose and deoxyribose), thereby
determining the chiral bias observed in biological
systems.

Therefore, it is plausible that on the prebiotic
Earth, mineral surfaces subjected to cycles of hu-
midity and temperature, or hydrothermal systems,
experienced crystallization processes analogous to
Viedma ripening, which acted as the turning point
that biased the system toward the predominance of
L-amino acids or D-sugars. Although these mecha-
nisms explain the generation and amplification of
chiral asymmetry in simple physical systems, the
transition toward its incorporation and fixation in

self-replicating chemical systems remains an open
question in studies on the origin of life. Neverthe-
less, the scenario presented here may have for-
med part of the process that transformed the asym-
metry of abiotic chemistry into the functional asym-
metry of living organisms, the latter in the sense
that organisms maintain their fundamental biologi-
cal processes because they are organized on the ba-
sis of their homochiral state (Cruz-Rosas et al., 2022;
Cruz-Rosas and Miramontes, 2021).
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Abstract

The predominance of L-amino acids in biological systems has long been considered a defining feature of life. Howe-
ver, accumulating evidence over the past decades has demonstrated that D-amino acids are not merely biochemical
anomalies, but biologically relevant molecules with diverse and essential functions across all domains of life. This
review summarizes current knowledge on the distribution, biosynthesis, metabolism, and physiological roles of D-
amino acids, highlighting their significance in microbial, animal, and evolutionary contexts. In bacteria, D-amino
acids such as D-alanine and D-glutamate are integral components of peptidoglycan, contributing to cell wall integrity
and resistance to proteolytic degradation. Beyond structural roles, several noncanonical D-amino acids act as signa-
ling molecules to biofilm formation and microbial community dynamics. In eukaryotes, particularly in mammals,
D-serine and D-aspartate have emerged as key neuromodulators involved in synaptic plasticity, neurodevelopment,
and endocrine regulation, with growing implications in neurological and psychiatric disorders. Furthermore, the
coexistence of functional D-amino acids with the largely L-based proteome raises fundamental questions about the
origin and maintenance of biological homochirality. Mechanisms such as stereospecific aminoacyl-tRNA synthetases
and D-aminoacyl-tRNA deacylases actively preserve proteomic homochirality while allowing selective utilization of
D-amino acids in specialized pathways. Overall, D-amino acids represent a crucial yet historically underappreciated
dimension of biological chemistry, with implications ranging from microbial physiology to neuroscience and the ori-
gin of life.

Keywords: Enantiomers, amino acids’ evolution, homochirality, biofilm, racemase, peptidoglycan.
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Resumen

La predominancia de los L-aminoácidos en los sistemas biológicos se ha considerado durante mucho tiempo como
una característica definitoria de la vida. Sin embargo, la evidencia acumulada en las últimas décadas ha demostrado
que los D-aminoácidos no son solo anomalías bioquímicas, sino moléculas biológicamente relevantes con funciones
diversas y esenciales en todos los dominios de la vida. Esta revisión resume el conocimiento actual sobre la distribu-
ción, biosíntesis, metabolismo y funciones fisiológicas de los D-aminoácidos, destacando su importancia en contex-
tos microbianos, animales y evolutivos. Los D-aminoácidos como la D-alanina y el D-glutamato en las bacterias son
componentes integrales del peptidoglicano, contribuyendo a la integridad de la pared celular y a la resistencia a la
degradación proteolítica. Más allá de sus funciones estructurales, varios D-aminoácidos actúan como moléculas de
señalización para la formación de biofilms y la dinámica de las comunidades microbianas. En los eucariontes, parti-
cularmente en los mamíferos, han surgido la D-serina y el D-aspartato como neuromoduladores clave implicados en
el neurodesarrollo y la regulación endocrina, con implicaciones crecientes en trastornos neurológicos y psiquiátricos.
Además, la coexistencia de D-aminoácidos funcionales con un proteoma mayoritariamente basado en L-aminoácidos
plantea preguntas fundamentales sobre el origen y el mantenimiento de la homoquiralidad biológica. Los mecanis-
mos como las D-aminoacil-tRNA desaciclasas preservan activamente la homoquiralidad del proteoma, al tiempo que
permiten la utilización selectiva de D-aminoácidos en rutas especializadas. En conjunto, los D-aminoácidos represen-
tan una dimensión crucial, aunque históricamente subestimada, de la química biológica, con implicaciones que van
desde la fisiología microbiana hasta la neurociencia y el origen de la vida.
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Introduction
Proteins constitute one of the most abundant bio-
molecules in living organisms. The protein system
performs structural, catalytic, signaling, storage,
and immune defense functions (Sasabe and Suzu-
ki, 2018). All proteins are composed of basic units
known as amino acids, which are linked together
to form chains called peptides. Upon folding, these
peptides acquire a three-dimensional conformation
that often corresponds to the active form known as
protein. However, in most instances, several poly-
peptide chains associate through oligomerization to
achieve the fully active state. These building blocks
comprise a set of 20 α-amino acids, all sharing a
common structure consisting of a central carbon

atom (α-carbon) bonded to four substituents: an
amino group, a carboxyl group, a hydrogen atom,
and a variable side chain known as the R group (Al-
berts et al., 2015).

The α-carbon forms a chiral center, except in gly-
cine, because the four substituents can adopt two
possible spatial arrangements, giving rise to the
L- (left-handed) and D- (right-handed) optical iso-
mers, commonly referred to as enantiomers. The D-
or L- nomenclature is assigned by comparing the
Fischer projection of these molecules with that of
glyceraldehyde: if the −OH group (or −NH+

3 in
amino acids) is positioned on the right, the molecule
is classified as the D-enantiomer, whereas if it is lo-
cated on the left, it is classified as the L-enantiomer.

Figure 1. D/L designation of chiral molecules using Fischer projections. In glyceraldehyde (top), the L configuration is
assignedwhen the hydroxyl group (−OH) attached to the chiral carbon is located on the left side of the Fischer projection,
whereas the D configuration corresponds to its location on the right. This criterion constitutes the historical reference
for the relative D/L nomenclature used for carbohydrates and amino acids. Using valine as an example (bottom), the L
configuration has the amino group (−NH2) positioned on the left side of the α-carbon, whereas in the D configuration
this group is located on the right. Note that the −OH and −NH2 groups exhibit the same relative orientation in their
respective Fischer projections. Thus, the D/L designation expresses a structural relationship to glyceraldehyde and does

not necessarily indicate the direction of optical rotation of plane-polarized light.

Only one of the two enantiomers is incorporated
into proteins: L-amino acids. Consequently, proteins
are considered a homochiral system (Du et al., 2023;
Sasabe and Suzuki, 2018). For many years, it was
widely assumed that homochirality extended to all
biological functions involving amino acids, leading
to the belief that D-amino acids lacked biological re-
levance (Blackmond, 2010). However, advances in

analytical techniques, particularly enantioselective
chromatography (Kobayashi, 2019), enabled the de-
tection of D-amino acids in bacterial cultures. The-
se findings demonstrated that D-amino acids are
naturally present in living organisms, where they
perform physiological functions distinct from those
associated with proteins (Pollegioni et al., 2025).
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Since their initial discovery, D-amino acids ha-
ve also been identified in eukaryotes, ranging from
yeasts to the mammalian nervous system (Fuchs
et al., 2005), considerably expanding the range of
biological functions attributed to these molecules.
Their roles at multiple biological levels continue to
be investigated, and although much of their meta-
bolism remains poorly understood, they have at-
tracted considerable interest in fields such as micro-
biology, neuroscience, endocrinology, and biotech-
nology (Du et al., 2023).

D-amino acids in bacteria
The first compelling evidence for the biological ro-
le of D-amino acids emerged from studies of the
bacterial cell wall, a structure shared by all bacte-
ria. The bacterial cell wall consists of peptidogly-
can, a polymeric network composed of glycosidic
linkages between N-acetylglucosamine (NAG) and
N-acetylmuramic acid (NAM), cross-linked by pep-
tides containing primarily D-alanine (D-Ala) and
D-glutamate (D-Glu) residues (Cava et al., 2011).
These amino acids serve as anchoring points for
adjacent peptidoglycan strands by forming short

peptide bridges between D-Ala residues. The ex-
tensive cross-linking of these chains provides the
bacterial cell wall with remarkable mechanical rigi-
dity (Figure 2). In addition to their structural role,
D-amino acid residues protect bacteria against pro-
teases and other components of the host immune
system that are unable to recognize these enantio-
mers as substrates. Consequently, D-amino acids
have become attractive targets for the development
of novel antibodies and antimicrobial agents (San-
chez et al., 2014).

The establishment of bacterial colonies is fre-
quently accompanied by the formation of extrace-
llular multicellular structures known as biofilms.
These structures are composed primarily of amy-
loid protein fibers and polysaccharides, providing
a protective environment that supports the multice-
llular proliferation of bacteria such as Bacillus subti-
lis (Kolodkin-Gal et al., 2010), where they are shiel-
ded from host immune defenses during infection.
D-amino acids within the peptidoglycan also con-
tribute to biofilm attachment, providing mechani-
cal stability and facilitating bacterial movement th-
rough the extracellular matrix (Su et al., 2022).

Figure 2. Structure of the bacterial peptidoglycan cell wall composed of sugar chains cross-linked by peptides containing
D-Ala and D-Glu residues. The incorporation of D-amino acids enhances cell wall rigidity and promotes adhesion to

extracellular biofilm structures, including TasA amyloid proteins (Sasabe and Suzuki, 2018).

Beyond their structural function, D-amino acids
also exert regulatory roles within biofilms (Roesch
et al., 2003), promoting cyst dispersal (exit from the
dormant phase) and accelerating bacterial prolife-
ration. Although these regulatory mechanisms re-

main under investigation, studies on Staphylococcus
aureus and Pseudomonas aeruginosa have demons-
trated that increasing the concentration of D-amino
acids such as D-leucine (D-Leu), D-methionine (D-
Met), D-tryptophan (D-Trp), and D-tyrosine (D-Tyr)
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promotes the disassembly of TasA amyloid fibers,
one of the principal structural components of bac-
terial biofilms (Kolodkin-Gal et al., 2010).

The replacement of D-Ala residues in pepti-
doglycan has been extensively investigated and can
be readily achieved by enriching the culture me-
dium with alternative D-amino acids. This substi-
tution reduces or inhibits the anchoring of the pep-
tidoglycan cell wall to TasA proteins within the bio-
film matrix (Ramón-Pérez et al., 2014). Among these
compounds, D-Leu, D-Met, D-Trp, and D-Tyr exhi-
bit the greatest inhibitory effects on bacterial bio-
film formation and are currently being investigated
as potential therapeutic agents against bacterial in-
fections (Su et al., 2022). Furthermore, supplementa-
tion with D-amino acids such as D-Met and D-Trp
has been shown to enhance the efficacy of antibio-
tics, including ciprofloxacin and vancomycin by in-
creasing bacterial permeability and improving mo-
lecular recognition (Cava et al., 2011; Sanchez et al.,
2014).

Lactic Acid Bacteria and D-Amino
Acid Metabolism
The primary biological source of D-amino acids
is their synthesis through racemases (Radkov and
Moe, 2014), a family of enzymes whose function
is to recognize an L-amino acid and convert it in-
to its corresponding D-enantiomer. However, these
enzymes have also been shown to catalyze the re-
verse reaction, converting D-amino acids into their
L-enantiomers (Mutaguchi et al., 2018). Racema-
ses are not exclusive to bacteria, as they have been
identified in several animal groups (Fuchs et al.,
2005; Ollivaux et al., 2014). Nevertheless, bacteria
remain the group in which the enzymes involved
in D-amino acid metabolism have been most tho-
roughly characterized. The best-studied enzyme of
this family is alanine racemase (AlaR) (Kobayashi et
al., 2015; Rubinstein and Major, 2010), which serves
as the primary source of D-alanine (D-Ala) for the
peptidoglycan cell wall. Enzymes capable of race-
mizing other amino acids have also been identified,
including aspartate racemase (AspR) and glutamate
racemase (GluR) (Glavas and Tanner, 1999).

Lactic acid bacteria comprise a large group of
sugar-fermenting microorganisms of considerable

industrial importance and are also natural mem-
bers of the intestinal microbiota (Kobayashi, 2019;
Sasabe and Suzuki, 2018). This group of bacteria has
been shown to release large amounts of D-amino
acids into the surrounding medium, predominantly
D-Ala, but also D-leucine (D-Leu), D-valine (D-Val),
and D-methionine (D-Met) (Mutaguchi et al., 2016).
Owing to their high production of racemic amino
acids during fermentation processes, lactic acid bac-
teria have attracted considerable interest for indus-
trial applications and large-scale production (Kato
et al., 2011).

Enzymatic studies on D-amino acid production
in lactic acid bacteria have revealed that several ra-
cemases are not specific to a single R side chain, as
many of them recognize more than one substrate,
thereby synthesizing multiple D-amino acids from
their corresponding L-enantiomers. For example,
isoleucine racemase (IsoR) isolated from Lactobaci-
llus sp. (Mutaguchi et al., 2018) exhibits low speci-
ficity toward aliphatic amino acids and is capable
of racemizing not only L-isoleucine (L-Ile) but al-
so L-leucine (L-Leu), L-valine (L-Val), L-norvaline
(L-Nva), and L-norleucine (L-Nle). A similar case is
lysine racemase (LysR) isolated from Oenococcus oeni
(Kato et al., 2012), which has been shown not only
to catalyze the racemization of lysine to D-lysine
(D-Lys), but also to synthesize D-arginine (D-Arg)
and D-ornithine (D-Orn), two other positively char-
ged amino acids.

Racemases are not the only enzymes involved
in D-amino acid synthesis. D-amino acid amino-
transferases (DAATs) constitute another family of
enzymes that synthesize D-amino acids by trans-
ferring an amino group to sugar (Kobayashi, 2019;
Martinez-Carrion and Jenkins, 1965). The reaction
mechanism begins with the recognition of an α-keto
acid; during transamination, the carbonyl group is
replaced by an amino group. These enzymes are
considered to exhibit a certain degree of substrate
specificity through the recognition of R side chains
(Shilova et al., 2023). Nevertheless, it has been wi-
dely demonstrated that several DAATs can catalyze
the transamination of amino acids bearing different
types of R side chains, enabling bacteria to produce
multiple D-amino acids using a single enzyme, in-
cluding D-Val, D-Leu, D-Nva, and D-Met (Taniza-
wa et al., 1989). An even more remarkable example
is the DAAT characterized in the hyperthermophi-
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lic bacterium Thermotoga maritima, whose DAAT
is capable of catalyzing the synthesis of D-alanine
(D-Ala), D-glutamine (D-Gln), D-aspartate (D-Asp),
and D-cysteine (D-Cys) (Yu et al., 2024), thereby re-
cognizing substrates with R side chains of markedly
different chemical characteristics.

Archaea and D-Amino Acids

The case of Archaea, the second major domain of
prokaryotes and the lineage from which eukaryo-
tes originated, should also be considered (Stevens
and Warnecke, 2023). Archaea are unicellular orga-
nisms that possess a cell wall less dense than that
of bacteria, known as pseudopeptidoglycan. This
structure also consists of a matrix of short pepti-
des linked to polysaccharides; however, very few of
these peptides contain D-amino acids (Sasabe and
Suzuki, 2018; Yu et al., 2024). The incorporation of
D-alanine (D-Ala) and D-glutamate (D-Glu) into
pseudopeptidoglycan may occur; however, these
additions are considered to result from the availa-
bility of these molecules in the surrounding envi-
ronment. Detection of these D-amino acids is infre-
quent and is thought to originate primarily from
microbial communities, such as those inhabiting
marine sediments (Imachi et al., 2024).

Because they are considered metabolic anoma-
lies, enzymes associated with D-amino acids in
archaea are generally regarded as catabolic. Seve-
ral enzymes capable of recognizing D-amino acids
have been identified, including alanine racemase
(AlaR) and an amino acid dehydrogenase exhibiting
activity toward D-alanine (D-Ala) and D-proline
(D-Pro) as substrates (Nagata et al., 1999). These
enzymes are believed to function in the elimination
of D-amino acids that may accumulate because of
the coexistence with D-amino acid-producing bac-
teria, such as lactic acid bacteria. Within archaeal
metabolism, there is little evidence supporting the
endogenous production of D-enantiomers. More
recently, a possible pathway for the synthesis of
α-keto acids has been described. These molecules
are precursors of sugars and serve as substrates
for DAAT enzymes in the biosynthesis of D-amino
acids (Sasabe and Suzuki, 2018; Yu et al., 2024).

D-Amino Acids in Eukaryotes

Following the discovery of D-alanine (D-Ala) in
bacteria, evidence of other D-amino acids was gra-
dually found in numerous biological processes in
eukaryotes as well. In the mid-1960s, D-amino acids
were identified in several animal species. D-serine
(D-Ser) was first isolated in Bombyx mori (Srinivasan
et al., 1962), the silkworm, where it promotes chry-
salis formation and moth metamorphosis. During
the following decades, amino acids such as D-Ala,
D-methionine (D-Met), and D-glutamate (D-Glu)
were isolated from numerous marine invertebrates
(Preston, 1985). D-Ala and D-aspartate (D-Asp) we-
re detected in the muscle tissues of mollusks such
as Octopus vulgaris (Abe et al., 2005), and during
embryonic development in echinoderms such as
Paracentrotus lividus (D’Aniello et al., 1990).

The presence of free D-amino acids in the blood
of marine organisms serves as a buffering system
against the osmotic pressure of seawater, since the
protonatable groups of amino acids such as D-Ala
have been shown to function as physiological buf-
fers (D’Aniello et al., 1990). This buffering activity
is regulated by D-amino acid oxidases (DAAO),
which catalyze the conversion of D-amino acids in-
to α-keto acids (Yoshimura et al., 2016), thereby
regulating the concentration of these molecules
within tissues. DAAOs exhibit high specificity to-
ward D-Ala. DAAOs with affinity for D-Asp and
D-Met have also been described; however, this af-
finity does not appear to be exclusive, as they are
capable of catabolizing other D-amino acids to a
lesser extent (Preston, 1985).

Plants have also been shown to incorporate D-
amino acids into multiple physiological and deve-
lopmental processes. Within the glaucophyte algae,
a group associated with the origin of the kingdom
Plantae, the physiology includes several D-amino
acids, among which D-Ala and D-Glu have been
identified (Palmer et al., 2004). The presence of D-
amino acids in plants was originally attributed to
the rhizosphere microenvironment, where coexis-
tence with bacterial communities enriches the su-
rrounding medium with these molecules, represen-
ting approximately 3–5% of the total amino acid
content (Pollegioni et al., 2025).
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The study of the physiology of these molecu-
les began with their detection in most fruits, whe-
re D-Ala, D-arginine (D-Arg), D-Asp, and D-Glu
were isolated (Pollegioni et al., 2025), and subse-
quently associated with seed development. In the
early 1990s, D-Met was found not to be restricted
to the roots; rather, it undergoes active transport
to other plant tissues, suggesting its involvement
in physiological functions (Du et al., 2023). Recep-
tors for D-Asp and D-Ala have been identified that
promote ethylene production, a phytohormone res-
ponsible for radicle development during germina-
tion and root maturation (Du et al., 2023; Kolukisao-
glu, 2020). Finally, the production of peptidoglycan
within chloroplast cell walls has been associated
with an ancestral trait shared between cyanobacte-
ria and the chloroplasts of angiosperms, providing
evidence supporting the endosymbiotic theory of
this organelle (Tran et al., 2023).

Within the fungal kingdom, D-amino acids are
generally not synthesized. A particular case is that
of yeasts, which, by coexisting with lactic acid-

fermenting bacteria, have evolved metabolic path-
ways that exploit the abundance of these molecules
in their environment (Kato et al., 2011; Mutaguchi
et al., 2016). In Saccharomyces cerevisiae, enzymatic
complexes of amino acid dehydratases (AmDH)
have been described. These enzymes are lyases that
convert amino acids such as D-threonine (D-Thr)
and D-serine (D-Ser) into sugars (Gogami et al.,
2011). One of these enzymes is serine dehydratase
(SerDH), which recognizes both D- and L-serine as
substrates and converts them into trioses, exhibi-
ting a preferential affinity for D-Ser (Ito et al., 2008).

This affinity suggests an ecological adapta-
tion. As discussed previously, fermentative envi-
ronments typically contain high concentrations of
D-amino acids due to the activity of lactic acid bac-
teria. In environments where both microorganisms
coexist, yeasts, like some archaea, can utilize D-
amino acids as substrates for the production of py-
ruvate and oxaloacetate, which subsequently enter
the Krebs cycle (Mutaguchi et al., 2016) (Figure 3).

Figure 3. Anabolism of D-amino acids by racemase enzymes (AAr) in lactic acid bacteria. D-amino acids are released
into the extracellular medium as regulators of biofilm formation. Catabolism of D-amino acids by yeasts for the synthesis

of Krebs cycle metabolites (anaplerotic pathways) (Mutaguchi et al., 2016).
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Mammalian Nervous System and
D-Amino Acids
D-amino acids have been identified in the ner-
vous and endocrine systems of mammals. These
animals possess highly complex nervous systems,
from which amino acids such as D-serine (D-Ser)
and D-aspartate (D-Asp) have been isolated (Fuchs
et al., 2005), and enzymatic complexes involved in
their metabolism have also been described (Sasabe
and Suzuki, 2018). D-Ser has been demonstrated to
act as a promoter of synaptic transmission as well
as dendrite formation. Deficiency in the production
of this molecule has been associated with impaired
cognitive abilities and linked to diseases such as
Alzheimer’s disease (Li-Zhen and Xing-Zu, 2003;
Ni et al., 2023).

The production of this amino acid is highly con-
centrated in the brain, particularly in astrocytes.
These cells contain enzymatic complexes composed
of serine racemase (SerR) and SerDH (Suzuki et al.,
2015), thereby regulating local D-Ser levels while
simultaneously producing energy. This amino acid
plays a central role in the development of motor and
spatial abilities. During embryonic development of
the cerebellum, D-Ser is present at high concentra-
tions, which decline to minimal levels in adulthood
(Nagata et al., 1994). Regulation of D-Ser levels is
mediated by D-amino acid oxidase (DAAO). This
enzyme exhibits low expression at birth and during
postnatal development, with its activity increasing
during adulthood, thereby maintaining D-Ser con-
centrations at minimal levels. DAAO activity has
been reported to be concentrated in the base of the
cerebellum and the spinal cord, maintaining D-Ser
production localized within the central nervous sys-
tem (Sasabe et al., 2014).

D-Asp is another amino acid widely found in
the mammalian nervous system and has been attri-
buted several endocrine functions, particularly du-
ring cellular differentiation (Furuchi and Homma,
2005). Its presence in glandular tissue stimulates
the production of testosterone in the testes and of
oxytocin, vasopressin, and prolactin in the pituitary
gland (Wang et al., 2000). As observed for D-Ser,
D-Asp is associated with neuronal plasticity, displa-
ying peak activity during embryonic development
followed by a marked decline after birth. Dietary
supplementation with D-Asp has been shown to

provide benefits for neuronal plasticity (Errico et
al., 2011). This amino acid has also been incorpora-
ted into the cosmetic industry as an anti-aging ad-
ditive, as its absorption through the skin has been
associated with an antioxidant effect on collagen in
dermal cells (Mutaguchi et al., 2016).

As in the case of D-Ser, D-Asp production is
associated with the enzyme aspartate racemase
(AspR), which has been shown to catalyze the ra-
cemization reaction in both directions, from L- to
D- and from D- to L- (Matsuda et al., 2015). Ho-
wever, D-Asp production cannot be attributed ex-
clusively to this enzyme. Studies employing tar-
geted mutagenesis have successfully inactivated
the AspR enzyme, resulting in reduced D-Asp le-
vels in mice without completely abolishing its pro-
duction (Kobayashi, 2019), thereby demonstrating
the existence of additional biosynthetic pathways.
The explanation for these alternative pathways was
found in the low substrate specificity of certain ra-
cemases, such as SerR, whose activity has also been
shown to synthesize D-Asp from the corresponding
L-enantiomer (Ito et al., 2016).

Several enantioselective enzymes for D-amino
acids are present in the nervous system. In the case
of SerR, several of these enzymes are capable of re-
cognizing multiple D-amino acids. Another exam-
ple is the ionotropic L-glutamate receptors (NM-
DARs), which have been shown to exhibit affinity
for D-Ser, D-Asp, and glycine (Gly) (Mothet et al.,
2000). Consequently, maintaining tight regulation
of D-amino acid levels is essential. Excessive activa-
tion of NMDARs or the inactivation of DAAO enzy-
mes results in the accumulation of D-amino acids,
which has been shown to induce cytotoxicity that,
within the brain, may ultimately lead to schizoph-
renia (Sasabe et al., 2007).

Homochiral Proteins in a Hetero-
chiral System
In the absence of sources of asymmetry, the pro-
ducts of an abiotic chemical reaction generate a ra-
cemic mixture: chiral molecules such as amino acids
are produced in equivalent amounts. This does not
occur in protein systems because of the active fun-
ction of enzymes themselves, which synthesize, re-
cognize, and are composed of L-amino acids. There-
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fore, the exclusive use of L-amino acids in proteins
can be considered the result of a dynamic equili-
brium (Du et al., 2023).

As discussed throughout this review, the presen-
ce of D-amino acids in living organisms is strictly
regulated by enzymes, including racemases, D-
amino acid aminotransferases, D-amino acid oxi-
dases, and D-amino acid dehydratases (Molla et al.,
2020; Ollivaux et al., 2014). Because of these regu-
latory mechanisms, D-amino acids are rarely found
in proteins. Their occurrence is generally associa-
ted with post-translational modifications that take
place in the polypeptide chain, since they are only
exceptionally incorporated by the ribosome during
the elongation process (Alberts et al., 2015). Amino
acids reach the ribosome attached to a transfer RNA
(tRNA), which recognizes the nucleotide sequence
that determines the identity of each amino acid.

To prevent the incorporation of D-amino acids
into tRNAs, two regulatory mechanisms, or chi-
rality checkpoints, have been described (Kuncha
et al., 2019). The first is the stereoselectivity of
aminoacyl-tRNA synthetases (aaRSs), the enzymes
responsible for attaching amino acids to their co-
rresponding tRNAs. These enzymes exhibit a chiral
preference for L-amino acids; however, substrate re-
cognition may occasionally fail, resulting in the at-
tachment of D-enantiomers (Prathapan, 2025). The-
se errors are corrected by the second checkpoint,
the D-aminoacyl-tRNA deacylases (DTD) (Bhatt et
al., 2016; Jani and Pappachan, 2022). These enzy-
mes recognize the chirality of amino acids attached
to tRNAs and hydrolyze the ester bond when D-
amino acids have been mistakenly charged, thereby
eliminating aminoacylation errors.

DTD activity is enantiospecific and therefore
acts exclusively on D-amino acids. It has been de-
monstrated, however, that this recognition is biased
in the particular case of glycine, an achiral amino
acid (Calendar, 2017). Because glycine lacks chira-
lity, DTD can recognize glycyl-tRNA (tRNAGly) as
a substrate and hydrolyze the aminoacyl bond des-
pite the correct amino acid being attached. Eviden-
ce indicates that this bias is prevented by the elon-
gation factor EF-Tu, which forms a complex with
tRNAGly, thereby shielding glycine from recogni-
tion and hydrolysis by DTD (Kuncha et al., 2019).

Evolution Toward Homochirality

Life is intrinsically linked to planet Earth; its ori-
gin and evolution modified the Earth’s crust so
profoundly that the planet cannot be unders-
tood without considering the intervention of the
biosphere (Cintas, 2013). Biological activity is the
reason why D-amino acids are scarce in nature, as
enzymatic activity continuously recycles these mo-
lecules into other metabolites. However, such enzy-
matic barriers did not exist on the primitive Earth.
During the first millions of years, the formation
of organic molecules under abiotic conditions pro-
duced racemic mixtures of D- and L-amino acids,
making both enantiomers available during the pro-
cesses of chemical evolution.

Two major abiotic mechanisms have been pro-
posed to explain the selection of one enantiomer
before the emergence of life on Earth. On the one
hand, deterministic hypotheses attribute chiral pre-
ference to physical and chemical biases analogous
to those occurring throughout the universe and
within Earth’s geochemistry. On the other hand,
stochastic hypotheses propose that symmetry brea-
king originated from local fluctuations or contin-
gencies, whose effects were subsequently amplified
until significant enantiomeric differences were esta-
blished (Malloy et al., 2025).

Within the deterministic framework, parity vio-
lation in the electroweak interaction predicts mini-
mal energy differences between enantiomers, sug-
gesting a systematic bias favoring L-amino acids
and D-sugars (Malloy et al., 2025). Although these
differences are far too small to account for homo-
chirality by themselves, they may have been rein-
forced in environments where heavy metal centers
generated chiral coordination complexes capable of
discriminating between L- and D-enantiomers du-
ring the abiotic formation of peptides. One example
of this mechanism involves Cu(II) and the oxygen-
evolving complex (OEC), in which intrinsically chi-
ral copper structures promote spin polarization du-
ring electron transfer in hydrogen production, the-
reby benefiting from the chirality of the material
(Cintas, 2013; Garcés-Pineda et al., 2025).

In this context, the salt-induced peptide for-
mation (SIPF) mechanism, proposed as a general
pathway for amino acid condensation in primitive
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oceans rich in NaCl and Cu(II), not only overcomes
the thermodynamic and kinetic barriers associated
with peptide formation in aqueous environments,
but also provides a scenario in which the structure
of metal complexes could slightly favor the incorpo-
ration of L-amino acids, thereby offering a plausible
explanation for the origin of biological homochira-
lity (Cintas, 2013).

Another deterministic perspective shifts the ori-
gin of chirality to interstellar space and early meteo-
ritic bombardment. The synthesis of amino acids in
interstellar ice analogs exposed to ultraviolet radia-
tion has been documented, as has their presence in
comets and meteorites. In meteorites such as Mur-
chison, mixtures containing dozens of amino acids
with small enantiomeric excesses have been identi-
fied, suggesting a possible extraterrestrial source of
molecular asymmetry (Jakschitz and Rode, 2012).
These imbalances may have resulted from circu-
larly polarized radiation in star-forming regions,
capable of inducing photochemical asymmetry in
previously racemic mixtures. Consequently, the pri-
mitive Earth may have inherited a slight chiral bias
in the organic material delivered from space (Jaks-
chitz and Rode, 2012).

In contrast, stochastic hypotheses argue that the
universe does not inherently “prefer” one handed-
ness over the other, and that the choice between L-
and D-enantiomers may ultimately have been a his-
torical accident (Malloy et al., 2025). The so-called
chance hypothesis envisions a scenario in which a
slight imbalance between enantiomers, arising from
random fluctuations, stochastic crystal nucleation,
or spontaneous resolution within a particular mi-
croenvironment, became fixed because that specific
molecular ensemble participated in the earliest cy-
cles of chemical self-organization and replication
(Malloy et al., 2025).

However, without an amplification mechanism,
such fluctuations would tend to return to a race-
mic state. This is where the autocatalytic models
with mutual antagonism proposed by Frank (1953)
and subsequently developed in recent studies be-
come relevant. In these models, each enantiomer
catalyzes its own formation while simultaneously
reacting with its mirror image to produce an inacti-
ve compound, allowing even a minute initial excess
to grow until an almost enantiopure population is

achieved. The Soai reaction (Soai et al., 1995), an
autocatalytic alkylation capable of amplifying mi-
nimal enantiomeric excesses to values approaching
optical purity, has become the experimental para-
digm of this behavior (Jakschitz and Rode, 2012;
Hanopolskyi et al., 2021).

From a physical perspective, crystallization pro-
cesses and phase behavior provide alternative path-
ways for symmetry breaking and amplification. In
systems that crystallize as conglomerates, the com-
bination of dissolution, recrystallization, and me-
chanical attrition may lead to the complete disap-
pearance of one enantiomer from the solid phase.
Conversely, in systems forming racemic crystals,
eutectic models demonstrate that the coexistence
of racemic solids and pure enantiomorphic crystals
establishes very high enantiomeric excesses in so-
lution (Malloy et al., 2025). Experiments involving
amino acids and copolymerization models have
further shown that these dynamics can interact with
surface self-assembly processes to generate highly
non-random oligomer distributions from racemic
mixtures, thereby providing a bridge between pha-
se chemistry and the emergence of homochiral pep-
tide structures.

Finally, these physicochemical processes are
complemented by biological fixation mechanisms.
Modern protein biosynthesis exhibits extremely
high chiral selectivity: the molecular machinery
composed of aminoacyl-tRNA synthetases and the
ribosomal peptidyl transferase center discrimina-
tes very efficiently against D-amino acids, making
their incorporation into proteins through natural
biosynthetic pathways virtually impossible (Jaks-
chitz and Rode, 2012). This suggests that, once a
certain degree of enrichment in L-amino acids and
D-sugars had been achieved through the combined
action of deterministic and stochastic mechanisms,
evolution fixed this preference by integrating chi-
rality into the very core of translation and replica-
tion (Blackmond, 2010). Thus, current theories re-
garding the emergence of homochirality converge
on the view that small initial asymmetries, whether
dictated by physical laws, statistical chance, or the
intrinsic dynamics of chemical networks, were pro-
gressively amplified and channeled by increasingly
complex chemical systems until they became en-
coded within the molecular machinery of life as it
exists today.
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Conclusions
The statement that living organisms constitute a
homochiral system is not entirely accurate. Amino
acid homochirality is a condition that applies to
proteins, but it is not a universal rule for orga-
nisms. As highlighted throughout this review, D-
amino acids perform multiple biological functions,
among which hormonal functions are particularly
noteworthy, providing a high degree of specificity
within these systems owing to the stereoselectivity
of these molecules. The homochiral nature of pro-
teins and the use of D-enantiomers in other bio-
logical systems are tightly regulated by proteins
themselves, which actively function as stereoselecti-
ve determinants, directing the use of L-amino acids
as the basis for protein synthesis and D-amino acids
as signaling molecules.
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Abstract

Staphylococcus aureus exhibits a microsatellite-rich genomic architecture that can induce functional asymmetries and
helical chirality biases. We analyzed four genomes reported in the NCBI database and quantified ATAT, ACAC, and
AGAG repetitive motifs in all genes using the MFind tool and surface plots. Reproducible differences in peak and
valley topography between genomes were revealed, with a consistent pattern of similarity in Gn2–Gn4 and a mar-
ked deviation in Gn1. While ATAT predominated in Gn2–Gn4, Gn1 showed an atypical enrichment of ACAC. This
change in the dominant motif, together with the displacement of maxima between genomes, suggests variation in the
local arrangement of repeats compatible with chiral effects (asymmetries between strands, inverted repeats, and pos-
sible transitions between mirror patterns). Such configurations are plausible modulators of regulatory directionality,
secondary structure formation, and recombination propensity. Methodologically, we highlight that the length of the
regions and genes analyzed can influence the metric used. In the analysis of three motifs in four genomes, the observed
patterns offer an initial comparative map of chiral dimension in the repetitive architecture of S. aureus and motiva-
te mechanistic analyses that integrate structural and functional evidence to quantify the contribution of chirality to
genomic variation between lineages. Genomes, microsatellite quantification tables, and calculations of the proposed
chirality change trend index are available at https://www.usegalaxy.org/u/rioswillars/h/s-aureus-microsatellite.

Keywords: Staphylococcus aureus, chirality, microsatellite, genome.
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Resumen

Staphylococcus aureus presenta una distribución genómica rica en microsatélites, lo que puede inducir asimetrías fun-
cionales y sesgos de quiralidad helicoidal. Se analizaron cuatro genomas reportados en la base de datos NCBI y se
cuantificaron los motivos repetitivos ATAT, ACAC y AGAG en todos los genes mediante la herramienta MFind y
los gráficos de superficie. Se observaron diferencias reproducibles en la topografía de picos y valles entre genomas,
con un patrón consistente de similitud en Gn2–Gn4 y un marcado desvío en Gn1. Mientras que ATAT predominó
en Gn2–Gn4, Gn1 mostró un enriquecimiento atípico de ACAC. Este cambio en el motivo dominante, junto con el
desplazamiento de máximos entre genomas, sugiere una variación en la disposición local de las repeticiones com-
patible con efectos quirales (asimetrías entre hebras, repeticiones invertidas y posibles transiciones entre patrones en
espejo). Tales configuraciones son plausibles moduladoras de la direccionalidad regulatoria, de la formación de es-
tructuras secundarias y de la propensión a la recombinación. Metodológicamente, se destaca que la métrica empleada
puede verse influida por la longitud de las regiones y de los genes analizados. En el análisis de tres motivos en cua-
tro genomas, los patrones observados ofrecen un mapa comparativo inicial de la dimensión quiral en la arquitectura
repetitiva de S. aureus y motivan análisis mecanísticos que integren evidencia estructural y funcional para cuantifi-
car la contribución de la quiralidad a la variación genómica entre linajes. Se ponen a disposición los genomas, las
tablas de cuantificación de microsatélites y los cálculos del índice propuesto de tendencia al cambio de quiralidad:
https://www.usegalaxy.org/u/rioswillars/h/s-aureus-microsatellite.
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1 Introduction

Staphylococcus aureus is a spherical Gram-positive
bacterium that forms grape-like clusters. It is well
known for its ability to cause a wide range of in-
fections in humans, ranging from minor skin infec-
tions to severe diseases such as sepsis and endo-
carditis (Larkin et al., 2009; Gherardi, 2023; Tong
et al., 2015). It has been isolated from wastewater,
water, and contaminated soils (Heaton et al., 2020;
Ramos et al., 2022). The genomic study of this bacte-
rium is important because it supports bioinformatic
approaches aimed at preventing infections in both
animals and humans. In this context, microsatelli-
tes are repeated nucleotide sequences present in
DNA; in bacteria, they occur in lower abundance
than in other organisms because they are generally
subject to mutational pressure that favors their eli-
mination. Nevertheless, they are commonly found
in regions of the bacterial genome where they con-
tribute adaptive capabilities through evolution and
natural selection. Among the main characteristics
of S. aureus are its pathogenicity and virulence, as
it employs a variety of factors, including toxin pro-
duction, to cause infections. These toxins can trigger
severe immune responses, such as fever and shock
(Oliveira et al., 2018; Ahmad-Mansour et al., 2021).
Additionally, S. aureus exhibits antibiotic resistance,
which constitutes one of its most concerning cha-
racteristics. Examples include methicillin-resistant
S. aureus (MRSA) and vancomycin-resistant S. au-
reus (VRSA). This resistance complicates the treat-
ment of infections and represents a growing pro-
blem in hospitals (Archer, 1998; Idrees et al., 2021).
Associated infections: S. aureus is responsible for
infections affecting multiple body systems, inclu-
ding skin infections, osteomyelitis, endocarditis,
pneumonia, and others (Kwiecinski and Horswill,
2020). Furthermore, it is widely present in dust,
feces, surfaces, and bedding on pig and poultry
farms; the levels of staphylococci in air and dust
can be very high near livestock buildings (Peder-
sen et al., 2024; Gladding et al., 2020; George et
al., 2020) or animal housing facilities. In humans,
it is a pathogen commonly associated with diabe-
tic foot infections, contributing significantly to pa-
tient morbidity and mortality. This microorganism
is the pathogen most frequently isolated from dia-
betic foot infections (Shettigar and Murali, 2020).
Among its various toxins and virulence factors are
TSST-1, leukocidins, enterotoxins, and exfoliatins,

which play a crucial role in the colonization and
infection of diabetic foot wounds (Dunyach-Remy
et al., 2016). S. aureus strains isolated from diabetic
foot ulcers can induce a significant inflammatory
response, which is influenced by glucose levels and
their metabolites (Wu et al., 2023). Regarding the re-
lationship between S. aureus infection and wounds,
it is known that this bacterium can induce an al-
tered inflammatory response in the host, thereby
inhibiting wound healing. For example, the induc-
tion of miR-15b-5p by S. aureus can suppress the
inflammatory response and negatively affect hea-
ling (Ramirez et al., 2018). Farm dust may contain
MRSA (methicillin-resistant S. aureus) and disperse
over hundreds of meters, increasing the exposure
of farmers, nearby residents, and their homes to re-
sistant bacteria (Crespo-Piazuelo and Lawlor, 2021;
Wang et al., 2023). Open, moist wounds containing
necrotic tissue, created or enlarged by the screw-
worm, favor colonization by S. aureus and other
pathogenic bacteria (Sayhood et al., 2022).

On the other hand, microsatellites in bacteria
are short tandemly repeated DNA sequences, also
known as simple sequence repeats (SSRs), consis-
ting of nucleotide motifs ranging from one to six
base pairs. These sequences are highly mutable and
are distributed throughout different locations in
the bacterial genome. They are important genetic
markers because their high mutation rate contribu-
tes to genetic variability and the evolution of the
microbial genome (Saeed et al., 2016). In pathoge-
nic bacteria, microsatellite instability can regulate
gene expression through phase variation, a mecha-
nism that enables rapid and reversible changes in
phenotype expression, as observed in other micro-
organisms (Martin et al., 2005). However, bacteria
exhibit a mutational bias toward microsatellite re-
peat contraction, which may lead to their extinction
in the absence of natural selection, unlike eukaryo-
tes, in which microsatellite repeats tend to expand
(Metzgar et al., 2002). In the research conducted in
this study, no studies related to microsatellites in S.
aureus were found; however, in Escherichia coli, bet-
ween 1.75 % and 2.85 % of all microsatellites have
been identified as compound microsatellites, con-
sisting of two or more adjacent repeat motifs. These
compound microsatellites are significantly overre-
presented in bacterial genomes. Although less com-
mon, bacterial microsatellites may play an impor-
tant role in gene regulation and contribute adaptive
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functional variability. This suggests that, although
mutational pressure tends to eliminate them, those
that persist may be maintained by selection because
of their adaptive functions (Srivastava et al., 2019).

The bacterial genome consists of double-
stranded right-handed B-DNA; this is the funda-
mental chemical chirality shared with other living
organisms (Winogradoff et al., 2021; Yu et al., 2025).
The right-handed double helix determines the for-
mation of DNA crossovers between DNA segments
and the stabilization of positive and negative su-
percoils (Timsit and Várnai, 2010). The chirality of
right-handed versus left-handed crossovers modu-
lates the physical stability of DNA and may have in-
fluenced the evolutionary selection that maintains
predominantly negatively supercoiled genomes in
mesophilic bacteria. At the enzymatic level, topo-
isomerases, such as DNA gyrase, recognize and
capture DNA crossovers of a specific chirality in
order to introduce or relax supercoils (Vayssières et
al., 2024).

Finally, microsatellites can alter the three-
dimensional architecture of DNA because, although
they do not change its chemical chirality, they in-
duce torsional stress, which may favor structural
features such as A-DNA (compact, more tightly
wound), Z-DNA (left-handed helix, opposite chira-
lity), hairpin loops, cruciform structures, and strand
slippage (Gadgil et al., 2020; Bagshaw, 2017). This
does not alter the chemical chirality, but it does mo-
dify the helical conformation, causing certain DNA
regions to behave differently because of their geo-
metry, flexibility, or torsional properties (Bacolla et
al., 2008). For example, the ATAT microsatellite is
extremely flexible and therefore adopts slight cur-
vatures, whereas ACAC and CGCG are more rigid,
favoring an alternating geometry (Song et al., 2021).

In pathogens such as S. aureus, the spatial and
structural instability of microsatellites is not merely
a genomic artifact but rather acts as contingency lo-
ci that drive phase variation (Brooks and Jefferson,
2014). Conformational changes derived from chira-
lity and torsional stress, such as the formation of
loop structures or minidumbbells in tetranucleo-
tide repeats such as ACAC, increase the rate of
strand slippage during DNA replication (Harhay
et al., 2019). This architectural reconfiguration fa-
cilitates reversible mutations (insertions/deletions)

that rapidly switch gene expression on or off. Bio-
logically, these structural differences enable human
strains such as MRSA to adapt their virulence by
controlling key processes such as biofilm forma-
tion (through the ica operon) to evade antibiotics
or by modulating the regulatory system to survi-
ve as a “Trojan horse” within host macrophages
(Gor et al., 2021). Therefore, the term “atypical ca-
se” in the context of microsatellite analysis refers
to genomic arrangements that, by deviating from
their standard chirality and geometry, confer grea-
ter phenotypic plasticity in terms of resistance and
infectivity to certain lineages.

In this context, this research investigates the mi-
crosatellites identified in Staphylococcus aureus geno-
mes reported in the NCBI database (Sayers et al.,
2025) over different years. Subsequently, this infor-
mation is used to estimate changes in genome chi-
rality.

2 Materials and Methods

Four S. aureus genomes were downloaded, herein
referred to as Gn1, Gn2, Gn3, and Gn4. General in-
formation on these genomes is provided below.

The Gn1 genome (strain MRSA_TCH60) is re-
gistered in the NCBI database by Baylor Colle-
ge of Medicine from a human skin sample (Homo
sapiens). Clinically, TCH60 is a reference genome
representative of the CC30-ST30-IV lineage. This
clonal complex (CC30/ST30) has epidemiological
importance because it descends from the pande-
mic phage 80/81 strain and has evolved into the
“Southwest Pacific clone,” a highly virulent and
globally distributed community-associated MRSA
variant responsible for severe invasive infections
(Essien et al., 2022; Guillén et al., 2024). Bioin-
formatically, the assembly and validation of this
strain were performed using Clusterflock (Nare-
chania et al., 2016). A size of 2.8 megabases and
two chromosomes are reported. It has a GC con-
tent of 33 %, as well as 2790 genes, of which 2700
are identified as protein-coding. It was sequenced
using Illumina 454 GS FLX technology. The anno-
tation details were registered on August 28, 2013.
This record is accessible through the following
link: https ://www .ncbi .nlm .nih .gov/datasets/
genome/GCA_000159535.2/
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The genome designated Gn2 (strain MRSA252)
is described below. It is a 2.9-megabase genome
with a GC content of 33 %. Clinically, this strain
is representative of the hospital epidemic clone
EMRSA-16 (sequence type ST36) and was originally
isolated from a case of fatal septicemia. Whole-
genome analysis demonstrated that it is a highly
divergent lineage characterized by rapid evolution
toward virulence and multidrug resistance driven
by the acquisition of mobile genetic elements, such
as the type II SCCmec chromosomal cassette and
multiple prophages (Holden et al., 2004). In the
NCBI database, based on metadata from an animal-
associated habitat, it is reported as corresponding
to an original collection from 1998. In this case, 2746
genes were identified, of which 2656 were conside-
red protein-coding. This record is publicly availa-
ble at: https://www.ncbi .nlm.nih.gov/datasets/
genome/GCA_000011505.1/

The genome designated Gn3 (strain CC239-
MRSA-III var) corresponds to an isolate from a
human host (Homo sapiens) in Trinidad and Toba-
go. Clinically, this lineage belongs to Clonal Com-
plex 239 (CC239), one of the most widely distri-
buted hospital epidemic clones worldwide and
highly prevalent in clinical samples from the Ca-
ribbean islands. Its genome was sequenced and re-
gistered by the Leibniz Institute of Photonic Tech-
nology (Monecke et al., 2023). Oxford Nanopore
MinION sequencing technology was used on Ju-
ne 5, 2023. A total of 3152 genes are reported, of
which 2940 were identified as protein-coding. The
GC content is 32.5 %, and the genome size is 3.1
megabases. This record is accessible through the
following link: https://www .ncbi .nlm .nih .gov/
datasets/genome/GCA_030252755.1/

Finally, the genome designated Gn4 (strain
HP20814-043) was analyzed. It has a size of 2.9 me-
gabases and a GC content of 33 %. Clinically, it re-
presents a linezolid-resistant isolate obtained from
a patient with cystic fibrosis (Homo sapiens) at the
University of Iowa Hospitals and Clinics, United
States. Evolutionary analysis of this strain reveals
profound adaptation under antibiotic stress, and
the deletion of the DNA repair genes (mutS and
mutL), which confers a hypermutable phenotype
suitable for studying tandem-repeat variation. Its
bioinformatic validation was processed according

to RefSeq database representation strategies (Tatu-
sova et al., 2015). A total of 2860 genes were repor-
ted in this genome, of which 2631 were identified
as protein-coding. This genome is available at the
following link: https://www .ncbi .nlm .nih .gov/
datasets/genome/GCF_030409015.1

The exclusive selection of the tetranucleoti-
de motifs ATAT, AGAG, and ACAC is based on
thermodynamic considerations associated with the
phase-variation mechanism. Microsatellites invol-
ved in strand-slippage events have been documen-
ted to be rich in adenine and thymine (A/T), which
facilitates the local “melting” of the DNA double
helix and produces hypermutability (Zhou et al.,
2014). Unlike sequences composed exclusively of
guanine and cytosine, such as CGCG, which exhibit
high thermal stability that severely restricts their
local opening, the ATAT, AGAG, and ACAC mo-
tifs combine the requirements necessary to permit
this melting with a diversity of topological beha-
viors. Repetitions of these microsatellites act as a
key evolutionary driver of the rapid adaptation and
survival of pathogenic bacteria (Saeed et al., 2016);
therefore, this specific selection of A/T-rich motifs
is ecologically representative and consistent with
the low GC content, approximately 33 %, characte-
ristic of the S. aureus genome.

The processing method used for microsatelli-
te analysis consisted of applying the MFind tool
(Rios-Willars and Chirinos-Arias, 2024). Unlike ge-
neric methods based on multiple sequence align-
ment (MSA), MFind employs a parallel-processing
“sliding window” algorithm that performs an exact
count of motifs independently of their position. Ad-
ditionally, its selection was based on the fact that it
is a freely available tool with a simple graphical
interface, whose computational efficiency allows
complete genomes to be explored on conventio-
nal computer equipment without requiring su-
percomputing infrastructure. The MFind softwa-
re is available in the author’s GitHub repository:
https://github.com/riosew/Mfind

Given the problem, a sequence PS in length ρ
containing the subsequences (SP ) to be searched is
provided. SP = {SP1 . . . SPn} and the set of se-
quences is S = {1 . . . N} where N is the number
of sequences in the set. Given an SPx of size k, the
problem size TP is defined as:
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TP = (ρ− k)N (1)

The number of operations Ne indicates the num-
ber of windows in each sequence of S with size k
and is defined as:

Ne =

TP∑
1

OC∑
1

(Ct+ 1) (2)

Where (Ct) is the hit counter and (OC) is the
number of subsequences matching within the sli-
ding window. The search process is executed th-
rough parallel iterations programmed in Java to
maximize the use of hardware resources and redu-
ce execution time. Six simultaneous evaluations are
performed per iteration. This process produces a
database consisting of the microsatellite count for
each gene, which is subsequently used to generate
graphs and conduct statistical analyses with Mi-
nitab 16 software. Subsequently, to quantify the
tendency of a DNA region to adopt alternative
helical conformations, the Chirality Change Pro-
pensity Index (IQZ) was defined. This index inte-
grates three independent sequence-derived compo-
nents: GC content, the presence of alternating puri-
ne–pyrimidine patterns, and the density of repetiti-
ve microsatellites. Each of these factors is associated
with physicochemical and structural properties that
favor the local transition from the B-DNA confor-
mation to alternative states, such as Z-DNA.

The index is expressed as:

IQZ = w1 ·GC_score+w2 ·Alt_score+w3 ·MS_score
(3)

Where:

GC_score =
%GC

100
(4)

This represents the proportion of G and C ba-
ses in the analyzed region. Regions with higher GC
content exhibit greater torsional rigidity and a grea-
ter propensity to stabilize the Z-DNA conformation.

Alt_score is the number of bases forming al-
ternating purine–pyrimidine patterns divided by
the total sequence length, in this case, the gene
being analyzed. This quantifies the proportion of
bases organized into repeated alternating patterns,
for example, ATAT and ACAC, which reduces the
energy required for helicity inversion.

Finally:

MS_score =
Total length of microsatellites

Lmax
(5)

This estimates the torsional effect resulting from
the presence of microsatellites. The variable Lmax
corresponds to the maximum expected size of these
repetitions for normalization purposes; the maxi-
mum number of hits counted by the MFind tool
among the analyzed genes was used.

The coefficients w1, w2 and w3 allow the relati-
ve contribution of each parameter to be adjusted.
In this study, values of w1 = 0.4, w2 = 0.4 and
w3 = 0.2, were used, assigning greater weight to GC
content and purine–pyrimidine alternation, which
are the most relevant predictors of the transition to
Z-DNA. This index provides a normalized measu-
rement between 0 and 1, thereby facilitating com-
parisons among different genomic regions and allo-
wing the identification of segments with a high pro-
pensity to modify their helical architecture.

3 Results and Discussion
The location of microsatellites in the bacterial geno-
me is generally specific to functional regions, sug-
gesting that they have evolved under selection to
perform specific functions. In S. aureus, these fun-
ctions may be related to its ability to cause skin
infections and, consequently, diabetic foot wounds.
The results obtained are described below. Figure 1
illustrates the surface generated from the analysis of
the ATAT, AGAG, and ACAC microsatellites in ge-
nome 1 (Gn1). A peak is observed in the upper-right
corner, corresponding to the highest microsatellite
count values (hits) per gene in the genome.

Likewise, a decline is observed in the lower-left
corner, suggesting that the microsatellites tend to
disappear jointly in this region. Finally, there is a
prominent flat region in the center of the surface,
where it can be observed that, while the AGAG and
ACAC microsatellites increase, the ATAT microsate-
llite remains absent. Regarding the distribution, Fi-
gure 2 shows the box plots of the three variables, in
which outliers are observed for ATAT and ACAC.
These correspond to genes that exhibited an extra-
ordinary number of microsatellites and, at the same
time, constitute the origin of the peak in the surface
plot.
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Figure 1. Surface plot of microsatellites in the Gn1 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 2. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn1 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.

48 La Granja: Revista de Ciencias de la Vida 44(2) 2026:42-58.
©2026, Universidad Politécnica Salesiana, Ecuador.



Tendency to Functional Asymmetry and Microsatellite-Induced Helical Chirality in Staphylococcus aureus

In the analysis of Gn2, a surface plot of the
ATAT, ACAC, and AGAG variables was obtained.
Figure 3 shows the surface, in which a peak can
be observed near the right edge. Likewise, another
peak is observed near the central region. This sug-

gests a redistribution of the genome and the corres-
ponding relocation of microsatellites. A valley or
flat region of smaller extent than that observed in
the previous result can also be seen. This also indi-
cates microsatellite dispersion.

Figure 3. Surface plot of microsatellites in the Gn2 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 4. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn2 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.
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On the other hand, the box plot in Figure 4, co-
rresponding to the microsatellites in Gn2, illustra-
tes the findings. Outliers can be observed for ATAT,
which in turn generate the peaks observed in the
surface plot. It should be noted that, for AGAG and
ACAC, most points are located near zero, indicating

that most Gn2 genes contain few or no microsatelli-
tes of this type.

Regarding Gn3, a surface plot of the ATAT,
AGAG, and ACAC variables was also obtained. Fi-
gure 5 illustrates this representation.

Figure 5. Surface plot of microsatellites in the Gn3 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 6. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn3 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.
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Similar features are observed compared with
the previous figure; however, differences indicating
changes in the microsatellites are also present. For
example, the location of the central peaks in the
image. Figure 6 below illustrates this distribution
using a box plot.

Scattered points corresponding to ATAT and
AGAG are observed in the figure. This indicates
that other genes, compared with the previous ge-
nome, contain a greater number of microsatellites.
Finally, for Gn4, Figure 7 shows the surface plot
corresponding to the three microsatellites: ATAT,
AGAG, and ACAC.

Figure 7. Surface plot of microsatellites in the Gn4 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

It is noteworthy that a peak is present on the
right side, although at a location closer to the upper
corner. This suggests new microsatellite arrange-
ments. Likewise, the peak near the upper-left corner
exhibits a greater elevation than that of the previous
genome. On the other hand, Figure 8 shows the box
plot of this genome for microsatellite counts.

The microsatellite count for AGAG remained
practically below those of the other motifs, with no
outliers. The distribution also changed for ACAC.
In addition, ATAT appears to be increasing in abun-
dance compared with the other genomes. Table 1
below presents the descriptive statistics for the
mean, minimum, and maximum values of the three
variables in the Gn1, Gn2, Gn3, and Gn4 genomes.
It is noteworthy that, in all cases, the mean values
of the ATAT variable are higher. This indicates a
greater presence of ATAT microsatellites in all ca-

ses. However, the highest value was observed in the
Gn1 genome for the ACAC variable, with a value of
158.

Regarding the results obtained, a folder contai-
ning the Gn1, Gn2, Gn3, and Gn4 genomes in .fna
format is available for download on the Galaxy
platform. Likewise, the .csv files generated from
the processing performed with the MFind tool for
each microsatellite in the genomes are made avai-
lable. Thus, for example, the files Gn1 ACAC.csv,
Gn1 ATAT.csv, and Gn1 AGAG.csv are available for
download for genome 1. Three .csv files correspon-
ding to each of the remaining genomes are presen-
ted below. The tables corresponding to the calcu-
lation of the IQZ for each genome are also inclu-
ded. Available at: https://www.usegalaxy.org/u/
rioswillars/h/s-aureus-microsatellite.
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Figure 8. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn4 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.

Table 1. Descriptive statistics of the ATAT, AGAG, and ACAC variables in the Gn1, Gn2, Gn3, and Gn4 genomes.

Genome Variable Mean SD Min Max
Gn1 ACAC 2.47 4.03 0 158
Gn1 AGAG 1.5688 2.4365 0 43
Gn1 ATAT 8.722 7.286 0 123
Gn2 ACAC 2.3752 2.7245 0 65
Gn2 AGAG 1.5338 2.2454 0 20
Gn2 ATAT 8.705 7.26 0 124
Gn3 ACAC 2.3016 2.6768 0 65
Gn3 AGAG 1.5826 2.348 0 29
Gn3 ATAT 8.618 7.36 0 122
Gn4 ACAC 2.3844 2.7234 0 64
Gn4 AGAG 1.5654 2.2614 0 18
Gn4 ATAT 8.484 7.162 0 131

In this study, we calculated the IQZ composi-
te index for four Staphylococcus aureus genomes
(Gn1–Gn4) using three normalized components:
GC_norm, Alt_Score, and MS_score, weighted at
0.4, 0.4, and 0.2, respectively. This combination in-
tegrates nucleotide composition (GC_norm) with

quantitative metrics derived from hit patterns
(Alt_Score and MS_score), thereby providing a uni-
fied metric for sequence prioritization. The IQZ cal-
culation was applied to all genes in each genome,
and quantification tables were generated. In all ca-
ses, we observed that the highest IQZ values were
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associated with segments that simultaneously exhi-
bited moderate to high GC profiles, together with
a high microsatellite count in terms of both density
and relative prominence. This indicates that IQZ
prioritizes regions in which pattern-based metrics
and GC composition converge.

In Gn1, the sequences with the highest IQZ co-
rrespond to extended regions with high Alt_Score
(a metric of pattern density per unit length) and
high MS_score (a metric of normalized intrageno-
mic prominence). In Gn2 and Gn3, the maximum
IQZ values exhibit similar behavior: the top candi-
dates combine GC_norm values above the average,
a favorable hits-to-length ratio, and remarkable re-
lative prominence within the genome. In Gn4, the
profile of the maximum IQZ values is consistent
with that of Gn2 and Gn3, reinforcing the repro-
ducibility of the composite criterion across diffe-
rent genomic contexts of S. aureus. Comparatively
among genomes, although MS_score is intrinsically
intragenomic (normalized to the maximum value
within each file), the structure of IQZ allows the

qualitative assessment of the robustness of priority
regions in each genome. Furthermore, the stabi-
lity of the IQZ ranking under moderate variations
in GC_norm suggests that the pattern-based me-
trics (Alt_Score and MS_score) adequately capture
both the density and the prominence of the motifs,
thereby avoiding excessive bias due to nucleotide
composition.

For traceability and practical use, Table 2 pre-
sents the lists of the five sequences (genes) with the
highest IQZ values for each genome (Gn1–Gn4).
These lists support the conclusions presented above
and provide a basis for subsequent decisions, such
as experimental validation, probe/primer design,
or annotation prioritization. Additionally, Figure 9
presents a visual representation of the IQZ index for
the sequences of each genome. Overall, IQZ beha-
ves as a synthetic and stable metric for highligh-
ting candidate genomic segments by integrating
GC composition and the quantitative metrics of the
pattern in a balanced manner.

Table 2. List of the five genes with the highest IQZ values in each genome.

Dataset seq num Gene length Total hits ACAC hits AGAG hits ATAT hits IQZ
Gn1 1861 31303 324 158 43 123 0.35334
Gn1 1337 74 1 0 1 0 0.270888
Gn1 1325 76 1 0 1 0 0.269038
Gn1 1336 76 1 0 1 0 0.269038
Gn1 1391 72 2 2 0 0 0.262346
Gn2 1447 32241 195 65 6 124 0.34976
Gn2 172 7176 121 22 13 86 0.277447
Gn2 1967 84 2 2 0 0 0.27348
Gn2 1929 89 3 2 1 0 0.27274
Gn2 1983 74 1 1 0 0 0.271296
Gn3 1519 31266 196 65 9 122 0.349261
Gn3 194 7176 120 22 13 85 0.275793
Gn3 2043 84 2 2 0 0 0.273469
Gn3 2060 74 1 1 0 0 0.271291
Gn3 624 76 1 0 1 0 0.269441
Gn4 1491 31875 205 64 10 131 0.348869
Gn4 1962 84 2 2 0 0 0.27338
Gn4 1914 89 3 2 1 0 0.27259
Gn4 1978 74 1 1 0 0 0.271246
Gn4 174 7176 119 23 15 81 0.270445
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It is noteworthy that the length of the region
is strongly associated with the IQZ (correlation of
0.98, p = 0.00). Longer regions tend to exhibit
higher IQZ values. This is consistent with the fact

that IQZ includes components that depend on both
the number of hits and the sequence length, as well
as the associated normalization procedures.

Figure 9. Comparison of the Chirality Change Propensity Index (IQZ) for the five genes with the highest values in
each genome. The graph illustrates the magnitude of the index grouped by genome, allowing the differences in the

distribution of the maximum values of the Gn1 genome to be observed relative to the remaining lineages.

Finally, the electronic folder on the Galaxy plat-
form mentioned above contains tables showing the
calculations for the MS_score, Alt_score, GC_norm
and IQZ metrics for each of the genes in the Gn1,
Gn2, Gn3 and Gn4 genomes.

4 Conclusions

Microsatellite analysis is a strategy for understan-
ding the evolution and adaptation of organisms of
interest. In this study, four S. aureus genomes were
described in detail by analyzing each of their genes
and identifying and counting the ATAT, AGAG,
and ACAC microsatellites using the MFind tool, a
freely available software package that can be down-
loaded and executed in Java and is available on
GitHub. Among the findings, Gn1 exhibited clear
differences compared with the other three genomes.

Whereas Gn2, Gn3, and Gn4 displayed similarities
that allowed comparable regions to be identified
in the surface plots, the peaks and valleys of the
plots were located at different positions, suggesting
a reorganization of the genetic information. On the
other hand, microsatellite counts were higher for
the ATAT motif in the Gn2, Gn3, and Gn4 genomes,
whereas Gn1 represented an exception, in which
the maximum value was observed for the ACAC
variable, with a value of 158. This indicates an aty-
pical case due to the presence of this number of
microsatellites within a gene of this genome.

Finally, this work provides an overview of mi-
crosatellites in four reported S. aureus genomes, this
bacterium being the species most commonly iden-
tified in studies of wounds in humans and farm
animals. In addition, this study characterizes the
organization of repetitive motifs in the four Staphy-
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lococcus aureus genomes analyzed, focusing on the
chirality of the patterns and their variation among
genomes. The comparative profiles show that Gn1
differs from the behavior observed in Gn2–Gn4,
not only because of the predominant motif but al-
so because of the displacement of peaks and va-
lleys in the density surfaces, suggesting chirally
relevant differences in the local arrangement of the
repeats. In Gn2–Gn4, the ATAT motif predomina-
tes, whereas Gn1 exhibits an atypical enrichment
of the ACAC motif. This asymmetry in the pre-
dominant motif, together with the displacement of
maxima among genomes, is consistent with a recon-
figuration of the repetitive architecture with a chiral
component (differences in relative orientations and
possible transitions between mirror motifs along
the genome). Such patterns may affect genomic di-
rectionality and plasticity, insofar as inverted or
strand-biased repeats modulate properties such as
secondary structure formation or the propensity for
recombination events.

The interpretation of these findings should con-
sider certain limitations: only three motifs (ATAT,
AGAG, and ACAC) were evaluated, the metrics de-
pend on the size of the analyzed region, and the
MFind detection tool was employed. Future stu-
dies should incorporate an index based on three-
dimensional simulations because, unlike the cu-
rrent statistical predictive index (IQZ), which is ba-
sed on a linear (2D) sequence, a 3D simulation
would allow the torsional stress energy to be mea-
sured accurately and confirm whether alternating
chirality induces the folding of secondary struc-
tures in vivo. Such biophysical validation is cru-
cial because these three-dimensional conformatio-
nal changes promote polymerase slippage and acti-
vate the phase-variation switch that regulates viru-
lence and adaptation in S. aureus. Overall, this study
provides a comparative map highlighting the chiral
dimension of S. aureus microsatellites and motivates
mechanistic analyses to quantify their contribution
to genomic variation among lineages. In this regard,
future studies should determine whether these re-
gions occur in specific genomic areas, such as low-
complexity regions, or whether they are distributed
in a delimited manner within them.
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Abstract

This study evaluates the hydrological effects resulting from changes in land use and land cover in the Wawayme Ri-
ver basin, Ecuador. The research was conducted through: 1) multitemporal analysis of vegetation cover between 2013
and 2020, using supervised classification with the SCP plugin in QGIS; and 2) comparative hydrological modeling
of scenarios for 2015–2020, using the TETIS distributed hydrological model. Hydrological parameters were estima-
ted based on available meteorological data, terrain characteristics, and edaphic properties. As a result, we obtained
a decrease of 14.35 % in primary vegetated areas and an increase of 13.86 % in primary non-vegetated areas; and an
increase in simulated flow and volume in the basin of 0.002 m3 s−1 and 0.196 Hm3, respectively, evidencing a va-
riability in the hydrological behavior of the basin. The limited availability of meteorological and hydrological data
is a recurrent challenge in the region. However, the applied methodology highlights the importance of monitoring
and managing water resources in areas with extractive activities. This study underlines the need to implement miti-
gation and conservation measures that minimize environmental impacts and favor the resilience of local communities.

Keywords: Land cover and land use, hydrologic modeling, watershed, mining, environment.
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Resumen

Este estudio evalúa los efectos hidrológicos derivados de cambios en el uso y cobertura del suelo en la cuenca del
río Wawayme, Ecuador. La investigación se desarrolló mediante: 1) análisis multitemporal de cobertura vegetal entre
2013-2020 utilizando clasificación supervisada con el plug-in SCP en QGIS; y 2) modelación hidrológica comparativa
de escenarios 2015-2020 empleando el modelo hidrológico distribuido TETIS. Los parámetros hidrológicos se estima-
ron a partir de datos meteorológicos, características del terreno y propiedades edáficas disponibles. Como resultado
se obtuvo una disminución de áreas primariamente vegetadas de 14,35 % y un aumento de áreas primariamente no
vegetales de 13,86 %; y un aumento del caudal y volumen simulado en la cuenca de 0,002 m3 s−1 y 0,196 Hm3 respec-
tivamente, evidenciando una variabilidad en el comportamiento hidrológico de la cuenca. La limitada disponibilidad
de datos meteorológicos e hidrológicos constituye un desafío recurrente en la región. No obstante, la metodología
aplicada resalta la importancia de monitorear y gestionar de manera adecuada los recursos hídricos en zonas con
actividades extractivas. Este estudio subraya la necesidad de implementar medidas de mitigación y conservación que
minimicen los impactos ambientales y favorezcan la resiliencia de las comunidades locales.

Palabras clave: Cobertura y uso del suelo, modelación hidrológica, cuenca hidrográfica, minería, ambiente.
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Hydrological variability due to changes in land cover in the Wawayme river basin caused by mining activities,
Ecuador

1 Introduction

The global hydrological cycle is undergoing sig-
nificant modifications as a result of alterations in
terrestrial ecosystems. At a global scale, river basins
are increasingly facing water availability challenges
due to the degradation of their natural conditions.
The overexploitation of natural resources, land co-
ver change, and climate change are key drivers re-
ducing both the quantity and availability of water
resources, leading to more frequent flood events
and increased water stress (Angulo and Saavedra,
2018). Furthermore, it is difficult to conceive of any
human activity on land that does not involve soil
disturbance or modifications to the upper soil la-
yers, often replacing ecosystems that once contribu-
ted to the formation of fertile soils with others that
do not (Daily and Ehrlich, 1992).

This ecosystem transformation is particularly re-
levant in regions characterized by high biodiversity
and environmental fragility, such as the Amazon,
where alterations in vegetation cover can have sig-
nificant impacts on regional and local hydrological
regimes (Nobre et al., 2016). Recent studies demons-
trate that the conversion of natural land covers into
anthropized areas can substantially alter runoff, in-
filtration, and evapotranspiration patterns, thereby
generating imbalances in watershed hydrological
behavior (Siswanto and Francés, 2019; Fang and
Fan, 2021).

Within this context, economic development is
often accompanied by activities such as the exploi-
tation of non-renewable resources, particularly mi-
ning. In this regard, Ecuador has increased its po-
sition as a mining destination by 26 % (Ministerio
de Energía y Minas, 2022), reflecting new strategies
and regulatory frameworks that mark a shift for a
country traditionally reliant on oil and agricultural
exports. Major mining projects such as Mirador and
Fruta del Norte are currently in operation, while
others—including Loma Larga, Curipamba, La Pla-
ta, and Cascabel—are expected to enter production
in the future (Moreno Farfán, 2022).

Although these developments are consistent
with economic growth objectives, it is important
to know that mining activities have generated pro-
blematic situations due to their inherent impacts
(Vásconez and Torres, 2018). Large-scale extractive

projects have not been exempted from controversy,
particularly regarding concerns over the violation
of human rights and the rights of nature (Angelo
and Sempere, 2018). This issue becomes especially
critical given the location of many of these projects
within ecosystems of high ecological value and
biodiversity—such as the Ecuadorian Amazon—
where inadequate planning and overexploitation of
natural resources may lead to severe environmental
impacts, particularly affecting water resources.

In recent decades, accelerated soil degradation
driven by anthropogenic activities has significantly
altered the Earth’s surface (de Jong et al., 2021),
with nearly three-quarters of it having been modi-
fied over the last millennium. At present, addres-
sing global sustainability challenges—such as cli-
mate change mitigation, biodiversity loss, and food
sovereignty—has become a main concern. These
challenges are directly linked to land use and land
cover changes, as unsustainable practices can seve-
rely affect carbon sources and sinks, lead to habitat
loss, and undermine the capacity to sustain food
production (Winkler et al., 2021).

Consequently, economic activities such as agri-
culture, oil extraction, and mining are the main
drivers of deforestation in the Ecuadorian Ama-
zon, resulting in biodiversity loss, extensive fo-
rest clearing—reaching approximately 50 000 ha
year−1—and continuous soil degradation (Custode
and Sourdat, 1986; Bustamante et al., 1993; Giraldo
et al., 2013). For example, in Ecuador, the agricul-
tural and forestry sectors expanded by 45 % over a
37-year period, while mining-affected areas excee-
ded 7 000 ha by 2021 (Paz, 2024). According to the
National Institute of Agricultural Research (INIAP,
2018), soil loss in the country ranges from 30 to 50
t ha−1 year−1 in foothill areas with slopes greater
than 25 %. In areas with slopes between 12 % and
25 %, erosion ranges from 10 to 30 t ha−1 year−1,
while in areas with slopes below 12 %—which com-
prise much of the Ecuadorian Amazon—erosion is
estimated between 5 and 10 t ha−1 year−1 (Suqui-
landa, 2008).

Before addressing the relevance of land use and
land cover within the hydrological regime, it is es-
sential to define these concepts. Land cover refers
to the biophysical surface observed on the Earth, fo-
cusing on vegetation and anthropogenic elements.

La Granja: Revista de Ciencias de la Vida 44(2) 2026:59-77.
©2026, Universidad Politécnica Salesiana, Ecuador. 61



Scientific paper / Artículo científico
Earth Sciences Moreno, R. and Flores, M.

Land use, in contrast, is characterized by the arran-
gements, activities, and inputs undertaken by hu-
mans on a given land cover to produce, modify, or
maintain it (FAO, 2005).

In a relatively short period, environmental de-
gradation caused by changes in land use and land
cover has become a major global concern, attracting
increasing attention from researchers. These chan-
ges pose a significant threat to watershed sustaina-
bility, as they are directly associated with increased
water stress, higher frequency of flood events—due
to their influence on water supply at the basin scale,
where deforestation tends to increase streamflow
as a result of reduced evapotranspiration—and al-
terations in erosion rates and sediment production
(Angulo and Saavedra, 2018; Siswanto and Francés,
2019).

Dingman (2014) highlights that vegetation is a
key determinant of the hydrological cycle, as it re-
gulates evapotranspiration, infiltration, runoff, in-
terception, and transpiration processes. Vegetation
cover plays a fundamental role—alongside precipi-
tation, topography, and other factors—in soil water
recharge and runoff formation, directly influencing:
(1) net precipitation reaching the soil surface; (2) soil
infiltration rates; (3) soil moisture redistribution;
and (4) evapotranspiration losses (Pascual, 2002).

Vegetation introduces a bidirectional sub-cycle
within the hydrological system due to two main pro-
cesses: (1) it interferes with the downward flux of
precipitation through interception and evaporation
losses, modifying the redistribution of fall according
to soil infiltration capacity; and (2) it contributes to
upward water flux through transpiration, by extrac-
ting water stored in soil layers and releasing it into
the atmosphere as water vapor (Pascual, 2002).

In summary: (1) vegetation directly influences
the water cycle, particularly in the dynamics of wa-
ter storage surfaces, as it interacts with both the at-
mosphere and the soil; and (2) as a biological system,
it consumes water necessary for its vital functions,
forming what Barceló Coll et al. (2000) describe as the
soil–vegetation–atmosphere system (Pascual, 2002).

Regarding the role of forests (forest soils and tree
cover) in the hydrological cycle, Mintegui Aguirre
and Robredo Sánchez (2008) note that they regula-
te water movement within watersheds by reducing
runoff velocity and enhancing infiltration. They also
directly influence the horizontal component of the
hydrological cycle (transpiration) and interact with
precipitation by intercepting vertical rainfall and fa-
cilitating the formation of horizontal precipitation
processes such as condensation and fog formation.

Additionally, Mintegui Aguirre and Robre-
do Sánchez (1994) emphasize that: (1) vegetation
cover acts as a stabilizing factor in watersheds du-
ring extreme rainfall events, mitigating torrential
effects and functioning as a natural regulator of wa-
ter resources; (2) it promotes biological stability and
ecosystem regeneration processes, thus playing a
conservation role; and (3) it prevents soil loss by
reducing the impact of various erosion processes.

In this sense, soils with well-developed vege-
tation cover maintain sufficient levels of organic
matter, improving soil structure and enhancing in-
filtration capacity. The root systems of forest species
create preferential pathways that increase infiltra-
tion compared to agricultural soils, thereby con-
tributing more significantly to subsurface runoff
(Prats et al., 2011).

According to the FAO, global deforestation ra-
tes reached approximately 10 million hectares per
year between 2015 and 2020. In Ecuador, the most
recent data from the Ministry of Environment, Wa-
ter and Ecological Transition (2018) indicate an an-
nual loss of approximately 94 353 hectares of forest,
a considerable figure compared to other countries
in the region (Montaño, 2021). Historically, land use
changes in the Amazon have been driven by in-
creasing demand for agricultural products and non-
renewable resources (Nobre et al., 2016). Ecuador is
no exception, as these activities have been key dri-
vers of deforestation, soil degradation, and the con-
tinuous loss of soil resources (Instituto Nacional de
Investigaciones Agropecuarias (INIAP), 2018).
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Figure 1. A: Location of the Wawayme River watershed; B: Location of Zamora Chinchipe Province within the Republic
of Ecuador; C: Location of El Pangui canton within Zamora Chinchipe Province; and D: Location of the watershed within

Tundayme parish, El Pangui canton.

Based on the foregoing, the present study aims
to determine the variability in the hydrological ba-
lance resulting from changes in land use and land
cover within the Wawayme River watershed (Fi-
gure 1), located in Zamora Chinchipe Province,
Ecuador. This is achieved through geospatial analy-
sis (using the SCP plugin and its post-processing
methodology) and hydrological modeling (using
the TETIS software). The specific objectives inclu-
de: (1) quantifying changes in vegetation cover bet-
ween 2013 and 2020 using remote sensing techni-
ques; (2) implementing a hydrological model to si-
mulate comparative scenarios; and (3) evaluating
changes in hydrological regimes associated with the
identified alterations in vegetation cover.

2 Materials and Methods

This research adopts a methodological approach
that integrates geospatial analysis techniques and
hydrological modeling. The methodology is struc-
tured into three main components. The first ad-

dresses: (1) the climatic and watershed characteriza-
tion of the study area; (2) the initial operations and
methodology used for satellite image classification;
and (3) the estimation of TETIS parameters required
for the execution of the hydrological model.

2.1 Climatic and Watershed
Characterization

Initially, it was considered essential to carry out the
climatic characterization of the study area by iden-
tifying climatic trends and extreme events, based
on data recorded from two conventional meteoro-
logical stations located near the study area and ope-
rated by the National Institute of Meteorology and
Hydrology (INAMHI). It should be noted that these
stations are not located within the study watershed;
however, they are the closest available (approxima-
tely 60 km in a straight line) and provide a more
extensive temporal dataset.

The collected precipitation data were processed
according to the available temporal scale (monthly
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records from 1990 to 2017), allowing the calculation
of Mean Monthly Precipitation values for each sta-
tion over the available periods. The precipitation re-
gime was identified as bimodal, with peak rainfall
occurring between March and July, and lower pre-
cipitation during the remaining months of the year.

Further analysis of maximum 24-hour precipita-
tion and the average maximum for each period re-
vealed several years in which values exceeded the
average (Figure 2), suggesting that the area has ex-
perienced flood events that could potentially recur
in future periods.

Figure 2. A) Annual maximum 24-hour precipitation recorded at the Gualaquiza meteorological station (INAMHI) for
the 1990–2013 period. The dashed line represents the mean value for the study period. Years without bars indicate pe-
riods with no available records due to missing data in the INAMHI database. B) Annual maximum 24-hour precipitation
recorded at the El Pangui meteorological station (INAMHI) for the 1990–2016 period. The dashed line represents the
mean value for the study period. The years 2006 and 2016 are not represented by bars due to the absence of recorded

data for those periods. Source: Authors’ own elaboration.

64 La Granja: Revista de Ciencias de la Vida 44(2) 2026:59-77.
©2026, Universidad Politécnica Salesiana, Ecuador.



Hydrological variability due to changes in land cover in the Wawayme river basin caused by mining activities,
Ecuador

Temperature analysis indicates a mean annual
temperature of 23.2 °C, a maximum annual tempe-
rature of 28.6 °C, and a minimum annual tempera-
ture of 18.11 °C, with the warmest months occurring
between October and March. Finally, the analy-
sis of potential evapotranspiration (PET) using the
Thornthwaite method yielded an average value of
1 211.65 mm, with higher values observed from Oc-
tober to January.

Regarding the characterization of the Wawayme
River watershed, the process begins with the ac-
quisition of a Digital Elevation Model (DEM) (30 ×
30 m resolution) downloaded from NASA’s Earth
Data server (Figure 3), using QGIS software and the
SRTM Downloader plugin. Geographic Informa-
tion Systems (GIS) were employed as the primary
tools for data processing and analysis.

The morphometric parameters of the watershed
reveal characteristics associated with a modera-
tely torrential hydrological response. In particu-
lar, the shape indices (Kc = 1.43; Ff = 0.34) indica-
te a tendency toward sustained flood generation
rather than abrupt responses. In terms of relief, the
mean slope (S = 32.12 %) and mean elevation (Hm
= 1 648.22 m.a.s.l.) classify the basin as mountai-
nous, which directly influences runoff dynamics
and erosion processes. The drainage system exhi-
bits a stream order of 5 and a concentration time (tc
= 25.12 min), suggesting that the entire watershed
contributes relatively rapidly to runoff processes,
thereby favoring the occurrence of peak discharges
during intense precipitation events.

Finally, the analysis of the hypsometric curve in-
dicates that the watershed is in a transitional stage
between juvenile and mature phases. This is reflec-
ted in the altitudinal distribution, where approxi-
mately 35 % of the area lies above 1 900 m.a.s.l., sug-
gesting the persistence of active erosive processes.
This interpretation is further supported by the alti-
metric frequency histogram, which shows that the
largest proportion of the watershed area is concen-
trated on the elevation range of 1 900 to 2 080 m.a.s.l.

2.2 Image Classification Methodology

For analyzing changes in vegetation cover, a super-
vised classification methodology was implemen-
ted using the Semi-Automatic Classification Plugin
(SCP) in QGIS. This approach enables the iden-
tification and quantification of land cover trans-
formations based on multitemporal satellite ima-
gery. Initially, two complete Landsat 8 images dated
April 27, 2013, and September 12, 2020—covering
southern Ecuador and northern Peru—were used.
These images were downloaded from the United
States Geological Survey (USGS) Earth Explorer
portal and include nine bands from the Operational
Land Imager (OLI) sensor and two bands from the
Thermal Infrared Sensor (TIRS).

It is important to note that the images corres-
pond to Level 1T (L1T) products, meaning that they
have undergone systematic radiometric correction,
as well as orthorectification and terrain correction.

Table 1. Data set showing the monthly variation in evapotranspiration across four types of vegetation cover.
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1 Native forest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 4.00

2 Shrub vegetation 0.70 0.70 0.75 0.88 0.98 0.95 0.75 0.70 0.70 0.70 0.70 0.70 0.00
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Figure 3. Digital Elevation Model of the Wawayme River watershed

Subsequently, using the Semi-Automatic Clas-
sification Plugin (SCP) in QGIS and through the
combination of spectral bands, land cover changes
within the study area were quantified, including the
application of preprocessing steps prior to classifi-
cation. For this study, the (FAO, 2005) classification
system was adopted, which includes distinctions at
three levels (primary, secondary, and tertiary). The
primary level is particularly relevant for this re-
search, as it establishes a dichotomous classification
to determine the presence or absence of vegetation
(Table 1).

2.3 Hydrological Modeling
To evaluate the influence of land cover changes on
hydrological response, the TETIS model was imple-
mented. This is a distributed conceptual model that
allows the simulation of watershed behavior under
different land use scenarios. The modeling process
included parameterization, calibration, and valida-
tion stages.

The TETIS model, developed by the Depart-
ment of Hydraulic Engineering and Environment
at the Polytechnic University of Valencia, is a rain-
fall–runoff tank-type model that maintains water
balance in each grid cell of the system. Its structure
enables the integrated representation of hydrolo-
gical processes such as interception, surface stora-
ge, infiltration, evapotranspiration, percolation, and
groundwater recharge, among others (Instituto de
Ingeniería del Agua y Medio Ambiente (IIAMA),
2021). Furthermore, this model can be applied both
to the analysis of extreme events—such as floods
and erosion processes—using minute or hourly ti-
me steps, and to water resource availability studies
at a daily scale, making it a versatile tool for hydro-
logical simulation in watersheds.

According to Barrientos et al. (2020), the model
can analyze changes in watershed runoff by consi-
dering the effects of intensive forestry and/or cli-
mate change through the simulation of different
land use and climate scenarios. Their findings in-
dicate that runoff can be significantly influenced by
reductions in precipitation and increases in evapo-
transpiration.
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In this regard, Rodríguez-Lloveras et al. (2015)
highlight that this approach allows for the estima-
tion of runoff rates and sediment yield based on
historical changes in land use and vegetation, con-
cluding that land management and land use are
decisive factors in watershed hydrological beha-
vior, particularly in relation to erosion and sediment
yield. Additionally, appropriate land use manage-
ment can mitigate the adverse impacts of climate
change on the hydrological cycle (Fang and Fan,
2021).

TETIS requires a set of initial parameters, which
can be grouped into: (1) parameters derived from
the DEM (elevation, slope, flow direction, flow ac-
cumulation, and hill slope velocity); (2) parameters
derived from edaphic, hydrogeological, and geo-
morphological properties (static storage, infiltration
capacity, percolation capacity, among others); and
(3) parameters derived from land use and land co-
ver.

The first raster input for the hydrological model
is the Digital Elevation Model (DEM). In this study,
a DEM (30 × 30 m resolution) previously downloa-
ded from NASA’s Earth Explorer server (Figure 3)
was used. It is important to note that, after acqui-
sition, surface imperfections were corrected using
the “Fill sinks” tool. From this dataset, slope, flow
direction, flow accumulation, and hill slope velocity
layers were derived.

Parameters derived from edaphic, hydrogeo-
logical, and geomorphological properties include:
(1) static storage, referring to water within the wa-
tershed that is lost through evapotranspiration and
does not contribute to runoff; (2) infiltration capa-
city, defined as the rate at which water enters the
soil through its surface and dependent on the diffe-
rent soil types present in the watershed; and (3) per-
colation capacity, referring to the downward move-
ment of water through the soil toward the aquifer
via the unsaturated zone, associated with subsurfa-
ce structure and geological and geomorphological
characteristics.

These parameters were estimated as a function
of altitude (empirical relationship), due to the ab-
sence of observed data for watershed, following the
methodology proposed by Terán (2017). For exam-
ple, static storage values were estimated at approxi-

mately 200 mm at 5 000 m.a.s.l., and around 350 mm
at 2 000 m.a.s.l.

The land cover dataset was derived from the
geopedological database of the project “Thematic
Cartography Survey at 1:25,000 Scale, Lots 1 and
2,” conducted by the Ministry of Agriculture and Li-
vestock (MAG) through the MAGAP-PRAT execu-
ting unit within the SIGTIERRAS program (2015)
(Figure 4A), as well as from the Landsat 8 image
dated September 12, 2020 (Figure 4B). Four land co-
ver types were identified within the watershed: (1)
native forest; (2) shrub vegetation; (3) grasslands;
and (4) anthropogenic infrastructure.

Another input required by the TETIS model co-
rresponds to the temporal variation of evapotrans-
piration, which includes the month-to-month va-
riation for each vegetation cover type present in
the watershed. This data set consists of thirteen
columns: the first column corresponds to January
values, the twelfth to December, and each row re-
presents a specific vegetation cover type identified
within the basin.

Due to the absence of monthly values for the
vegetation factor in the present study, reference va-
lues from similar vegetation covers were adopted,
following the FAO methodology and the study con-
ducted by Tejada Espinoza (2016) in the implemen-
tation of the TETIS model in the Carraixet ravine
watershed (Table 1).

Regarding the event file, this input corresponds
to precipitation, evaporation, and discharge data,
representing a rainfall event over a specific period.
For the present study, monthly data derived from
the meteorological and hydrological station descri-
bed in the section on climatic and watershed cha-
racterization were used, covering the period from
February 2012 to June 2015.

Finally, within the modeling process, it is neces-
sary to perform a calibration (using the previously
described data files), which aims to achieve a clo-
ser approximation to reality by adjusting and com-
bining parameters. In this stage, the objective was to
obtain appropriate values for each evaluation crite-
rion (RMSE and Nash–Sutcliffe efficiency), as well
as to improve the fit between the peak flows of the
hydrograph.
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Figure 4. A) Land cover map for 2015, derived from the geopedological database of the SIGTIERRAS Project – MAG
(2015). B) Land cover map for 2020, obtained through supervised classification of a Landsat 8 image. In both maps,
the colors represent the following land cover classes: code 1 (dark green) = native forest; code 2 (light green) = shrub
vegetation; code 3 (orange/light blue) = grasslands; and code 4 (red) = anthropogenic infrastructure. Since monthly
values for the vegetation factor were not available, values from similar vegetation cover types were adopted following
the methodology proposed by the Food and Agriculture Organization (FAO) and the study conducted by Tejada Espinoza

(2016) on the implementation of the TETIS model in the Carraixet Ravine watershed (Table 1).
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Figure 5. Land cover classification for the years 2013 and 2020.
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3 Results and Discussion
This section presents the results of: (1) the assess-
ment of land cover change in the Wawayme River
watershed; (2) the hydrological modeling, in which
observed and simulated discharges are obtained as
a function of land use and land cover changes; and
(3) the discussion of the findings of this study.

3.1 Results of Land Cover Change
Assessment

The analysis began with two classifications ba-
sed on satellite images corresponding to the years
2013 and 2020. The 2013 classification was used
as the reference image, while the 2020 classifica-
tion represented the updated scenario. This process
was carried out using the SCP plugin and its post-
processing method (land cover), which enabled the
calculation of the number of pixels transitioning

from one class to another.

The results show a decrease in primarily vegeta-
ted areas (PVA) from 28.43 km2 in 2013 to 24.34 km2

in 2020, representing a loss of 14.35 %. Conversely,
primarily non-vegetated areas (PNVA) increased
from 1 km2 in 2013 to 5.08 km2 in 2020, correspon-
ding to an increase of 13.86 % (Table 2, Figure 5).

Additionally, Figure 7 presents a multitempo-
ral comparison that more clearly illustrates the land
use and land cover changes occurring within the
watershed. The analysis of land cover changes re-
veals a significant transformation of the landscape,
where areas of native vegetation are being prima-
rily replaced by mining infrastructure and degra-
ded lands. This transition represents a concerning
pattern from an ecological perspective, as primary
vegetation performs critical hydrological functions
that are now being compromised.

Table 2. Land use and land cover change analysis in the Wawayme River watershed, years 2013 and 2020.

New \ Reference
Primarily

Vegetated Areas (PVA)
Primarily Non-Vegetated

Areas (PNVA)
TOTAL
2013

Primarily Vegetated Areas (PVA) 24.21 4.22 28.43
Primarily Non-Vegetated Areas (PNVA) 0.14 0.86 1.00

TOTAL 2020 24.34 5.08 29.42

3.2 Hydrological Modeling
It is well established that distributed hydrological
models are useful for simulating scenarios that de-
termine the influence of specific parameters. In this
research the main objective is to assess the influence
of land use and land cover changes on discharge at
the gauging point.

The hydrographs resulting from the simulations
for the years 2015 and 2020 show variations in si-
mulated discharge (m3 s−1) and simulated volume
(Hm3) over a period of 43 800 minutes (monthly da-
ta) (Figure 6). The results indicate: (1) a maximum
observed discharge of 5.6 m3 s−1 and an observed
volume of 217.4 Hm3 (for both scenarios); (2) a ma-
ximum simulated discharge of 5.7 m3 s−1 for both
the 2015 and 2020 scenarios; (3) simulated volu-
mes of 186.5 Hm3 (2015 scenario) and 186.7 Hm3

(2020 scenario); and (4) an RMSE value of 1.01 and
a Nash–Sutcliffe efficiency index of 0.03 (for both
scenarios) (Table 3).

The Root Mean Square Error (RMSE) allows
quantifying the magnitude of the deviation bet-
ween simulated and observed values, ranging from
zero to positive infinity. A value of zero indicates
a perfect fit, whereas larger values reflect a poorer
model performance. For both simulations, an RM-
SE value of 1.009 was obtained, which represents an
adequate level of agreement (Cabrera, 2012).

Regarding the Nash–Sutcliffe efficiency crite-
rion—one of the most widely used metrics in hy-
drology—it measures how much of the variability
in the observed data is captured by the simulation.
For both scenarios, a value of 0.0350 was obtained,
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which is close to the mean benchmark value (E =
0). Additionally, during model calibration, efforts
were made to improve the fit of the peak flows
in the hydrograph, which influenced the resulting
Nash–Sutcliffe efficiency value (Cabrera, 2012).

One of the conditions highlighted by the results
in relation to determining greater variability in the
hydrological balance due to changes in land use
and land cover is the limited availability of meteo-
rological and hydrological data—a recurrent issue
in Ecuador, particularly in Amazonian watersheds.
For the present study, a design was implemented in
which variability in simulated discharges and volu-
mes is observed, showing an increase in maximum
simulated discharge of 0.002 m3 s−1 and 0.196 Hm3

in simulated volume when comparing the 2020 sce-
nario with that of 2015.

In the case of an applied hydrological study,
a larger amount of hydrological data and greater
temporal resolution (e.g., daily values) over at least
one complete hydrological cycle would be requi-
red. This should include information on precipita-
tion, stream flow measurements, evapotranspira-
tion, among others, to determine the hydrological
behavior of the watershed more accurately.

Additionally, field-based data on the initial pa-
rameters required by the model such as static sto-
rage, infiltration capacity, and percolation would be
necessary.

3.3 Discussion
Given the differences observed between discharge
and volume increases obtained from the respective
model simulations, it is evident that the watershed
exhibits variability in its hydrological characteris-
tics, derived from spatial changes in land use and
land cover (Figure 4). This information is relevant
due to: (1) the environmental risk associated with
the reduction of vegetated areas and the consequent
increase in stream flow in natural channels due to
decreased evapotranspiration; (2) the occurrence of
marked flood events; (3) the intensification of water
deficit; and (4) the need for ecosystem conservation
and erosion control.

In this context, based on the findings of the pre-
sent study and the provisions outlined in the Na-

tional Climate Change Adaptation Plan of Ecua-
dor (2023–2027) (MAATE, 2023), it is imperative
to improve monitoring, data management, and ac-
cess to hydrological and water-related information.
This would enhance the resilience of populations
located within the direct and indirect areas of in-
fluence of extractive projects, as well as reduce the
risk of economic losses associated with climate va-
riability. Understanding and predicting the factors
that modulate such variations requires strengthe-
ning, expanding, and improving hydrological and
meteorological monitoring, as well as data mana-
gement and accessibility. This may be achieved th-
rough actions such as equipment acquisition, the
implementation of strategic action plans, and the
development of policies related to the collection,
management, and exchange of climate information
in the short, medium, and long term.

Furthermore, it is essential to establish inclusive
and transparent governance in water resource ma-
nagement, involving all stakeholders to implement
mitigation and conservation measures addressing
environmental risks associated with such activities,
while also strengthening community resilience.

It is important to note that, given the limita-
tions in input data (monthly records, distant meteo-
rological stations, and estimated soil parameters),
the absolute discharge values should be interpreted
with caution. The associated uncertainty is estima-
ted at ±20–30 % (Beven, 2012). Therefore, the main
contribution of this study lies in the relative compa-
rison between scenarios (a change of +0.02 m3 s−1

between 2015 and 2020), rather than in the absolute
modeled values. Although this difference is small in
absolute terms, it represents an increase that could
be amplified during periods of higher precipitation.

Finally, while the analysis of vegetation co-
ver change using remote sensing constitutes the
most robust component of this study (due to its
objectivity and replicability), hydrological mode-
ling—despite its limitations—serves the purpose of
translating these spatial changes into projected hy-
drological consequences. The model results should
be interpreted as indicators of trends (i.e., direc-
tion of change) rather than precise predictions. Ne-
vertheless, the methodology presented is replicable
and can be improved as higher-quality input data
become available.
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Table 3. Results. A: Simulation corresponding to the year 2015; B: Simulation corresponding to the year 2020.

A B

Description Value Unit Description Value Unit

Maximum observed
discharge

5.6 m3 s−1 Maximum observed
discharge

5.6 m3 s−1

Maximum simulated
discharge

5.7 m3 s−1 Maximum simulated
discharge

5.7 m3 s−1

RMSE 1.010 RMSE 1.010
Observed volume 217.4 Hm3 Observed volume 217.4 Hm3

Simulated volume 186.5 Hm3 Simulated volume 186.7 Hm3

Nash–Sutcliffe Effi-
ciency (NSE)

0.035 Nash–Sutcliffe Effi-
ciency (NSE)

0.035

Accumulated area 23.909 km2 Accumulated area 23.909 km2

Figure 6. Hydrological charts resulting from the simulations for the years 2015 and 2020
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Figure 7. A (2013): The watershed was predominantly covered by dense vegetation, with only minimal anthropogenic
disturbance observed at its western edge. B (2015): Areas of bare soil became clearly visible in the central-western
sector. Mining infrastructure was evident along the western margin, indicating the onset of significant land disturbance.
C (2020): A substantial expansion of the disturbed area was observed. An open-pit mine was clearly identifiable in the
central part of the watershed, characterized by extensive exposed soil. Mining infrastructure had becomewell established
along the western margin, while green vegetation remained predominant in the eastern sector. D (2025): The open-pit
mine dominated the central-southern portion of the watershed, with well-defined extraction benches clearly visible.
Degraded areas had expanded northward across the basin. Although the eastern sector retained forest cover, increasing

anthropogenic pressure was evident.
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4 Conclusions

The implementation of the distributed conceptual
hydrological simulation model TETIS allows iden-
tifying the variability in the hydrological balance as
a function of changes in land use and land cover.
Specifically, an increase in maximum discharge and
simulated volume of 0.002 m3 s−1 and 0.196 Hm3,
respectively, was determined when comparing the
scenarios for the years 2015 and 2020. Furthermore,
model calibration enabled a better fit between ob-
served and simulated data series—particularly in
achieving an appropriate adjustment of peak flows
in the hydrographs—yielding satisfactory results
for the RMSE and Nash–Sutcliffe objective fun-
ctions.

By applying the FAO (2005) classification sys-
tem through the SCP plugin and its post-processing
methodology, land cover changes in the watershed
were assessed. The results indicate a decrease of
14.35 % in primarily vegetated areas and an increa-
se of 13.86 % in primarily non-vegetated areas bet-
ween 2013 and 2020, as evidenced by the correspon-
ding multitemporal comparison.

Consequently, considering that the watershed is
located within unique ecosystems of high biological
diversity (Ecuadorian Amazon region), it is essen-
tial to implement adequate extractive management
practices. A lack of planning and the overexploi-
tation of natural resources may lead to severe en-
vironmental alterations, particularly affecting wa-
ter resources. Therefore, the applied methodology
highlights the issues associated with the reduction
in vegetation cover, reflected partly through hydro-
logical variability.

Likewise, it is important to evaluate the effec-
tiveness of current regulatory frameworks for wa-
tershed protection in mining areas of Ecuador, and
to propose improvements based on scientific evi-
dence as part of public policy strategies in the re-
gion. In this sense, this research serves as a starting
point from which appropriate measures should be
developed to minimize risks associated with flood
events and their environmental impacts.

Finally, future research lines are proposed as fo-
llows: (1) the implementation of high temporal re-
solution hydrometeorological monitoring networks

within the watershed; (2) the evaluation of the ef-
fectiveness of mitigation measures implemented by
the mining project; (3) the development of wa-
ter quality studies to complement the quantitative
analysis; (4) the extension of the analysis to other
Amazonian watersheds with similar mining activi-
ties; and (5) the development of predictive models
incorporating climate change scenarios.
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Abstract

The objective of this study is to produce and analyze a freeze-dried extract of Ilex guayusa, with a high caffeine concen-
tration potentially used as ingredient in energy drinks. The caffeine extraction from dried leaves was done by ultra-
sounds, using water as solvent. The parameters considered were time, citric acid concentration, ultrasonic amplitude,
solid/liquid ratio. Significant factors were optimized using a Box-Behnken response surface design. Physicochemical
parameters and heavy metals were performed according to (Servicio Ecuatoriano de Normalización (INEN), 2013).
The shelf life was determined by accelerated temperature tests. The results showed that time, citric acid concentration
and ultrasonic amplitude had significant effects on caffeine extraction, while the solid-liquid ratio was not significant.
The optimum conditions for caffeine extraction were a time of 26.94 minutes, a citric acid concentration of 2.72 %, an
ultrasonic amplitude of 68.29 % and caffeine concentration of 3.36 %. The physicochemical parameters of the freeze-
dried product were: moisture of 1.2±0.1 %, total ash of 11.87±0.12 %, pH of 5.1±0.2, hot solubility of 17±1 s and cold
solubility of 1.8±0.2 minutes. The levels of heavy metals found were zinc (19.16±0.04 mg/kg), copper (12.35±0.23
mg/kg) and tin (8.64±0.17 mg/kg). The shelf life of the freeze-dried extract at 20 °C was 3.5 months. This paper pro-
vides valuable information for developing a freeze-dried product rich in caffeine.

Keywords: Citric acid, caffeine, aqueous extract, ultrasound extraction, optimization.
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Resumen

El objetivo de este estudio es producir y analizar un extracto liofilizado de Ilex guayusa, con elevada concentración
de cafeína y con potencial de uso como ingrediente de bebidas energizantes. La extracción de cafeína desde hojas
secas se realizó mediante ultrasonido en medio acuoso. Los parámetros considerados fueron: tiempo, concentración
de ácido cítrico, amplitud ultrasónica, relación sólido-líquido. Los factores significativos se optimizaron mediante un
diseño de superficie de respuesta Box-Behnken. Se evaluaron los parámetros fisicoquímicos y los metales pesados
según la norma (Servicio Ecuatoriano de Normalización (INEN), 2013). La vida útil se determinó mediante pruebas
aceleradas de temperatura. Los resultados mostraron que el tiempo, la concentración de ácido cítrico y la amplitud
ultrasónica tuvieron efectos significativos sobre la extracción de cafeína, mientras que la relación sólido-líquido no fue
significativa. Las condiciones óptimas para la extracción de cafeína fueron en un tiempo de 26.94 min, una concen-
tración de ácido cítrico del 2.72 %, una amplitud ultrasónica de 68.29 % y una concentración de cafeína de 3.36 %. Los
parámetros fisicoquímicos del liofilizado fueron: humedad (1.2±0.1 %), cenizas totales (11.87±0.12 %), pH (5.1±0.2),
solubilidad en caliente (17±1 s) y solubilidad en frío (1.8±0.2 minutos). Los niveles de metales pesados fueron: zinc
(19.16±0.04 mg/kg), cobre (12.35±0.23 mg/kg) y estaño (8.64±0.17 mg/kg). La vida útil del producto liofilizado a
20 °C fue de 3.5 meses. El presente estudio proporciona información valiosa para el desarrollo de un producto liofili-
zado rico en cafeína.

Palabras clave: Ácido cítrico, cafeína, extracto acuoso, extracción con ultrasonido, optimización.
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1 Introduction
Ilex guayusa Loes. is a plant with great cultural and
medicinal importance in the Amazonian regions
of Ecuador, Peru, Colombia, and Bolivia, where it
grows at altitudes ranging from 200 to 2000 me-
ters above sea level. This species, which can reach
heights of up to 30 meters, has been used for centu-
ries by Indigenous peoples due to its various medi-
cinal properties, including antipyretic, diuretic, and
analgesic uses, as well as applications in the treat-
ment of arthritis and the improvement of fertility
(Meneses et al., 2024). However, the most popular
use of I. guayusa is its stimulant content, mainly de-
rived from its high concentration of caffeine, which
exceeds 3 % in the leaves (Negrin et al., 2019).

The growing global demand for natural pro-
ducts with functional properties has driven interest
in I. guayusa, whose leaves not only contain caffeine
but also a variety of bioactive compounds, such as
antioxidants, anti-inflammatory, and antibacterial
compounds (Cakmak et al., 2023).
Recent research has identified the presence of
theobromine, theophylline, and chlorogenic acids,
which provide additional health benefits beyond
the stimulant action of caffeine (Chianese et al.,
2019; Cadena-Carrera et al., 2019).

Among the phenolic compounds detected in
I. guayusa leaf extracts, 14 compounds have been
identified, including chlorogenic acid derivatives
and flavonoids such as quercetin, which reinforces
its potential as a functional ingredient in the formu-
lation of new products (García-Ruiz et al., 2017).

Caffeine extraction has traditionally been ca-
rried out through several methods, including ex-
traction with organic solvents, maceration ex-
traction, and Soxhlet extraction. Although these
methods are effective, many have significant di-
sadvantages, such as the use of toxic solvents, long
processing times, and high temperatures that can
degrade bioactive compounds (Ivanović et al., 2020;
Lezoul et al., 2020). In recent years, considerable
emphasis has been placed on developing more
efficient and environmentally friendly extraction
techniques. Ultrasound-assisted extraction (UAE)
has gained popularity due to its ability to improve
extraction efficiency through acoustic cavitation, a
process that generates micro-bubbles in the liquid

medium, facilitating the rupture of cell walls and
the release of bioactive compounds such as caffeine
(Kumar et al., 2020).

UAE offers several advantages over conventio-
nal techniques, including shorter extraction times,
lower temperatures, and the possibility of using
safer solvents such as water, making it a sustaina-
ble option for the food and pharmaceutical indus-
tries (Carreira-Casais et al., 2021). In addition, the
combination of citric acid as an acidifying agent
further enhances the extraction of alkaloids, since
these compounds in acidic media release more ea-
sily (Yang et al., 2024). This makes UAE an ideal
technique to maximize the extraction of caffeine
from I. guayusa leaves.

Likewise, the growing demand for natural and
functional products has highlighted the importan-
ce of developing healthy alternatives to commer-
cial energy drinks, which often contain synthetic
additives. A lyophilized product based on I. gua-
yusa would not only take advantage of the bioac-
tive properties of the plant but would also respond
to current market demands for natural energy pro-
ducts that offer additional health benefits, such as
antioxidants and anti-inflammatory compounds. I.
guayusa, due to its caffeine content and other bene-
ficial polyphenolic compounds, represents a poten-
tial option for creating an innovative product that
can be reconstituted as an energy drink. The objecti-
ve of the present study is to formulate and evaluate
the shelf life of a lyophilized I. guayusa intended for
the preparation of an energy drink.

2 Materials and Methods
2.1 Raw material and sample

preparation
I. guayusa leaves were purchased dried at “Los plá-
tanos” market in the city of Puyo, Ecuador, located
at coordinates 1.4837◦ S and 78.0026◦ W (Bromato-
logy Laboratory of Universidad Estatal Amazóni-
ca, km 2 ½ vía Tena, canton and province of Pas-
taza). The leaves were ground in a mill (KitchenAid
brand, model BCG111OB) and sieved until a parti-
cle diameter smaller than 0.5 mm was obtained. Ci-
tric acid (purity >99 %) of food grade, used to favor
caffeine extraction, was purchased from the chemi-
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cal store “QUIMICOSAS” located in the city of Qui-
to, Ecuador.

2.2 Ultrasound-assisted
caffeine extraction

A solid–liquid extraction was carried out using a
thermostatic ultrasonic bath (Wisd.23 brand, model
WUC-DO6H). The extractions were performed ac-
cording to the conditions established for each ex-
periment. Samples of pulverized I. guayusa were
weighed in 200 mL flasks and 100 mL of a citric acid
solution (m/v) dissolved in water were added. The
flasks were placed in the equipment previously ca-
librated at a constant temperature of 50 ◦C. The ex-
tracts obtained were filtered using Whatman No. 4
paper. The determination of caffeine content was
performed immediately.

2.3 Spectrophotometric determination
of caffeine

Caffeine determination was performed by spectro-
metry, according to the methodology employed by
Luna-Fox et al. (2024). 1 mL of NaOH (0.1 M) was
added to 10 mL of guayusa aqueous extract to in-
crease the pH of the solution. Caffeine was extrac-
ted in two fractions of 15 mL of chloroform each.
The obtained extracts were combined and then eva-
porated in a water bath. The resulting caffeine was
dissolved in 50 mL of hot water (at a temperature
between 60 and 90 ◦C) and allowed to cool. Subse-
quently, the solution was transferred to a 100 mL
flask, adjusting the final volume with distilled wa-
ter. 5 mL of this solution were placed in a 25 mL
volumetric flask and 1 mL of HCl (0.01 M) was ad-
ded; it was then completed with distilled water. Fi-
nally, the absorbance of the samples was measured
at 275 nm in a UV–vis spectrophotometer (Perkin
Elmer brand, model Lambda 20) and the concentra-
tion was determined using the calibration curve ob-
tained from nine concentrations (1, 2, 3, 5, 10, 12, 16,
20 and 25 mg/mL; R2 = 0.9991), according to equa-
tion (1). The results were expressed as a percentage

on a dry matter basis.

A = 0.006C + 0.0011 (1)

Where C: caffeine concentration in the sample
(mg/mL) and A: absorbance of the sample.

2.4 Experimental design
The experiment was carried out in two stages. In
the initial phase, a two-level factorial design with
four factors (Table 1) was used, comprising 36 ex-
periments: 16 trials with two replicates each and
four repetitions at the central point to evaluate the
curvature of the model. The influence of extraction
time, citric acid concentration, ultrasonic amplitu-
de, and the solid/liquid ratio on the caffeine content
in I. guayusa leaves was analyzed. To identify signi-
ficant and non-significant variables, a standardized
effects diagram was employed, while the selection
of relevant variables was consolidated through the
Pareto diagram and the Bonferroni limit (Anderson
and Whitcomb, 2016).

In the second phase, the significant variables
were analyzed to determine the optimal levels of
the studied variables to optimize caffeine extrac-
tion. For this purpose, a Box–Behnken design (Res-
ponse Surface Methodology – RSM) was used, im-
plemented through the software Design Expert ver-
sion 13.0.5.0 (trial version, Stat-Ease Inc., Minneapo-
lis, MN, USA). The experimental results were fitted
using the following second-order polynomial mo-
del:

y = β0+

n∑
i=1

βiixi+

n∑
i=1

βiix
2
i +

n−1∑
i=1

n∑
j=i+1

βijxixj (2)

Where y indicates the estimated response, whi-
le β0, βii and βij represent the regression coeffi-
cients associated with the mean, linear, and qua-
dratic terms, respectively. These were determined
from the experimental results using the least squa-
res method. The independent variables xi and xj

were coded within an interval from −1 to 1.
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Table 1. Levels of the studied variables.

Study variable Levels
Code Low Central High

-1 0 1
Time (min) A 15 22.5 30
Citric acid (%) B 0 1.5 3
Ultrasonic amplitude (%) C 30 50 70
Solid-liquid relationship (m/v) D 5 10 15

2.5 Model validation
To corroborate the model, the values of the adjus-
ted R2 and predicted R2 coefficients were exami-
ned. The validity of each experimental series, along
with that of the model, was verified through an
analysis of variance (ANOVA) (Dinardo et al., 2019).
The optimization of caffeine extraction from dried I.
guayusa leaves was performed considering extrac-
tion time, citric acid concentration, and ultrasonic
amplitude as independent factors. The ideal extrac-
tion conditions were established using the predicti-
ve equation of the response surface methodology.

2.6 Preparation of the lyophilized
product

The lyophilized product was obtained from the
aqueous extract produced under the optimal extrac-
tion conditions, which was processed in a lyophi-
lizer (SCANVAC brand, model COOLSAFE). The
operating conditions were condenser temperature
of −90 ◦C, pressure of 0.105 Torr, and a processing
time of 7 days.

2.7 Determination of physicochemical
parameters and heavy metals in the
lyophilized extract

Moisture, pH, solubility in hot and cold water, total
ash content, and heavy metals (lead, cadmium, zinc,
copper, arsenic, and tin) were analyzed according to
the procedures established by the Ecuadorian tech-
nical standard (NTE) INEN 1122:2013 correspon-
ding to freeze-dried coffee. The analyses were ca-
rried out using an atomic absorption spectropho-
tometer (Perkin Elmer, Model A Analyst 800, di-
mensions 1524.00 × 1016.00 × 812.80 mm, automa-
tic sampler AS800, weight 136.08 kg). The results of
this study were compared with the permissible li-

mit proposed by NTE INEN 1122:2013 for soluble
coffee, since it is the product that most closely re-
sembles the one obtained in this study. Furthermo-
re, there is currently no INEN standard for I. guayu-
sa. Table 2 shows the standard used for each analy-
sis.

2.8 Determination of shelf life
The shelf life of the lyophilized extract was deter-
mined through accelerated temperature tests con-
sidering moisture as the measurement parameter.
For this purpose, 1 g of lyophilized extract was
weighed in triplicate in glass containers with screw
caps and placed in an oven (MEMMERT brand, mo-
del SFE700) at 30, 40, and 50 °C. The moisture con-
tent was evaluated at 0, 7, 14, 21, and 28 days. The
data were fitted to the differential equation (3) pro-
posed by Herrera et al. (2022).

dH

dt
= kHn (3)

Where H is the moisture content of the freeze-
dried extract, k represents the reaction kinetic cons-
tant, t indicates time, and n indicates the reaction
order.

The experimental results in this study follo-
wed a first-order reaction. Therefore, by integrating
equation (3) from a moisture content of H0 to H, and
from an initial time of 0 to t, equation (4) was obtai-
ned, which allowed the shelf life of the freeze-dried
extract to be determined.

ln(H) = ln(H0) + kt (4)
The reaction kinetic constant (k) was determi-

ned using the linearized Arrhenius equation (5) by
plotting ln(k) against the inverse of the temperature
(1/T ).

ln(k) = ln(k0)−
Ea

RT
(5)
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Where k0 is the pre-exponential factor, Ea repre-
sents the activation energy (kJ/mol), R is the uni-
versal gas constant (8.314 kJ/molK) and T is the ab-
solute temperature (K). The shelf life was estima-

ted at a temperature of 20 ◦C. The data were pro-
cessed using Origin Pro 2022 software (OriginLab,
Northampton, MA, USA).

Table 2. Physicochemical and heavy metal analyses according to NTE INEN 1122:2013

Analysis Test method
H (%) NTE INEN-ISO 3726
CT (%) NTE INEN 1117

pH NTE INEN 389
SC (s) Cup test

SF (min) Cup test
Pb (mg/kg)

Atomic absorption
spectrophotometry

Cd (mg/kg)
Zn (mg/kg)
Cu (mg/kg)
As (mg/kg)
Sn (mg/kg)

H: moisture, CT: total ash, SC: solubility in hot water, SF: solubility in cold water, Pb: lead, Cd: cadmium, Zn: zinc, Cu: copper, As:
arsenic, Sn: tin.

3 Results and Discussion
3.1 Effect of the study factors on caffei-

ne extraction
The estimation of standardized effects, both posi-
tive and negative, in the UAE of caffeine is shown
in Figure 1A, where the significant variables co-
rrespond to the highest values of the standardized
effects (≥ 0.5) according to what was mentioned
by Held et al. (2023). On the other hand, the non-
significant effects (< 0.5) followed a normal distri-
bution with a mean of zero and constant variation.
This indicates that when plotting the effects on a
normal probability plot, the non-significant effects
are located on a straight line, while the active effects
deviate from this line of normality.

The Pareto diagram, together with the Bonferro-
ni limit, reinforced the selection of significant fac-
tors. As indicated in Figure 1B, extraction time (A),
citric acid concentration (B), and ultrasonic ampli-
tude (C) were located above the Bonferroni limit,
indicating that they were significant variables, whe-
reas the solid–liquid ratio was located below this li-
mit, showing that it did not have statistical influen-
ce. Likewise, according to the results shown in Ta-
ble 3, the significant variables (p < 0.05) and non-
significant variables (p > 0.05) are confirmed. The
interactions between the studied variables (A, B, C,
and D) were also not significant. The factorial mo-
del presented a good fit, supported by a coefficient
of determination (R2) equal to 0.9934. In addition,
the difference between the adjusted R2 (0.9881) and
the predicted R2 (0.9757) was less than 0.2, which
is considered adequate according to Anderson and
Whitcomb (2016) and Arteaga-Crespo et al. (2019).
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(A)

(B)

Figure 1. Positive (orange) and negative (blue) effects on caffeine extraction. Half-normal distribution plot (A), Pareto
diagram (B).
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Previous studies have highlighted the positive
influence of extraction time and ultrasonic ampli-
tude on caffeine extraction due to their effect on
cell rupture and mass transfer. Hassan and Yaqoobi
(2023) observed that a longer extraction time and
higher ultrasonic amplitude significantly improved
the yield in the UAE of caffeine from coffee beans,
since these factors facilitate the release of this com-
pound by increasing acoustic cavitation. Similarly,
Serna-Jiménez et al. (2023) reported a proportional
relationship between extraction time and caffeine
recovery in coffee pulp, due to a longer contact bet-
ween the solvent and the plant material, a factor
that optimizes the solubilization of this alkaloid.

The significant effect of citric acid on caffeine
extraction can be explained by its ability to acidify
the medium, optimizing the solubility and release
of caffeine. In acidic media, the interaction of the
solvent with the plant material is strengthened, fa-
cilitating extraction. Yang et al. (2024) supported
this observation by demonstrating that a eutectic

solvent composed of polypropylene glycol, pol-
yethylene glycol, and citric acid showed remarkable
efficiency in extracting caffeine from tea residues
through microwave irradiation, because the acidic
environment favors its solubility and extraction.

The solid/liquid ratio factor did not show a
statistical influence on caffeine extraction; this can
be explained because when this factor increases,
the amount of solvent used was not able to ade-
quately cover all the plant material, limiting mass
transfer and reducing the efficiency of the pro-
cess. This suggests that, beyond a certain limit, the
available solvent becomes insufficient to effectively
extract caffeine. Similar results were reported by
Abreu-Naranjo et al. (2018), who found that the so-
lid/liquid ratio also had no significant effect on the
extraction of bioactive compounds from the bark of
Maytenus macrocarpa, which reinforces the idea that
this factor may lose relevance when the proportion
of solvent and plant material is not optimized.

Table 3. ANOVA for the effect of the study factors on caffeine extraction.

Caffeine Sum of squares df Mean square F value P value

Model 38.33 15 2.56 19.07 < 0.0001 Significant
A–Time 1.20 1 1.20 8.92 0.0076
B–Citric acid 30.56 1 30.56 228.07 < 0.0001
C–Amplitude 3.74 1 3.74 27.91 < 0.0001
D–S/L ratio 0.0004 1 0.0004 0.0028 0.9582
AB 0.0025 1 0.0025 0.0189 0.8921
AC 0.3026 1 0.3026 2.26 0.1493
AD 0.0007 1 0.0007 0.0052 0.9435
BC 0.3970 1 0.3970 2.96 0.1014
BD 0.0055 1 0.0055 0.0412 0.8413
CD 0.0003 1 0.0003 0.0019 0.9656
ABC 0.0118 1 0.0118 0.0881 0.7699
ABD 0.0007 1 0.0007 0.0052 0.9435
ACD 0.0006 1 0.0006 0.0047 0.9459
BCD 0.0033 1 0.0033 0.0244 0.8776
ABCD 0.0019 1 0.0019 0.0141 0.9068
Residual 2.55 19 0.1340
Lack of fit 0.0042 1 0.0022 1.45 0.895 Not significant
Pure error 0.0170 18 0.0009
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3.2 Optimization of the
extraction process

An optimization design with 17 experiments was
used to determine the optimal levels of extraction
time, citric acid concentration, and ultrasonic am-
plitude, which were the significant variables. The
objective of the optimization of the extraction pro-

cess was to determine the best combination of the-
se three variables to maximize caffeine extraction.
Four mathematical models (Table 4) generated by
the Design-Expert software were analyzed, where
the quadratic model presented the best results, with
an R2 value equal to 0.9895. This value shows that
98.95 % of the total variation in caffeine extraction
was determined by the studied variables.

Table 4. Mathematical models generated by the Design-Expert software

Model p-value Lack of fit Adjusted R2 Predicted R2

Linear 0.0014 0.0033 0.6153 0.4103
2FI 0.5796 0.0023 0.5855 -0.0627
Quadratic < 0.0001 0.3733 0.9761 0.9072 Suggested
Cubic 0.3733 0.0087 0.9793 -0.1258

Table 5. Caffeine concentration obtained experimentally

Caffeine (%) Time (min) Citric acid (%) Amplitude (%)

3.24 22.50 3.00 70
3.08 30.00 1.50 70
2.68 15.00 1.50 70
2.64 30.00 3.00 50
2.61 22.50 1.50 50
2.50 22.50 1.50 50
2.50 22.50 1.50 50
2.45 22.50 1.50 50
2.36 22.50 1.50 50
2.22 15.00 3.00 50
2.15 30.00 1.50 30
1.98 15.00 1.50 30
1.88 22.50 3.00 30
1.60 22.50 0.00 70
1.37 22.50 0.00 30
1.22 30.00 0.00 50
0.98 15.00 0.00 50
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The quadratic model in terms of the study varia-
bles was the following:

Caffeine = 0.66 + 0.10A+ 0.62B − 0.03C

+ 0.40× 10−2AB + 3.83× 10−4AC

+ 9.42× 10−3BC − 2.39× 10−3A2

− 2.60B2 + 3.08× 10−4C2 (6)

Where A, B, and C represent extraction time,
citric acid concentration, and ultrasonic amplitu-
de, respectively. The experimental results of caffeine
content are shown in Table 5, and those estimated
by the quadratic model were compared in Figure 2.
The distribution of points validated the model’s abi-
lity to cover the entire range of experiments analy-
zed. This pattern confirms the suitability of the mo-
del to cover the entire data interval, suggesting that
it can be successfully applied.

Figure 2. Experimental vs predicted caffeine results.

The ideal extraction conditions, which resulted
in the maximum caffeine content (3.36 %), were the
following: extraction time of 26.94 minutes, citric
acid at 2.72 %, and ultrasonic amplitude of 68.29 %.
Under these experimental conditions, the obtained
caffeine content was 3.22, which coincided with that
predicted by the quadratic model.

The statistical significance of the regression
equation corresponding to the quadratic model of
the response surface methodology was evaluated
by the F test and ANOVA, whose results are pre-
sented in Table 6.

The result of Fisher’s F test was 75.53, with a
p-value lower than 0.0001, which demonstrates that
the model is highly significant. In addition, the coef-
ficient of determination (R2) was 0.9895, reflecting
a high agreement between the experimental values
and those predicted by the model. The adjusted R2

reached a value of 0.9761, indicating that the qua-
dratic model was able to predict 97.61 % of the va-
riation in caffeine extraction. On the other hand, the
lack of fit was not statistically significant, with an F
value of 1.37 and a p-value of 0.3733. These results
indicate that the lack of fit did not have a signifi-
cant impact on the results obtained. The graphical
representations of the quadratic equation generated
by the Design-Expert software are shown through
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a 3D response surface (Figure 3A) and 2D contour
plots (Figure 3B). The optimal levels of the investi-

gated variables were determined from the analysis
of these graphs.

Table 6. ANOVA for the quadratic model of the RSM.

Caffeine Sum of
squares

df Mean
square

F value P value

Model 6.30 9 0.7001 73.53 < 0.0001 Significant
A-Time 0.1891 1 0.1891 19.86 0.0029
B-Citric acid 2.89 1 2.89 303.76 < 0.0001
C-Amplitude 1.30 1 1.30 136.13 < 0.0001
AB 0.0081 1 0.0081 0.8508 0.3870
AC 0.0132 1 0.0132 1.39 0.2771
BC 0.3192 1 0.3192 33.53 0.0007
A2 0.0762 1 0.0762 8.00 0.0255
B2 1.44 1 1.44 151.09 < 0.0001
C2 0.0637 1 0.0637 6.69 0.0361
Residual 0.0666 7 0.0095
Lack of fit 0.0337 3 0.0112 1.37 0.3733 Not significant
Pure error 0.0329 4 0.0082

R2 = 0.9895; Adjusted R2 = 0.9761; Predicted R2 = 0.9071

The caffeine content present in dried I. guayusa
leaves has been the subject of several studies, with
results showing variability in the concentration of
this compound. In a recent study by Luna-Fox et
al. (2024), caffeine levels ranging between 0.24 %
and 1.52 % were reported in aqueous extracts ob-
tained by the ultrasound-assisted extraction techni-
que. However, Cadena-Carrera et al. (2022) found
a higher yield (2.27 ± 0.05%) using ethanol as a
solvent and the supercritical fluid extraction tech-
nique. This difference in the obtained values can be

due to several factors, such as the type of extraction
technique, the solvent used, the particle size of the
plant material, and environmental conditions. Pre-
vious research has indicated that variables such as
climatic conditions and soil characteristics, as obser-
ved in the studies of Repajić et al. (2021) and Ma-
zumder et al. (2020), also play a crucial role in the
concentration of bioactive compounds, which de-
monstrates the complexity of the factors that affect
the extraction of these compounds.
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(A) (B)

Figure 3. Optimal conditions for caffeine extraction. Response surface plots (A), contour plots (B).
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3.3 Physicochemical parameters of the
lyophilized extract

The lyophilized product was prepared from the
aqueous extract obtained under the optimal extrac-
tion conditions defined by the quadratic model of
the RSM. The lyophilized extract was processed to
ensure that it complied with the specifications es-
tablished in the NTE INEN 1122:2013 standard for
freeze-dried coffee, which regulates key parameters
such as pH, moisture, total ash content, and solubi-
lity in hot and cold water.

In this study, the results obtained for each of
these parameters were adjusted to the specifica-
tions of the NTE INEN 1122:2013 standard (Table
7). The pH of the lyophilized extract was 5.1 ± 0.2,
which is within the permitted range. Moisture was
1.2± 0.1%, well below the maximum limit of 3.5 %,

indicating a good lyophilization process that ensu-
res low water activity and greater product stability.
The total ash content was 11.87 ± 0.12%, reflecting
proper extract quality without excessive presen-
ce of mineral impurities. Regarding solubility, the
lyophilized extract showed a good dissolution ca-
pacity, with a solubility time in hot water of 17±1.0 s
and in cold water of 1.8 ± 0.2 min, values that are
below the limits established by the standard. The-
se results reflect the high quality of the lyophili-
zed extract obtained under the optimal extraction
conditions. This regulatory compliance is an impor-
tant indicator of the suitability of the extraction and
lyophilization process and suggests that the produ-
ced lyophilized extract has characteristics that make
it suitable for commercialization and consumption,
ensuring quality and safety standards for the final
consumer.

Table 7. Acceptable physicochemical parameters according to NTE INEN 1122:2013.

Analysis Lyophilized extract of Freeze-dried coffee
I. guayusa Minimum Maximum

H (%) 1.2±0.1 - 3.5
CT (%) 11.87±0.12 - 14
pH 5.1±0.2 4.7 5.5
SC (s) 17±1 - 30
SF (min) 1.8±0.2 - 3

H: moisture, CT: total ash, SC: solubility in hot water, SF: solubility in cold water.

3.4 Heavy metal content in the lyophili-
zed extract

The NTE INEN 1122:2013 standard establishes spe-
cific limits for the presence of heavy metals in
freeze-dried coffee to guarantee the safety and qua-
lity of the product. These values were used as a
reference to evaluate the heavy metal content in the
lyophilized extract of I. guayusa in this study.

The results obtained showed that the heavy me-
tal content in the lyophilized extract strictly com-
plied with the limits established by the standard
(Table 8). In particular, the levels of zinc, copper,
and tin were 19.16±0.04 mg/kg, 12.35±0.23 mg/kg,
and 8.64 ± 0.17 mg/kg, respectively, all below the
maximum permitted limit. In addition, the presen-
ce of lead, cadmium, and arsenic was not detected,
which highlights the quality and safety of the pro-
duct.
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Table 8. Maximum acceptable values of heavy metals according to NTE INEN 1122:2013

Metal analyzed Lyophilized extract of I. guayusa (mg/kg) Freeze-dried coffee (mg/kg)
Pb ND 1
Cd ND 0.1
Zn 19.16±0.04 50
Cu 12.35±0.23 20
As ND 0.5
Sn 8.64±0.17 20
Pb: lead, Cd: cadmium, Zn: zinc, Cu: copper, As: arsenic, Sn: tin, ND: not detected.

Different studies have indicated that the presen-
ce of these metals may have toxic and cumulative
effects in the human body. Lead, for example, is a
neurotoxin that can affect the central nervous sys-
tem, causing cognitive and behavioral disorders, es-
pecially in children (Sobin et al., 2023). Cadmium
accumulates mainly in the kidneys and can cause
renal damage, in addition to being associated with
a higher risk of cancer in the lungs and other or-
gans (Howard et al., 2023). Regarding arsenic, pro-
longed exposure may cause problems in the skin
and respiratory system and increase the risk of de-
veloping cancer (Chappells and Dummer, 2024). On
the other hand, Yan et al. (2023) have indicated that

zinc, although essential in small amounts for health,
at elevated levels may interfere with the absorption
of other minerals and cause adverse effects such as
nausea, vomiting, and liver dysfunction. Copper, in
turn, is vital for biological functions, but at high
concentrations it may damage the liver and nervous
system (Min et al., 2024). Tin, although less studied,
at high concentrations may cause gastrointestinal
discomfort and affect kidney function (Liu et al.,
2022). In this study, the absence of lead, cadmium,
and arsenic, and the low concentration of zinc, cop-
per, and tin in the lyophilized extract of I. guayusa
highlight the safety and quality of the product, mi-
nimizing any risk to consumer health.

Figure 4. Relationship between ln (moisture) as a function of storage time (days) of the lyophilized extract of I. guayusa
at 30, 40 and 50 °C.
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3.5 Determination of shelf life
The relationship between the moisture content of
the lyophilized extract and time was calculated
by plotting ln(moisture) as a function of time, ac-
cording to Equation 4 (Figure 4). The results sho-

wed behavior consistent with a first-order reaction,
which was confirmed by a coefficient of determina-
tion (R2) of 0.999 for the curves obtained at 30, 40,
and 50 ◦C (Table 9). The kinetic reaction constant (k)
was represented by the slope of the line in each case.

Table 9. k values for storage temperatures.

Temperature (°C) R2 k Intercept

30 0.999 0.0151 0.1777
40 0.999 0.0234 0.1818
50 0.999 0.0323 0.1910

K: kinetic reaction constant

Temperature had a strong influence on the ki-
netic reaction constant, reflected in a proportional
increase in its value as temperature increased. This
behavior can be explained by the increase in the ki-
netic energy of the reacting molecules, which favors
a greater number of effective collisions, overcoming
the energy barrier of the chemical process (Karal et
al., 2024).

This trend is consistent with the Arrhenius equa-
tion, which states that the reaction constant de-
pends exponentially on temperature. Similar results
were reported by Isuiza et al. (2018), who documen-
ted a proportional increase in the reaction constant
as temperature increased in similar kinetic proces-
ses. These authors concluded that this phenomenon
was attributable to the decrease in activation energy

and the enhancement of the molecular dynamics of
the system.

The linearized Arrhenius equation was used to
calculate the activation energy (Ea) and the kine-
tic reaction constant at a temperature of 20 ◦C to
estimate the shelf life of the lyophilized extract. In
Figure 5, the relationship between ln(k) and the in-
verse of absolute temperature is presented, where
the data showed a good fit, with an R2 of 0.995.

The shelf life at 20◦C was calculated using Equa-
tion 4, taking moisture as the critical parameter ac-
cording to the NTE INEN 1122:2013 standard for
freeze-dried coffee, which establishes a maximum
moisture limit of 3.5 %. The estimated shelf life is
detailed in Table 10.

Table 10. Activation energy, kinetic reaction constant at 20 °C, and shelf life of the lyophilized extract.

Ea k0 k20 H0 Hmáx t20 ◦C t20 ◦C First-order equation used
(kJ/mol) (%) (%) (days) (months)
30.097 3 361.02 0.0101 1.2 3.5 106 3.5 ln(H) = ln(H0) + kt

Ea: activation energy, k0: pre-exponential factor, k20 ◦C: kinetic reaction constant at 20 ◦C, H0: initial moisture of the lyophilized
extract, Hmáx: maximum acceptable moisture, t20 ◦C: shelf life of the lyophilized extract.
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Figure 5. Relationship between the kinetic reaction constant (k) and the inverse of absolute temperature.

Currently, no previous studies have been identi-
fied that determine the activation energy and shelf
life of a lyophilized product derived from aqueous
extracts of dried I. guayusa leaves. However, studies
conducted on other lyophilized products provide
a reference framework to compare the obtained
results. Isuiza et al. (2018) and López-Quiroga et
al. (2019) reported activation energy values ran-
ging between 18.3 and 31.35 kJ/mol, a range within
which the activation energy determined for the I.
guayusa lyophilized product in this study falls. This
result indicates an energetic behavior comparable
with other lyophilized products of plant origin.

Regarding shelf life, the 106 days estimated for
the lyophilized extract of I. guayusa are similar to
those reported by González-Pérez et al. (2024) for a
product made from apple (105 days). This finding
positions the lyophilized extract of I. guayusa as a
competitive product in terms of storage stability.
Setiawan et al. (2022) determined a shorter shelf life
(59 days) for a coconut-based lyophilized bevera-
ge, which highlights the variability in preservation
times among lyophilized products and reveals the
influence of factors such as chemical composition,
processing methods, and packaging materials.

The results of this research provide a starting
point for future studies aimed at optimizing the

stability of I. guayusa lyophilized products and ex-
tending their storage time. In addition, this study
contributes to filling a gap in the literature by es-
tablishing key parameters for the development of
innovative products based on I. guayusa.

4 Conclusions
Citric acid concentration was the factor that most
influenced caffeine extraction from dried I. guayusa
leaves, followed by ultrasonic amplitude and ex-
traction time. The solid–liquid ratio did not show a
significant effect.

A lyophilized product was prepared from the
aqueous extract of I. guayusa obtained under the
optimal extraction conditions. The final product
complied with the physicochemical parameters and
heavy metal limits established in the NTE INEN
1122:2013 standard.

The results of this research provide valuable in-
formation for the development of a lyophilized pro-
duct rich in natural caffeine, positioning it as a po-
tential alternative to products that use synthetic caf-
feine. It is necessary to study the long-term stability
of the product under different storage conditions to
assess its commercial viability.
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Abstract

Vaccinium floribundum, belonging to the Ericaceae family, was evaluated for its antimicrobial, antioxidant, anti- inflam-
matory, and anticancer properties due to its high anthocyanin content. The objective of this study was to determine the
content of anthocyanins present in the fluid extract of V. floribundum, as well as to evaluate its antimicrobial activity in
the prevention of UTIs, establishing the minimum inhibitory concentration (MIC) against Staphylococcus saprophyticus
ATCC 15305, a causative agent of urinary tract infections. The study was conducted at the Life Sciences Laboratories
of the Salesian Polytechnic University, beginning with the preparation of 20 % and 50 % ethanolic extracts from fruits
harvested in the Province of Cotopaxi, Sigchos Canton; the assays were performed in vitro. The concentration of total
phenols was quantified using the Folin-Ciocalteu method, yielding 537.26 mg AG/100 mL for the 20 % extract and
621.04 mg AG/100 mL for the 50 % extract. In the quantification of total anthocyanins, 11.6391 mg/L was obtained
for the 20 % extract and 43.63 mg/L for the 50 % extract, respectively. Subsequently, the minimum inhibitory concen-
tration (MIC) and the percentage of inhibition were evaluated for the extracts against S. saprophyticus; the MIC was
390.63 µg/mL for both extracts, with 88.42 % inhibition for the 20 % extract and 88.44 % for the 50 % extract. Using
thin-layer chromatography (TLC), the retention factors (Rf ) were 0.42 (cyanidin 3-O-glucoside), 0.62 (malvidin), and
0.86 (cyanidin). In conclusion, the 20 % and 50 % ethanolic extracts of V. floribundum exhibit antimicrobial activity
against S. saprophyticus.

Keywords: Microbial control, Mortiño, Vaccinium floribundum, ethanolic extracts, anthocyanins.
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Resumen

Se evaluó Vaccinium floribundum, de la familia Ericaceae, por sus propiedades antimicrobianas, antioxidantes, antiin-
flamatorias y anticancerígenas, debido a su alto contenido de antocianinas. El objetivo de este estudio es determinar
la cantidad de antocianinas presentes en el extracto fluido de V. floribundum, así como evaluar la actividad antimi-
crobiana en la prevención de infecciones del tracto urinario (IVU), estableciendo la concentración mínima inhibitoria
(MIC) frente a Staphylococcus saprophyticus ATCC 15305, causante de infecciones urinarias. El estudio se realizó en los
Laboratorios de Ciencias de la Vida de la Universidad Politécnica Salesiana, iniciando con la obtención de extractos
etanólicos al 20 y 50 % a partir de frutos recolectados en la provincia de Cotopaxi, cantón Sigchos; los ensayos fueron
aplicados a nivel in vitro. Se cuantificó la concentración de fenoles totales por el método de Folin-Ciocalteu, obtenien-
do 537.26 mg AG/100 mL de extracto al 20 % y 621.04 mg AG/100 mL al 50 %. En la cuantificación de antocianinas
totales se obtuvieron 11.6391 mg/L de extracto al 20 % y 43.63 mg/L al 50 %, respectivamente. Posteriormente, se
evaluó la concentración mínima inhibitoria (MIC) y el porcentaje de inhibición de los extractos frente a S. saprophy-
ticus; la MIC fue de 390.63 µg/mL para ambos extractos, con un 88.42 % de inhibición para el extracto al 20 % y un
88.44 % para el extracto al 50 %. Mediante cromatografía en capa fina (TLC), los factores de retención (Rf ) fueron: 0.42
(cianidina 3-O-glucósido), 0.62 (malvidina) y 0.86 (cianidina). En conclusión, los extractos etanólicos de V. floribundum
al 20 y 50 % presentan actividad antimicrobiana frente a S. saprophyticus.

Palabras clave: Control microbiano, Mortiño, Vaccinium floribundum, extractos etanólicos, antocianinas.
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Antimicrobial potential of Vaccinium floribundum extract fluid against Staphylococcus saprophyticus causing
urinary tract infections

1 Introduction

Vaccinium floribundum, known as mortiño in Ecua-
dor, is a wild shrub belonging to the Ericaceae fa-
mily and the genus Vaccinium. It grows at altitudes
ranging from 3400 to 3800 meters above sea level in
the Andean region. It is a perennial species whose
ecosystem is considered sensitive; therefore, there
is no propagation method that ensures plant uni-
formity. Vaccinium floribundum contains a variety
of phenolic compounds and high concentrations of
anthocyanins in the form of pigments in berries,
leaves, flowers, and fruits. These compounds pos-
sess a sugar moiety at position 3 and an aglycone
(Pérez et al., 2020; Llerena et al., 2004).

Recent studies have shown that the acti-
ve substances in mortiño fruits—fructose and
proanthocyanidins—act by preventing the adhe-
sion of bacteria, such as Escherichia coli, to the uroe-
pithelium in women, although not in patients with
neurogenic bladder. Therefore, the use of this plant
species is recommended as a preventive measure
in cases of urological pathologies (De Léón et al.,
2009).

Within Urinary Tract Infections (UTIs), Urinary
Tract Infection (UTI) is classified as occurring in 1–
3 % of school-aged adolescents and increases with
the onset of sexual activity, being very common in
women between 20 and 50 years of age. According
to statistics from the Ministry of Public Health of
Ecuador (MSP), 4 out of 10 inhabitants reported
urinary tract infections during 2009 (Ministerio de
Salud Pública, 2013). In 2019, the National Institute
of Statistics and Census (INEC) reported 9,916 cases
of genitourinary infections in females aged 18 to 29,
of which 9.0 % occurred in the Highlands and 7.2 %
in the Coastal region (Instituto Nacional de Estadís-
tica y Censos, 2019; Rengifo, 2013; Palacio Rojas et
al., 2018).

Focusing on the genus Vaccinium and its bac-
tericidal activity in the prevention of urinary tract
infections, Vaccinium floribundum is known to be
associated with the presence of flavonol glycosi-
des and polyphenols (proanthocyanidins, anthoc-
yanins, and flavan-3-ols) (Baenas et al., 2020). Its
bactericidal activity can be assessed through the
Minimum Inhibitory Concentration (MIC), which
consists of a serial dilution technique in a sterile

plate containing defined concentrations of an ex-
tract against various microorganisms. The lowest
microbial growth allows determination of the co-
rresponding inhibition percentage. To apply this
technique, it is important to use chemically sta-
ble dyes, among which 2,3,5-triphenyltetrazolium
chloride (TTC) at 1 % stands out, forming formazan
salts that enable detection of microbial colonies at a
wavelength of 450 nm, evidenced by a color change
from colorless to reddish (Hemeg et al., 2020; Con-
dalab, 2019).

It is necessary to quantify the total phenolic
content of Vaccinium floribundum samples. There-
fore, fluid extracts of mortiño prepared with 20 %
and 50 % ethanol are quantified colorimetrically
using the Folin–Ciocalteu (F–C) reagent with ga-
llic acid as a standard in a plate. The F–C reagent
is characterized by forming phosphomolybdic–
phosphotungstic complexes due to the formation
of chromogenic oxides under basic pH conditions,
resulting in a blue coloration, at which point a che-
mical reduction occurs. Measurement performed
with a UV–visible spectrophotometer determines
the absorbance of the blue compounds (phenols),
which is directly proportional to their concentration
(Cortez et al., 2018). Subsequently, the concentration
of monomeric anthocyanins is determined conside-
ring the maximum wavelength of the samples, in
this case at 520 and 700 nm using the differential
pH method (Zapata et al., 2014).

To separate the chemical fractions of crude mor-
tiño extracts, thin-layer chromatography (TLC) was
employed, considering the retention factor (Rf ) as
a fundamental parameter to identify the type of
bioactive compounds separated. In this case, these
include glycosylated derivatives of anthocyanins,
such as pelargonidin, cyanidin, delphinidin, peoni-
din, petunidin, and malvidin (Zapata et al., 2014).
The TLC technique involves a stationary phase (sili-
ca gel plate 10× 10 cm, factor 254 nm) and a mobile
phase composed of solvents of medium polarity in
various proportions. These mortiño extracts were
compared with a cyanidin-3-O-glucoside standard
with an Rf value of 0.44 (Santacruz, 2017).

The fluid extracts were obtained through drying
and extraction by maceration, a process consisting
of leaving the solvent in contact with the plant ma-
terial for several days under moisture conditions at
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a temperature suitable for the bioactive compounds
to be extracted (Urquizo, 2016). The solvents used
for each assay were ethanol at concentrations of
20 % and 50 %.

The main objective of this research project is
to determine the concentration of phenolic com-
pounds present in the fluid extract of Vaccinium flo-
ribundum and to evaluate its antimicrobial activity
in vitro. Additionally, it aims to identify the secon-
dary metabolites present in Vaccinium floribundum
with antimicrobial potential relevant to the control
of pathogens causing urinary tract infections, and
to determine the minimum inhibitory concentra-
tion (MIC) of cyanidin from Vaccinium floribundum
against Staphylococcus saprophyticus.

2 Materials and Methods

2.1 Obtaining ethanolic extracts
The fruits of Vaccinium floribundum were collected in
the Sigchos Canton, Cotopaxi province, at 3023 me-
ters above sea level, with coordinates S 00°4242.6 –
W 078°5322.1. The classified and cleaned fruits we-
re placed on aluminum trays and dried at 40 °C in
an oven for 6 days. The dried material was ground,
and 100 g were placed into a 250 mL Erlenmeyer
flask, hydrated with 200 mL of ethanol at 20 % and
50 %, respectively. The mixture was stirred for 24
hours, then filtered and concentrated using a rotary
evaporator until a final volume of 100 mL was obtai-
ned. Finally, the extracts were stored in amber con-
tainers for subsequent analyses (Narváez, 2016).

2.2 Determination of total phenolic
content

The Folin–Ciocalteu colorimetric method was em-
ployed. Starting from a stock solution of gallic acid
at a concentration of 2000 ppm, solutions at six dif-
ferent concentrations (100, 150, 200, 250, 300, 350,

and 400 ppm) were prepared. From each solution,
0.5 mL were taken, to which 3.95 mL of distilled
water and 0.25 mL of Folin-Ciocalteu reagent we-
re added. The mixture was allowed to stand for 2
minutes, after which 0.75 mL of 20 % (w/v) sodium
carbonate was added. The absorbance was mea-
sured at a wavelength of 765 nm after 2 hours of
incubation in complete darkness. Using the obtai-
ned data, the calibration curve was constructed.

Subsequently, the samples were prepared by ta-
king 0.5 mL of each ethanolic extract of Vaccinium
floribundum at 20 % and 50 %, and the same proce-
dure as for the calibration standards was followed.
To quantify the concentration of total phenols in the
extracts (mg GA/100 mL of extract), the following
Equation 1 was used (Varela and Musuña, 2020):

Abs = mx+ b (1)

Where: x is the value of total polyphenols ex-
pressed as gallic acid equivalents (mg/mL); Abs is
the absorbance at 765 nm; m is the slope of the line;
and b is the intercept with the y-axis (Urbano, 2016).

2.3 Quantification of anthocyanins
The differential pH method (Giusti and Wrolstad,
2001) was applied. pH 1 and pH 4.5 buffers were
prepared; their detailed composition is described in
Table 1.

A volume of 2.5 mL of each ethanolic extract of
mortiño at 20 % and 50 % was measured in triplicate
and brought to a final volume of 5 mL, followed by
sonication for 30 minutes. The extracts were filtered
into Falcon tubes, protected from light with alumi-
num foil, and the pH was adjusted to 2.3 using 2 M
HCl. The samples were then left to stand in dark-
ness for 4 hours, with sonication for 5 minutes every
2 hours. After this period, the tubes were centrifu-
ged at 3500 rpm for 30 minutes.

Table 1. Preparation of the buffers used

Buffer Composition / Reagents

Buffer pH 1 0.076 g of potassium chloride in 40 mL of distilled water.
Buffer pH 4.5 2.27 g of sodium acetate in 40 mL of distilled water.

100 La Granja: Revista de Ciencias de la Vida 44(2) 2026:97-113.
©2026, Universidad Politécnica Salesiana, Ecuador.



Antimicrobial potential of Vaccinium floribundum extract fluid against Staphylococcus saprophyticus causing
urinary tract infections

Subsequently, 0.5 mL of the supernatant from
each Falcon tube was taken and diluted to 5 mL
with each of the prepared buffers (pH 1 and pH
4.5) and left to stand for 45 minutes. Then, 100 µL
were added into a 96-well microplate to measure
absorbance at 510 and 700 nm. Finally, by applying
Equations 2 and 3, the anthocyanin concentration
present in each ethanolic extract of Vaccinium flori-
bundum was determined (Giusti and Wrolstad, 2001;
Kayima, 2012).

∆A = (Aλmax −A700)pH1.0 − (Aλmax −A700)pH4.5

(2)

AT
(mg

L

)
=

∆A× PM × FD × 1000

ε× 1
(3)

Where: ∆A is the absorbance variation; Aλmax
is the absorbance at the maximum wavelength; AT

corresponds to total anthocyanins (mg/L); FD is
the dilution factor; PM is the molecular weight
of cyanidin-3-glucoside (449.2 g/mol); 1000 is the
conversion factor from grams to milligrams; and ε
is the molar absorptivity coefficient of cyanidin-3-
glucoside (26,900) (Giusti and Wrolstad, 2001).

2.4 Determination of the Minimum
Inhibitory Concentration (MIC)

Certified ATCC 15305 Microbiologics strains of
Staphylococcus saprophyticus, in KWIK-STIK pre-
sentation, were reactivated by swabbing and from
cryobank beads in both solid and liquid Tryptic
Soy media (TSA/TSB). They were incubated for 24
hours at 37 °C at a pH of 7.3± 0.2.

An overnight culture was obtained by inocula-
ting in Müller–Hinton broth for 24 hours at 37 °C.
After this period, the tubes were centrifuged at
3500 rpm for 30 minutes, the supernatant was dis-
carded, and 5 mL of sterile 0.9 % physiological solu-
tion was added, followed by vortexing for 3 minu-
tes. By adding small amounts of physiological so-
lution, the suspension was adjusted to 0.5 on the
McFarland scale, and the absorbance was measured
at 625 nm within the range of 0.08–0.2 to achieve a
concentration of 108 CFU/mL. The solutions of the
commercial and natural antibiotics to be tested we-
re prepared; additionally, the extracts were diluted
1:10 to a final volume of 10 mL (Guzmán, 2018; Ve-
loz, 2018). Subsequently, with all materials and the
working area completely sterile, inoculation in the
microplate was carried out (León et al., 2011), as de-
tailed in Table 2.

Table 2. Layout of the contents of each well on the microplate for determining the MIC

Treatment Location Contents

Blank Column A12-H12 200 µL MC

Negative control (CE) Column A11-H11 200 µL MC

Positive control (CC) Rows H9-H1 150 µL MC + 50 µL inoculum

Ethanolic extract
samples

Rows A9-B9-C9 150 µL MC + 50 µL Ext + 50 µL inoculum
Rows A8-A1/B8-B1/C8-C1 150 µL MC + 50 µL inoculum. Serial dilution

Positive control
(antibiotic)

Rows D9-E9 150 µL MC + 50 µL Antb + 50 µL inoculum
Rows D8-D1/E8-E1 150 µL MC + 50 µL inoculum. Serial dilution

Positive control
(natural)

Rows F9-G9 150 µL MC + 50 µL thymol solution + 50 µL inoculum
Rows F8-F1/G8-G1 150 µL MC + 50 µL inoculum. Serial dilution

Note. MC: culture medium; Ext: extract; Antb: antibiotic. The remaining 50 µL of each dilution is discarded.
Source. (León et al., 2011).
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The microplate was incubated for 24 hours at
35 °C with agitation. After the incubation period,
30 µL of 1 % 2,3,5-triphenyltetrazolium chloride
(TTC) was added to each of the 96 wells of the
microplate and incubated at 37 °C for 40 minutes.
Finally, absorbance was measured at 450 nm using
a microplate reader.

To determine the Minimum Inhibitory Concen-
tration (MIC), the following equation was applied
(Equation 4):

%Inhibition = 100−
(
A× 100

B

)
(4)

Where: A is the average absorbance of the three
replicates, and B is the absorbance of the positive
control (Rosales, 2018).

2.5 Separation of compounds by
Thin-Layer Chromatography (TLC)

Prior to the separation of components using Thin-
Layer Chromatography (TLC), the ethanolic ex-
tracts of mortiño at 20 % and 50 % were concen-
trated using a rotary evaporator for 2 hours. Subse-
quently, using a reflux system, they were acidified
with 10 mL of 2 M HCl for one hour and then filte-
red and transferred into amber flasks.

The mobile phase used was a mixture of ethyl
acetate, formic acid, acetic acid, and water in the
proportion (10:1.1:1.1:2.6), which was also used to
condition the chromatographic chamber for 30 mi-
nutes (Poole, 2015).

The cyanidin-3-glucoside chloride standard was
prepared by dissolving 2 mg of the standard in 1 mL
of HPLC-grade methanol (Narváez, 2016).

On a silica gel HPTLC glass plate (Factor 254, si-
ze 10×10 cm), a line was drawn 1 cm from the edge
of the plate (Corzo, 2019; Pássaro Carvalho et al.,
2016). Using a TLC applicator, 7 µL of the cyanidin-
3-glucoside chloride standard and 10 µL of the etha-

nolic mortiño extracts at 20 % and 50 % were ap-
plied. The plate was placed in the previously satu-
rated chromatographic chamber for component elu-
tion for 1 hour and 15 minutes. The plate was then
removed from the chamber, and the solvent was
dried using a cold air dryer. The spots generated
during the run were observed using a UV visuali-
zer at 254 and 365 nm. Subsequently, the retention
factors (Rf ) of the standard and the ethanolic mor-
tiño extracts were calculated using Equation 5 (Pás-
saro Carvalho et al., 2016):

Rf =
dist.run by the compound

dist.run by the solvent
(5)

2.6 Statistical analysis
Within the experimental design, two concentrations
of ethanolic extract of Vaccinium floribundum (20 %
and 50 %) were evaluated, with three replicates for
each concentration. For both the determination of
total phenols and the quantification of anthocya-
nins, data processing was performed using analy-
sis of variance (ANOVA) to establish significant dif-
ferences with parametric variables. For the functio-
nal analysis of the study factors, Tukey’s significan-
ce test at 0.05 % and the independent samples t-test
were applied using the INFOSTAT software.

3 Results and Discussion

3.1 Quantification of total phenols
The calibration curve was constructed using seven
concentrations of gallic acid, with a linear regres-
sion coefficient (R2) of 0.9975 (Figure 1).

Based on the absorbance readings at 765 nm
from each replicate of the ethanolic extract samples
of Vaccinium floribundum at concentrations of 20 and
50 %, and using the linear equation, the total phe-
nolic compound concentrations were calculated, ex-
pressed as mg of gallic/100 mL of extract. Values
of 537.2624 were obtained for the 20 % ethanolic ex-
tract and 621.0393 for the 50 % extract.
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Figure 1. Calibration curve for gallic acid (mg/mL)

Figure 2 shows the total phenolic content in the
Vaccinium floribundum samples at 20 % and 50 %
ethanol.

Based on parametric statistical tests, a significant
difference can be identified between the phenolic
compound content of the 20 % ethanolic extract and
the 50 % ethanolic extract of Vaccinium floribundum,
with a p-value < 0.0001. Therefore, it can be stated
that the 50 % ethanolic extract has a higher content
of phenolic compounds than the 20 % ethanolic ex-
tract, as evidenced in the bar graph shown in Figure
2.

The phenolic compound content of both the
20 % and 50 % ethanolic extracts of Vaccinium flori-
bundum can be corroborated with the results repor-
ted by Aaby et al. (2013) in their study on bluebe-
rries, which reported 564 mg GA/100 g dry fruit

of total phenolic content. Grace et al. (2015) analy-
zed several species of the genus Vaccinium, inclu-
ding Vaccinium uliginosum (bog bilberry), in which
504.5 mg GA/100 g of fruit was found. Meanwhi-
le, Llivisaca et al. (2018) reported a content of
146.10 mg GA/100 g fruit in samples collected in
Pichincha province and 107.37 mg GA/100 g fruit
in samples from Chimborazo province. They also
mention that the total polyphenol content in the lea-
ves of Vaccinium floribundum is significantly higher
than that present in the fruit (Espinosa et al., 2016).

3.2 Quantification of anthocyanins

By applying Equations 2 and 3, different anthocya-
nin concentrations expressed in mg/L were obtai-
ned, as detailed in Table 3.

Table 3. Quantification of total anthocyanins in Vaccinium floribundum extracts at concentrations of 20% and 50%

Samples
Ethanolic extract

Absorbance Reading by Differential pH Anthocyanin Concentration

pH 1 pH 4,5 Average Abs mg/L mg/mL

E20 0.1447 0.0383 0.1447 0.0393 0.0697 11.6391 0.0116
E50 0.4203 0.0413 0.1630 0.0437 0.2613 43.6342 0.0436

Note. The concentrations correspond to results obtained from Equation 3 and are expressed in mg/L. Abs Prom:
average absorbance.
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Figure 2. Comparison between 20% and 50% extracts in terms of total phenolic content.

Figure 3. Comparison between 20% and 50% extracts in terms of total anthocyanin content.
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Figure 3 shows the total anthocyanin content
in Vaccinium floribundum samples at 20 % and 50 %
ethanol. From the values obtained using the diffe-
rential pH method, the anthocyanin concentration
in the 20 % ethanolic extract was 11.6391 mg/L (Ta-
ble 3), which is considered similar to that reported
in Vaccinium myrtillus (blueberry) (Medina, 2016).
In contrast, the 50 % ethanolic extract showed a sig-
nificant difference (p < 0.05) and a concentration
of 43.63 mg/L (Figure 3). This extract presented a
higher number of anthocyanins obtained from mor-
tiño, while also providing a good yield.

This may be explained by the fact that extraction
processes are related to the maturity stage of the
berry during harvest, which may change color due
to the influence of temperature, oxygen, and light.
High temperatures increase acid breakdown, while
acidity is related to the pH found in mortiño (Gue-
rrero, 2019). On the other hand, Pérez et al. (2020)
worked with Vaccinium floribundum and, regarding
anthocyanin quantification, obtained satisfactory
results using 60 % ethanol at 40 °C, with a result of
332.63 mg C3G 100 g−1 FW. Meanwhile, in the case
of anthocyanin extraction from cranberry pomace
(Vaccinium macrocarpon) using 75 % ethanol, greater
extraction efficiency and selectivity were achieved
(Constantine and Istrati, 2022).

Finally, species such as Ficus carica L., Syzygium
cumini L., Lonicera cerulea L., and Purple Majesty po-
tato, when subjected to extraction with ethanol at
100 %, 79.6 %, 79.6 %, and 70 %, respectively, yiel-
ded different cyanidin glycosides: 4.32 mg C3R/g
fig peel DW; 60.5 mg C3GE/g fruit DW; 22.45 mg
C3GE/g berries DW; and 364.3 mg C3G/kg potato
FW (Tena and Azuero, 2022). The results obtained
in this study are similar to those reported by other
authors in different plant species.

3.3 Determination of the Minimum
Inhibitory Concentration (MIC)

As shown in Table 4, which corresponds to the an-
timicrobial activity of the 20 % ethanolic extract of
Vaccinium floribundum against the bacterium Staphy-
lococcus saprophyticus, the minimum inhibitory con-
centration obtained was 390.6 µg/mL, and the per-
centage of inhibition was 88.42 %. Meanwhile, Fi-
gure 5 illustrates the behavior of the 20 % ethanolic

extract against the microorganism S. saprophyticus,
confirming that higher extract concentrations result
in greater inhibition of the microorganism (Varela
and Musuña, 2020).

Figure 4 shows the microplate stained red with
1 % TTC dye; this coloration indicates the presen-
ce of Staphylococcus saprophyticus, while the wells
that do not show coloration correspond to those in
which microbial growth is being inhibited.

To calculate the percentage of inhibition relative
to the concentration of each of the ethanolic extracts
of Vaccinium floribundum, the equation proposed by
Owen et al. (2014) was applied.

Table 5 details the value obtained for the mini-
mum inhibitory concentration and the percentage
of inhibition of the 50 % ethanolic extract of Vacci-
nium floribundum against Staphylococcus saprophyti-
cus, being 390.6 µg/mL and 88.44 %, respectively.

Figure 5 shows the microplate stained red with
1 % TTC dye; this coloration indicates the presen-
ce of Staphylococcus saprophyticus, while the wells
that do not show coloration correspond to those in
which microbial growth is being inhibited.

In Table 6, by comparing the data obtained for
the minimum inhibitory concentration and the per-
centage of inhibition of the ethanolic extracts of
Vaccinium floribundum at 20 % and 50 % against
Staphylococcus saprophyticus, it is evident that the
50 % ethanolic extract shows a higher percentage of
inhibition compared to the 20 % ethanolic extract.

In the case of the commercial antibiotic nitro-
furantoin, the percentage of inhibition and mi-
nimum inhibitory concentration were 87.7 % and
0.78 µg/mL, respectively. The obtained value was
superior to that of the natural agent tested. This is
since uropathogens, in large numbers, are suscepti-
ble to this drug because their nitroreductase enzy-
mes possess highly reactive electrophilic interme-
diates that non-specifically attack proteins in the
bacterial ribosome, causing complete inhibition and
resulting in high inhibition percentages (Komp et
al., 2014). Additionally, it is necessary to mention
that the MIC achieved in the experiments is close
to the theoretical values reported in studies with ni-
trofurantoin, which indicate ≤ 16 µg/mL within the
sensitivity range (IDEXX, 2022).
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Table 4. Antimicrobial activity of the 20% ethanolic extract of Vaccinium floribundum against Staphylococcus saprophy-
ticus

Extract
concentration

(µg/mL)

Growth
Control Abs.

(Cc)

Average
Abs. at
450 nm

%
Inhibition

390.6* 1.229 0.142 88.419**

781.3 1.206 0.135 88.778

1562.5 1.579 0.170 89.234

3125.0 1.462 0.149 89.831

6250.0 1.628 0.164 89.947

12500.0 1.452 0.138 90.519

25000.0 1.644 0.143 91.322

50000.0 1.652 0.143 91.344

100000.0 1.326 0.112 91.554

Note. The asterisks represent: * Minimum Inhibitory Concentration and ** Percentage of inhibition. Abs.: Absorbance.

Figure 4. Microplate of Staphylococcus saprophyticus with 20% ethanolic extract stained with 1% TTC and incubated
for 24 hours.
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Figure 5. Microplate of Staphylococcus saprophyticus with 50% ethanolic extract stained with 1% TTC and incubated
for 24 hours.

Table 5. Antimicrobial activity of the 50% ethanolic extract of Vaccinium floribundum against Staphylococcus saprophy-
ticus

Extract
concentration

(µg/mL)

Growth
Control Abs.

(Cc)

Average
Abs. at
450 nm

%
Inhibition

390.6* 1.206 0.143 88.439**

781.3 1.229 0.137 88.816

1562.5 1.579 0.153 88.913

3125.0 1.462 0.153 88.921

6250.0 1.628 0.123 88.969

12500.0 1.452 0.133 89.116

25000.0 1.644 0.145 89.220

50000.0 1.652 0.116 89.397

100000.0 1.326 0.117 89.432

Note. The asterisks represent: * Minimum Inhibitory Concentration and ** Percentage of inhibition. Abs.: Absorbance.
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Table 6. Percentage of inhibition and MIC of the ethanolic extracts of Vaccinium floribundum and established controls
against Staphylococcus saprophyticus

Microorganism
Extract 20% Extract 50% Thymol Nitrofurantoin

MIC
(µg/mL)

% Inh.
MIC

(µg/mL)
% Inh.

MIC
(µg/mL)

% Inh.
MIC

(µg/mL)
% Inh.

S. saprophyticus 390.63 88.42 390.63 88.44 3.91 87.42 0.78 87.73

Note.% Inh: Percentage of inhibition; MIC: Minimum Inhibitory Concentration.

The best result against S. saprophyticus was ob-
tained with the 50 % ethanolic extract of Vaccinium
floribundum, with a MIC of 390.63 µg/mL and an
inhibition percentage of 88.44 %. According to Va-
rela and Musuña (2020), who worked with granu-
les of Vaccinium floribundum at 150 mg, 200 mg,
and 250 mg against the same microorganism, the
inhibition percentages were 50.48 %, 91.17 %, and

86.56 %, respectively, data that corroborate the inhi-
bition percentage obtained in this study.

3.4 Separation of compounds by thin-
layer chromatography (TLC)

The chromatographic plates obtained after one hour
and 15 minutes of development were as follows:

Figure 6. HPTLC plate factor 254 nm 10× 10 cm showing separated components of the ethanolic extracts at 20% (EXT
20) and 50% (EXT 50) of Vaccinium floribundum, respectively. Plate reading wavelength: 254 nm.
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Figure 7. HPTLC plate 254 nm 10 × 10 cm showing separated components of the ethanolic extracts at 20% (EXT 20)
and 50% (EXT 50) of Vaccinium floribundum, respectively. Plate reading wavelength: 365 nm.

Once the process was completed, the retention
factors were determined by relating the distance
traveled by the compound to the distance traveled
by the solvent (Figure 6). The results are reported in
Table 7.

Regarding the results obtained, retention fac-
tors may vary due to the different maximum wa-
velengths at which the compounds are identified.
In the case of anthocyanins and anthocyanidins—
cyanidin 3-galactoside, cyanidin 3-arabinoside, and
malvidin reported in Table 8—these present values
similar to those described in studies on the genus
Vaccinium (blueberries) using methanolic extracts
and hydrolyzed compounds (Filip et al., 2012).

According to the results in Table 8, the com-
pounds were identified as cyanidin 3-galactoside,
cyanidin 3-arabinoside, malvidin, and cyanidin in
the species Vaccinium floribundum (mortiño), as also
reported by Taco (2017).

Meanwhile, the cyanidin 3-O-glucoside stan-
dard dissolved in methanol (2 mg/1 mL) presented
a retention factor of 0.42, similar to values reported
by Narváez (2016) for the species Vaccinium flori-
bundum (mortiño).

Other relevant bioactive compounds not detec-
ted on the HPTLC plate were delphinidin and pe-
largonidin, which are found at wavelengths bet-
ween 520–546 nm, and their respective monogluco-
sides can be distinguished within a range of 10 to
15 nm from these wavelengths. Additional factors
that may affect anthocyanin identification include
the nature of the solvent and pH; therefore, acidi-
fication of the extracts with HCl is important, as
it induces a systematic shift toward higher wave-
lengths compared to aqueous extracts (Filip et al.,
2012). It is also worth noting that the solubility of
anthocyanins in alcohol increases when stable hy-
drochloric acid is added (Eng et al., 2017).
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Table 7. Identification of anthocyanins and anthocyanidins present in the 20% and 50% ethanolic extracts of Vaccinium
floribundum at a maximum wavelength of 254 nm (see Figure 6)

Fraction Compound λmáx nm Rf (Retention factor)

A Cyanidin 3-O-glucoside 254 0.42

B Malvidin 254 0.62

C Cyanidin 254 0.86

Table 8. Identification of anthocyanins and anthocyanidins present in the 20% and 50% ethanolic extracts of Vaccinium
floribundum at a maximum wavelength of 365 nm (see Figure 7)

Fraction Compound λmáx nm Rf (Retention factor)

A Cyanidin 3-galactoside 365 0.39

B Cyanidin 3-arabinoside 365 0.51

C Malvidin 365 0.67

D Cyanidin 365 0.86

4 Conclusions

The 50 % ethanolic extract of Vaccinium floribun-
dum showed better results in the quantification of
phenolic compounds and total monomeric anthoc-
yanins, yielding 621.04 mg GA/mL of extract and
43.63 mg/L, respectively.

It was possible to separate and identify, th-
rough thin-layer chromatography (TLC), anthoc-
yanin bioactive compounds in the 20 % and 50 %
ethanolic extracts of Vaccinium floribundum, which
were: cyanidin 3-arabinoside (Rf 0.51), cyanidin 3-
galactoside (Rf 0.39), malvidin (Rf 0.67), and cya-
nidin (Rf 0.86).

In this study, it was validated that the ethanolic
extracts of V. floribundum at 20 % and 50 % exhibit
antimicrobial activity aimed at inhibiting Staphy-
lococcus spp., a pathogen associated with urinary
tract diseases.

It is recommended to continue studies using ef-
fective, sensitive, and reproducible analytical tech-
niques such as HPLC (High-Performance Liquid
Chromatography) for each identified chemical com-
ponent.
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Abstract

By applying the response surface methodology, we optimized the sun and indirect solar drying of Muscat of Alexandria
grapes. Initial moisture was measured and then the grapes were pretreated by thermochemical treatment with sodium
hydroxide. Employing a centralized planning of rotating compounds, the pretreatment conditions were established,
considering: temperatures, concentrations and times between 55–95 ◦C, 0.5–3.0 % and 2–30 seconds, respectively. For
each drying process, drying times were determined, considering the final moisture content of 20 % on a wet basis, as
well as the overall acceptance of the product. Using quadratic order polynomial equations, response surfaces were
generated to obtain a shorter drying time and a maximum value of product acceptability, obtaining high values of
coefficient of determination (R2 > 0.97) and significant interactions of the independent variables (p < 0.001). Solar
and indirect drying were optimized at 80 ◦C, 1.75 % and 16 s, for the temperature and concentration of the sodium
hydroxide solution and immersion time, to obtain drying times of 75 h and 50 h, respectively, with a high degree of
overall product acceptability and a score above 8 points on the established hedonic scale. Effective water diffusivity
values of 8.57 · 10−11 and 1.90 · 10−10 m2/s were obtained for the sun-drying and indirect solar drying process, res-
pectively. Under optimal conditions, the mathematical model of Midilli et al. (2002) best simulates the variation of
moisture versus drying time of Muscat of Alexandria grapes.

Keywords: Optimization, Grape drying, Mathematical modeling, Diffusivity, Response surface methodology.
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Application of a response surface Model for solar and indirect drying of muscat
of alexandria grapes (Vitis vinífera)

Resumen

Al aplicar la metodología de superficie de respuesta, se optimizó el secado al sol y solar indirecto de uvas Moscatel de
Alejandría. Se midió la humedad inicial y a continuación se pretrataron las uvas mediante tratamiento termoquímico
con bajas concentraciones de hidróxido sódico, temperatura y tiempo de inmersión. Las condiciones se establecieron
mediante un diseño experimental de compuesto central rotacional, considerando: temperaturas, concentraciones y
tiempos entre 55–95 ◦C, 0.5–3.0 % y 2–30 segundos, respectivamente. Para cada proceso se determinaron los tiempos
de secado, considerando el contenido de humedad final del 20 % en base húmeda, así como la aceptación global del
producto. Empleando ecuaciones polinómicas de orden cuadrático, se generaron superficies de respuesta para ob-
tener un menor tiempo de secado y un valor máximo de aceptabilidad del producto, obteniéndose altos valores de
coeficiente de determinación (R2 > 0.97) e interacciones significantes de las variables independientes (p < 0.001). El
secado al sol y solar indirecto optimizó el pretratamiento a 80 ◦C, 1.75 % y 16 s, para la temperatura y concentración
de la solución de hidróxido de sodio y tiempo de inmersión, para obtener tiempos de secado de 75 h y 50 h, respec-
tivamente, con un alto grado de aceptabilidad global del producto y una puntuación superior a 8 puntos en la escala
hedónica establecida. Se obtuvieron valores de difusividad efectiva del agua de 8.57 · 10−11 y 1.90 · 10−10 m2/s para
el proceso de secado al sol y secado solar indirecto, respectivamente. En condiciones óptimas, el modelo matemático
de Midilli et al. (2002) es el que mejor simula la variación de la humedad frente al tiempo de secado de la uva Moscatel
de Alejandría.

Palabras clave: Optimización, Secado de uva, Modelación matemática, Difusividad, Metodología de superficie de
respuesta.
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1 Introduction

Grapes in their fresh state and immediately after
harvest have a high moisture content (Gopinath et
al., 2022), so their water activity and sugar content
make them highly susceptible to microbial spoilage
during storage, even under low-temperature refri-
geration conditions. Therefore, after harvest, they
must be consumed or processed into different pro-
ducts through methods such as drying (Adiletta et
al., 2016).

Raisins are an edible product with high nutri-
tional and energy value; in Peru, they are produ-
ced using traditional methods through direct sun-
drying. This activity takes place in areas with high
solar radiation and generally occurs between Ja-
nuary and April. In Latin America, Argentina is the
country that produces raisins on a large scale, and
globally, the leading producers are China and the
United States (FAO, 2020).

The industry has developed artificial drying
methods, and there are currently a variety of indus-
trial dryers available for agribusiness. Solar energy
is the predominant renewable energy source, com-
pared to wind energy and biomass, due to its cons-
tant availability (Gunasekaran et al., 2021; Kumar
et al., 2021). Sun drying is one of the oldest forms
of preservation and perhaps the cheapest and most
common method of preserving agricultural pro-
ducts practiced in most tropical countries. Howe-
ver, this technique has disadvantages: it is weather-
dependent, requires a long drying time, leads to
dust formation, microbial growth, contamination,
insect infestation, spoilage, high labor costs, and
variable quality, among others (Djebli et al., 2020;
Naigam et al., 2021).

On the other hand, the use of indirect solar
drying equipment is a good alternative from both
an economic and environmental standpoint. Solar
drying involves converting solar energy into ther-
mal energy, which is then used to remove moisture
from the product (Shalaby and Bek, 2014); through
natural convection, air flows inside the dryer (Gopi-
nath et al., 2022). Therefore, the use of solar energy
and hot air in convective dryers is a potential al-
ternative for application in tropical and subtropical
countries (Vigneshkumar et al., 2021) and also be-
cause it is faster, economically viable, hygienic, and

more efficient than sun drying, providing dried pro-
ducts with better color and surface texture (Castillo-
Téllez et al., 2017; Singh et al., 2012).

Currently, there are numerous research studies
on agro-industrial products that were processed
using conventional drying methods (sun and air)
and modern drying techniques, such as direct sun
drying, solar dryers, hot-air convection dryers, hot-
air convection dryers assisted by different types
of energy, microwaves, infrared, and a combina-
tion of these, the use of the ice sublimation pro-
cess or freeze-drying, heating and air or vacuum
drying, and other combined hybrid drying techni-
ques (Atak et al., 2022; Javed et al., 2023), where
attempts have been made to apply pretreatments in
various forms prior to drying and to observe seve-
ral parameters, including, primarily, product qua-
lity and overall acceptance, drying times, effects on
rehydration characteristics, and nutritional quality
in the final product (Pragati and Preeti, 2012).

However, there is interest in optimizing drying
processes using response surface methodologies,
a technique in which a set of variables is exami-
ned simultaneously through experimental design,
allowing for the identification of variable interac-
tions and the optimal conditions for a maximum
or minimum value or a specific area of the genera-
ted surface (Bitaraf et al., 2012; Chopra et al., 2011;
Myers et al., 2016; Ramos et al., 2015).

A review of the prior literature revealed no re-
search on the optimization of the drying process for
Muscat of Alexandria grapes. Therefore, the objec-
tives of this study are to investigate the effect of so-
dium hydroxide concentration pretreatment, tem-
perature, and immersion time on drying time under
direct sunlight and solar drying using an extended-
surface collector; to evaluate the quality of the rai-
sins in terms of overall product acceptance; to es-
timate the constants of the drying curve equations;
and to evaluate the water diffusivity under optimal
drying conditions.

2 Materials and methods

2.1 Raw Material
The freshly harvested fresh grapes come from the
Ica Valley in Peru and were purchased at the fruit
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market in the city of Chincha Alta. The grapes we-
re washed, then dried and measured with a Vernier
caliper. For the physicochemical characterization of
the raw material, preliminary determinations were
made of pH, Brix degrees (◦Brix), refractive index
(–), water content ( %), and water activity (aw).

2.2 Grape Pretreatment
Before drying, the selected samples underwent a
chemical-thermal treatment, considering tempera-

ture, concentration, and immersion time; they were
then washed with plenty of cold water at 20 ◦C and
drained, with surface moisture removed using pa-
per towels.

Table 1 shows the coding of the operational va-
riables (temperature, concentration, and immersion
time), investigated at five levels each, and the effects
on the response variable, drying time, and overall
acceptance.

Table 1. Coding of the operational variables for drying the Muscat of Alexandria grape variety (Vitis vinifera).

Variables Code −1.68 −1 0 +1 +1.68

Temperature (◦C) x1 55 63 75 87 95
Concentration (%) x2 0.5 1 1.75 2.5 3.0
Immersion time (s) x3 2 7.7 16 24.3 30

A rotational central composite design (RCCD)
was used, consisting of a full factorial design 23, 06
axial points (levels ±1.68), and 06 central points (le-
vel 0), totaling 20 trials, conducted in duplicate and
randomly, to determine the optimal process condi-
tions. The design with coded and actual levels and
the results are shown in Table 4.

2.3 Drying System
A stainless-steel solar dryer (Figure 1) built specifi-
cally for this research project was used. The dryer
is a commercial-scale prototype. The total dimen-
sions of the dryer are: 2276×2558×806 mm (height
× length × width), constructed from 1.5 mm thick
304 stainless steel sheets and structural supports
made of 2-inch square profiles. The dimensions of
the solar collector with an expanded surface area
were: 173 × 806 × 2000 mm, with a 3-mm-thick
transparent glass cover, at a 15◦ angle of inclina-
tion relative to the horizontal plane and oriented
toward the north. The dimensions of a single fin
were 1.5× 25× 2000 mm, and there were 27 fins on

the collector surface. The approximate weight of the
equipment was 350 kg. The drying equipment was
installed in the open-air courtyard of the Navarro
winery in Chincha Alta, at 13◦25.3′ S latitude and
76◦7′57′′ W longitude. The experimental module
was equipped with thermometers to measure the
air temperatures at the solar collector’s inlet and
outlet, the drying air temperatures along the length
of the dryer, and the drying air velocity.

Following the chemical-thermal treatments, the
grape drying process was carried out by placing
samples with an average weight of 101.27 ± 4.58 g
on their respective sample holders in direct sun-
light and in the indirect solar dryer. In the latter, the
chimney effect combined with the heating of the air
in the solar collector contributed to the movement
of the drying air and its flow through the drying
chamber until it exited the dryer. During the test pe-
riod, the average ambient air temperature and the
temperature of the air entering the drying chamber
were 27 and 40 ◦C, respectively, with an average so-
lar radiation value of 300 W/m2.
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Figure 1. Schematic of the commercial-scale solar dryer.

2.4 Moisture Ratio
The dimensionless moisture module during sun-
drying and indirect solar drying (Kusuma et al.,
2023) is presented in Equation 1:

MR =
X(t)−Xe

Xo −Xe
(1)

Where: X(t) is the average moisture content at
time t, X0 is the initial average moisture content,
and Xe is the average moisture content at equili-
brium.

2.5 Effective water diffusivity (Deff)
In the general form of the diffusion equation in
spherical coordinates without considering mass ge-
neration, the expression is represented as Equa-
tion 2:

1

r2
∂

∂r
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∂X
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+

1
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(
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∂X
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D

∂X
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Likewise, considering that diffusion occurs only
along the radial axis, the simplified equation for wa-
ter mass diffusion through the grape cross-section
in spherical coordinates is given by Equation 3:

∂X (r , t)

∂t
=

1

r2
∂

∂r

(
r2D

∂X

∂r

)
(3)

For the initial and boundary conditions at the
surface (r = R) and at the center of the grape berry
(r = 0), they are (Equations 4 and 5):

X (t = 0.0 ≤ r < R) = X0 (4)
X (t = 0.0 ≤ r < R) = X0 (5)

It is assumed that the initial moisture distribu-
tion is uniform within the sphere, that the surface
moisture is equal to the equilibrium moisture con-
tent, and that radial diffusion is symmetric.

Considering that the entire drying process oc-
curs during a period of decreasing drying rate and
that the liquid diffusivity is the dominant factor in
the entire process—i.e., the drying process is enti-
rely controlled by the internal resistance to mass
transfer—, Fick’s second law of diffusion can be
used to describe the drying process (Doymaz, 2007;
Saravacos and Maroulis, 2001; Srikiatden and Ro-
berts, 2006).

Equation 3 can be solved analytically by assu-
ming a constant radius (shrinkage is not conside-
red) and a constant diffusivity coefficient during the
drying process, which yields Fick’s law for diffu-
sion in spherical geometries (Equation 6):

MR =
X(t)−Xe

Xo −Xe
=

6

π2

∞∑
n=0

1

n2
exp

[
−n2π2 ·D · t

R2

]
(6)
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And for long drying times, Equation 6 can be
simplified and expressed (Crank, 1975; Di Matteo
et al., 2000; Doymaz, 2004; Rizvi, 1986) as shown in
Equation 7:

MR =
X(t)−Xe

Xo −Xe
=

6

π2
exp

(
−π2 ·Deff · t

R2

)
(7)

Taking the logarithm of both sides Ecuation 8:

Ln(MR) = Ln

(
6

π2

)
−
(
π2Deff .t

R2

)
(8)

Where R (m) is the average radius of the grape
and Deff is the effective moisture diffusivity (m2/s),
which is determined from the slope of the graph of
ln(MR) versus drying time (t).

2.6 Response Surface Methodology
This methodology comprises a set of mathemati-
cal techniques used to optimize the drying process,
where the response variables were drying time and

overall product acceptance, which were influenced
by the quantitative factors: temperature (◦C): x1,
concentration ( %): x2, and immersion time (s): x3.

According to the proposed experimental design,
the response surface methodology technique appro-
ximates a second-order polynomial mathematical
relationship, as shown in Equation 9:

y = βo+

k∑
i=1

βixi+

k∑
i=1

βiix
2
i

∑
i<1

∑
βijxixj + ε (9)

2.7 Mathematical Simulation of the
Drying Curve

Six mathematical models (Table 2) were used to si-
mulate the drying curve under optimal conditions,
namely: Henderson-Pabis, modified Henderson-
Pabis, Page, modified Page, Newton, and Midilli et
al. (2002) (Bombana et al., 2023; Kusuma et al., 2023;
Subbian et al., 2021).

Table 2. Mathematical models for simulating the drying curve.

Model Equation

Henderson-Pabis MR = a . exp(−k.t) (10)
Modified Henderson-Pabis MR = a . exp(−k.t) + b . exp(−g.t) + c . exp(−h.t) (11)
Page MR = exp(−k.tn) (12)
Modified Page MR = [exp(−k.t)]n (13)
Newton MR = a exp(−k.t) (14)
Midilli et al. MR = a . exp(−k.tn) + b.t (15)

2.8 Statistical Analysis

The Statistica v. 7.0 software was used to analyze
the effects of the independent variables on drying
time and overall product acceptance. The coefficient
of determination R2 was also determined, indica-
ting the degree of fit of the quadratic polynomial
to the response surface. The fit of the constants of
the proposed nonlinear mathematical models to si-
mulate the drying curve was determined using the
SOLVER software package (Microsoft Corporation
MS-Excel®), which employs the generalized redu-
ced gradient method with a convergence level of
10−5.

For the proposed models, the quality of fit of
the equation to the experimental data was evalua-
ted by calculating the coefficient of determination
(R2), the sum of squared errors (SSE), the root mean
square error (RMSE), the mean relative percentage
error (EMR), and the reduced chi-square (χ2) (Equa-
tions 16, 17, 18, 19, and 20, respectively).

R2 = 1−
∑N

i=1(MRexpi
−MRmodi

)2∑N
i=1

(
MRexpi

−MRmodi

)2 (16)

SSE =
1

N

N∑
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)2 (17)
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[
1

N
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(18)
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(19)
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1
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(MRexpi
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)2 (20)

3 Results and Discussion

3.1 Physicochemical Characterization
The results of the grapes’ physicochemical proper-
ties are shown in Table 3, presenting the mean va-
lues and corresponding standard deviation. The
pH value ranges from 4.00 to 3.26, classifying it
as a sweet-and-sour product. Meanwhile, the wa-

ter content ranges from 79.24 % to 80.76 %, falling
within the typical range found in all grape varieties,
which ranges from 70 % to 80 % (Srivastava et al.,
2021), and the water activity value fluctuated bet-
ween 0.9627 and 0.9671.

Meanwhile, the concentration of soluble solids
in the form of sucrose found in the berry ranged
from 17.21 to 23.35 Brix degrees, a characteristic va-
lue of this type of berry product in its ripe state. Si-
milar values of 22.4, 22, and 21.4 ◦Brix and 3.63, 3.20,
and 3.44 for pH have been reported for Muscat of
Alexandria grape varieties of fruits considered ripe
and suitable for making grapes or wine (Corona et
al., 2020; Harutyunyan et al., 2022; Pedrosa-López
et al., 2022).

Table 3. Physicochemical variables of the Muscat of Alexandria grape variety (Vitis vinifera)

Physicochemical variable Mean ± standard deviation

Hydrogen ion concentration (pH) 3.63± 0.37

Brix degrees (◦Bx) 20.28± 0.36

Refractive index (–) 1.364± 0.005

Water content (%) 80.00± 0.76

Water activity (aw) 0.9649± 0.0022

3.2 Influence of independent variables
on drying time under direct and
indirect sunlight

Figure 2 (a and b) shows the Pareto chart for analy-
zing the effect of the independent variables: T (◦C),
C ( %), and t (s), combined on the response variable
of drying time, using sun drying and the indirect
solar dryer to produce Muscat of Alexandria grapes
(Table 4). A strong influence of solution temperatu-
re (◦C), immersion time (s), and concentration ( %)
is observed. The linear interaction of concentra-
tion with immersion time is not influential in either
process; concentration is not influential for sun
drying. However, in indirect solar drying, the in-
teractions between temperature-concentration and
temperature-immersion time were included in the
regression model. Although they did not show a
significant influence on the response variable, their
inclusion allows for greater precision in surface area
modeling.

3.3 Influence of independent variables
on the overall acceptance of fruit be-
rries: sun-drying and indirect solar
drying

Table 4 presents the global acceptance values.
Furthermore, the estimated effects of the indepen-
dent variables on the global acceptance of the Mus-
cat of Alexandria grape variety are presented in
Figures 2 (a, b) and 3 (a, b).

It is observed that the three varia-
bles—temperature, concentration, and immersion
time—in their linear and quadratic forms have ef-
fects on the dependent variables of drying time
and overall acceptance, except concentration in its
quadratic function (Q) in sun-drying; likewise, the
linear interaction of temperature and concentra-
tion (1L × 2L) and temperature and immersion ti-
me (1L × 3L) in the evaluation of drying time and
overall acceptance is considered less important in
indirect solar drying. However, to ensure that the
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mathematical model did not lose accuracy in the
coefficient of determination (R2), all interactions

were considered to obtain the regression coefficients
of the response surface.

Table 4. Central rotational composite design with coded and actual values and response variables.

Treatment Coded variables Actual variables Sun-drying Indirect solar drying

x1 x2 x3 T (◦C) C (%) t (s) Drying Overall Drying Overall
time (h) acceptance time (h) acceptance

1 -1 -1 -1 63 1 7.7 112 6 110 3
2 1 -1 -1 87 1 7.7 90 7 64 6
3 -1 1 -1 63 2.5 7.7 122,5 6.5 72 8
4 1 1 -1 87 2.5 7.7 63 7 60 9
5 -1 -1 1 63 1 24.3 66.5 7 64 3
6 1 -1 1 87 1 24.3 72 8 51 6
7 -1 1 1 63 2.5 24.3 149 6 92 5
8 1 1 1 87 2.5 24.3 82.5 7 60 8
9 -1.68 0 0 55 1.75 16 142.5 6 112 6
10 1.68 0 0 95 1.75 16 79.5 7 45 7
11 0 -1.68 0 75 0.5 16 84.5 8 80 4
12 0 1.68 0 75 3 16 81.5 6 75 7
13 0 0 -1.68 75 1.75 2 171 6.5 107 4
14 0 0 1.68 75 1.75 30 82.5 9 60 8
15 0 0 0 75 1.75 16 77.5 8.5 68 9
16 0 0 0 75 1.75 16 73 8 65 8
17 0 0 0 75 1.75 16 75 8.5 58 9
18 0 0 0 75 1.75 16 79.5 8 64 9
19 0 0 0 75 1.75 16 74 8.5 68 8
20 0 0 0 75 1.75 16 76 8 63 8

Figure 2. Effect of independent variables on the drying time of the Muscat of Alexandria grape variety (a) sun drying
(b) indirect sun drying.

La Granja: Revista de Ciencias de la Vida 44(2) 2026:114-135.
©2026, Universidad Politécnica Salesiana, Ecuador. 121



Scientific paper / Artículo científico
Agricultural Sciences Vivanco, D., Rodriguez, H., Siche, R. and Callirgos, D.

Figure 3. Effect of independent variables on the overall acceptance of the Muscat of Alexandria fruit berry (a) sun-dried
(b) indirectly sun-dried.

3.4 Analysis of variance in the estima-
tion of drying time and overall pro-
duct acceptance for sun-drying and
indirect solar drying

Upon analyzing the significance of the constants in
the regression equations (Table 5), it was observed
that the calculated F -value (Fc) exceeded the critical
value from the F -table F0.95;9;10 = 3.02 for a 95 %
confidence level. Since in all cases Fc > Ft, both for
the prediction of drying time and for the overall ac-
ceptance of the berry, it is concluded that the regres-
sion models are statistically significant. The regres-
sion constants for estimating drying time and ove-
rall acceptance of the berries are presented in Ta-
bles 6 and 7, respectively, for both sun drying and
indirect drying.

3.5 Response surface in the estimation
of drying time and overall product
acceptance in sun-drying

During the drying process, the waxy layer on the
grape skin hinders the removal of water in situ and
extends the drying time. For this reason, chemical
pretreatments have been proposed that cause the
dissolution of this layer, along with the formation
of microcracks on its surface, thereby controlling the
rate of water loss and reducing the time required to
achieve the correct level of dehydration (Corona et
al., 2020; Patidar et al., 2021).

Figure 4 shows the response surface of drying
time (h) (a) and contour (b) versus Temperature
(◦C) and immersion time. For immersion times in
the range of 16 to 20 seconds and solution tempe-
ratures in the range of 80 to 90 ◦C and solution
concentrations ranging from 1 % to 1.5 %, drying ti-
mes of less than 80 hours were achieved, equivalent
to less than 11 days of direct sun drying, thereby
reducing the processing time compared to the re-
sults reported by Corona et al. (2020), who applied
a chemical pretreatment to Muscat of Alexandria
grapes by immersing them in a sodium hydroxide
solution (45 g/L) for 185 seconds at a temperature
of 25 ◦C, resulting in a drying time of 13 days under
these conditions. This is due to the phenomenon of
dehydration, which is explained by mass transfer,
influenced by water and sugar content, as well as
by the homogeneity of the berries to be dried in
terms of size, weight, and density.

The drying rate of berries is directly propor-
tional to the dehydration temperature: at higher
temperatures, the mass transfer rate increases and
the processing time decreases. For example, in the
‘Zicui’ cultivar, the most efficient dehydration oc-
curred at 50 ◦C; in contrast, the time required to
complete the process extended to 11 days at 40 ◦C
and up to 20 days when processed at 30 ◦C (Chen
et al., 2022).
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Figure 5 shows the response surface (a) and con-
tour (b) of Overall Acceptance versus Temperature

(◦C) and solution concentration ( %), while keeping
the immersion time constant at 16 seconds.

Figure 4. Response surface of drying time (h) (a) and contour (b) for the Muscat of Alexandria grape variety versus
temperature (◦C)and immersion time (s).

Figure 5. Response surface (a) and contour (b) of the overall acceptance of Alexandria Muscat berries versus Tempera-
ture (◦C)and solution concentration (%).
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Table 5. Analysis of variance for drying time and overall acceptance of the Muscat of Alexandria grape variety in sun-
drying and indirect sun-drying.

Drying time Overall acceptance

Process SS DF MS Fc Ft SS DF MS Fc Ft

Sun-dried Regression 14 250.11 9 1 583.34 5.10 3.02 15.99 9 1.776 8.27 3.20
Residual error 3 105.59 10 310.56 2.15 10 0.215
Misalignment 3 077.26 5 615.45 108.62 1.77 5 0.335 4.73
Pure error 28.33 5 5.67 0.38 5 0.075

Indirect solar Regression 5 755.14 9 639.46 5.62 3.02 62.06 9 6.896 4.40 3.02
drying Residual error 1 138.66 10 113.87 15.69 10 1.569

Adjustment error 1 069.32 5 213.87 15.42 14.19 5 2.838 9.46
Pure error 69.33 5 13.87 1.50 5 0.30

Note: SS: sum of squares; DF: degrees of freedom; SM: standard mean; Fc and Ft: calculated and table F -values, respectively.

Table 6. Estimated effects and regression coefficients of the independent variables on the response variable of sun-drying
time and overall acceptance of the Muscat of Alexandria raisin

Drying time (h) (R2 = 0.82062) Overall acceptance (R2 = 0.88033)
Coded

parameter
Estimated
effect P - value Regression

coefficient P -value Estimated
effect P -value Regression

coefficient P -value

k0 76.3072 0.000000 76.3072 0.000000 8.256595 0.000000 8.256595 0.000000
x1 -36.4007 0.000001 -18.2003 0.000001 0.75926 0.003705 0.379632 0.003705
x2 18.9122 0.000023 9.4561 0.000023 -1.32369 0.000260 -0.661845 0.000260
x3 10.4743 0.000458 5.2372 0.000458 -0.71236 0.004866 -0.356180 0.004866
x2
1 -0.9291 0.492746 -0.4646 0.492746 -0.96938 0.001115 -0.484690 0.001115

x2
2 -24.3580 0.000008 -12.1790 0.000008 0.83548 0.002441 0.417742 0.002441

x2
3 30.0729 0.000002 15.0346 0.000002 -0.43729 0.029070 -0.218959 0.029070

x1 · x2 -27.3750 0.000016 -13.6875 0.000016 -0.12500 0.547054 -0.0625000 0.547054
x1 · x3 5.1250 0.028597 2.5625 0.028597 0.12500 0.547054 0.0625000 0.547054
x2 · x3 27.3750 0.000016 13.6875 0.000016 -0.62500 0.023271 -0.3125000 0.023271

Note: x1 =
T − 75

12
; x2 =

C − 1.75

0.75
and x3 =

t − 16

8.30
, where: T : temperature, C : concentration and t: immersion time.
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Table 7. Estimated effects and regression coefficients of the independent variables on the response variables of indirect
solar drying time and overall acceptance of Muscat of Alexandria raisins

Drying time (h) (R2 = 0.82062) Overall acceptance (R2 = 0.88033)
Coded

parameter
Estimated
effect P - value Regression

coefficient P -value Estimated
effect P -value Regression

coefficient P -value

k0 64.6401 0.000000 64.6401 0.000000 8.49475 0.000000 8.49475 0.000000
x1 -31.5959 0.000019 -15.7980 0.000019 1.71201 0.002192 0.85600 0.002192
x2 6.1494 0.025972 3.0747 0.025972 -1.35061 0.005468 -0.67530 0.005468
x3 -1.9641 0.374713 -0.9821 0.374713 2.49765 0.000387 1.24883 0.000387
x2
1 5.4407 0.039418 2.7204 0.039418 -2.05923 0.000845 -1.02961 0.000845

x2
2 -17.2901 0.000355 -8.6451 0.000355 0.39869 0.236591 0.19934 0.236591

x2
3 9.6924 0.004350 4.8462 0.004350 -1.70492 0.001992 -0.85246 0.001992

x1 · x2 3.7500 0.213701 1.8750 0.213701 -0.50000 0.253170 -0.25000 0.253170
x1 · x3 3.2500 0.271944 1.6250 0.271944 0.50000 0.253170 0.25000 0.253170
x2 · x3 19.7500 0.000666 9.8750 0.000666 -1.00000 0.049313 -0.50000 0.049313

Note: x1 =
T − 75

12
; x2 =

C − 1.75

0.75
and x3 =

t− 16

8.30
, where: T : temperature, C: concentration and t: immersion time.

As the values of the independent variables in-
crease, they generate a curve with a maximum in-
flection point for Overall Acceptance (> 8) of the
berries at 20 % moisture content on a wet basis. It is
observed that the highest values of Overall Accep-
tance occur in the temperature range of 80–85 ◦C for
the NaOH solution at concentrations between 1 %
and 1.5 %. It is recommended to use low concentra-
tions of the solution so that it can be easily removed
with plenty of cold water after the chemical-thermal
treatment.

According to Patidar et al. (2021), many desira-
ble changes in the physical, chemical, and biochemi-
cal properties occur during dehydration due to the
pretreatment and drying conditions. Thus, the car-
bohydrates and organic compounds from the fresh
grapes are retained in a concentrated form in the
grapes, improving their acceptability to consumers.
Furthermore, NaOH not only improves drying cha-
racteristics but also enhances the color attributes of
the grapes (Vázquez et al., 2000).

In addition to producing high-quality raisins,
unfortunately there are some environmental and
health concerns related to the use of chemicals for
the pretreatment of grapes. On the environmental
aspect, wastewater containing organic, saline, and
highly corrosive solids is generated; and in terms
of food safety, these chemicals remain in the dried
product, which can cause food safety issues (Adi-
letta et al., 2016; Deng et al., 2019; Wang et al., 2017).
The low concentration of NaOH (1–1.5 %) used in
this study accelerates the drying process while re-
ducing the likelihood of producing raisins with a
negative environmental impact and unsafe food, as
these two factors intensify at higher NaOH concen-
trations.

Based on the analysis, Table 8 presents the inde-
pendent variables or processing parameters for di-
rect sun drying to minimize and maximize drying
time and overall product acceptance, respectively.

Table 8. Direct sun-drying processing parameters for the Muscat of Alexandria grape variety

Independent variable Process parameters Drying time (h) Overall acceptance (–)

Temperature (◦C) 80–85 Approximately
≤ 80 h

Approximately
> 8Concentration (%) 1–1.5

Immersion time (s) 16–20

La Granja: Revista de Ciencias de la Vida 44(2) 2026:114-135.
©2026, Universidad Politécnica Salesiana, Ecuador. 125



Scientific paper / Artículo científico
Agricultural Sciences Vivanco, D., Rodriguez, H., Siche, R. and Callirgos, D.

3.6 Response surface for estimating
drying time and overall product ac-
ceptance in indirect solar drying

Figure 6 shows the response surface (a) and contour
surface (b) of the drying time of Muscat of Alexan-
dria grapes versus temperature (◦C) and immersion
time (s). It is stated that, for immersion times of 16
to 20 seconds, a solution temperature of 80 to 90 ◦C,
and a solution concentration of 1 % to 2 %, using
the indirect solar dryer, drying times of less than
60 hours are achieved, equivalent to less than 6 to
7 days of drying.

The shortest drying time was obtained with in-
direct solar drying compared to sun drying; this is
because the former uses a solar collector consisting
of a transparent glass surface and a black absor-
ber, where solar energy is collected to heat the fresh
air entering the drying chamber, where the grapes
are heated by indirect heat absorption. Furthermo-
re, due to the pressure difference generated by the
chimney, natural air circulation is achieved, which
accelerates the evaporation of moisture present in
the grapes (EL-Mesery et al., 2022).

Another factor to consider is that indirect solar
drying was performed with an average solar radia-
tion of 300 W/m2. Leon Dharmadurai et al. (2022),
using reflectors, achieved a maximum solar radia-
tion of 1079.8 W/m2 and a drying time of 5 days
for seedless green grapes and concluded that the
reduction in drying time is positively influenced by
the indirect solar drying method and the natural
convection of hot air within the drying chamber.

Figure 7 shows the response surface (a) and con-
tour plot (b) of the overall acceptability score of
Alexandria Muscat grapes versus temperature (◦C)
and immersion time (s). Global acceptability values
for the product greater than 8 are achieved provi-
ded that the solution concentration is maintained
at 1 % and temperatures between 75–90 ◦C and im-
mersion times of 16–25 seconds are used.

The curves show an inflection point, with ma-
ximum acceptance levels for the grapes occurring
at concentrations of 1 % and 1.5 %, respectively, and
the highest acceptance levels corresponding to ap-
proximately 16 seconds. The parameters of the in-
direct solar drying process are presented in Table 9.

Unlike sun drying, the indirect solar drying pro-
cess reduces drying time by 20 hours, yielding gra-
pes with a high overall acceptance rate. Likewise,
the optimal conditions are found near the central
points of the experimental design, where the overall
acceptance values were the highest. Therefore, for
analyzing the drying curve and kinetics, the experi-
mental data obtained were: T = 80 ◦C, C = 1.5%,
and t = 16 s.

Figures 8 (a and b) present the simulations,
using the regression equations for the drying time
of grapes in the sun (Table 6) and the overall accep-
tance of the product in the indirect solar drying pro-
cess (Table 7), showing the curves of the minimum
and maximum values, respectively.

3.7 Drying curve and kinetics
3.7.1 Drying curve

Figure 9 shows the behavior of the evolution of dry-
matter moisture content as a function of drying ti-
me, both for the sun-drying of the Moscatel of Ale-
jandría grape variety and for the use of the indi-
rect solar dryer. In the direct sun-drying curve, the
moisture content of the grapes decreases gradually
until reaching a final moisture content of 20 % on
a wet basis, which corresponds to approximately
0.25 kg/kg on a dry basis, with an average drying
time of 75 hours. Meanwhile, the grapes dried in the
indirect solar dryer exhibited two drying phases: a
pronounced initial phase after 24 hours of drying,
followed by a gradual decline to the indicated final
moisture content, with an average drying time of
50 hours.
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Figure 6. Response surface of drying time (h) (a) and contour (b) versus Temperature (◦C) and immersion time (s)
using an indirect solar dryer for drying the Muscat of Alexandria grape variety.

Figure 7. Response surface of global acceptance (a) and contour (b) for the Muscat of Alexandria grape variety versus
temperature (◦C) and immersion time (s) for drying using an indirect solar dryer.

Table 9. Processing parameters for indirect solar drying of the Muscat of Alexandria grape variety

Independent variable Process parameters Drying time (h) Overall acceptance (–)

Temperature (◦C) 80–85 Approximately
≤ 60 h

Approximately
> 8Concentration (%) 1–2.5

Immersion time (s) 16–20
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Figure 8. (a) Simulation of grape drying time versus temperature during sun drying (b) Simulation of overall raisin
acceptance versus temperature during indirect solar drying

Figure 9. Evolution of moisture content versus drying time and mathematical modeling of the drying curve for the
Muscat of Alexandria grape variety

Generally, the drying process consists of three
consecutive phases: the initial phase, where the
drying rate increases due to the temperature rise
of the product and the consequent increase in va-
por pressure; a second phase, where the drying rate
is constant; and a final phase, characterized by a
significantly reduced drying rate (Barbosa de Li-
ma et al., 2016). These phases were observed in the

drying of Muscat of Alexandria grapes pretreated
with a NaOH solution (80 g/L) at a temperature of
25 ◦C for an immersion time of 360 seconds, where
convective drying was carried out at a temperature
of 30 ◦C for 13 days (Corona et al., 2016).

The first phase of the curve, corresponding to in-
direct solar drying, is due to microstructural chan-
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ges in the epicuticular wax layer covering the grape
cuticle, caused by pretreatment with NaOH; among
these changes, the formation of cracks in the skin
and the general softening of the tissue stand out,
improving skin permeability and moisture diffu-
sion (Lara et al., 2014). In phase two, the cracks
gradually close as the grape shrinks and sugar from
the pulp migrates toward the skin, where it acts as
a barrier to water diffusion; this retarding effect can
be overcome by increasing the drying temperature
above 40 ◦C (Azzouz et al., 2002; Giordano et al.,
2009; Toğrul, 2010). Meanwhile, the curve shown
for sun drying exhibits almost a linear behavior, in-
fluenced only by the type of process. Thus, the solar
dryer and the chemical-thermal treatment used in
the research project reduced traditional drying time
by 33 %, whereas Serratosa et al. (2008) achieved
a 25 % reduction during chamber drying at 50 ◦C
of Pedro Ximénez grapes pretreated in an alkaline
medium.

The same figure shows the fit of the experimen-
tal data for moisture content versus drying time,
using the equation by Midilli et al. (2002) to model
the drying curve. For model selection, the following
values were considered: the coefficient of determi-
nation (R2), and error metrics including the sum
of squared errors (SSE)—which served as the cell
for the Solver—the root mean square error (RMSE),
the mean relative percentage error (ERM), and the
reduced chi-square value (χ2) (Mehta, 2023).

It can be stated that the model by Midilli et al.
(2002) best simulates the distribution of the experi-
mental data for the drying curve of the Muscat of
Alexandria grape variety, as it presented the highest
values of the coefficient of determination and the
lowest values of the calculated relative errors. The
results are presented in Tables 10 and 11. Martín-
Gómez et al. (2019) modeled the drying of whole
Tempranillo grapes in a chamber at 50 ◦C with a
relative humidity of 20 %. To do so, they evaluated
the Newton, Henderson-Pabis, logarithmic, Wang
and Singh, diffusion approximation, and Midilli et
al. (2002) models, with the latter being selected ba-
sed on the values of R2, SSE, RMSE, EMR ( %), and
χ2.

The mathematical model proposed by Midilli et
al. (2002) is a suitable model for representing the
drying behavior of grapes and tomatoes (Doymaz,
2004; Midilli et al., 2002; Yaldiz et al., 2001).

3.7.2 Drying kinetics

When plotting the drying rate of the Muscat of Ale-
xandria grape variety against the average absolute
humidity and drying time, as shown in Figure 10 (a
and b), respectively, it is observed that the highest
values of the drying kinetics correspond to the first
10 hours of drying at 0.18 and 0.08 kg/(kg·h), which
correspond to dR/dt slopes of 0.250 and 0.253 for
sun drying and indirect solar drying, respectively.
Only the period of decreasing drying rate with a li-
near fit is observed in both processes.

3.7.3 Value of the effective water diffusivity

Using Equation 8, the slopes of ln(MR) versus ti-
me were determined to calculate the effective water
diffusivity (m2/s). For the diffusivity calculation,
the average grape radius of 0.009693 m was used.
The values of the effective water diffusivity for the
Alexandria Muscat grape were 8.57 × 10−11 and
1.90× 10−10 m2/s for sun-drying and indirect solar
drying, respectively. The calculated values of effec-
tive water diffusivity fall within the desired ran-
ge for food material drying, 10−12 and 10−8 m2/s
(Zhao et al., 2019). It was observed that the water
diffusivity of the grapes was 2.2 times higher in the
indirect solar dryer than in direct sun drying.

In general, pretreated grapes exhibit higher wa-
ter diffusivity; in the case of whole, punctured gra-
pes dried at 50 ◦C, an effective diffusivity value of
7.31 × 10−11 m2/s, and in whole, untreated gra-
pes dried at the same temperature, their diffusivity
reached 3.22 × 10−11 m2/s (Martín-Gómez et al.,
2019).

However, the calculated coefficient of determi-
nation values were 0.6933 and 0.7647 for the diffu-
sive model of sun-drying and indirect solar drying,
as shown in Fig. 11 a and b, indicating a poor fit
to the experimental data—a common issue in agro-
industrial products due to shrinkage and transient
moisture gradients that occur within the product
during drying (Doymaz, 2007).
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Table 10. Fitting parameters of the mathematical models for the drying curve of the Muscat of Alexandria.

Models Parameters R2 SSE RMSE EMR (%) χ2

Henderson y Pabis a 1.0291 0.99366 0.0091 0.0952 4.168 0.0113
k 0.0290

Henderson-Pabis
Modificado

a 0.3716

0.99367 0.0091 0.0952 4.803 0.0226
k 0.0290
b 0.2859
g 0.0290
c 0.3716
h 0.0290

Page k 0.0154 0.99890 0.0016 0.0398 1.212 0.00198
n 1.1671

Page Modificado k 0.0218 0.99190 0.0112 0.1060 6.503 0.01404
n 1.2897

Newton k 0.0281 0.99190 0.0112 0.1060 7.219 0.01248
a 0.9972

Midilli et al.
k 0.0182

0.99928 0.0006 0.0242 0.096 0.00098n 1.0938
b -0.00068

Table 11. Fitting parameters of the mathematical models for the drying curve of the Muscat of Alexandria grape variety
using an indirect solar dryer.

Models Parameters R2 SSE RMSE EMR (%) χ2

Henderson and Pabis a 1.0060 0.99797 0.0032 0.0567 0.048 0.00451
k 0.0564

Modified
Henderson-Pabis

a 0.0765

0.99796 0.0032 0.0568 0.352 0.02259
k 0.0646
b 0.8537
g 0.0552
c 0.0765
h 0.0646

Page k 0.0519 0.99806 0.0031 0.0556 1.193 0.00433
n 1.0256

Modified Page k 0.2369 0.99792 0.0033 0.0576 0.265 0.00464
n 0.2369

Newton k 0.0561 0.99792 0.0033 0.0576 0.455 0.00387
a 1.0023

Midilli et al.
k 0.0841

0.99973 0.0028 0.0529 0.393 0.00652n 1.0626
b 0.00038
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Figure 10. (a) Drying rate versus average moisture content in sun drying and indirect solar drying; (b) Drying rate
versus drying time in sun drying and indirect solar drying of the Muscat of Alexandria grape variety

Figure 11. (a) Diffusional mathematical modeling of the sun-drying curve and (b) indirect solar drying curve for the
Muscat of Alexandria grape variety

4 Conclusions

The drying of the Muscat of Alexandria grape va-
riety (Vitis vinifera) was studied using two proces-
ses: sun drying and indirect solar drying using a
dryer equipped with a large-surface-area solar co-
llector. Prior to drying, an alkaline pretreatment was
performed at temperatures ranging from 55–95 ◦C,

with NaOH concentrations of 0.50–3.0 % and im-
mersion times of 2–30 s. Sun drying and indirect
solar drying were optimized, considering pretreat-
ment conditions of 80 ◦C, 1.75 %, and 16 s to obtain
approximate drying times of 75 h and 50 h, respec-
tively, with a high overall product acceptance rate
and a score above 8 points on the hedonic scale es-
tablished for both processes.
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Under optimal drying conditions, the mathema-
tical model by Midilli et al. (2002) proved to be the
model that best simulated the grape drying cur-
ve, as it presented the highest values for the coef-
ficient of determination and the lowest values for
the calculated relative errors. Effective water diffu-
sivity values for the grapes were determined to be
8.57 × 10−11 and 1.90 × 10−10 m2/s for direct sun
drying and using an indirect solar dryer, respecti-
vely.
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Abstract

Integrated management of Zabrotes subfasciatus in common bean (Phaseolus vulgaris) is crucial due to its wide distri-
bution and the significant damage it causes to stored grains. The goal of integrated management is to reduce losses
and ensure food security. This review aimed to understand the biology of Z. subfasciatus, identify effective control
methods, and propose an integrated model that minimizes the use of chemical insecticides. A systematic review of
scientific literature published since 2000 was conducted, evaluating 653 initial studies, of which 61 met the inclusion
criteria. Key aspects such as taxonomy, geographic distribution, life cycle, and pest control methods were addressed
using information from databases such as ScienceDirect, Elsevier, and SciELO. The main findings showed that an inte-
grated management approach combining cultural, physical, chemical, and genetic methods is effective in controlling
the pest without relying solely on chemical insecticides, whose indiscriminate use poses risks to human health and
the environment. Monitoring and the development of resistant bean varieties stand out as fundamental practices in
pest management. In conclusion, integrated management of Z. subfasciatus significantly contributes to the protection
of stored grains and, consequently, to the food security of farming communities. It is recommended to strengthen
farmer training in sustainable control techniques and to promote research on alternative management methods.

Keywords: Storage, pest control, entomology, bean, insect.
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Resumen

El manejo integrado del Zabrotes subfasciatus en frijol común (Phaseolus vulgaris) es crucial, debido a su amplia distri-
bución y el daño significativo que causa en granos almacenados. Su manejo integrado busca reducir las pérdidas y
garantizar la seguridad alimentaria. El objetivo de esta revisión es comprender la biología de Z. subfasciatus, identifi-
car métodos de control eficaces y proponer un modelo integral que reduzca el uso de insecticidas químicos. Se realizó
una revisión sistemática de literatura científica publicada a partir del año 2000, evaluando 653 estudios iniciales, de
los cuales 61 cumplieron con los criterios de inclusión. Se abordaron aspectos como la taxonomía, distribución geo-
gráfica, ciclo de vida y métodos de control de la plaga, a partir de información recopilada en bases de datos como
ScienceDirect, Elsevier y SciELO. Los resultados principales evidenciaron que un enfoque de manejo integrado, que
combine métodos culturales, físicos, químicos y fitogenéticos, es eficaz para controlar la plaga sin depender exclusi-
vamente de insecticidas químicos, cuyo uso indiscriminado representa un riesgo para la salud humana y el ambiente.
El monitoreo y el desarrollo de variedades resistentes de frijol se destacan como prácticas fundamentales en el mane-
jo de la plaga. En conclusión, el manejo integrado de Z. subfasciatus aporta significativamente a la protección de los
granos almacenados y, por ende, a la seguridad alimentaria de las comunidades agrícolas. Se recomienda fortalecer la
capacitación de los agricultores en técnicas sostenibles de control y promover la investigación en métodos alternativos
de manejo.

Palabras clave: Almacenamiento, control de plaga, entomología, frijol, insecto.
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1 Introduction

The common bean (Phaseolus vulgaris) is the most
important legume used for direct human consum-
ption (Didinger et al., 2022). A member of the Faba-
ceae family, the common bean is a predominantly
self-pollinating species native to Mesoamerica (Bi-
tocchi et al., 2017). Due to its wide geographic distri-
bution, this ancient legume split and evolved into
two domesticated gene pools: the Mesoamerican
and the Andean. The highest-quality varieties we-
re developed and domesticated in South America,
based on the Andean gene pool, while the lower-
quality varieties originated in Mexico and Central
America, with roots in the Mesoamerican gene pool
(Wilker et al., 2020). Thanks to this genetic diversity
and its adaptability, the common bean has esta-
blished itself as one of the most important crops
for human consumption worldwide (Refaay et al.,
2021). Its high nutritional value makes it an essen-
tial food, especially in Latin America and develo-
ping countries (Hernández-Ochandía et al., 2018),
where it constitutes an important source of protein,
vitamins, and minerals. Dried beans contain ap-
proximately 22 % protein, complex carbohydrates
(62 %), soluble fiber (15 %), and various micronu-
trients such as calcium, iron, magnesium, phospho-
rus, potassium, and folate, positioning them as a
key food in balanced and healthy diets (Myers and
Kmiecik, 2017).

In terms of production, P. vulgaris accounts for
85 % of global bean production, making it the most
widely cultivated legume on the planet (Mamo et
al., 2023). Annually, more than 27 million tons of
beans are harvested on approximately 29 million
hectares worldwide, feeding more than 300 million
people who depend on agricultural economies in
various regions of the world (Nasar et al., 2023).
Latin America stands out as the region with the
highest production and consumption, accounting
for 45 % of global production (IICA / Proyecto Red
SICTA, 2013). In this region, beans are not only a
staple food but also a vital crop for the economy of
smallholder farmers. Particularly in Central Ameri-
ca, beans occupy a strategic position in food secu-
rity and the rural economy. According to FAOSTAT
data, in 2022 Honduras produced 130 906 tons of
beans, with an average yield of 802 kg/ha, which
highlights their importance within the region’s agri-
cultural economies (FAO, 2022).

Despite its importance of economic and food se-
curity, the crop faces various biotic and abiotic stres-
ses that limit its productivity. Among biotic factors,
the storage pests Zabrotes subfasciatus and Acanthos-
celides obtectus stand out as the most destructive
during the postharvest stage (Tigist et al., 2021). In
particular, Z. subfasciatus represents one of the main
threats to producers, causing significant losses that
affect both commercialization and the availability of
seeds for future plantings (Mukankusi et al., 2019).
The management of these pests in stored grains has
traditionally relied on the application of synthetic
insecticides such as phosphine, pyrethroids, and
organophosphate compounds. However, many of
these products have limited availability to farmers
in developing countries (Agrafioti et al., 2019; Gour-
gouta et al., 2019). Furthermore, the continued and
indiscriminate use of pesticides has generated gro-
wing global concern due to the risks it poses to hu-
man health and the environment, highlighting the
urgency of implementing more sustainable strate-
gies for pest management in stored products (Souza
et al., 2010).

Given its fundamental role in food security, the
rural economy, and the nutrition of millions of peo-
ple in developing countries, the common bean faces
the challenge of maintaining its productivity in the
face of threats such as Zabrotes subfasciatus, one of
the main postharvest pests. Ensuring its sustainable
management is key to reducing losses, preserving
grain quality, and strengthening the livelihoods of
smallholder farmers. In this context, this study aims
to understand the biology of Z. subfasciatus, identify
effective control methods, and propose an integra-
ted management model that minimizes the use of
chemical insecticides, thereby contributing to crop
protection and the sustainability of agricultural sys-
tems.

2 Materials and Methods

2.1 Selection of Studies
Initially, a selection of inclusion criteria was carried
out, identifying topics of interest within the field of
bean pest control, with an emphasis on Zabrotes sub-
fasciatus. Based on this identification, the key para-
meters for the literature search were defined. The
inclusion criteria considered were: a) articles ad-
dressing the taxonomy of Z. subfasciatus, b) studies
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on its biology and life cycle, c) research related to
its geographic distribution, and d) control methods
(cultural, phytogenetic, physical-mechanical, and
chemical). In general, priority was given to litera-
ture published since 2000; however, for specific to-
pics such as taxonomy, morphology, and physio-
logy, earlier studies were included if they were re-
levant in terms of content and scientific validity.

2.2 Identification of Databases
The repositories used to identify scientific articles
were ScienceDirect, Elsevier, and SciELO. Once an
article met the inclusion criteria, the literature was
analyzed and synthesized, involving a critical eva-
luation, the extraction of relevant data and scientific
evidence, and the identification of trends and fun-
damental information about the species.

2.3 Analysis Structure
A basic structure was defined to organize the co-
llected information, covering aspects such as ta-
xonomy, morphology, geographic distribution, bio-

logy and life cycle, monitoring, as well as con-
trol methods in storage: cultural, phytogenetic,
physical-mechanical, and chemical. This organiza-
tion allowed for a comprehensive approach to the
management of Zabrotes subfasciatus in Phaseolus
vulgaris.

2.4 Final Selection of Studies for the
Analysis

For the selection of articles, the PRISMA approach
was used to guide the process of identifying, selec-
ting, and documenting the studies included in this
systematic review, following the methodology fra-
mework of Page et al. (2021), initially identifying
653 records through searches in scientific databases.
Subsequently, the methodological quality of these
studies was assessed using a checklist. This tool
allowed us to identify potential biases and evalua-
te the internal validity, methodological clarity, and
relevance of the studies. After removing duplica-
te articles, those that did not meet the thematic or
methodological criteria were excluded, resulting in
a total of 61 studies included for analysis (Figure 1).

Figure 1. PRISMA flow diagram for the systematic review of Zabrotes subfasciatus in beans.
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3 Results and Discussion

3.1 General characteristics of bean cul-
tivation

The genus Phaseolus spp. consists of 76 species, 5 of
which are domesticated species, including P. vulga-
ris (Kaplan, 2003). This genus is notable for its culti-
vated species, which occupy 90 % of the land dedi-
cated to bean cultivation worldwide (Singh, 2013).
It is a herbaceous plant that was independently do-
mesticated in ancient Mesoamerica and the Andes
(Kaplan, 1981). It is classified within the group of
dicotyledonous plants (Katungi et al., 2009). The
seeds can be consumed immature (tender), mature,
fresh, or dried (Morales-Santos et al., 2017).

There are two bean planting cycles per year,
but farmers mainly choose to plant during the
late season (October–December). Planting during
the early season (May–September) is less common,
as it leads to grain losses due to germination or
rot (Torres-Treminio and Mendoza-Montoya, 2002).
Post-harvest handling of common beans is a criti-
cal stage in the agricultural production chain, where

beans are exposed to various factors that can com-
promise their quality and quantity. In Central Ame-
rica and Mexico, losses of up to 35 % of stored beans
are estimated (Espinal et al., 2021).

3.2 Taxonomy of Zabrotes subfasciatus

The Mexican bean weevil or bean beetle, Zabrotes
subfasciatus, belongs to the order Coleoptera, a spe-
cies of leaf beetle in the family Chrysomelidae. It
is the primary phytosanitary problem affecting sto-
red beans in areas below 1 500 meters in altitude
(Cárdenas-Morales et al., 2019). It is characterized
by complete metamorphosis and feeds exclusively
on seeds (Dobie et al., 1991).

Members of this family are easily recognizable;
the body, covered with small hairs, is compact and
globular, the elytra are short, and the pygidium is
exposed (Rees, 2018). Their primary host is Phaseo-
lus vulgaris in its seed stage; however, they can also
feed on other legume species under isolated condi-
tions, such as Vigna unguiculata L. (Ramírez Cariño
et al., 2017).

Table 1. Taxonomy of Zabrotes subfasciatus.

Taxonomic classification

Taxonomic category Taxon to which it belongs

Domain Eukarya
Kingdom Animalia
Phylum Arthropoda
Class Insecta
Order Coleoptera
Suborder Polyphaga
Superfamily Chrysomeloidea
Family Chrysomelidae
Genus Zabrotes
Species Z. subfasciatus (Boheman, 1833)
Common name Mexican or pinto weevil

Source: Population increase of Zabrotes subfasciatus in common bean cultivars (Cárdenas-Morales et al., 2019).
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3.3 Morphology of Zabrotes
subfasciatus

This beetle exhibits distinctive characteristics in
both males and females, which are crucial for its
identification and study. The adult body is oval-
shaped, thick, convex, and gray-brown or black in
color, except for the base of the antennae and the
tips of the tarsi. The body measures approximately
2 to 3 mm in length and 1 to 2 mm in width. Its an-
tennae are long and can reach 1.45 mm in length;
the segments are long and black, except for the
first two, which are reddish (Dell’Orto and Arias-
Velásquez, 1985). The elytra are short and relatively

wide, square in shape, with the hind wings concea-
led (Dobie et al., 1991).

The female is larger than the male and is cha-
racterized by four white spots on the elytra (Figu-
re 2) (Arnal and Ramos, 2006). The male is a uni-
form gray-brown color (Figure 3). Its hind femur is
smooth, without protuberances or teeth. The part of
the tibia near the femur has two movable spurs (Do-
bie et al., 1991). The larvae are robust, curved, and
ivory-white. They are very voracious, and several
may be found in a single grain (Figure 4) (Carrera-
Rodríguez et al., 2009).

Figure 2. Dorsal and lateral view of the female Zabrotes subfasciatus (Johnson, 2019).

Figure 3. Dorsal and lateral views of the male Zabrotes subfasciatus (Johnson, 2019).
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Figure 4. Larva of Zabrotes subfasciatus (Johnson, 2019).

3.4 Morphology of the Male
A beetle with a mostly black body, with some ligh-
ter areas in certain individuals. The head has white
pubescence with a yellowish-brown spot on the ver-
tex. The pronotum and elytra have small, scattered
brown and yellow spots. The abdomen is mostly
white, with brown patches on the sides. The head
structure shows fine punctures, with a semicircular
pronotum and uniformly punctured elytra. Measu-
rements vary, but the beetle generally has a length
of 1.56 to 2.16 mm and a width of 1.26 to 1.62 mm.
Regarding the genitalia, the median lobe is wider at
the base and has a subtriangular ventral valve. The
lateral lobes are shorter and feature an apical cleft
(Nápoles, 2018).

3.5 Morphology of the Female
Sexual dimorphism is present in this species, with
females having a median band on the pronotum
and a small white spot in each corner, as well
as a transverse white band on the elytra. Howe-
ver, pubescence is generally similar to that of ma-
les. Antennal length is slightly shorter, ranging
from 0.6 to 0.63 times body length. Typical mea-
surements of length (pronotum-elytra) range from
2.28 to 2.46 mm, with a width of 1.74 to 1.86 mm
and a maximum thoracic depth of 1.26 to 1.32 mm
(Nápoles, 2018).

3.6 Geographic Distribution of Zabrotes
subfasciatus

This species’ ability to thrive under storage con-
ditions has made it widely available worldwide
(Del Obregón and Gómez-Gutiérrez, 2023). This in-
sect is widely distributed in the tropical and sub-
tropical regions of Africa, Madagascar, India, and
the Americas, where it is believed to be native (Do-
bie et al., 1991). In the Americas, it is distributed
from the United States to Brazil (Arnal and Ramos,
2006). It is mainly found in warm, humid climates at
low elevations above sea level (Dell’Orto and Arias-
Velásquez, 1985).

3.7 Reproductive Habits of Zabrotes
subfasciatus

The female mates with the male, and this mating
appears to be influenced by bean seeds. Upon con-
tact with these, the number of sexual encounters
increases, stimulating oogenesis (egg development)
and oviposition activity. It has been documented
that olfactory, gustatory, and tactile chemoreceptors
regulate or control the reproductive activity of fe-
males (Pimbert and Pierre, 1983).

Females oviposite on the naked seed, never on
the pods (Credland and Dendy, 1992). However,
Pimbert and Pierre (1983) note that they are capa-
ble of reproducing on both parts in the field and in
storage. When the pods of P. vulgaris and P. lunatus
are partially or fully dehiscent, this allows the fe-
male to encounter the seeds to lay eggs. These same
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authors note that Z. subfasciatus cannot pierce the
pods to lay eggs on the seeds, nor can it lay eggs in-
side the pods as other members of the family can.
If the female deposits the eggs on the walls of the
pods, they adhere, and the larva can penetrate the
walls but dies inside the pod since it cannot pene-
trate the seed (Del Obregón and Gómez-Gutiérrez,
2023).

3.8 Life Cycle of Zabrotes subfasciatus
3.8.1 Eggs

Females lay between 35 and 60 eggs and infest up
to 36 grains during their reproductive cycle; the in-
cubation period can range from four to eight days,
followed by the larval stage (12 days). The eggs
measure approximately 0.3 mm in diameter and
are rounded. Two days after emerging, the female
Z. subfasciatus usually begins to lay eggs (Credland
and Dendy, 1992). Studies by Golob and Kilmins-
ter (1982) indicate that the female has a 1-day pre-
oviposition period; subsequently, the female lays
50 eggs during her 13-day lifespan, with the ma-
jority laid after the fourth day. The egg is strongly
attached to the grain’s testa by a viscous, brightly
colored, translucent substance that acts as glue. This
glue or secretion that attaches the eggs is generally
deposited a few seconds before oviposition (Cred-
land and Dendy, 1992).

3.8.2 Larvae

They are vermiform and apodal, measuring 3 to
3.5 mm in length. Their body tends to be curved,
with several folds, whitish in color, and a redu-
ced head embedded in the prothorax (Ascencio-
Alvarado, 2012). Newly emerged larvae penetrate
the interior of the grain after consuming most of

the cotyledon, constructing a tunnel and leaving
only a covering over the grain’s pericarp through
which the adult subsequently emerges (Dell’Orto
and Arias-Velásquez, 1985).

3.8.3 Pupae

They measure about 3 mm in length. They are of the
exarate type, with appendages. The difference bet-
ween the sexes can be noted at this stage by the sha-
pe of the last abdominal segment, which is straight
in the female and arched in the male (Bonet et al.,
2005; Ascencio-Alvarado, 2012). This stage lasts bet-
ween four and nine days, after which the larva en-
ters the adult stage and subsequently emerges th-
rough a hole it makes in the testa of the grain (Gon-
zález et al., 1984; Bonet et al., 2005).

3.8.4 Adults

Females, which are larger than males, can be easily
distinguished by the presence of four light spots on
the pronotum, which contrast with the dark, shiny
color of the body. They have well-developed wings,
and their body is oval-shaped with a free-standing
head. The eyes are well-developed, and their an-
tennae have 11 segments. The hind legs are thicker
than the front ones (Bonet et al., 2005; Ascencio-
Alvarado, 2012).

The exit point of the adult resembles a circu-
lar window on the seed surface (Rees, 2018). Emer-
ging adults do not need to feed before or after ma-
ting, as they acquire all the necessary nutrients to
complete their life cycle during their larval deve-
lopment. They are highly active, capable of running
and flying quickly, and are frequently observed mo-
ving across the surface of infested seeds.

Figure 5. Life cycle of Zabrotes subfasciatus (CABI, 2019).
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3.9 Infection Conditions
Its life cycle lasts 24 to 25 days under conditions of
32 °C and 70 % relative humidity (Dobie et al., 1991).
However, other authors indicate that it takes more
than 30 days from egg to adult (Golob and Kilmins-
ter, 1982; Credland and Dendy, 1992; Barbosa et al.,
1999). The optimal temperature for development is
37–38 °C, with a minimum slightly below 20 °C (Do-
bie et al., 1991). Adults have a short lifespan. Va-
rious authors have determined the average lifes-
pan of adults. For example, Dell’Orto and Arias-
Velásquez (1985) indicated that the adult Z. subfas-
ciatus lives for about 10 to 12 days, while Barbosa et
al. (1999) argue that it lives for about 36 days.

3.10 Feeding and Damage
It is the most significant pest of stored common
beans and lima beans (P. lunatus) (Dobie et al.,
1991). It can also feed on other legume seeds, such
as cowpeas, peas, lentils, and soybeans (Dell’Orto
and Arias-Velásquez, 1985; Rees, 2018). The dama-
ge caused by this insect species results from the lar-
vae invading and feeding inside the grains, leading
to weight loss, reduced nutritional value, and com-
promised product hygiene due to the presence of
excrement, eggs, and insects. Additionally, the ger-
mination capacity of the seeds may be reduced or
completely lost (Barbosa et al., 1999).

3.11 Cultural Control
A traditional method used to control the popula-
tion of Z. subfasciatus is to store bean seeds inside
their own pods (Arnal and Ramos, 2006; Del Obre-
gón and Gómez-Gutiérrez, 2023). This is because
females can generally only lay eggs on bare seeds
and very rarely on pods unless they are dehiscent
(Pimbert and Pierre, 1983).

In many places, a mixture of local plants is used
with stored grain. Information about which plants
should be used for pest control and which parts
of them should be mixed with the grain is passed
down from generation to generation in rural areas
(Carrera-Rodríguez et al., 2009). Plant-derived subs-
tances have been used for pest control since ancient
times. However, their use declined with the advent
of chemical insecticides, becoming limited to rural
areas (Rodríguez Hernández and López Pérez, 2001).

In developing countries, it is common to mix
plant-based products with stored beans to protect
them during storage. Among the products that ha-
ve been used are neem leaves (Azadirachta indica),
Ocimum canum leaves, Capsicum frutescens fruits,
and Piper nigrum fruits (Madueke-Onu et al., 2015;
Perales-Aguilar et al., 2020; Okafor et al., 2024).
Another method involves the use of vegetable oils,
generally of local origin. Among the vegetable oils
that have been found to be effective are those deri-
ved from the seeds of Anthonomus grandis (Perales-
Aguilar et al., 2020). However, a disadvantage of
using oils is that they impart a rancid and sticky ap-
pearance to the grains, which could reduce market
acceptance (Álvarez Serrano et al., 2021).

The use of mineral powders as a cultural control
method for stored grain insects, including Z. subfas-
ciatus, has been widely employed (Lopez-Monzon
et al., 2016). Mixing sand or ash with the grains is
an alternative method for insect control. Sand or ash
damages the insect’s cuticle by scraping it, causing
it to lose moisture. If the grain is dry, there will not
be enough moisture for the insect to replenish what
it has lost, so it will die from desiccation (Kalpna et
al., 2022); ash creates a physical barrier for weevils.

Mixing lime with stored grains is a common
practice in northwestern Mexico. Permuy-Abeleira
et al. (2008) report that farmers in the region clean
the storage area before harvests, removing any de-
bris found, and wash the area with soap; after the
grain is harvested, it is mixed with lime to prevent
insect attacks.

The use of garlic (Allium sativum) extracts as
a natural repellent and insecticide against Zabro-
tes subfasciatus in stored beans has also been do-
cumented. Studies conducted in El Salvador have
shown that aqueous and hydroalcoholic garlic ex-
tracts, applied at concentrations between 5 % and
20 %, achieve significant effects on both adult mor-
tality and infestation reduction, without compromi-
sing grain quality (Rámos-Archila and Santacruz-
Jiménez, 2024).

Another method used is exposing the grains to
the sun. The insects abandon the grain when it is
exposed to sunlight due to the high temperatures
(above 40–44 °C). However, sun exposure does not
always kill the eggs and larvae that remain insi-
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de the grain (Carrera-Rodríguez et al., 2009). This
method only protects the outer layers of the grain,
so it can only harm adult insects on the surface or
larvae that are moving freely (Cuevas, 2006).

3.12 Phytogenetic Control

A wide variety of proteins found in the seeds of
wild P. vulgaris plants (arcelin and α-amylase inhi-
bitors) have been used to control Z. subfasciatus in
stored beans (Goossens et al., 2000). Although bean
seeds possess defense proteins such as enzyme inhi-
bitors and secondary metabolites (alkaloids, sapo-
nins), they can still be attacked. This is because in-
sects co-evolve with their food sources, and in the
course of evolution, new insect strains emerge that
allow them to defend themselves against the seeds’
natural chemicals (Rodríguez-Sifuentes et al., 2020).

3.13 Physical-Mechanical Control

In the tropical regions of some Central American
countries, as well as in Mexico, airtight storage of
grains for human consumption is commonly used;
under these conditions, insects experience stress
due to reduced oxygen levels, creating an unfa-
vorable environment for their survival (Moreno-
Martinez et al., 2000). Low levels of O2 and CO2

cause metabolic stress in insects, generally increa-
sing mortality and decreasing fecundity and deve-
lopment rate (Thompson and Suarez, 2009).

Another physical-mechanical treatment invol-
ves heat, which consists of heating a container to a
specific temperature (50 to 55 °C) for 20 or 30 hours.
This duration allows the container materials to ex-
pand and adjust to the change. Although storage
insects die in less than an hour at these tempera-
tures, such a long duration is necessary because the
heat must penetrate to where the insects might be
found. However, these control methods are not ty-
pically cost-effective, as the containers or heating
equipment are often expensive.

3.14 Chemical Control

This is the most widely used method in grain wa-
rehouses; among the most commonly used are fu-
migantes (Perales-Aguilar et al., 2020). Phosphami-
ne fumigants and methyl bromide are widely used

in the control of stored grain insects (Dierksmeier-
Corcuera, 2007). In highly technical warehouses, it
is common to use insecticides to control pests that
affect stored products. This approach involves the
application of chemicals, which can take different
forms, such as powder, liquid, or fumigants.

Powdered products are particularly used in wa-
rehouses where grain is stored in bulk or in bags,
and their application can be both preventive and
corrective. The most popular insecticides in this ca-
tegory include malathion, pirimiphos-methyl, and
dichlorvos, among others. Although some of the-
se products can also be used as sprays, the use of
pyrethroid insecticides is widely preferred, with
deltamethrin being particularly prominent. Addi-
tionally, many warehouses rely on fumigants, with
aluminum phosphide being one of the most promi-
nent (García-Lara et al., 2007).

Vázquez-Zamorano (2014) conducted a study to
evaluate the effectiveness of permethrin, diazinon,
and cypermethrin in controlling adult weevils. Per-
methrin was found to be the most effective insectici-
de, with a mortality rate exceeding 60 % when using
the highest dose of 500 ppm. In a study conducted
in Argentina to evaluate the efficacy of aluminum
phosphide in the bag-in-silo storage system, it was
observed that although there is some loss of the fu-
migant, by hermetically sealing the storage system,
it is capable of retaining the adequate amount of
fumigant to eliminate stored-product insects (Car-
paneto et al., 2016).

The use of chemical control methods poses sig-
nificant problems: risk of toxic residues in food,
insect resistance, negative environmental impact,
and increasing regulatory restrictions, in addition
to the costs associated with their purchase, appli-
cation, and specialized equipment (Cevallos-Taxi,
2020). From an economic standpoint, chemical con-
trol may be more effective in scenarios involving
large volumes and mechanized storage facilities,
but it is less accessible and viable in rural areas with
limited resources (Raygoza-Martínez et al., 2025).

In contrast, cultural control has proven to be
highly cost-effective in rural communities, espe-
cially when based on traditional knowledge and
local resources. This effectiveness stems from the
fact that it utilizes locally available inputs, requires

La Granja: Revista de Ciencias de la Vida 44(2) 2026:136-150.
©2026, Universidad Politécnica Salesiana, Ecuador. 145



Review / Reseña bibliográfica
Agricultural Sciences Jarquín, L., Correa, L. and Jarquín, S.

little initial investment, does not depend on external
commercial products, and can be easily adopted by
farming families, thereby reducing risks to human
health and the environment.

4 Conclusions
The wide geographic distribution of Zabrotes sub-
fasciatus and its ability to infest various legumes
highlight the need for ongoing research and the
implementation of monitoring and control practi-
ces adapted to different environmental and cultu-
ral contexts. The integrated management approach,
which combines cultural, physical-mechanical, che-
mical, and phytogenetic methods, represents an ef-
fective and sustainable strategy for controlling this
pest, minimizing dependence on chemical insectici-
des and their associated risks.

However, challenges remain, such as the limi-
ted adoption of sustainable practices, the lack of
accessible technologies, and inadequate storage in-
frastructure. For this reason, it is recommended to
deepen research into the development of resistant
varieties as a key measure to ensure protein availa-
bility and contribute to food security. Similarly, ef-
forts should be made to promote the development
of new biological control alternatives and innova-
tion in postharvest management technologies, in-
corporating participatory approaches that address
the needs of smallholder farmers.

It is also crucial that public agricultural policies
integrate post-harvest management and strengthen
technical assistance programs with a focus on pro-
moting sustainable practices as part of rural deve-
lopment and food security strategies. This involves
promoting training programs, incentives for agro-
ecological practices, and improvements in exten-
sion systems.
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Abstract

Protected areas are priority zones for the conservation of natural and cultural biodiversity, allowing the assurance
of goods and services for society. This study evaluates land cover and land adoption factors associated with vegeta-
tion criteria risks in the Arenillas Ecological Reserve (REAR) (southern Ecuador), using the Normalized Difference
Vegetation Index (NDVI) and anthropic variables to which the vegetation is elucidated as indicators. The analysis
procedure was applied using SENTINEL-B2 satellite images based on the Reserve’s four ecosystems and the six soil
types found. Through multiple linear regression, a risk probability model was determined in relation to the threat va-
riables of agricultural, aquaculture, livestock, population and road zones. The results revealed a higher NDVI value
in Flooded Grassland and Mangrove, followed by the Deciduous Shrubland and Deciduous Forest. Correspondingly,
18.7 % of vegetation cover is at high risk throughout the REAR, with the greatest disturbance and threat on the north-
western and northeastern edges of the deciduous shrub forest and southwestern edges of the deciduous forest, and
the identical pattern is present at the entrances to the main and secondary roads. On the other hand, for the Mangrove
ecosystem, the areas with the greatest variability are those bordering the shrimp aquaculture activity. It is essential
to note that if the areas adjacent to the REAR are not protected, the little remaining forest will disappear, limiting
connectivity with other natural forests.

Keywords: NDVI, risk factors, dry forest, Arenillas Ecological Reserve, land use.
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Resumen

Las áreas protegidas constituyen zonas prioritarias para conservar la biodiversidad natural y cultural, permitiendo el
aseguramiento de los bienes y servicios para la sociedad. El presente estudio evalúa los factores de cobertura y uso de
suelo asociados a los riesgos del estado de la vegetación en la Reserva Ecológica Arenillas (REAR) (sur de Ecuador),
usando como indicador el Índice de Vegetación de Diferencia Normalizada (NDVI en inglés) y variables antrópicas a
las que está expuesta la vegetación. El proceso de análisis se efectuó con el uso de imágenes satelitales SENTINEL-B2
con base en los cuatro ecosistemas de la Reserva y los seis tipos de suelo encontrados. A través de regresión lineal
múltiple se estableció un modelo de probabilidad de riesgo en relación a las variables de amenaza de zonas: agrícolas,
acuícolas, pecuarias, de población y vías. Los resultados revelaron un mayor valor de NDVI en el Herbazal Inunda-
ble y Manglar, seguidos del Bosque Arbustal deciduo y Bosque deciduo. Así mismo, 18.7 % de cobertura vegetal se
encuentra en alto riesgo en toda la REAR, situándose la mayor perturbación y amenaza en los bordes noroeste y no-
reste del Bosque Arbustal deciduo y bordes suroeste del Bosque deciduo, y bajo el mismo patrón se presentan en las
entradas de las Vías principal y secundarias. En cambio, para el ecosistema Manglar las zonas de mayor variabilidad
se ubican en aquellas que limitan con la actividad acuícola camaronera. Es importante indicar que, si no se protegen
las áreas adyacentes a la REAR, el poco bosque remanente desaparecerá, limitando la conectividad con otros bosques
naturales.

Palabras clave: NDVI, factores de riesgo, bosque seco, Reserva Ecológica Arenillas, uso de suelos.
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Land cover and land use factors associated with the risk of vegetation degradation in the Arenillas Ecological
Reserve

1 Introduction

Currently, protected areas (PAs) constitute priority
zones for environmental conservation, enabling the
proper functioning and safeguarding of biotic and
abiotic resources, as well as the maintenance of the
goods and services provided by each ecosystem
(Union Internacional para la Conservacion de la
Naturaleza IUCN, 2005). Globally, PAs encompass
a vast expanse of tropical dry forests. Recent stu-
dies conducted by the Organización de las Nacio-
nes Unidas para la Agricultura y la Alimentación
FAO (2020) indicate that of the 218 million hectares
of existing forests, 26.7 % are protected. However,
unlike rainforests, governments have paid little at-
tention to dry forests, resulting in a lack of protec-
tion and a higher risk of human impact (Ramírez et
al., 2018); a problem arising from inexperience and
a lack of information that has compromised con-
servation principles (Carey et al., 2000), and which
is consequently cause for concern due to the level
of threat and vulnerability these ecosystems face
(Wright and Muller-Landau, 2006).

In Ecuador, the tropical dry forest, located on the
Pacific coast, belongs to one of the 35 biodiversity
hotspots (Mittermeier et al., 2011), known as Tum-
bes–Chocó–Magdalena. Its ecological importance
has been the determining factor for the regulation
and provision of ecosystem services that are used
by society. However, due to their abundant ende-
mic natural wealth, tropical dry forests are the most
prone to deforestation and degradation, without
a clear understanding of the factors driving the
shift to other land uses in these ecosystems. Ac-
cording to Armenteras and Rodríguez (2014), the
problem of deforestation in these areas is due to
biophysical and social factors such as: the establish-
ment of settlements, easy accessibility due to road
construction, proximity to water bodies, as well as
inadequate land management and climate change.
However, studies conducted by Tapia-Armijos et al.
(2015) in the tropical forests of southern Ecuador
revealed that the increase in roads in the year 2000
intensified access to previously inaccessible sites,
resulting in approximately 46 % of natural forest
being converted by 2008 into grassland, agricultu-
ral land, and other types of human activity.

According to public data from Ecuador’s Mi-
nistry of the Environment, Water, and Ecological

Transition (MAAE), there are 21 000 ha of dry deci-
duous forest registered within the National System
of Protected Areas (SNAP), equivalent to nearly
50 % of the country’s total forest area (41 000 ha)
(Riofrío, 2018). Part of this national system is the
Arenillas Ecological Reserve (REAR), located in the
province of El Oro, which since its creation has fa-
ced intense pressure from surrounding communi-
ties seeking to carry out agricultural and livestock
activities within and around the forest, as well as
other human threats such as hunting, logging, and
the establishment of aquaculture activities, all of
which are direct causes that have impeded the na-
tural regeneration of native species (Ministerio del
Ambiente del Ecuador MAE, 2015). According to
Ruiz (2018), these types of forests are at high risk,
especially due to the human activities taking place
within them and in their area of influence. On the
other hand, climatic pressures such as rising tem-
peratures and decreasing rainfall are likely to affect
the ecological communities of dry forests (Maza-
Maza et al., 2021), which means a reduction in
ecosystem services related to habitat provision, im-
portant for soil conservation and biodiversity (Qian
et al., 2022).

Given the great importance of dry forests, and
the scarcity of scientific information in the REAR
and other areas of Ecuador’s Southern Coast, it is
necessary to use Geographic Information Systems
(GIS) and satellite imagery to gather data on the
region. These tools are of great importance and pre-
cision for assessing the condition and quality of ve-
getation, as well as the anthropogenic risks to which
ecosystems are exposed. Furthermore, these techno-
logies offer the possibility of conducting analyses at
the continental level and over specific time periods
(Sudmanns et al., 2020), thereby enabling the timely
identification of the most vulnerable areas, the eva-
luation of land cover and land use transformation
processes and their adjacent areas (Faruque et al.,
2022), and to assist decision-makers in establishing
socioeconomic measures for improved forest con-
servation management (Baig et al., 2022).

Therefore, the objective of this study is to eva-
luate the land cover and land use factors associated
with vegetation condition risks in the REAR, using
the Normalized Difference Vegetation Index (ND-
VI) as an indicator and considering various anthro-
pogenic variables to which the area is exposed. Ac-

La Granja: Revista de Ciencias de la Vida 44(2) 2026:151-166.
©2026, Universidad Politécnica Salesiana, Ecuador. 153



Scientific paper / Artículo científico
Conservation Maza, J., Añazco, H., Poma, D. and Luna, A.

cording to Gonzaga-Aguilar (2015) and Mesa-Sierra
et al. (2022), the NDVI is an indicator of active pho-
tosynthetic biomass related to crop behavior, condi-
tion, and the health of natural vegetation. The study
began with the hypothesis that changes in vegeta-
tion cover within the reserve are due to the socio-
economic pressure of productive activities carried

out in its area of influence. Thus, the results obtai-
ned will allow for greater precision and interpreta-
tion of information regarding the REAR’s area of in-
fluence, which will lead to sound decision-making
in the proposal and implementation of public poli-
cies and restoration and conservation programs in
each of the protected area’s ecosystems.

Figure 1. Study area and ecosystems. a) El Oro Province, Ecuador; b) the REAR in El Oro Province; and c) Ecosystems
of the REAR.

2 Materials and Methods
This study was conducted in the REAR, located in
southwestern Ecuador, in the Zarumilla River ba-
sin of El Oro Province (see Figure 1). According
to the Reserve’s management plan, this area covers
13 170.025 ha (Ministerio del Ambiente del Ecuador
MAE, 2015). The climate varies by zone, characteri-
zed by a warm, arid climate in the lower zone, with
annual precipitation of up to 350 mm; a very dry,
warm climate in the middle zone; and a warm, dry

climate in the upper zone, with annual precipitation
ranging from 500 to 1 000 mm (Instituto de Ecología
Aplicada ECOLAP and Ministerio del Ambiente del
Ecuador MAE, 2007). The elevation ranges from 0 to
300 meters above sea level (masl) and the average
temperature is 24 °C. It is the country’s most impor-
tant protected area of xerophytic vegetation, with a
recorded 111 plant species, mostly native and ende-
mic, with the Mimosaceae family being the most pro-
minent, followed by the Cactaceae and Bromeliaceae.
As for the fauna, the record consists of 159 species,
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with birds being the most prominent group, com-
prising around 79 species (Union Internacional para
la Conservacion de la Naturaleza IUCN, 2020). Due
to its large size, the area also includes mangrove and
floodplain grassland vegetation zones.

2.1 Analysis of vegetation status

For this analysis, the Normalized Difference Vegeta-
tion Index (NDVI) was applied, which is calculated
by combining the reflectance values captured in the
spectral range from red to near-infrared (Gonzaga-
Aguilar, 2015), as explained in the following equa-
tion:

NDVI =
NIR − R
NIR + R

(1)

Where NIR is the atmospherically corrected re-
flectance corresponding to the near infrared; R is the
atmospherically corrected reflectance correspon-
ding to the red. SENTINEL-2B images were used

for the months with the highest precipitation: Ja-
nuary, February, March, April, May, and June 2018;
the remaining months were excluded due to their
seasonal dryness and the high percentage of cloud
cover in the images. The NDVI was calculated for
each image scene based on the satellite’s bands 4
and 8. Using the various available satellite images
and the quality mosaicking method—which invol-
ves spatially linking a set of image data (Eraso et
al., 2022)—a monthly composite was generated for
the months of January through June, and each pixel
was assigned the maximum NDVI value. This pro-
cess was carried out by adapting a specific script
(available at http://www.gisandbeers.com/RRSS/
Engine/Script-GEE-lista-indices-vegetacion.txt) on
the Google Earth Engine (GEE) platform (see Figu-
re 2). This tool stands out for its high processing
capacity, which allows for the addition of more re-
sources in parallel when analyzing the data (Gomes
et al., 2020).

Figure 2. GEE platform interface, identifying the study area and NDVI processing.

Once the six monthly NDVI composites were
obtained, the mean (average value) and maximum
statistics were calculated; the latter was used to
analyze the data range and find the largest value
per cell across multiple rasters, resulting in two sets
of new raster files (mean; January to June; and ma-
ximum; January to June). A zonal statistical opera-

tion was performed on each raster for the different
ecosystems in the study area, creating four raster
files for each statistic.

The defined ecosystem types correspond to:
(1) Jama-Zapotillo lowland deciduous forest (De-
ciduous forest), (2) Jama-Zapotillo low forest and
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deciduous shrubland (Deciduous shrub forest),
(3) Jama-Zapotillo mangrove (Mangrove), and (4)
Jama-Zapotillo lowland riparian floodplain grass-
land (Floodplain Grassland) (Ministerio del Am-
biente del Ecuador MAE, 2013).

Finally, the created files were merged using the
“Mosaic to New Raster” tool, determining the ave-
rage NDVI of the mean and maximum values for
each identified ecosystem. This process was carried
out in ArcGIS version 10.2.

2.2 Analysis of vegetation risk factors
As established in the REAR Management Plan (Mi-
nisterio del Ambiente del Ecuador MAE, 2015),
the main threats affecting the conservation of the
dry forest are anthropogenic in origin: land tenure
disputes; encroachment into the ecological reser-
ve area; extraction of forest species; and increased
pressures due to agricultural and aquaculture ac-
tivities. Therefore, based on this criterion, a 1-km
buffer zone was established outside the reserve,
and five land cover and land use categories were
considered as risk variables for vegetation, as fo-
llows: (1) Aquaculture zone, (2) Agricultural zone,
(3) Livestock zone, (4) Population, and (5) Access
roads, in accordance with the findings of Barber et
al. (2014), who state that the factors most conducive
to deforestation are the growth of settlements, the
expansion of agricultural and aquaculture activi-
ties, proximity to roads and rivers, and soil capacity.

Population and road data were obtained from
the National Information System (SNI) platform
(Secretaría Nacional de Planificación, 2014). For
roads, the following categories were considered:
paved two-lane or wider roads, narrow unpaved
roads, and summer roads; while for aquaculture,
agriculture, and livestock land cover, Google Earth
images were used, and each of the areas was di-
gitized using QGIS 3.10 software. These were then
cross-referenced with the Ministry of the Environ-
ment’s (Ministerio del Ambiente del Ecuador MAE,
2018) land cover and land use map and reclassi-
fied in ArcGIS 10.2 software, resulting in a binary
map. Subsequently, using the cost distance tool, the
shortest weighted distance was determined for each
land cover variable (De Smith et al., 2007), yielding
distance rasters to the following zones: aquaculture,
agriculture, livestock, population, and roads.

2.3 Statistical analysis
Based on the monthly NDVI composites, the ave-
rage index was estimated for the entire vegetation
cover of the REAR. As an initial statistical analy-
sis, considering that different soil types and their
characteristics are not always conducive to produ-
cing the nutrients necessary for healthy vegetation
growth (Moreno et al., 2018), analysis of variance
(one-way ANOVA) was used to analyze the poten-
tial disturbance effect on vegetation caused by diffe-
rent soil types and ecosystems (Cantón et al., 2020).
This developed model allows for comparing the va-
riances among the means of different groups (Liu
and Wang, 2021). In this case, it explains whether
the quadratic model is significant among the in-
dependent variables of ecosystems and soil order
based on the dependent variable of NDVI respon-
se. Soil information was obtained from the geo-
pedological mapping on the Ecuadorian Agricultu-
re Portal (Ministry of Agriculture and Livestock–
MAG, 2016). To analyze whether more than one va-
riable influences or is correlated with the value of a
third variable, the multiple linear regression model
was applied to fit linear models, which allow us to
determine in which of the REAR ecosystems vege-
tation is at greatest risk of disturbance in relation to
independent threat variables such as distances to:
(1) agricultural areas, (2) aquaculture, (3) livestock,
(4) population, and (5) roads (Cayuela, 2010).

3 Results and Discussion

3.1 Vegetation status in the ecosystems
and soil types of the REAR

Based on the results of this analysis, it was deter-
mined that within the REAR Ecological Reserve,
the average NDVI for each of the ecosystems pre-
sent ((1) Deciduous Forest, (2) Deciduous Shrub Fo-
rest, (3) Mangrove, and (4) Flooded Grassland), as
defined by Ministerio del Ambiente del Ecuador
MAE (2013), fluctuates within a range of −0.19568
to 0.85521, where values with an NDVI < 0 corres-
pond to non-vegetation cover, and values close to
the lower range (below 0) correspond to areas with
greater anthropogenic pressure, causing degrada-
tion of the ecosystems’ natural vegetation, while va-
lues close to the upper range indicate dense vegeta-
tion cover with low levels of anthropogenic pressu-
re.
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Research conducted in forests with characteris-
tics similar to the REAR, such as the Cerro Blan-
co protective forest located in the Guayaquil can-
ton, where NDVI values exceed 0.50—equivalent
to dense and well-developed vegetation—has de-
monstrated the importance of its ecosystem servi-
ces and the need to implement conservation mea-
sures, due to the anthropogenic threat surrounding
it (Cervantes et al., 2022). In fact, most of the vege-
tation cover within the REAR (see Figure 3a) is an
indicator of the effective conservation monitoring
work carried out by its park rangers. This pattern
is not unique to this region; globally, lower rates
of deforestation are also observed within protected
areas (Figueroa and Sánchez-Cordero, 2011).

Based on a study of the spatial dynamics of the
REAR, with the aim of examining the behavior of
outlier data points related to NDVI values in con-

junction with variables from the four ecosystem
types ((1) Deciduous forest, (2) Deciduous shrub
forest, (3) Mangrove, and (4) Flooded grassland),
and the six soil orders ((1) Miscellaneous soils, (2)
Vertisol, (3) Entisol, (4) Alfisol, (5) Inceptisol, and
(6) Aridisol) of the REAR, box plots were created.
Figures 3b and 3c compile these graphs, where it
was observed that most outliers (vertical lines) lie
below the median (2nd quartile), i.e., they are va-
lues that are distant from the third quartile and first
quartile, 1.5 times greater than the interquartile ran-
ge (Montealegre, 2017). Likewise, an asymmetric
distribution toward high values was observed bet-
ween the NDVI response factor and the variables of
the four ecosystem types, as well as an asymmetric
distribution of the NDVI toward medium to high
values across the six soil orders.

Figure 3. Vegetation status: a) Spatial distribution of the REAR’s NDVI, b) box plot with NDVI averages by ecosystem,
and c) box plot with NDVI averages by soil order
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In Figure 3b, the size of the boxes reveals that
the highest NDVI value had a median of 0.631 in the
Mangrove ecosystem, covering an area of 1 239 ha,
accepting small areas located in the northeast at
the edges of the forest patches, a sector adjacent to
aquaculture activities, where the lowest NDVI va-
lues (NDVI < 0.1) are recorded, indicating a higher
level of disturbance and poor vegetation condition.
According to Torres et al. (2014), this phenomenon
is caused by the proximity of certain patches to
disturbed areas, directly impacting the ecological
conditions of the vegetation. On the other hand,
vegetation with high NDVI values, with medians
above 0.628, is also located in the floodplain grass-
land ecosystem, suggesting that the 184-hectare
area comprises vigorous natural vegetation, such
that various threats—including population growth,
deforestation, and the establishment of agricultural
and livestock activities (Aldás, 2019)—do not have
a significant influence on the area.

Regarding the NDVI values for the Deciduous
Forest and Deciduous Shrub Forest, the size of the
median boxes was smaller, corresponding to avera-
ges of 0.589 and 0.549, respectively, implying that
anthropogenic pressure on the natural vegetation
in these ecosystems is significant in certain sectors.
For example, for the Deciduous Forest, with an area
of 3 597 ha, the areas with the highest degree of dis-
turbance are located at the edges of the remaining
vegetation patches in the southwestern sector. In
contrast, for the largest ecosystem (6 773 ha), the De-
ciduous Shrub Forest, the areas under the greatest
threat are concentrated at the edges of the remai-
ning vegetation patches in the northern, eastern,
and western sectors. This is due to direct contact
with areas of agricultural and aquaculture activity,
as well as the areas adjacent to the main road and
trails that crisscross the zone.

In Figure 3c, for the soil types ((1) Miscellaneous
soils, (2) Vertisol, (3) Entisol, (4) Alfisol, (5) Incep-
tisol, and (6) Aridisol), the highest median NDVI
value was dominant for Entisol, with an average of
0.625, followed by Vertisol and Alfisol, with values
of 0.591 and 0.585, respectively. In contrast, median
values in the moderate range were found in Misce-
llaneous soils, with an average of 0.563, followed by
Inceptisol, with 0.545; for the Aridisol soil type, the
average NDVI was the lowest at 0.504. Across the
entire study area, 72 % of Entisol soils were located
in the mangrove ecosystem, specifically covering
92 % of its surface area, followed by 8 % of Vertisol
and Miscellaneous soils. Leiva et al. (2009), in their
research in Costa Rica, argue that Entisols, being
in a chronosequence of physicochemical changes,
could cause water stress in plants.

For the Deciduous Forest, the soils with the grea-
test coverage were: Alfisol at 56 % and Vertisol at
32 %, followed by Entisol and Inceptisol at 9 % and
3 %, respectively. Meanwhile, in the Deciduous Sh-
rub Forest, due to its extent and geographic loca-
tion, the area was mostly covered by Inceptisol and
Alfisol soils (38 % and 28 %, respectively), followed
by Aridisol (18 %), Vertisol (14 %), and 2 % between
Entisol and Miscellaneous soils. The Flooded Grass-
land consisted of 58 % Vertisol and 42 % Alfisol. The
diversity of soils present in the Reserve may be due
to certain factors such as slope; in flat areas, the
process of localized accumulation of water and nu-
trients is more effective than on steep slopes (Clark,
2002). The seasonal climate in areas with very low
precipitation and high temperatures would favor
aridisols (Botta et al., 2019). The likely presence of
volcanic rocks would be the formers of vertisols and
entisols, whereas inceptisols and alfisols are more
conducive to undulating and mountainous lands-
capes (Hartemink and Bockheim, 2013).

Table 1. ANOVA of interaction between NDVI and ecosystem variables and soil orders

Variables
Degrees

of
freedom

Mean
squares

Sum of
squares F-value Pr (>F)

(p-value)

Ecosystems 3 869.5 289.83 107 470 <2e-16 ***
Soil order 5 1 313.2 218.86 81 154 <2e-16 ***
Two-factor interaction 5 78.2 13.04 4 834 <2e-16 ***

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘’.
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Through the calculation of the means in the
ANOVA (see Table 1), significant differences were
found between the NDVI response factor and the
ecosystem and soil order variables. It was shown
that the F-value for the two study variables was
significant at the α = 0.05 significance level, sin-
ce Pr > F (probability greater than the calculated
F ) is equal to < 2 × 10−16, the latter value being
less than 0.05. The interaction variable of the two
factors showed the same level of significance, thus
determining that both soil and ecosystem, as well
as their interactions, are highly significant; i.e., the

ecosystem and soil condition the NDVI response,
and the effect of each depends on the other. In this
case, soil has the greatest influence; all ecosystems
exhibit a nearly identical response with minor dif-
ferences in the Flooded Grassland and Mangrove
ecosystems, and their productivity is highly condi-
tioned by soil (see Figure 4), relative to the results
obtained by Mesa-Sierra et al. (2022), where NDVI
and soil fertility values were uniformly distributed
between 0.21 and 0.34, considered unhealthy vege-
tation due to its location in regions with high anth-
ropogenic impact and ecological degradation.

Figure 4. Interaction of NDVI averages with ecosystems and soil orders in the REAR

3.2 Factors and degree of risk to vegeta-
tion in the REAR

The data obtained in this analysis highlighted the
influence of the different ecosystems within the
REAR on the interactions and relationships bet-
ween the various land covers and land uses located
in the area of influence—i.e., factors that jeopardize
the condition and quality of the vegetation.

The analysis revealed that of the total area of the
four ecosystems studied ((1) Deciduous forest, (2)
Deciduous shrub forest, (3) Mangrove, and (4) Floo-
ded Grassland), 18.7 % of the vegetation cover is at

high risk, with the greatest disturbance and threat
occurring along the northwest and northeast edges
of the Deciduous Shrub Forest and the southwest
edge of the Deciduous Forest; a similar pattern is
observed at the entrances to the main and secon-
dary roads. The at-risk areas for the two ecosys-
tems were 2 438 and 950 ha, equivalent to 36 % and
26.4 %, respectively. In contrast, for the Mangrove
ecosystem, the areas of greatest variability are loca-
ted where the ecosystem borders shrimp aquacultu-
re activity, with a low-risk area of 126 ha, correspon-
ding to 10.2 %. The ecosystem that did not present a
significant risk was the floodplain grassland, whose
value reached 2 %, equivalent to 4 ha (see Figure 5).

La Granja: Revista de Ciencias de la Vida 44(2) 2026:151-166.
©2026, Universidad Politécnica Salesiana, Ecuador. 159



Scientific paper / Artículo científico
Conservation Maza, J., Añazco, H., Poma, D. and Luna, A.

Figure 5. Degree of risk to the vegetation of the REAR ecosystems

Figure 6. Land cover and land use in the REAR’s area of influence
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Figure 6 shows that the dominant land cover in
the REAR’s area of influence corresponds to aqua-
culture zones, covering 1 994 ha, followed by lives-
tock farming, covering 1,137 ha, and agriculture,

covering 657 ha. The land cover with the smallest
area corresponds to population settlements, cove-
ring 46 ha. The main access roads within and outsi-
de the REAR covered a total length of 148 km.

Table 2. Coefficients obtained from the multiple linear regression model

Distance
of
variables

Shrubland
deciduous

Forest
deciduous

Grassland
floodplain

Mangrove

Beta p-value Beta p-value Beta p-value Beta p-value
Aquaculture 0.596 0.000 0.017 0.000 0.030 0.000 0.234 0.000
Agricultural 0.221 0.000 0.345 0.000 0.188 0.000 -0.553 0.000
Livestock 0.151 0.000 0.145 0.000 -0.334 0.000 -0.480 0.000
Population 0.123 0.000 0.083 0.000 -0.060 0.160 0.180 0.000
Roads 0.016 0.000 0.106 0.000 0.056 0.000 0.040 0.000

R2 0.360 0.264 0.020 0.102

In Table 2, based on the model established by
Sierra (2013), we sought to estimate the risk of chan-
ge in vegetation cover for each deforestation factor,
such as distances to aquaculture, agricultural, lives-
tock, population, and road areas. These deforesta-
tion variables showed the same level of significan-
ce, excepting the population variable in the Flooded
Grassland ecosystem, where the p-value = 0.000 is
less than the significance level α = 0.05; i.e., the
distances of the variables influence the response of
vegetation status in the study ecosystems to a grea-
ter or lesser degree. The Beta values corresponded
to the model coefficients, which represent the elasti-
city of the tendency for the vegetation cover of a site
with coordinates to be converted to another land
use. In contrast, R2 as a coefficient of determination
explains how much of a factor’s variability can be
attributed to its relationship with another related
factor; i.e., it quantifies the model’s goodness of fit,
allowing an approximation of the deforested frac-
tion of each REAR ecosystem. This means that R2

values for 100 % of the cells with that value indicate
a risk of threat to vegetation cover in 36 % of De-
ciduous Shrub Forest, 26.4 % of Deciduous Forest,
2 % of Flooded Grassland, and 10.2 % of Mangrove.

It was found that the variable for aquacultu-
re zones exhibited positive beta coefficients in all
four ecosystems, indicating a higher probability of
change in vegetation in the deciduous shrub forest,

followed by a moderate probability of change in
the mangrove ecosystem. Its values of 0.596 and
0.234 demonstrated that the variable for distance
from aquaculture zones is related to the condition
and health of the vegetation in the two ecosystems,
a pattern that does not occur with the same inten-
sity in the Deciduous Forest and Flooded Grassland
(see Figure 6). The increase in intensive aquaculture
activity in recent years in the northwestern part of
the Reserve has occupied large areas, where mar-
ket forces and deficient agricultural policy have
contributed to this productive growth (Agila and
Lalangui, 2019). A similar finding is revealed in the
research by Faruque et al. (2022), which notes an
increase in aquaculture area relative to agricultural
area during the 1990–2020 period, a transformation
that could negatively impact the mangrove forests
in southwestern Bangladesh.

Regarding the agricultural area variable, posi-
tive beta coefficients were found in the Deciduous
Forest, Deciduous Shrub Forest, and Flooded Grass-
land ecosystems; their values of 0.345, 0.221, and
0.188 indicate a moderate to low probability of fo-
rest change, respectively, i.e. the greater the distance
from agricultural activities, the lower the forest loss
will be. In the case of the Deciduous Shrub Forest
ecosystem, the probability of change could be con-
tradictory, since despite the proximity of agricultu-
ral areas, this activity is regulated under a sustaina-
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ble production plan, resulting from the concession
of nearly 3 800 ha of land granted in 2014 by the
State to producer groups in the area (Ministerio del
Ambiente del Ecuador MAE, 2015). For the Man-
grove ecosystem, the coefficient value was negative
(−0.553), indicating an uncertain probability of ve-
getation change due to agricultural activities.

For the livestock area variable, the analysis re-
veals an average Beta coefficient value of 0.148 for
the Deciduous Forest and Deciduous Shrub Forest
ecosystems, indicating a moderate probability of
change in their forest cover. According to Hidalgo
et al. (2020), the increase in livestock activity de-
pends on the geography and climate, particularly
in the Deciduous Forest, with approximately 95 %
of livestock farming occurring in the border area of
the southeastern sector of the REAR. On the other
hand, for the Flooded Grassland and Mangrove
ecosystems, the Beta coefficient values were nega-
tive at −0.334 and −0.480, respectively, indicating
an indirect relationship that suggests the vegetation
in these areas faces no significant risk from grazing
activities.

The variable of distance to settlements also in-
fluenced risk, particularly in the Deciduous Shrub
Forest and Mangrove ecosystems. Their Beta coef-
ficient values of 0.123 and 0.180, respectively, indi-
cate a moderate probability of localized landscape
change along the edges of remaining forest pat-
ches. The socioeconomic status of the population,
linked to illiteracy and low wages, could be the
cause of these changes (Cruz et al., 2017; Pineda
et al., 2009). According to Figure 6, the settlement
closest to the mangrove ecosystem is Pitahaya in
the north. In contrast, for the lowland forest and
deciduous shrubland, the villages of Cooperativa
Valdivia, El Cruce, El Telégrafo, El Mango, and Car-
cabón are located in the south. The soil suitability
characteristics of these populated areas have served
as attractions for progressive human settlement. It
is important to note that the Reserve contains no
residential settlements within its boundaries; i.e.,
there is no human impact within the Reserve. In
line with the findings of Baig et al. (2022), the per-
sistent degradation of unprotected forest cover in
Selangor, Malaysia, is closely linked to the expan-
sion of human settlements and land conversion for
agricultural purposes, identified as the determining
factors in land-use transition.

The beta coefficient for the variable “distance to
roads” was positive in all four ecosystems (see Ta-
ble 2); however, the values for the Deciduous Shrub
Forest, Flooded Grassland, and Mangrove ecosys-
tems revealed a very low probability of change in
vegetation. In contrast, for the Deciduous Forest
ecosystem, the probability of change is significant,
with a value of 0.106. The construction of main
roads allows people from neighboring communities
to enter the forest, creating new trails for the purpo-
se of logging or clearing land to establish agricul-
tural areas (Delgado, 2012; García-Villacorta, 2009).
This pattern is largely located in the southwest of
the Reserve, while in the eastern sector, disturbance
and threats have not been significant due to limited
accessibility caused by steep slopes and high altitu-
de. According to the findings of Qian et al. (2022)
derived from their impact model, ecological risks at
the landscape level are conditioned by a multivaria-
te interaction. In this regard, distance from anthro-
pogenic elements, land use, slope, and precipitation
emerge as the primary determinants of these dyna-
mics. Conversely, our study did not consider the lat-
ter two factors because they have no direct connec-
tion to human-induced changes; however, we dee-
med it important to relate slope and precipitation to
aspects of other ecosystem services, such as water
quality.

4 Conclusions

The analysis of vegetation indices (NDVI) using
Sentinel-2B satellite imagery allowed us to estimate
the condition and health of natural vegetation in
the four ecosystems (deciduous forest, deciduous
shrubland, mangrove, and floodplain grassland)
that make up the REAR. The average values of the
indices obtained differed for each zone. The highest
values were recorded in the Flooded Grassland and
Mangrove ecosystems, while the Deciduous Shrub
Forest and Deciduous Forest ecosystems had low
values, indicating greater disturbance and threat
to vegetation cover. This could be due to the op-
timal fertility conditions of their soils, as well as
atmospheric conditions and the progressive human
settlement that seeks to establish agricultural and
aquaculture activities in the area every day.
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The statistical interaction of the average NDVI
with ecosystem variables and soil suitability allo-
wed us to establish that these variables condition
the NDVI response, determining that the effect of
each depends on the other. This pattern resembles
the reality of the disturbed ecosystem within the
REAR, particularly in the northwestern sector bor-
dering the Deciduous Shrub Forest, where progres-
sive soil degradation caused by intensive aquacul-
ture and agricultural activity is altering its physical,
chemical, and biological properties—aspects critical
for healthy vegetation development.

Regarding the analysis of risk factors and levels,
it was found that the eastern and western edges of
the Deciduous Shrub Forest and Deciduous Forest
ecosystems present high probabilities of landscape
change. This increased risk is related to the ease
with which people can establish productive activi-
ties within the buffer zone. Specifically, the buffer
zone—despite being regulated by the state—does
not comply with the stipulated requirement to pro-
tect the natural resources of protected areas.

It is important to note that if the areas adjacent to
the REAR are not protected, the little remaining fo-
rest will disappear, limiting connectivity with other
natural forests; for this reason, it is important that
the Reserve’s management plan take high-risk zo-
nes into account through the efficient implementa-
tion of good agricultural, livestock, and aquacultu-
re practices within its area of influence, since ensu-
ring their proper functioning could contribute to the
creation of biological corridors linking the munici-
pal conservation area “El Conchal” in the northern
sector and the “Río Arenillas-Presa Tahuín” protec-
tive forest on the southeastern side.
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Abstract

The present study analyzes the composition and concentration of settleable particulate matter (SPM) in the urban
area of the Espíndola canton. It is based on the limited information available regarding air quality in small rural
communities, where vehicular emissions and material extraction represent sources of pollution. The objective is to
determine the concentration and chemical composition of SPM, specifically the presence of heavy metals such as cad-
mium (Cd), chromium (Cr), lead (Pb), and copper (Cu), comparing the SPM concentration results with Ecuador’s
environmental regulation (Ministerial Agreement 097-A), which establishes a limit value of 1 mg/cm2 over 30 days.
The methodology involved systematic sampling over five months at five points within the urban area. Using gravime-
tric methods and chemical analyses, results were obtained based on SPM concentrations. Although levels were below
the maximum permissible limit, the presence of heavy metals was identified in the SPM samples. The distribution of
these metals showed a stronger correlation with monthly variations than with land use. It is concluded that, while
SPM levels comply with environmental regulations, the presence of heavy metals cannot be ruled out. These findings
highlight the importance of continuously monitoring air quality in rural regions such as Espíndola, where human
activities, although limited, may contribute to atmospheric pollution and the dispersion of toxic elements.

Keywords: Settleable particulate matter, heavy metals, air pollution, gravimetric methods.
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Resumen

El presente trabajo analiza la composición y concentración del material particulado sedimentable (MPS) en el área
urbana del cantón Espíndola, con base en la limitada información sobre la calidad del aire en pequeñas comunida-
des rurales donde las emisiones vehiculares y la extracción de materiales representan fuentes de contaminación. Se
planteó como objetivo determinar la concentración y composición química del MPS, específicamente la presencia de
metales pesados como el cadmio (Cd), cromo (Cr), plomo (Pb) y cobre (Cu), comparando los resultados de las con-
centraciones de MPS con la normativa ambiental del Ecuador (Acuerdo Ministerial 097-A), que establece un valor
límite de 1 mg/cm2 por 30 días. La metodología empleó un muestreo sistemático durante cinco meses en cinco pun-
tos del área urbana; por medio de métodos gravimétricos y análisis químicos se obtuvieron los resultados con base
en las concentraciones de MPS, los cuales, pese a encontrarse por debajo del límite máximo permisible, identificaron
la presencia de metales pesados en las muestras. La distribución de estos metales mostró mayor correlación con las
variaciones mensuales que con el uso del suelo. Se concluye que, si bien los niveles de MPS cumplen con la normativa
ambiental, no se exime la presencia de metales pesados. Estos hallazgos resaltan la relevancia de monitorear conti-
nuamente la calidad del aire en regiones rurales como Espíndola, donde las actividades humanas, aunque limitadas,
pueden contribuir a la contaminación atmosférica y a la dispersión de elementos tóxicos.

Palabras clave: Material particulado sedimentable, metales pesados, contaminación atmosférica, métodos gravimétricos.
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Area of Espíndola Canton, Loja Province, Ecuador

1 Introduction
Air quality is a global issue that is not limited to a
specific region, as air knows no geographical boun-
daries (Pérez Cárdenas, 2017). Air pollutants, such
as settleable particulate matter (SPM), can be ca-
rried by the wind and affect less polluted areas,
causing adverse effects on human health, ecosys-
tems, and food security (OPS, 2018). SPM is defined,
according to Annex 4 of Ministerial Agreement 097-
A, as solid or liquid particles that, due to the force
of gravity, settle on a horizontal surface, and who-
se size allows them to be collected in static devices
over a specific period.

These particles are associated with various sour-
ces, both natural and anthropogenic. Among the
former are pollen, spores, wildfires, and volcanic
eruptions (Suárez and Vásquez, 2017). However,
human activities, such as the combustion of fossil
fuels, industrial activities, and vehicular transpor-
tation, generate the largest number of pollutants
(Morocho, 2024).

Settleable particulate matter (SPM) is an impor-
tant component of air pollution (P. Santillán et al.,
2021). This includes particles with an aerodyna-
mic diameter greater than 10 micrometers (PM>10),
which, due to their size, do not remain suspended
in the air for long, quickly settling on the ground
and other surfaces (Suárez and Vásquez, 2017). Its
chemical composition includes both heavy metals
(Cd, Cr, Pb, Cu, Mg, Zn, Al, Ni, Mn) and anions
(chlorides, nitrates, and sulfates), which pose a sig-
nificant risk to human health and the environment
due to their toxicity and ability to accumulate in the
food chain (Reyes et al., 2016; Mejía et al., 2018).

In Ecuador, air quality issues affect both large
cities and rural areas with less industrial develop-
ment (López et al., 2022). Cities such as Quito and
Cuenca have stood out for their investment in re-
sources dedicated to monitoring atmospheric pollu-
tants, including settleable particulate matter, which
has allowed for the identification of concentrations
of up to 2.86 mg/cm2 over 30 days in the city of

Quito, according to the 2013 environmental qua-
lity report (Municipio del Distrito Metropolitano
de Quito, 2015). On the other hand, in the city of
Cuenca, lower concentrations of settleable particu-
late matter have been recorded, ranging from 0.28

to 0.35 mg/cm2 over 30 days (EMOV EP, 2021), re-
flecting the presence of variable concentrations of
SPM, even in areas with more intensive monitoring.

Some studies have shown that factors such as
wind-blown resuspension of urban dust and vehi-
cular traffic are significant sources of settleable
particulate matter, especially in areas with poor
road infrastructure or slow-moving traffic, which,
in combination with seasonal factors, contribute
significantly to the distribution and concentration
of SPM and its components in the air (Valencia et
al., 2019; Villacis, 2023). Despite this, studies on air
pollution in small rural areas are limited or no-
nexistent, highlighting the importance of research
evaluating the composition and effects of settleable
particles in these locations (Solórzano, 2023).

The Espíndola canton, in the province of Loja,
presents a unique context as it is a border area with
constant heavy transport traffic, compounded by
the presence of extractive activities that could con-
tribute to the emission of air pollutants affecting the
health of the 1388 inhabitants residing in its urban
area (INEC, 2001). For this reason, the main objec-
tive of this study is to evaluate the composition of
settleable aerosols in the urban area of the Espíndo-
la canton, with an emphasis on identifying the con-
centration of settleable particulate matter and asses-
sing the presence of heavy metals in its composi-
tion.

2 Materials and Methods

2.1 Study Area
The study was conducted in the urban area of the
Espíndola canton, in the Amaluza parish, where fi-
ve representative areas were selected using strati-
fied random sampling.
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Table 1. Distribution of sampling areas

Sector Point Land Use Description

Center 1 CM Urban center with heavy vehicle traffic.
Terminal 2 EQ2 Characterized by a continuous flow of vehicles.
River 3 IND Presence of auto repair shops, spas, and nearby aggregate

mining.
Dolorosa 4 R1 Close to unpaved roads.
School 5 EQ1 High traffic volume associated with school hours.

Sampling points and distribution based on land use. Commercial (CM), Social Services Facilities (EQ1), Public Services Facilities
(EQ2), Industrial (IND), Residential (R1).

Figure 1. Map showing the location of sampling areas.
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2.2 Meteorological information for the
Espíndola canton

To complement the SPM sampling, available in-
formation on the prevailing meteorological condi-
tions in the Espíndola canton during the sampling
period was compiled. According to historical da-
ta from the National Institute of Meteorology and
Hydrology (Instituto Nacional de Meteorología e
Hidrología (INAMHI), 2024) and the Decentrali-
zed Autonomous Municipal Government of Espín-
dola (Gobierno Autónomo Descentralizado (GAD)
Municipal de Espíndola, 2015), during this period
(March–July), there is a marked transition between
the rainy and dry seasons in the region. Therefo-
re, variables such as precipitation, wind speed, and
wind direction were collected and considered in the

analysis of results, with the aim of relating them to
the dynamics of settleable particulate matter.

2.3 Design and installation of samplers

The settleable particulate matter (SPM) collectors
were designed in accordance with Method 502 of
the Methods of Air Sampling and Analysis (Inter-
society Committee, 1988) and in compliance with
Ministerial Agreement 097-A. They are made of
15.24 cm diameter PVC pipe and a funnel of the sa-
me size, connected to a one-gallon plastic contai-
ner. The top features an electro-welded mesh that
filters out coarse contaminants, ensuring represen-
tative samples. The collectors were installed more
than 2.5 meters above ground level.

Figure 2. Settleable Particulate Matter Collector.

2.4 Sample Collection

The sampling period lasted five consecutive
months, covering two seasonal periods between
March and July 2024. Samples were collected every
30 days in accordance with the guidelines esta-
blished in Annex 4 of Ministerial Agreement 097-
A. Once this period had elapsed, the samples were
removed, after first washing them with distilled
water to dislodge the particles adhering to both the
walls of the collector tube and the funnel, directing
them into the collection container. Finally, a new
container was installed for collecting the following
month’s sample.

The samples taken to the laboratory were sepa-

rated into soluble and insoluble fractions using the
gravimetric method.

2.5 Gravimetric Analysis
To quantify settleable particulate matter (SPM),
47 mm quartz filters and porcelain capsules were
used, dried at 105 ◦C in an oven to be weighed befo-
re and after filtration. The vacuum filtration equip-
ment allowed for the efficient retention of particles
on the filters. The SPM concentration was calcula-
ted in mg/cm2 over 30 days, using the difference in
weight between the filters and capsules before and
after the process, by applying the following formu-
las in Microsoft Excel:
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The settling rate of insoluble particles was deter-
mined using the equation (1):

Cf =
Pf − Pi

AT
(1)

Where: Cf is the concentration of insoluble par-
ticles; Pi is the initial weight of the filter before
filtration; Pf is the final weight of the filter after fil-
tration; A represents the cross-sectional area of the
particle precipitation vessel, expressed in m2; and
T is the duration of the monitoring period (30 days).

The equation was used to calculate the settling
rates of soluble particles (2):

Cs =
(Mfs−Mis)

AT

V 1

V 2
(2)

Where: Cs is the concentration of soluble particles;
Mis is the initial weight of the capsule before fil-
tration; Mfs is the final weight of the capsule after
filtration; A is the cross-sectional area of the particle
precipitation vessel in m2; T denotes the duration
of the monitoring period (30 days); V 1 corresponds
to the volume of all the filtered liquid expressed in
litres; and V 2 is equivalent to the volume of all the
extracted liquid converted to litres.

Finally, the total particle fallout rate was calcula-
ted using the equation (3):

Ct = Cu+ Cs (3)

Where: Ct represents the total particle deposition
rate expressed in g/m2 per month; Cu is the depo-
sition rate of insoluble particles in g/m2 per month;
and Cs is the deposition rate of soluble particles, al-
so expressed in g/m2 per month.

2.6 Comparison with established limits
for SPM

To determine whether particulate matter concentra-
tions exceed the recommended limits, the values sti-
pulated in Annex 4 of Ministerial Agreement 097-A
were used as a reference, as detailed in Table 2.

Table 2. Maximum permissible limit for SPM

Ecuadorian Environmental Legislation
TULSMA AM - 097 Annex 4

1 mg/cm2 for 30 days

The reference value corresponds to a concentration accumulated
over 30 days.

2.7 Acid digestion and metal analysis
To assess heavy metals in settleable particulate mat-
ter (SPM), microwave-assisted acid digestion was
performed. The samples were incinerated at 500 ◦C
for three hours to remove organic matter, then trea-
ted with 9 ml of nitric acid (HNO3) and 3 ml of
hydrofluoric acid (HF). The mixture was digested
in a microwave following US EPA Method 3052,
cooled, filtered, and diluted to 25 ml with distilled
water.

Heavy metal concentrations were determined
by atomic absorption spectroscopy (AA), using cer-
tified standards to ensure the accuracy of the analy-
sis. Four metals were selected: copper (Cu), lead
(Pb), cadmium (Cd), and chromium (Cr), due to
their high toxicity and common presence in anth-
ropogenic sources associated with transportation
and extractive activities (Morales Tates et al., 2024;
Dall’Osto et al., 2014). Furthermore, this selec-
tion was based on the availability of supplies and
reagents and on the main objective of the study,
which aimed to identify the presence or absence of
heavy metals in settleable particulate matter.

3 Results and Discussion
The climatic conditions recorded in the Espíndo-
la Canton are described in Table 3. During the fi-
ve months of monitoring, the canton underwent
a seasonal transition characteristic of Ecuador’s
southern Andean region, shifting from a rainy sea-
son to a dry season, as reflected in the decrease in
precipitation and the increase in wind speed begin-
ning in May.
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Table 3. Climatic conditions in the Espíndola Canton

Month Average Precipitation
(mm)

Average Wind
Speed (km/h)

Predominant
Direction

March 160–200 8–12 East — Northeast
April 130–170 9–14 East — Northeast
May 60–90 11–16 East — Northeast
June 25–45 14–20 East — Northeast
July 10–25 15–22 East — Northeast

Precipitation intervals, wind speed and prevailing wind direction.

Table 4. Chemical characterization of SPM

Land Use Point Month SPM
(mg/cm2 × 30 days)

Cd (µg/L) Cu (µg/L) Pb (µg/L) Cr (µg/L)

CM 1

March

0.17 51.4 262.3 696.5 5.7
EQ1 2 0.22 217.4 282.1 1 042.2 21
IND 3 0.43 49.3 310.7 919.9 100.5
R1 4 0.28 41.2 234.1 872 7
EQ2 5 0.3 28.3 150.4 563.5 0
EQ1 2

April
0.39 31.4 157.2 662.5 69

IND 3 0.42 28.8 180.1 777.2 0
R1 4 0.22 25.1 131.8 580 0
EQ2 5 0.28 684 176.3 910.2 95.1
CM 1

May

0.3 46.3 320 908.7 8.3
EQ1 2 0.31 67.1 277.6 837.6 89
IND 3 0.35 81.7 257.6 836.3 87.1
R1 4 0.27 108 213.7 758.3 72.5
EQ2 5 0.38 130.9 353.6 1 235.2 163.1
CM 1

June

0.25 38 242.6 769.9 0
EQ1 2 0.27 39.2 192.9 771.3 76.9
IND 3 0.51 43.8 350.3 910.5 95.5
R1 4 0.33 41.3 365.1 1 075.2 38
EQ2 5 0.25 19 130.5 538.6 0.3
CM 1

July

0.21 20.1 116 538.5 0
EQ1 2 0.3 17.7 112.8 536.8 0
IND 3 0.33 9.2 111.8 537.3 0
R1 4 0.27 19 216.6 703 68
EQ2 5 0.23 19.3 109.6 509.8 29

SPM is expressed in mg/cm2 over 30 days, and Cd, Cu, Pb and Cr in µg/L. No SPM concentrations exceeding the regulatory limit of
1 mg/cm2 over 30 days were recorded.
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The concentrations of settleable particulate mat-
ter (SPM) and heavy metals (Cd, Cu, Pb, Cr) obtai-
ned during five months of continuous monitoring
across different land uses are presented in Table 4.
Although SPM concentrations remained within the
maximum permissible limits set by Ecuadorian en-
vironmental regulations, the analysis revealed the
presence of heavy metals, with lead being the most
abundant element. Although Ecuador phased out
lead in gasoline in 1998 (Ministerio de Energía y
Minas, 1998), its effects persist due to the historical

accumulation of this metal in soils and sediments,
which can be released back into the environment
(Tong et al., 2016). In Latin America, the combina-
tion of agricultural sources, residues from leaded
fuels, and deteriorated construction materials gene-
rates complex atmospheric profiles (Bergametti et
al., 2020; Iglesias et al., 2012). This presence of heavy
metals is consistent with reports in the literature,
where they are associated with industrial proces-
ses, vehicle wear, and abrasion of their metal com-
ponents (Huang et al., 2022).

Figure 3. Box plot showing concentrations of settleable particulate matter by land use.

Figure 3 shows the concentrations of settleable
particulate matter (SPM) at each sampling point,
highlighting sampling point number 3 (IND), loca-
ted in an industrial area, as the one with the highest
concentrations, with an average of 0.41 mg/cm2

over 30 days and a maximum peak of 0.51 mg/cm2

over 30 days. These values could suggest the com-
bined influence of stationary and mobile sources
in the industrial zone, such as aggregate extraction
and heavy vehicle traffic, factors that contribute to
the release and dispersion of particles in the area
(Alloway, 2013; Muñoz P. et al., 2021). Similarly,
in industrial areas, other sources may be involved,
such as auto repair shops and local aggregate pro-
cessing activities, which, although not always for-
mally registered, can emit particles enriched with

metals such as Cu and Cr. These sectors, by genera-
ting resuspended dust and wear on metallic mate-
rials, represent a significant source of atmospheric
pollutants in unregulated urban and industrial en-
vironments (Huang et al., 2022; BaLich et al., 2024).
On the other hand, point 1 (CM), associated with
commercial land use, had the lowest concentra-
tions, with an average of 0.23 mg/cm2 over 30 days.

Figure 4 shows the SPM concentrations over the
five-month monitoring period, revealing relative
stability in the monthly averages, which range from
0.27 to 0.33 mg/cm2 over 30 days. Although this
period experimented a climatic transition marked
by a gradual decrease in rainfall and an increase in
wind speed from May onward (Table 3), no signifi-
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cant differences were observed in average SPM con-
centrations between months, indicating that meteo-
rological conditions alone do not fully explain the
variability of settleable particulate matter. The de-
crease in precipitation could reduce the atmosphe-
ric washing of particles, while the increase in wind

speed favors the resuspension of previously depo-
sited particles, facilitating particle transport—an ef-
fect that can be amplified on unpaved surfaces, dry
agricultural areas, and industrial areas with low ve-
getation cover (Zhao et al., 2018).

Figure 4. Box plot showing concentrations of settleable particulate matter by month.

Furthermore, when analyzing the dispersion of
the data, it can be observed that concentration ran-
ges tend to be narrower in the driest months, which
could be due to factors such as land use type, traf-
fic intensity, and local activities that exert a greater
influence on SPM concentrations. This can be ob-
served during the month of June, when the highest
concentration of the study (0.51 mg/cm2 over 30
days) was recorded in the industrial use zone (IND).

Figure 5 shows the results of the nonparametric
Kruskal-Wallis test, revealing significant differen-
ces in SPM concentrations according to land use

(p = 0.020), suggesting that levels of settleable par-
ticulate matter vary depending on the activities and
environmental characteristics specific to each zone.

Similarly, the Kruskal-Wallis test applied to
monthly concentrations (Figure 6) shows statisti-
cally significant differences for Cd, Cu, and Pb
(p = 0.006, 0.015 and 0.038, respectively). These
monthly fluctuations could be attributed to factors
such as the topography of Espíndola and atmosphe-
ric transport dynamics, which could facilitate the
transport of pollutants from other areas depending
on weather conditions, as well as the seasonality of
agricultural activities.
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Figure 5. Kruskal-Wallis test for differences in means between SPM and metal concentrations by land use.

Figure 6. Kruskal-Wallis test for differences in means between monthly SPM concentrations.
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Spearman’s correlation analysis, the results of
which are summarized in Figure 7, revealed a sig-
nificant positive correlation between Pb and SPM
(r = 0.421, p = 0.040), as well as between Cr and
SPM (r = 0.435, p = 0.033), suggesting that the-
se metals tend to accumulate or be transported to-
gether with settleable particulate matter, possibly
due to their affinity for solid particles present in
the air and soil (Guo et al., 2021; Zhao et al., 2018).

In addition, significant correlations were observed
between the metals Cd, Cu, Pb, and Cr, with a par-
ticularly strong relationship between Pb and Cu
(r = 0.893, p = 0.000), pointing to the possibility
of a geochemical interaction or a common emission
source caused by vehicular traffic, tire abrasion, bra-
kes, and fuels, as well as resuspended dust in unpa-
ved urban areas (BaLich et al., 2024; Cesari et al.,
2012; Huang et al., 2022).

Figure 7. Spearman’s correlation matrix between settleable particulate matter and the metals analysed.

These correlations among metals could be in-
fluenced by agro-environmental conditions and soil
management in Espíndola. Specifically, the applica-
tion of phosphate fertilizers and pesticides on crops
such as coffee and sugarcane—common practices
in the region—could explain the presence of Cd, as
noted by Alloway (2013), who identifies these agri-
cultural inputs as a significant source of this metal
in the soil. Additionally, the persistence of Pb and
Cu in organic and mineral particles, as has been
documented in areas impacted by agricultural acti-
vities (Zhang et al., 2020; Wang et al., 2022), could
contribute to the strong correlation observed bet-
ween these two metals.

The observed correlation between heavy metals
such as cadmium (Cd), chromium (Cr), lead (Pb),
and copper (Cu) in settleable particulate matter is
more influenced by monthly factors than by land
use in the studied area. These metals can adhere
to solid particles present in the air and soil, such
as minerals (silicates and iron oxides) and organic

matter, which act as vectors for their transport and
accumulation in different areas (Saeedi et al., 2015).
This behavior is due to the interaction of the me-
tals with the surfaces of these particles, where they
become trapped and protected from leaching pro-
cesses, especially under windy conditions or me-
chanical disturbances caused by human activities
(Guo et al., 2021; Zhao et al., 2018).

Pb and Cu tend to accumulate in areas impac-
ted by agricultural activities, as their persistence
in organic and mineral particles facilitates their ac-
cumulation in soils and sediments (Valdivieso et
al., 2024). These associations are closely linked to
the use of fertilizers and pesticides containing me-
tal compounds, which intensify their presence in
the environment (Villacis, 2023). In contrast, the
mobility of metals such as Cr and Cd is higher in
acidic environments, which is common in agricultu-
ral soils disturbed using fertilizers, pesticides, and
tillage activities. According to Abad (2014), the-
se compounds, when solubilized, can adhere to fi-
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ne particles and facilitate their airborne transport,
especially under dry and windy conditions. This
can be observed particularly during dry seasons,
when reduced soil moisture and increased wind ac-
tivity favor the dispersion of contaminated particles
(Zhang et al., 2020; Wang et al., 2022).

This correlation pattern reflects the intrinsic pro-
perties of metals, such as their affinity for mine-
ral and organic particles, as well as the possible
influence of the specific climatic conditions of the
study area (Zegarra et al., 2020). Seasonal varia-
tions, especially during dry periods, could intensify
the mobility of metal-laden particles (Lara, 2022).
Wind action during these seasons promotes the re-
suspension and transport of settleable particulate
matter over long distances, redistributing metals
in the environment (G. Santillán et al., 2025). This
highlights how potential local climatic dynamics
may contribute to the dispersion and accumulation
of Cd, Cr, Pb, and Cu, resulting in concentration
patterns marked by monthly variations (Wang et al.,
2022; Zhang et al., 2020).

4 Conclusions

Specific increases were detected during certain pe-
riods, associated with possible local and seasonal
factors. Furthermore, chemical characterization re-
vealed the presence of heavy metals such as Cd, Cr,
Pb, and Cu in the samples, even in areas with low
total SPM concentrations. These findings highlight
that, although SPM complies with established stan-
dards, its chemical composition may pose risks to
the environment and human health.

Statistical correlations suggest that factors such
as wind intensity, terrain topography, proximity to
specific emission sources, and the mobilization of
particles by human activities play a crucial role in
the dispersion and accumulation of these elements.
It was observed that local climatic dynamics, such
as dry periods and particle resuspension, increase
the presence of metals in the air.

Overall, the results indicate that the dynamics of
settleable particulate matter in Espíndola are prima-
rily determined by specific local conditions and the
nature of emission sources, while climatic influence,
although present, does not appear to be the predo-

minant factor in the variability of SPM concentra-
tions; however, an influence of climatic variation on
metals (Cd, Pb, Cu) was found over the course of
the months.
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GUIDELINES FOR AUTHORS

This manual describes the steps that must be
taken into account to successfully submit your ma-
nuscript. Please take the necessary time to read this
document carefully.

1 General Information

“La Revista de Ciencias de la Vida, La Granja” is
a bilingual scientific journal of the Universidad Po-
litécnica Salesiana of Ecuador. It has been published
continuously since January 2002, with a fixed semi-
annual periodicity, and specializes in Life Sciences,
Environmental Sciences, and their transdisciplinary
areas, such as Earth Sciences, Biotechnology, Agri-
cultural Sciences, and Sustainable Local Develop-
ment, among others.

It is a peer-reviewed scientific journal that uses
an external expert evaluation system (peer review)
under a blind peer-review methodology (double-
blind review), in accordance with Harvard citation
style standards. Compliance with this system ensu-
res authors an objective, impartial, and transparent
review process, thereby facilitating the journal’s in-
clusion in international databases, repositories, and
indexing systems of reference.

“La Revista de Ciencias de la Vida, La Granja”
is indexed in SCOPUS, in the Emerging Sources
Citation Index ESCI of Web of Science, in the direc-
tory and selective catalogue of the Regional Online
Information System for Scientific Journals from La-
tin America, the Caribbean, Spain, and Portugal
(Latindex), in the REDALYC Scientific Information
System, in the Directory of Open Access Journals
DOAJ, in the Integrated Classification System of
Scientific Journals CIRC, in BaseSearch, the Acade-
mic Search Engine of Bielefeld, and in more than 42
repositories, libraries, and specialized catalogues in
Ibero-America.

The journal is published in two versions: print
(ISSN: 1390-3799) and electronic (e-ISSN: 1390-
8596), in Spanish and English. In addition, each

published work is identified with a DOI (Digital
Object Identifier System).

All articles are published under open ac-
cess, allowing unrestricted access to their content
without economic barriers during the submission,
review, publication, and integrated translation sta-
ges of the manuscripts.

2 Scope and Policy

2.1 Subject Areas

Original contributions in the fields of Life Scien-
ces, Environmental Sciences, and their transdiscipli-
nary areas, such as Earth Sciences, Biotechnology,
Agricultural Sciences, Sustainable Local Develop-
ment, and all disciplines interdisciplinarily related
to the journal’s central thematic scope, are accepted.

2.2 Contributions

“La Revista de Ciencias de la Vida, La Gran-
ja” preferably publishes results of empirical, theo-
retical, or experimental research (Scientific Articles),
written in Spanish and/or English. Select biblio-
graphic reviews (Reviews) are also admissible.

All submissions must be original, must not ha-
ve been published in any medium, and must not be
under review or publication elsewhere.

Accordingly, the journal accepts the following
types of contributions:

a. Scientific Research Articles (Scientific Articles):

5,000 to 6,500 words of text, including title, abs-
tracts, introduction, materials and methods, results,
conclusions, tables, figures, and references. Referen-
ces must be cited, current, and selective, comprising
approximately 40 works.

b. Reviews (Reviews):

Suggested maximum length: 7,000 words of text,
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including tables and references. Special considera-
tion will be given to justified, current, and selective

references, comprising approximately 50 works.

«La Revista de Ciencias de la Vida, La Granja»
tiene periodicidad semestral (20 artículos por año),
publicada en los meses de marzo y septiembre.

2.3 Política económica abierta

«La Revista de Ciencias de la Vida, La Granja»,
es una revista abierta, donde todos los artículos son
publicados para poder acceder a su contenido de
manera abierta sin restricciones de contenido o eco-
nómicas, tanto en el proceso de revisión como de
publicación y traducción integra de los manuscri-
tos. La revista es publicada por el Editorial Abya-
Yala, en Quito, Ecuador.

2.4 Copyright

Las obras que se publican en «La Revista de
Ciencias de la Vida, La Granja» están sujetas a los
siguientes términos:

1. La Universidad Politécnica Salesiana (RUC:
0190151530001) conserva los derechos patri-
moniales (copyright) de las obras publica-
das, y favorece y permite la reutilización de
las mismas bajo la licencia Creative Commons
Reconocimiento-No-Comercial-Sin Obra De-
rivada 3.0 Ecuador, por lo cual se pueden co-
piar, usar, difundir, transmitir y exponer pú-
blicamente, siempre que:

• Se cite la autoría y fuente original de
su publicación (revista, editorial, URL y
DOI de la obra).

• No se usen para fines comerciales u one-
rosos.

• Se mencione la existencia y especificacio-
nes de esta licencia de uso.

2. La publicación otorgará a cada artículo un
Digital Object Identifier (DOI). Ejemplo: Na-
varrete, Bernardo, Oswaldo Valarezo, Ernes-
to Cañarte y Ramón Solórzano. 2017. Efec-
to del nim (Azadirachta indica Juss.) sobre Be-
misia tabaci Gennadius (Hemiptera: Aleyrodi-
dae) y controladores biológicos en el cultivo

del melón Cucumis melo L. La Granja: Re-
vista de Ciencias de la Vida. Vol. 25(1):33-4.
https://doi.org/10.17163/ret.n12.2016.05

“La Revista de Ciencias de la Vida, La Granja”
has a semiannual periodicity, with 20 articles pu-
blished per year, in March and September.

2.3 Open Economic Policy

“La Revista de Ciencias de la Vida, La Granja”
is an open-access journal in which all articles are
published to provide open access to their content
without content-related or economic restrictions,
both during the review process and throughout pu-
blication and the full translation of manuscripts.
The journal is published by Editorial Abya-Yala, in
Quito, Ecuador.

2.4 Copyright

The works published in “La Revista de Ciencias
de la Vida, La Granja” are subject to the following
terms:

1. Universidad Politécnica Salesiana (RUC:
0190151530001) retains the patrimonial rights
(copyright) of the published works and pro-
motes and permits their reuse under the Crea-
tive Commons Attribution-NonCommercial-
NoDerivatives 3.0 Ecuador license. Therefore,
the works may be copied, used, disseminated,
transmitted, and publicly displayed, provided
that:

• The authorship and original source of
publication are cited, including the jour-
nal, publisher, URL, and DOI of the
work.

• They are not used for commercial or
profit-making purposes.

• The existence and specifications of this li-
cense of use are mentioned.

2. Each article will be assigned a Digital Ob-
ject Identifier (DOI). Example: Navarrete, Ber-
nardo, Oswaldo Valarezo, Ernesto Cañar-
te and Ramón Solórzano. 2017. Effect of
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neem (Azadirachta indica Juss.) on Bemi-
sia tabaci Gennadius (Hemiptera: Aleyrodidae)
and biological controllers in melon culti-
vation Cucumis melo L. La Granja: Revis-
ta de Ciencias de la Vida. Vol. 25(1):33-4.
https://doi.org/10.17163/ret.n12.2016.05

2.5 Use of Artificial Intelligence (AI)

La Revista de Ciencias de la Vida, La Granja allows
the use of artificial intelligence tools only as sup-
port for writing, language editing, statistical analy-
sis, or data processing, provided that such tools do
not replace the academic judgment or intellectual
authorship of the researchers.

The use of AI must be explicitly declared and/or
included in the Methodology section if it forms part
of the scientific methodology of the results presen-
ted. The tool used and the purpose of its application
must be indicated. At all times, the use of AI must
remain under human supervision, and full respon-
sibility for the content, accuracy, and originality of
the manuscript rests exclusively with the authors.
AI systems may not be credited as authors, nor
may they be used to generate false, manipulated, or
scientifically unverified results.

3 Manuscript Presentation, Struc-
ture, and Submission

All authors must register their credits, institutio-
nal affiliations, country, and ORCID identifier in the
OJS platform; however, only one of them shall be
designated as the corresponding author. No author
may submit or have two manuscripts under review
simultaneously, with a required waiting period of
one consecutive issue, equivalent to one year.

When submitting the article, authors should not
attempt to design the manuscript, justify the docu-
ment, center titles, or use a two-column format. The
only required formatting is that the Latin names of
organisms must be written in italics.

Manuscripts must be submitted in Arial font,
size 10, double-spaced, except for table and figu-
re titles, fully justified, and without tabs or blank
spaces between paragraphs. All lines must be au-
tomatically numbered: Word >Layout >Line Num-
bers >Continuous. Only the main sections should

be separated by a blank space: title, authors, abs-
tract, introduction, materials and methods, results,
conclusions, and references.

The page must have 2-centimeter margins on
all sides. Authors should download the “anony-
mized manuscript” template. Manuscripts must be
submitted as Microsoft Word documents (.doc or
.docx) or LaTeX files (.tex), including references in
.bib format. The file must be anonymized in File
Properties so that author identification does not ap-
pear.

Manuscripts must be submitted exclusively th-
rough the OJS (Open Journal System), where all
authors must previously register. Original manus-
cripts sent by email or through any other interface
will not be accepted.

To improve the visibility and impact of publi-
cations, all authors must have an ORCID number
<https://orcid.org/>, and it is suggested that at
least one of the authors have a ResearchGate ac-
count <https://www.researchgate.net/home>.

3.1 Manuscript Structure

For scientific research articles, manuscripts must
follow the IMRDC structure: Introduction, Mate-
rials and Methods, Results, Discussion, and Con-
clusions. Any annexes must be submitted as a sepa-
rate Word or LaTeX document and will be classified
as supplementary material. Authors should down-
load the “anonymized manuscript” template.

For review articles, the structure may be more
flexible, especially in the Materials and Methods,
Results, and Discussion sections. In all types of ma-
nuscripts, References are mandatory and, whene-
ver possible, should include an electronic reference
link. In any case, manuscripts must include the fo-
llowing sections:

a. Title Spanish / Title English:

The title must be concise but informative, with
the Spanish title on the first line and the English
title on the second. A maximum of 25 words, inclu-
ding spaces, is accepted. The title is not solely the
responsibility of the authors, and changes may be
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proposed by the Editorial Board.

It must be written using uppercase and lowerca-
se letters and centered. If it contains scientific names
of taxa, these must be italicized, without including
the taxon author.

b. Names and affiliation of the authors:

The first name(s) and surname(s) of each author
must be listed in order of authorship. The names
must be followed by institutional affiliation, ad-
dress, city, country, email address of each author,
and ORCID number. In addition, the corresponding
author must be identified with an asterisk (*). This
information must be included only in the file mo-
del entitled “cover presentation” or “presentation-
portada”.

c. Abstract Spanish / Abstract English:

The abstract must have a maximum length of
250 words, first in Spanish and then in English.
It must concisely describe, either explicitly or im-
plicitly and in the following order: rationale of the
topic, objectives, methodology and sample, main re-
sults, and main conclusions. It must be written im-
personally, for example: “The present study analy-
zes...”. In the case of the English abstract, do not
use automatic translators; take proper care when
translating the abstract, as it is the first impression
the reviewer will have.

d. Keywords Spanish / Keywords English:

Four to six descriptors must be provided for
each language version, directly related to the topic
of the manuscript. Try not to repeat the same words
used in the title. Keywords must be included in
both Spanish and English.

e. Introduction:

The use of the SPPR system is suggested: Situa-
tion, Problem, Question, and Response. Thus, the
updated state of the art of the study, the problem
statement, the context of the problem, the justifica-
tion, foundations, and purpose of the study must
be clearly presented, using the most significant and
current literature on the topic.

f. Materials and Methods:

This section must be written in such a way that
the reader can easily understand the development
of the research. It must chronologically describe the
methodology, sample, sampling method, and the
type of statistical analysis used. The replicability of
the experiment must be ensured at all times by ex-
plaining the experimental design, laboratory equip-
ment used, computer programs, among others. For
every methodology used, the reasons for its use
must be stated, and its possible limitations must be
described.

g. Results and Discussion:

The most important observations should be
highlighted. This section must include the quan-
titative or qualitative information supporting the
final conclusions. The information must appear in a
logical sequence in the text and in essential tables,
figures, and equations, avoiding data duplication.
Every table, figure, or equation must be cited in the
text and numbered sequentially.

In the case of equations, authors should use the
Word equation editor or LaTeX programming, num-
bering equations consecutively with a number in
parentheses, for example (1). For better understan-
ding, see the “anonymized manuscript” document.

Photographs, illustrations, and graphs must be
presented only as figures; these, like tables, must in-
clude an explanatory description for each one. See
the anonymized manuscript.

In the text, every table and figure must be na-
med, analyzed, and discussed, highlighting the
most representative findings and/or limitations of
the study. Cite them in the text as Figure 6 or Table
1, for example. Do not abbreviate the words figure
or table.

Figures may be line drawings, maps, or halfto-
ne photographs in black and white or color, with a
resolution of 300 dpi; that is, the figure size must
be large and appropriate for publication-quality
format. Each figure must be attached upon submis-
sion in TIFF, PNG, or JPG format and numbered
according to its order of appearance. Authors must
ensure that figure captions and axes are perfectly
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j. References:

Bibliographic citations must be presented as re-
ferences to the text. Under no circumstances should
references not cited in the text be included, nor
should citations be included only in the text without
their corresponding reference. The number of refe-
rences must be sufficient to contextualize the theo-
retical framework using criteria of currency and
relevance.

References must be presented alphabetically by
the first author’s surname, following the Harvard
style, as described below and/or as generated by
the citation manager of the word processor used.

3.2 Reference Guidelines

3.2.1 In-text Citation

Harvard is a citation style that allows the use
of both surnames of the author, often separated by
a hyphen, if they are provided. Otherwise, only
one surname is used, as is customary in the Anglo-
Saxon tradition.

One author: Samaniego (2012); (Samaniego, 2012);
Valdés-Pérez (2016); (Valdés-Pérez, 2016); (Valdés
Pérez, 2016); Valdés Pérez (2016).

Up to three authors: Samaniego, Vásquez and To-
rres (2010); (Samaniego, Vásquez and Torres, 2010).

More than three authors: Samaniego et al. (2010);
(Samaniego et al., 2010).

3.2.2 References

a. Journal article always include the article DOI
or, whenever possible, the electronic URL of the
article:

Arnold, M. and Osorio, F. (1998) Introduction
to the Basic Concepts of General Sys-

tems Theory. Revista Cinta de Moebio
[online], (3). Universidad de Chile. Available
at <https://goo.gl/FwjAqo>[accessed: 20 Ja-

nuary
2005].

Dhillon, B. (2004) Should Doctors Wear Ties?
Medical Monthly [online], 3 (1), 55-88. Available
at <https://goo.gl/pHzUxJ>[accessed: 20
April 2006].

b. Complete books:

One author:
Holt, DH 1997, Management principles and practi-
ces, Prentice Hall, Sydney.

Two authors:
McCarthy, EJ, William, DP & Pascale, GQ 1997, Ba-
sic marketing, Irwin, Sydney.

Three or more authors:
Bond, WR, Smith, JT, Brown, KL & George, M 1996,
Management of small firms, McGraw-Hill, Sydney.

c. Electronic sources:

Reed, S 2015, ‘Shift to lower-carbon energy is too
slow, report warns’, New York Times, 9 Novem-
ber. Available from: https://goo.gl/iczP53.
[10 November 2015].

It is mandatory that all citations with a DOI
(Digital Object Identifier System) include it in
the References section. DOIs may be obtained
at https://goo.gl/gfruh1. All journals and books
without a DOI must include their link, in the online
version if available, shortened using Google Shor-
tener: https://goo.gl.

Journal articles must be presented in English,
except those written in their original language, in
which case both versions must be provided using
brackets.

All web addresses included in the manuscript
must be shortened, except DOI links, which must
follow the indicated format: https://doi.org/XXX.

3.3 Headings

The headings in the body of the article must
be numbered using Arabic numerals. They must
not be written entirely in uppercase, underlined, or
bold. Numbering must have a maximum of three
levels: 1. / 1.1. / 1.1.1.
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A space must be inserted at the end of each
numbered heading.

4 Submission Process

The following files must be submitted through
the OJS system, after registering at the journal
website <https://revistas.ups.edu.ec/index.php/
granja/user/register>:

File No. 1: Cover Letter, Copyright Transfer, and
Conflict of Interest Statement:
Download the “cover letter” template.

File No. 2: Cover Presentation:
This file, in Word or LaTeX format, must contain th-
ree clearly identifiable sections:

a) Title in Spanish and English, standardized na-
mes and surnames of the authors with ORCID
number, affiliation, and academic degree.

b) Abstract, resumen, keywords, and palabras
clave.

c) A declaration stating that the manuscript is an
original contribution, has not been submitted
to or is not under evaluation by another jour-
nal, confirmation of the listed authorship, ac-
ceptance, where applicable, of formal changes
to the manuscript in accordance with the jour-
nal guidelines, and partial transfer of rights to

the publisher. Authors should download the
“cover presentation” template.

File No. 3: Fully anonymized manuscript, in accor-
dance with the aforementioned guidelines.

File No. 4: The corresponding author must submit
a list of five potential reviewers for the manuscript
who meet the following criteria. Authors should
download the “suggested reviewers” template:

• They must not be from the same country
as the corresponding author. For example, if
the corresponding author works in Brazil, the
proposed reviewer must NOT be affiliated
with institutions from the same country as the
corresponding author, that is, “Brazil”.

This file may be prepared using any Word or La-
TeX word processor and must include the following
information for each potential reviewer:

• First and last names

• Affiliation

• Academic degree

• Email address

• Corresponding ORCID code

Briefly indicate the relevance of each reviewer
for the evaluation of the manuscript.

Failure to comply with any of the requirements of these guidelines
may result in the AUTOMATIC rejection of the manuscript.

Please take the necessary time to complete the submission process correctly.
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SPECIAL ISSUE

Chirality across scales

“Geometries of Life”

This photograph seeks to capture the geometry that naturally emerges in living organisms. The butterflies’ wings reveal
patterns, lines, colors, and forms that appear to repeat and mirror one another, yet, upon closer observation, display subtle
differences. Each individual also occupies a distinct position and orientation within the scene. The image thus invites us to
contemplate life through its spatial organization: between symmetries and asymmetries, similarities and differences, order

and variation. In the context of chirality, these butterflies become a visual metaphor for a fundamental characteristic of
nature: geometry is not only about form, but also about orientation, relationship, and organization.

Autor: ©Jonathan González Chuqui (2026)
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