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ABSTRACT
Consumers have legitimate concerns about the application of animal welfare procedures
during the slaughter of rabbits. However, there is insufficient evaluation of such practices,
particularly in small-scale rabbit-breeding operations in Mexico. This study aimed to assess
animal welfare indicators during slaughter under different stunning methods. A total of 120
California rabbits (Oryctolagus cuniculus L.) were used, each one of which weighed 2 kg, and
were distributed into four treatments in a 22 factorial arrangement to relate two methods of
stunning (a, = concussion, a, = electronarcosis) and the sex of the animal (b, = male, b, = female)
with the behaviors observed during slaughtering and the lesions in the carcass as factors that
affect the animal’s welfare. Management indicators (number and precision of the application),
behavioral indicators (attempts at escaping, kicking, vocalization, gaping, and arching of the
back), and lesions in the carcass were registered. Descriptive statistics were obtained, and the
behaviors were compared using nonparametric tests. Additionally, risk factors were identified
in the carcass related to the slaughter methods, weight, and sex. During stunning, precision and
kicking were different (p < 0.05), unlike vocalization (p = 0.7). During the slitting of the throat,
time (p = 0.4), vocalization (p = 0.6), blinking (p = 0.7), corneal reflex (p = 0.8), and dilated pupils
(p =0.2) presented no differences between methods. However, there were differences in kicking
(p <0.01), gaping (p < 0.01), and arching of the back (p < 0.01). In the post-mortem evaluation of
lesions, the carcasses that displayed the lowest number of lesions, with the smallest size and
located on the legs, were from rabbits on which the method of electronarcosis (p < 0.001) was
applied. The slaughtering method was a risk factor in the appearance of bruises (p > 0.0003).
The method of electronarcosis was concluded to be more effective than concussion to induce the

animal to lose consciousness during the slaughtering of rabbits.
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contusions.

INTRODUCTION
In recent years, consumer demand has increasingly emphasized the importance of
ensuring that animal-derived products are obtained in accordance with animal
welfare standards (Stoier et al., 2016). This has promoted the development of slaughter
systems that consider the well-being of animals, enhancing meat quality and creating
new economic opportunities. In the case of the rabbits, pre-slaughter stunning
induces unconsciousness, minimizing stress during exsanguination. The assessment
of unconsciousness in rabbits prior to slaughter is typically based on behavioral
indicators, including the presence or absence of ocular reflexes, blinking, pupil
dilation, limb movements such as kicking, loss of body posture, head lifting, back
arching, vocalizations, and monitoring of the respiratory rate (Verhoeven et al., 2015).
According to the Mexican Official Standard NOM-033-SAG/Z00-2014 (DOF, 2014),
animals must not exhibit signs of pain, stress, or distress at the time of slaughter, as such
conditions compromise their welfare, physical integrity, health status, biochemical
profile, and ultimately the quality and yield of the meat. Similarly, in the European
Union, compliance with higher animal welfare standards has been associated with
improved carcass quality and a reduction in lesions (European Commission, 2017).
The primary objective of stunning is to rapidly induce unconsciousness, which is the
inability to perceive and respond to external stimuli due to profound brain depression.
This procedure is intended to prevent the animal from experiencing pain and stress
during neck cutting and subsequent bleeding (DOF, 2014).
In countries such as Italy and Hungary, stunning by electronarcosis is a common
practice before slaughtering rabbits in slaughterhouses (European Commission,
2017). In Mexico, the most widely used stunning methods are cervical dislocation and
mechanical concussion stunning. Some countries, along with stunning by concussion,
use electronarcosis and penetrating and non-penetrating captive bolt stunning.
Stunning by electronarcosis consists of running an electric current through the animal’s
head at a magnitude that can induce tonic-clonic epileptiform activity, resulting in a
state of insensitivity (McKinstry and Anil, 2004). Meanwhile, the concussion method
involves delivering a forceful impact to the occipital region at the base of the head
using a long, blunt, non-sharp solid object or the hand.
Electronarcosis induces immediate unconsciousness in pigs, poultry, and rabbits,
thereby contributing positively to animal welfare. To ensure effective stunning,
electrodes must be positioned correctly, as improper placement may fail to induce
unconsciousness and can exacerbate fear, anxiety, pain, stress, or even result in death
(Stoier et al., 2016). According to Anil et al. (1998), electrical stunning can produce a
sufficiently long duration of insensibility, making it a suitable method for the humane
slaughter of rabbits.
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Several indicators are recommended to assess and determine unconsciousness
before slaughtering, exsanguination, and skinning. If the animal is not considered
unconscious after evaluating the indicators, the stunning procedure must be repeated
(Verhoeven et al., 2015). Animal welfare must also be evaluated in the ante-mortem
handling, along with its repercussions on the physical quality of the carcass. Bruises
are indicators of improper handling of the carcass prior to slaughter, which may
include insufficient grasping of the animal, inadequate transportation, and extended
waiting periods before slaughter. (Grandin, 2017).

The interaction of the sex of the rabbits with the stunning method before slaughtering
has been scarcely studied. Studies performed during stunning and slaughtering do
not distinguish between females and males and focus only on the method of stunning,
as observed in the work carried out by Anil et al. (1998), Petracci et al. (2010), and
Valkova et al. (2021b).

The hypothesis in this study was that electronarcosis, as a stunning method used
for slaughtering rabbits, has a lesser impact on animal welfare compared to the
mechanical concussion method. Therefore, the aims were to compare the effectiveness
of electronarcosis and concussion as stunning techniques in California rabbits, as well
as to evaluate the animal welfare conditions with both methods and to assess the
interaction between the sex of the rabbits and the stunning method used.

MATERIALS AND METHODS

The study was carried out at the Rabbit Breeding Unit of the Livestock Program of
the Postgraduate College, Campus Montecillo, Mexico, located at 19° 27" 48.4” N
and 98° 54’ 30.8” W, at an altitude of 2250 m. The stunning and slaughter procedures
were carried out following the regulations for the use and care of animals destined for
research at the Postgraduate College. The experiment was conducted between January
and May 2021.

A total of 120 California breed rabbits were utilized in this study, comprising 60 males
and 60 females, each aged 65 + 5 days and weighing 2.2 + 0.2 kg. The animals were not
subjected to prior fasting. They were randomly distributed into four treatment groups
in a completely randomized design with a 2 x 2 factorial arrangement. The main
factors considered were the type of stunning (mechanical stunning by concussion
(a1) and electronarcosis (a;)) and sex (male (b;) and female (b,)). Each treatment
combination included 30 replicates, with each rabbit representing one experimental
unit. The animals were organized into five groups of five rabbits each and transported
to the fattening area located adjacent to the slaughterhouse. Stunning and slaughter
procedures commenced immediately; however, the rabbits were held for a waiting
period of 10 min prior to processing.

The mechanical stunning was performed by striking the base of the heads in the
occipital region with our hands. A manual electric stunning machine (model VS200,
Midwest Processing Systems, Minneapolis, MN, USA) with 120 V and 1 A was used for



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.2687
Scientific Article

446

electronarcosis stunning. The rabbits received an electric discharge of 600 V and 1 A in
the occipital region for 2 s. After the application of the stunning method, the rabbit was
hung by its hind legs, upside down, and its neck was slit. The time elapsed between
stunning and slaughtering was measured using a stopwatch, and the assessment of
bruises was carried out using a millimeter ruler.

Evaluation of the method of stunning
Management and behavioral indicators

The evaluation of handling indicators and rabbit behavior commenced at the
moment the animal was removed from its cage, located in the facility adjacent to the
slaughterhouse, and concluded upon slaughter. A single trained observer conducted
the assessments, independently reviewing each indicator, while a designated operator
administered the stunning procedure according to the assigned treatment (either
concussion or electronarcosis).

For both stunning methods, the following variables were recorded: the precision of
the application (i.e., whether the anatomical target site was correct, specifically the
occipital region, or incorrect, involving any other area), the number of applications
(one or more than one), and the time elapsed between stunning and slaughter (<30 or
>30 s). Additionally, the presence or absence of behavioral indicators was documented
at three critical stages: during restraint (escape attempts and kicking), stunning
(vocalization and kicking), and slaughter (vocalization, kicking, blinking, corneal
reflex, pupil dilation, gaping, head lifting, and arching of the back), in accordance
with established criteria (Grandin, 2017) (Table 1).

Table 1. Ethogram of the behavioral indicators evaluated during the stunning of California rabbits
(Oryctolagus cuniculus L.).

Indicator Definition
Attempt to escape The animal performs movements to find a way out and avoid being held.
- Violent movement of hind legs; when this takes place after stunning, it
Kicking -
refers to the clonic phase.
- Voluntary sounds are produced by the vibration of the vocal cords. Short
Vocalization . ;
and high-pitched squeals.
Blinking Opening and closing of the eyelids.
Corneal reflex Reactl.on when touching the eyeball with the tip of the finger after
stunning.
Dilated pupils Increase in the diameter of the pupils.
Gaping Deep, non-rhythmical breaths through the open mouth.
Lifting head Lifting or attempting to lift its head.

Arching of the back Any reflex that tends to take the body to its normal position.
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Evaluation of carcass lesions

The carcass was divided into two regions: limbs (front and hind legs) and torso (neck,
thorax, and back). The traumatic lesions with blood vessel ruptures, leading to blood
accumulation without skin discontinuity, were considered as bruises. All observed
injuries were recorded, including their location and size. The extent was determined
based on the approximate diameter of the affected area and classified into three levels:
<0.5 cm, between 0.6 and 1 cm, and > 1 cm. In carcasses with more than one bruise of
different extents, the criterion of the largest size was used for classification (Knock and
Carroll, 2019).

Statistical analysis

Descriptive statistics were obtained for the handling indicators (precision of
application, number of applications, and time between stunning and slaughtering)
and behavioral indicators (attempt to escape, kicking, vocalization, blinking, corneal
reflex, dilated pupils, gaping, lifting of the head, and arched back). These data were
transformed into ranges and analyzed using the Mann-Whitney U test and analysis of
variance via the Kruskal-Wallis test. To evaluate the association between the presence
of carcass lesions and variables such as the stunning method, sex, animal weight, and
time between stunning and slaughtering, a logistic regression analysis was conducted.
This analysis enabled the estimation of risk or opportunity factors (odds ratios, OR).
All statistical analyses were performed using SAS software, version 9.4 (SAS Institute
Inc., Cary, NC, USA). The general model used was as follows:

1 E':Eu"'lg'_x'_'l'lgzxz"'"'lgéxd-}

P (Y - E) B 1+ gl Botf X, +8, Ko+ By

where P is the probability that variable Y, takes the value of Y =1 if lesions appear and
Y =0 otherwise; §, B, ..., B, are unknown parameters, and X,, ..., X, are independent
variables (method of stunning, sex of the rabbit, size of the animal, and time between
stunning and slaughtering).

RESULTS AND DISCUSSION

Rabbit behavior and handling during restraint and stunning
During restraint, when animals were removed from their cages and held in the area
adjacent to the slaughterhouse, 28 % of rabbits attempted to escape, while 43 %
exhibited kicking behavior. These responses were interpreted as indicators of stress,
potentially reflecting a reduction in animal welfare. The precision of the operator in
applying the stunning method varied significantly (p < 0.009), resulting in an overall
failure rate of 17.5 %, with 13.3 % of these failures occurring during the use of the
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concussion method. According to established standards, the maximum acceptable
failure rate is 1 %; rates exceeding 4 % are indicative of serious deficiencies in handling
during the slaughter process. Furthermore, 5 % of the animals required a second
application of the stunning method (p < 0.095), which represents the upper limit of
acceptability (Grandin, 2013).

Rabbit behavior during slaughter

To avoid rabbits regaining consciousness, slaughter must be performed within 30 s
after stunning (Anil ef al., 1998). The interval between stunning and slaughtering is
determined by the operator’s ability rather than by the stunning method used, thereby
impeding direct comparison between methods. Nonetheless, 10.8 % of the rabbits were
slaughtered beyond the time threshold. Behavioral indicators such as kicking, gaping,
head lifting, and back arching exhibited significant differences between stunning
techniques (p < 0.02), with electronarcosis identified as the most benign method (Table
2).

Table 2. Indicators evaluated during the stunning and slaughtering process of California rabbits
(Oryctolagus cuniculus L.).

Total Concussion Electronarcosis
Indicators
% + SEM % + SEM % + SEM p-value
Stunning
Precision 17.5 7.7 13.3 8.2 4.2 9.8 0.009
Applications 5.0 9.5 4.2 9.8 0.8 - 0.095
Vocalization 5.8 9.3 2.5 10.9 3.3 10.2 0.698
Kicking 43.3 5.2 35.8 5.9 7.5 9.0 <.001
Slaughtering

Vocalization 2.5 10.9 1.7 12.7 0.8 - 0.560
Kicking 49.2 4.7 35.8 5.9 13.3 8.2 <.001
Blinking 26.7 6.8 12.5 8.3 14.2 8.1 0.681
Corneal reflex 14.2 8.1 7.5 9.0 6.7 9.1 0.794
Dilated pupils 26.7 6.8 10.8 8.5 15.8 7.9 0.217
Gaping 30.0 6.8 10.0 9.3 20.0 8.0 0.017
Straightened head 15.8 7.9 13.3 8.2 2.5 10.9 0.0012
Arched back 11.7 8.4 9.2 8.7 2.5 10.9 0.023

SEM: standard error of the mean. Statistical differences are presented between rows.

The behaviors that indicate unconsciousness differ between physical and electrical
stunning methods. In the case of physical stunning, the most important indicators
are the righting and ocular reflexes, whereas for the methods that do not physically
destroy the brain, such as electric stunning, the most important indicators are the
righting reflex and vocalization (Verhoeven et al., 2015). The European Food Safety
Authority considers an indicator to be 100 % sensitive if it correctly identifies all
conscious animals (EFSA, 2020).
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Vocalization before and during stunning

No differences were found between methods for vocalization before (p = 0.698) or
during stunning (p = 0.56). In a rabbit-specific slaughterhouse, Rota-Nodari ef al.
(2009) reported vocalization rates ranging from 0.1 to 0.3 % prior to and during the
application of electric stunning. In the present study, the percentage of vocalization
for each method remained below 5 %. For bovines and pigs, acceptable vocalization
thresholds during handling and stunning have been established at <3 and <5 %,
respectively (Grandin, 2013). However, standardized acceptable vocalization levels
for rabbits have yet to be defined.

Vocalization is considered a behavioral indicator, as rabbits infrequently vocalize, and
they typically do so only when conscious and experiencing significant pain or stress
(Mayer, 2007). Nevertheless, not all conscious animals vocalize; thus, the absence of
vocalization cannot be taken as definitive evidence of unconsciousness. Vocalizations
occurring immediately prior to stunning may indicate handling issues, whereas
vocalizations during the stunning process suggest inadequate application of the
stunning method. Following effective stunning, no vocalization should be observed
(Grandin, 2013). Vocalization is a readily measurable indicator, with a sensitivity of
approximately 71 % for physical methods and 57 % for electrical methods (EFSA,
2020).

Clonic phase (post-stunning kicking)

A significant difference was observed in the clonic phase between both stunning
methods (p <0.001). This variation can be attributed to the neural circuits responsible
for reciprocal leg movements, which are located in the spinal cord. These circuits
require a functional spinal cord but do not depend on cerebral coordination. Spinal
reflexes, such as kicking, tend to manifest more vigorously following physical
stunning methods. In contrast, electrical stunning more frequently results in a mild
tonic-clonic phase (Grandin, 2013), which facilitates its identification and recording
when the concussion method is used.

Adequate stunning causes the tonic (rigid) and clonic (repeated muscular contractions)
phases, during which an individual is unconscious. An error in evaluating this behavior
is mistaking the clonic phase for a return to sensitivity, despite the fact that kicking
reflexes can be present after effective desensitization, and the absence of these phases
is due to the animal not becoming desensitized (Grandin, 2013). The appearance of
the tonic-clonic phase is a medium-difficulty indicator with 89-93 % sensitivity for a
physical and electric method, respectively (EFSA, 2020).

Corneal reflex, blinking, and dilated pupils

No statistically significant differences were observed between treatments compared to
the presence of corneal reflex, blinking, or dilated pupils (p > 0.05). In cases of physical
stunning, the absence of corneal reflexes and blinking is expected due to the cerebral
trauma inflicted. However, these indicators may still be observed following effective
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electrical stunning as a consequence of residual brainstem activity (Gregory and Shaw,
2000). For instance, Vogel et al. (2011) reported the occurrence of corneal reflex and
blinking in 93.8 and 40.8 % of electrically stunned pigs, respectively. In contrast, the
present study recorded these responses in only 6.7 and 14.2 % of cases, respectively.
This discrepancy may be attributed to the timing of the evaluations. In the current
study, corneal reflex was measured approximately 6 s after stunning, or about 30 s
after the start of slaughter. It is possible that the blood loss caused by this point was
enough to impair brainstem function, preventing the detection of these reflexes during
examination (Vogel et al., 2011).

Conversely, Rota-Nodari et al. (2009) reported even lower frequencies of corneal reflex
(1.8 %) and blinking (2.6 %) than those found in the current study. This variation
may be due to procedural differences, as data in the aforementioned study were
collected in a specialized commercial slaughterhouse where longer delays prior to
observation could have further diminished the visibility of these indicators. Although
the unconsciousness of the animal can be assured when the behaviors are absent, their
presence does not necessarily imply that the animal is conscious (Verhoeven et al.,
2015). The corneal reflex is an indicator with a medium difficulty in measurement,
with a sensitivity of 96 and 94 % for the concussion and electric methods, respectively,
whereas blinking has a sensitivity of 69 %, regardless of the method of stunning. The
dilated pupils (midriasis) are good indicators of death and have a sensitivity of 98 %,
regardless of the stunning method, although measuring them is difficult (EFSA, 2020).

Gaping

The gaping showed significant differences between concussion and electronarcosis
methods (p <0.02). The last respiratory pattern in a dying animal is gaping or agonal
breathing, which always results in terminal apnea and can appear after adequate
electric stunning and is considered a positive sign (Pluta and Romaniuk, 1990).

Righting reflex

There was a significant difference between the methods for this indicator (p < 0.05).
Vogel et al. (2011) discovered a 14.3 % righting reflex in electrically stunned pigs, while
this study found only 2.5 %. The reflex of righting refers to any movement that causes
the body to return to its normal position, such as lifting the head or arching the back.
A conscious animal can exhibit this reflex following a failed stunning (EFSA, 2020).
The recovery movements are oriented but can be difficult to distinguish from others
(Terlouw et al., 2016). The righting reflex is a medium-difficulty indicator with a 77 %
sensitivity (EFSA, 2020).

Evaluation of the lesions in the carcass
The post-mortem evaluation of lesions has been studied in cows, pigs, sheep, goats,
poultry, and rabbits, mainly related to the transportation from the farms to the
slaughterhouses (considering factors including the type and time of transportation
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and load density) and, to a lesser extent, with the method of stunning (Mendonga et
al., 2016; Valkova et al., 2021a, 2021D).

Location of the lesions

The post-mortem lesions found in carcasses during slaughterhouse inspections reflect
animal management prior to slaughter. Inspecting the carcasses for evaluation helps
value the lesions individually, highlighting any bruises that would otherwise go
unnoticed. These lesions can be evaluated based on where they are located in the body
(torso or limbs) (Huneau-Salatin et al., 2015).

Of all the rabbits evaluated, 93 % displayed at least one lesion in the carcass (Table 3).
Differences were found (p < 0.01) in the location of the lesions, with 24 % on the torso
alone, 20 % on the limbs, and 48 % on the torso and limbs. Valkova et al.(2021b), in
their study comparing the position of post-mortem traumatic lesions in rabbits, found
an incidence of traumatic lesions of 1.52 %, out of which 0.83 % were on the limbs
and 0.69 % on the torso, finding differences between both (p < 0.01 In another study,
Petracci et al. (2010) discovered that 2 % of carcasses had lesions, though they only
looked at hematomas larger than 1 cm? with the majority of hematomas on the limbs,
thorax muscles, and inner back.

The concussion and electronarcosis methods showed differences in terms of the
location of the lesions (p <0.01). The concussion method produced 16.7 % of lesions on
the torso and 0.8 % on the limbs, whereas electronarcosis produced 7.5 % on the torso

Table 3. Evaluation of the lesions in carcasses of California rabbits (Oryctolagus cuniculus L.) after
using two stunning methods.

Total Concussion Electronarcosis

% + SEM % + SEM % + SEM p-value

Carcasses with lesions 93.3 0.61 50.0 4.51 43.3 5.27 0.004
Anatomic location

Torso 24.2 705 16.7 7.80 7.5 8.96 0.019

Limbs 20.8 7.38 0.8 - 20.0 7.46 <.001

Both 48.3 476 325 6.24 15.8 7.89 <.001

None 6.7 9.91 0.0 - 6.7 9.91 0.004
Number of lesions

Low (0-3) 54.2 422 183 8.17 35.8 6.12 <.001

High (4-14) 45.8 499 317 6.60 14.2 8.70 <.001

Size of lesions

Small (<0.5 cm) 18.3 8.17 0.0 -——- 18.3 8.17 <.001

Medium (0.6-1 cm) 10.0 9.30 4.2 10.67 5.8 10.11 0.545

Large (>1 cm) 65.0 2.79 458 4.98 19.2 8.07 <.001

None 6.7 9.91 0.0 - 6.7 9.91 0.004

SEM: standard error of the mean. Statistical differences are presented between rows.
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and 20 % on the limbs. The electronarcosis method produces more lesions on the limbs
than on the torso, as opposed to the concussion method, which affects the torso more,
most likely due to a lesion caused by the stunning method in the occipital region. As
a result, the concussion method can explain 32.5 % of lesions in both carcass regions,
compared to 15.8 % for electronarcosis.

The location of the lesions may be related to the handling prior to slaughter, which
damages the animals’ limbs more than their torsos because the limbs are also a central
part of the body through which rabbits are captured during catching, loading and
unloading, and hanging in the slaughterhouse (Petracci et al., 2010). Data on hematoma
percentages between studies and slaughterhouses are difficult to compare due to
differences in veterinary inspection and carcass classification methods (Petracci et al.,
2010).

Number and size of lesions

The concussion method displayed a more significant number of lesions, between 4
and 14 (31.7 + 6.6), unlike the electronarcosis method, between 0 and 3 (35.8 + 6.12) (p
< 0.01). Regarding the size of the lesion, when the lesions were medium, there were
no differences (p = 0.54); when they were large, the highest frequency was presented
in the concussion method (45.8 + 4.98). Therefore, applying the concussion method
causes a higher number and more extensive lesions than the method of electronarcosis
(r<0.01).

Smalllesions (18.3+8.17, p <0.01) were more commonly associated with electronarcosis
in limbs (20 + 7.46, p < 0.01). However, there was no significant difference in kicking
behavior between stunning and the concussion method (p <0.001). Such lesions could
be caused by the passage of electric currents, which can cause muscle contractions,
resulting in muscle fiber damage and hemorrhage. The hemorrhage is due to a
substantial increase in the intravascular pressure, and as a result, blood capillaries
can break and lead to bleeding (Kranen et al., 2000). Studies on cows displayed more
significant small and medium lesions (74.9 and 19.1 %, respectively) (Knock and
Carroll, 2019). On sheep, a prevalence of small lesions has been found (Teiga-Teixeira
et al., 2021).

Lesion comparison based on the treatment used

The comparison of ranges (Kruskal-Wallis) expressed as categorical values displayed
differences between treatments (ChiSq < 0.01) (Figure 1), with treatments 1 and 2 being
different from treatments 3 and 4; that is, the frequency of lesions had more significant
scores when the concussion method was used (ChiSq < 0.05), without differences
between sexes (ChiSq > 0.05).

There was an average of 3.76 lesions per carcass, ranging from 0 to 14, across the 120
carcasses. The average number of lesions per method was 4.81 for concussion and 2.7
for electronarcosis (p < 0.01). The treatment means were T1 =4.77, T2 = 4.87, T3 =2.9,
and T4 = 2.5, with a standard error of 0.49 (p < 0.0005). Small species, such as rabbits,
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Figure 1. Kruskal-Wallis test comparing the total frequency of lesions in California rabbits

(Oryctolagus cuniculus L.), depending on the treatment applied. T1: concussion, males; T2:

concussion, females; T3: electronarcosis, males; T4: electronarcosis, females. Categories are

presented in ranges.

are easier to handle and restrain, allowing for better control of external factors that can
cause lesions prior to slaughter. As a result, the lesions discovered during the post-
mortem carcass evaluation are associated with the stunning method.

Risk factors for the overall presentation of lesions in the carcass

The logistic regression analysis revealed that the sex and weight of the rabbits, as well
as the time between stunning and slaughtering, had no relationship with the total
number of lesions found in the carcass (ChiSg > 0.05). The concussion method was
found to be 4.6 times more likely to cause lesions compared to the electronarcosis
method (Table 4; ChiSq < 0.01). In other studies, the risk factors associated with the
lesions found in the post-mortem evaluation of the carcass were sex, race, bodily
condition, live weight, zootechnical objective, transportation distance and time,
lodging type during transportation, load density, handling conditions, type of truck,
loading and unloading conditions, season of the year, farm of origin, and resting time
prior to slaughter (Petracci ef al., 2010; Taruman et al., 2018; Bethancourt-Garcia et al.,
2019; Knock y Carroll, 2019; Teiga-Teixeira et al., 2021).
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Table 4. Probability of lesions in California rabbits (Oryctolagus cuniculus L.) for each variable based
on the logistical regression analysis.

Variable Category Parameter ~ SEM (b) OR IC 95 % p > ChiSq
Method Concussmn. 0) 1.53 0.42 460  2.01-10.49 0.0003
Electronarcosis (1)
Male (0) 0.40 0.41 149  0.66-3.35 0.34
Sex
Female (1)
. 2.0-22Kg (0) -0.19 0.46 0.82  0.33-2.04 0.68
Weight 2224Kg (1)
. <30s 0) 0.16 0.66 117  0.32-4.24 0.81
Time
>30's 1)

SEM: standard error of the mean; OR: risk factor; IC: trust interval at 95 %.

CONCLUSIONS
Electronarcosis is an effective method for stunning rabbits before slaughtering, as
it causes fewer negative behaviors related to kicking, gaping, lifting of the head,
and arching of the back in comparison to the method of concussion, without being
influenced by the weight and sex of the animal. The concussion method hurts the
welfare of rabbits during slaughter and is not affected by the sex and weight of the
animal, either. However, it is affected by the evaluated handling categories.
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ABSTRACT
The consumption of chicken meat (Gallus gallus domesticus L.) has gradually increased. Changes
in economic and social development have changed consumer perceptions of the quality and
safety of food in terms of animal welfare, resulting in the implementation of new alternative
farming systems. This research was conducted at the poultry farm “El Horno” within the Valley
of Mexico Experimental Field of the National Institute of Forestry, Agriculture, and Livestock
Research (CEVAMEX-INIFAP) in 2022. The objective was to determine the carcass and parts yield
of Mexican Criollo (CM) and Sasso (S) chickens raised in confinement or grazing conditions.
Ninety-two birds (44 CM and 48 S), randomly distributed in both production systems, were
used to obtain four replicates of the following combinations of bird genotype and production
system: CM grazing, CM confinement, S grazing, and S confinement, with feed and water ad
libitum. At 84 days of age, the birds were weighed individually per treatment and sacrificed by
desensitizing them by cervical dislocation. The weight of the legs, thigh, breast, skin, muscle,
and bone was evaluated separately for each piece. A completely randomized experimental
design with a 2 x 2 factorial arrangement was used, with genotype and production system as
main factors. Data were analyzed using PROC MIXED of SAS. Cold and hot carcass yield was
higher in S birds compared to CM birds. The live weight recorded in S birds was 946 g higher
compared to CM birds. It is concluded that S birds perform better in the main pieces (breast, leg,
and thigh), as well as in their variables (skin, muscle, and bone), regardless of the production

system to which they are subjected (grazing or confinement).

Keywords: Gallus gallus domesticus L. skin, muscle, bone, poultry, animal welfare.

INTRODUCTION
Poultry farming represents the most dynamic sector within the Mexican livestock
industry, positioning the country as the fifth largest producer of poultry meat globally.
Three primary poultry production systems are used nationwide: technified, semi-
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technified, and backyard or family-based systems. Among these, the backyard system
remains the most traditional and widely distributed across the country; however, its
contribution to overall production is minimal (around 10 %) as it primarily serves
subsistence purposes (SAGARPA, 2012).

In Mexico, chicken meat has become a staple dietary component due to its affordability
and widespread acceptance as a nutritious and safe food source. Its culinary versatility
further enhances its importance in daily household meals (Iruegas-Evaristo, 2011).
Compared to meat from other species, chicken meat contains lower intramuscular fat,
making it more easily digestible. Moreover, it possesses significant nutritional value,
providing, on average, 20 % protein, comparable to beef, and approximately 9 % fat.
It also contains essential minerals, including iron, zinc, phosphorus, and potassium,
which are vital for human health (Moreiras et al., 2005).

The growth and performance of birds are determined by genotype, age, sex, diet, and
environment. These factors help improve performance within production (Gordon
and Charles, 2002). However, it is necessary to investigate the specific conditions
that guarantee the optimal productive performance of the Mexican Criollo chicken
compared to the breeds used in non-conventional production systems, such as the
Sasso chicken. Matus-Aragoén ef al. (2021) evaluated the performance of Mexican
Criollo chickens at 12 weeks of age and reported a higher carcass yield in males
(1548.53 g) compared to females (872.72 g). In general, males showed higher weight
and performance in most of the variables evaluated, except for breast, thigh, and wing.
Dzungwe et al. (2022) reported that Sasso chickens yielded 1929 g at the same age,
which was higher than Creole birds.

Although the general conditions of broiler production are known, the yield of the parts
most valued by consumers (breast, legs, and thighs) is unknown, which is required to
effectively utilize the poultry genetic resources in Mexico and commercialize them.
Therefore, the current study assessed the carcass yield, its components, and the skin-
muscle-bone relationship in Mexican Criollo and Sasso poultry, as well as how the
rearing system affects these variables.

MATERIALS AND METHODS

Study site
The study was conducted at the facilities of the poultry farm “El Horno,” located
in the Valley of Mexico Experimental Field under the National Institute of Forestry,
Agriculture, and Livestock Research (CEVAMEX-INIFAP), at 19° 48" 95" N, 98° 89" 42"
W, and an altitude of 2250 m (Sangerman-Jarquin et al., 2009).

Animal management
A total of 92 birds were used, including 44 Mexican Criollo (CM) and 48 Sasso (S)
chickens, which were randomly distributed in grazing (P) or confinement (C)
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production systems, with four replicates each. A factorial arrangement of treatments
(CMP, CMC, SP, and SC) was used. Birds in confinement were kept permanently in
pens inside a natural environment poultry house with movable side curtains. Birds in
the grazing system had access to a white clover (Trifolium repens L.) grazing for 8 h a
day (9:00 am to 5:00 pm), and spent the rest of their time inside the house.

The chickens were housed in pens inside the house with dimensions of 1.1 x 1.4 m,
and the floor was covered with 5 cm of shavings litter. Each pen was equipped with a
hopper feeder (10 kg) and a 5 L drinker. From 35 to 56 days of age, the birds were fed
a diet of 2550 kcal of metabolizable energy per kilogram and 17 % crude protein (PC);
from 56 to 84 days of age, they were offered commercial balanced feed (minimum
PC of 17.5 %, crude fat 4 %, minimum crude fiber of 4.5 %, maximum ash of 5.5 %,
maximum moisture of 12 %, and nitrogen-free extract by difference of 55.5 %). Food
and water were offered ad libitum.

Poultry processing

At 84 days of age, birds were weighed individually according to treatment on a
digital scale (Ohaus Ranger® 3000 Counting Scale, Mexico) with a capacity of 15 kg.
Subsequently, they were slaughtered in accordance with the Official Mexican Standard
NOM-033-ZO0-1995 (DOF, 1995) by dislocation at the level of the first cervical
vertebra and the occipital condyle, followed by decapitation and exsanguination. Birds
were scalded by being immersed in a container with hot water (45 s) at a temperature
of 62 to 65 °C (Gonzdlez-Cortés et al., 2019).

Each bird was identified with a plastic tag attached to their tibia. To obtain the hot
carcass (HC), the viscera were removed, and the legs were cut between the tibia and
the metatarsus. Subsequently, the carcasses were placed in 200-L containers with cold
water (<4 °C) for 16 h (Carciofi and Laurindo, 2007). Subsequently, the carcasses were
removed from the water and placed on a table, where the excess water was removed
by gravity (2 h); they were then weighed, and the cold carcass weight (CF) was
determined.

Quartering and fleshing
The quartering process consisted of separating the main pieces (legs, thighs, and
breast) and the minor pieces (wings, neck, shoulder, and breast bone) to obtain their
weight separately. Once the weight was recorded, the skin was separated from the
muscle and the bone from the muscle with the help of a knife, taking great care not to
damage the material, in order to weigh the skin, bone, and muscle individually.

Variables evaluated
Live weight (LW), hot carcass weight (HCW), cold carcass weight (CCW), total muscle
weight (TMuscW), total bone weight (TBoneW), and total skin weight (TSkinW) were
evaluated in all chickens.
In relation to the leg, total leg weight (TLgW), leg bone weight (LgBoneW), leg skin
weight (LgSkinW), and leg muscle weight (LgMuscW) were recorded, and the yield of
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total leg weight to live weight (TLgW-LW), to hot carcass (TLgW-HCW), and to cold
carcass (TLgW-CCW) was calculated.

In relation to the thigh, total thigh weight (TThW), thigh bone weight (ThBoneW),
thigh skin weight (ThSkinW), and thigh muscle weight (ThMuscW) were recorded,
and the yield of total thigh weight to live weight (TThW-LW), to hot carcass (TThW-
HCW), and to cold carcass (TThW-CCW) was calculated.

For breast, total breast weight (TBrW), breast weight of the minor breast (BrWminor),
and breast weight of the major breast (BrWmajor) were recorded, while breast bone
weight (BrBoneW) and breast skin weight (BrSkinW), and the yield of total breast
weight to live weight (TBrW-LW), to hot carcass (TBrW-HCW), and to cold carcass
(TBrW-CCW) were calculated.

Statistical analysis
The data for the variables studied were analyzed with the SAS MIXED procedure
(SAS version 9.3; SAS Institute, Cary, NC, USA) under a completely randomized
experimental design with a 2 x 2 factorial arrangement, with bird genotype and
production system as main factors. The effect of each factor was considered significant
at a value of p <0.05. The adjusted means obtained were compared using Tukey’s test.

RESULTS AND DISCUSSION

Carcass yield

Live weight (LW), hot carcass weight (HCW), and cold carcass weight (CCW) (Table 1)
were higher in birds of the S commercial line compared to CM birds at 84 days of age.
For LW, S birds had 946 g more compared to CM birds (2150 and 1204 g, respectively),
the latter being higher than the 1158.46 g reported by Matus-Aragén et al. (2020) for
CM birds at the same age. For HCW, the same trend continues in favor of the S line
(68 %) in relation to CM birds (60 %).

Lower yields were recorded than those reported by Lorenzo et al. (2011), with S
chickens (T-44) and CM birds exhibiting yields of 79.63 and 66 %, respectively, in
comparison to other Creole birds. Similarly, lower values were observed for CCW (62
% for CM and 71 % for S), with higher percentages compared to HCW, which can be
attributed to the cooling method used. It could be said that cooling by immersion in
cold water causes a carcass weight gain (water absorption) of up to 6 %. Generally, the
appearance of the carcass after chilling is better (Demirok et al., 2013).

Production system yield
Regarding the production system, no significant differences were observed (p > 0.05),
with yields of 68.7 and 67.7 % in confinement and grazing, respectively. Similar results
were reported by Paredes and Vasquez (2020), who obtained 68.4 % in confined Criollo
birds, while Santos ef al. (2014) obtained a carcass yield of 75 % with bare-necked birds
in grazing.
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Table 1. Adjusted means (+ standard error) of variables associated with carcass yield of
Mexican Criollo and Sasso chickens (Gallus gallus domesticus L.) raised in confinement or
grazing conditions.

Factor Level LW (g) HCW (g) CCW (g)
GEN CM 1204 + 42° 722 +29° 755 + 32°
S 2150 + 412 1477 £ 29° 1530 + 322
SYST CONF 1682 £41 1121 + 28 1157 +31
GRAZ 1671 £42 1078 £ 30 1129 + 33
GEN x SYST CM x CONF 1258 + 56 773 +39 791 +43
CM x GRAZ 1149 £ 61 671 £43 719 + 47
S x CONF 2106 + 59 1469 + 41 1522 £ 45
S x GRAZ 2194 +59 1485 + 41 539 +45
p-value GEN <0.0001 <0.0001 <0.0001
SYST 0.8494 0.2959 0.5420
GEN x SYST 0.0972 0.1565 0.3310

LW: live weight; HCW: hot carcass weight; CCW: cold carcass weight; GEN: genotype;
SYST: production system; CM: Mexican Creole chicken; S: Sasso chicken; CONEF:
confinement raising; GRAZ: grazing-raised. ®** Mean values per column with different
letters between factors are statistically different (p <0.05).

Leg yield

For leg yield, significant differences (p < 0.05) were observed among the bird
genotypes (Table 2), with values of 9.8 and 10.2 % in relation to live weight for CM and
S, respectively. The values reported exceed those documented by Lorenzo et al. (2011),
who recorded a leg yield of 4.07 % in Sasso T-44 birds, compared to 4.22 % for the
native Moss bird. Their components (skin, muscle, and bone) followed the superior
trend in the S strain, with 6.7, 66.7, and 26.2 %, respectively, compared to CM with
5.9, 61.8, and 32.2 %. On the contrary, the results of this research are lower than those
obtained by Angeles-Coronado et al. (2013) for creole birds, who obtained leg yields
of 13.5 t0 16.6 %.

Thigh yields
In CM birds, the thigh yield was 10.8 % in relation to live weight, whereas in S birds
it was 10.5 %, indicating a statistically significant difference (p < 0.05). Consequently,
the skin, muscle, and bone components followed the trend in favor of the S line (Table
3), obtaining lower values for thigh yield compared to those reported by Lorenzo et al.
(2011), who found a thigh yield of 15.9 % in Sasso T-44 birds, while for the native Moss
bird, a value of 13.5 % was obtained. Similarly, the values found in this study are lower
than those obtained by Sanka et al. (2021), who reported a thigh yield of 17 % in Sasso
chickens, below the Kuroiler hybrid with 17.4 %.
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Table 2. Adjusted means (+ standard error) of variables associated with leg performance of Mexican Criollo and Sasso chickens

(Gallus gallus domesticus L.) raised in confinement or grazing conditions.

TLgW  LgBoneW LgMuscW  LgSkinW TLgW-LW TLgW-HCW TLgW-CCW
Factor Level o o o
(®) () (8) (8) (%) (%) (%)
GEN CM 118 £ 6° 38+2° 73 +4° 7£1° 0.097 +0.003 0.164 + 0.004 0.158 +0.005
221+ 6° 58 + 22 148 + 4 15+1° 0.103 +0.003 0.151 +0.004 0.145 + 0.005
SYST CONF 172 +5 49+2 112+ 4 11+1 0.100 + 0.003 0.155 + 0.004 0.153 + 0.005
GRAZ 167 + 6 47 £2 109 + 4 11+1 0.100 + 0.003 0.159 + 0.004 0.151 +0.005
GEN ~ CM 123 +8 40+3 76+5 7£1 0.097 + 0.004 0.160 + 0.006 0.161 +0.007
SYST CONF - - - - R T T
gIIQAAXZ 113 +8 373 69+6 7+1 0.097 + 0.004 0.167 + 0.006 0.156 = 0.007
SxCONF 221+8 59+3 147 +5 15+1 0.104 + 0.004 0.150 + 0.006 0.145 + 0.007
SxGRAZ 221+8 57+3 149 +5 15+1 0.102 + 0.004 0.151 + 0.006 0.146 + 0.007
p-value GEN <0.0001 <0.0001 <0.0001 <0.0001 0.0854 0.034 0.077
SYST 0.5217 0.3925 0.6530 0.8282 0.7898 0.473 0.234
C;I\S{lgITx 0.5163 0.8899 0.4275 0.6854 0.6920 0.587 0.309

TLgW: total leg weight; LgBoneW: leg bone weight; LgMuscW: leg muscle weight; LgSkinW: leg skin weight; TLgW-LW:
total leg weight yield to live weight; TLgW-HCW: total leg weight yield to hot carcass; TLgW-CCW: total leg weight yield to
cold carcass; GEN: genotype; SYST: production system; CM: Mexican Creole chicken; S: Sasso chicken; CONF: confinement
rearing; GRAZ: graze rearing. ™ Mean values per column with different letters between factors are statistically different (p <

0.05).

Table 3. Adjusted means (+ standard error) of variables associated with thigh performance of Mexican Criollo and Sasso
chickens (Gallus gallus domesticus L.) raised in confinement or grazing conditions.

TThW  ThBoneW ThMuscW ThSkinW  TThW-LW  TThW-HCW TThW-CCW
Factor Level
(®) (®) (8) ®) (%) (%) (%)

GEN CM 130+ 7> 27 +1.374° 88 + 5P 14+1> 0.111+0.005 0.191+0.010 0.184 +0.010
S 225+7% 41 +1.368* 169 + 52 25+1*  0.105+0.005 0.152+0.009 0.146 +0.010
SYST CONF 180+7  34+1.340 130+5 19+1 0.110 £ 0.005 0.170 +£0.009 0.167 +0.009
GRAZ 175+7 34+1.4 127 +5 19+1 0.106 +0.005 0.172+0.010 0.163 +0.010
GEN xSYST CMxCONF 135+10 27 +£2.0 90+7 14+1 0.112 +0.007 0.187 +0.013 0.186 +0.013
CM x GRAZ 126+11 26+2.0 87 +8 13+1 0.111+0.007 0.195+0.014 0.182+0.014
S x CONF 225+10 41+2.0 170+ 7 24 +1 0.108 £0.007 0.154 +0.014 0.150 +0.013
S x GRAZ 224 +10 41+2.0 167 +7 26+1 0.102 +0.007 0.150+0.013 0.145+0.013

p-value GEN <0.0001 <0.0001 <0.0001 <0.0001 0.355 0.005 0.006

SYST 0.6096 0.990 0.6677 0.745 0.647 0.894 0.756

GEN x SYST  0.6957 0.728 0.9840 0.487 0.720 0.646 0.986

TThW: total thigh weight; ThBoneW: thigh bone weight; ThMuscW: thigh muscle weight; ThSkinW: thigh skin weight;
TThW-LW: total thigh weight yield to live weight; TThW-HCW: total thigh weight yield to hot carcass; TThW-CCW: total
thigh weight yield to cold carcass; GEN: genotype; SYST: production system; CM: Mexican Creole chicken; S: Sasso chicken;
CONEF: confinement rearing; GRAZ: graze rearing. ® Mean values per column with different letters between factors are
statistically different (p < 0.05).
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Breast yield

The breast muscle was divided into two sections: pectoralis major (BrWmajor) and
pectoralis minor (Table 4). A yield of 15.2 % was obtained in CM birds, while S birds
yielded 17.9 %, showing a difference between genotypes in favor of the commercial
S strain, which can be attributed to the genetic improvement of slow-growing strains
for this type of production, improving their carcass yield and meat-to-bone ratio
(Brackenbury and Williamson, 1989) compared to CM birds.

The results are higher than those reported by Pavlovski et al. (2009), who observed
a yield of 13.5 to 13 % in native Naked Neck birds at 98 days of fattening age, and
Miguel et al. (2008), who reported a yield of 18.6 to 16 % in Sasso strain birds at 105
days of age.

Total skin and muscle yield
Total skin and muscle yield values in relation to live weight were found for CM birds
to be 2.9 and 23.8 %, respectively (Table 5), whereas S birds yielded 3.4 and 27.7 %. A
small difference was found in both variables in favor of the S strain. The data presented

Table 4. Adjusted means (+ standard error) of variables associated with breast performance of Mexican Criollo and Sasso
chickens (Gallus gallus domesticus L.) raised in confinement or grazing condition.

TBrW BrBoneW BrWminor BrWmajor BrSkinW TBrW-LW TBrW-HCW  TBrW-CCW

Factor Level
() (8) (g) (8) (8) (%) (%) (%)
GEN CM 184 +10° 44 + 3P 33+2° 93 + 6P 14+1° 0.152 + 0.006 0.256 £ 0.009  0.247 + 0.009
S 385 + 10° 74 + 32 71+22 209 + 6° 32+1° 0.181 + 0.006 0.263 +0.009  0.254 +0.009
SYST CONF 294 + 10 61+3 54+2 157 +6 211 0.170 + 0.006 0.261 +£0.009  0.256 + 0.009
GRAZ 275+ 10 56 +3 49+2 144 +6 25+1 0.163 + 0.006 0.258 +0.009  0.245 +0.009
stl\;x CCCI;/IN; 195+ 14 49+4 34+3 98 +8 13+2 0.153 + 0.008 0.253+0.012  0.252+0.013
C(;:RN;XZ 173 +15 39+4 32+3 87+9 15+2 0.150 + 0.008 0.260+0.013  0.241 +0.014
C(S);IF 393 +14 74 +4 75+3 215+8 30+2 0.187 + 0.008 0.269 +0.013  0.260 +0.013
GIS{;Z 377 +14 73+4 66 +3 202+8 35+2 0.175 + 0.008 0.258 +0.013  0.250 +0.013
p-value GEN <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0005 0.557 0.558
SYST 0.181 0.167 0.085 0.145 0.061 0.373 0.871 0.443
GEN x
SYST 0.867 0.206 0.336 0.877 0.292 0.562 0.511 0.985

TBrW: total breast weight; BrBoneW: breast bone weight; BriWminor: minor breast weight; BrWmajor: major breast weight;
BrSkinW: breast skin weight; TBrW-LW: total breast weight yield to live weight; TBrW-HCW: total breast weight yield to
hot carcass; TBrW-HCW: total breast weight yield to live weight; TBriW-HCW: total breast weight yield to cold carcass;
SYST: production system; GEN: genotype; SYST: production system; CM: Mexican Criollo chicken; S: Sasso chicken; CONEF:
confinement rearing; GRAZ: graze rearing. **

different (p < 0.05).

Mean values per column with different letters between factors are statistically
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Table 5. Adjusted means (+ standard error) of variables associated with carcass yield of Mexican
Criollo chicken and Sasso chickens (Gallus gallus domesticus L.) raised in confinement or grazing

conditions.
TMuscW TBoneW TSkinW
Factor Level
(8 (8) (8

GEN CM 287 +14° 109 +5° 35+2b
S 596 + 142 172 +5° 73 + 22

SYST CONF 453 + 14 144 +5 52 +2

GRAZ 430+ 15 137 +5 55+2

GEN x SYST CM x CONF 298 +19 116 +7 34+3

CM x GRAZ 275+ 21 102+7 35+3

S x CONF 607 +20 173 +7 69+3

S x GRAZ 584 +20 172 +7 76 +3

p-value GEN <0.0001 <0.0001 <0.0001

SYST 0.258 0.296 0.238

GEN x SYST 0.999 0.425 0.293

TMuscW: total muscle weight; TBoneW: total bone weight; TSkinW: total skin weight; GEN:
genotype; SYST: production system; CM: Mexican Creole chicken; S: Sasso chicken; CONF:

abc

confinement rearing; GRAZ: graze rearing. ® Mean values per column with different letters

between factors are different (p < 0.05).

is consistent with what was stated by Franco et al. (2012) regarding the yield for skin
that was obtained (0.96 and 1.34 %) in favor of Sasso birds, contrary to meat (11.42 and
9.6 %; p <0.001), which was higher in samples of Moss hens.

On the other hand, according to the production system to which they were subjected,
no significant difference was observed. Skin yield was 3 % in both grazing and
confinement, while muscle yield was 27 % in grazing and 25 % in confinement, with
results that are very similar and statistically insignificant.

Total bone yield

Regarding the production system, values of 8.6 % were obtained for the confinement
system and 8.1 % for the grazing system, with no significant differences. Regarding
the bone variable (Table 5), independently of the main pieces, values were obtained
for the CM birds of 9 % and for S of 8 % in relation to the total weight. There was no
significant difference between genotypes, which can be attributed to the fact that CM
birds are an unimproved line and nutrients are used by them for survival, in this
case, having a more resistant bone system, a product of genetic selection that has been
carried out for many years in the commercial Sasso line (Aman et al., 2017). Similarly,
the results agree with those obtained by Muriel-Duran et al. (1997), who evaluated
Spanish birds and crosses of specialized lines for meat at 89 days of age, raised in a
grazing system, where a bone yield of 5.8 % was obtained.
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CONCLUSIONS
Birds of the Sasso commercial line showed better productive performance compared to
the Mexican Criollo in terms of live weight and overall carcass yield and its main parts
(leg, thigh, and breast) at 84 days of age. Mexican Criollo and Sasso birds performed
similarly, regardless of the production system they were subjected to (grazing or
confinement). Furthermore, they showed no significant difference in bone weight,
regardless of the production system.
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ABSTRACT

Feeding silage to goats (Capra aegagrus hircus L.) is a strategy used in regions with scarce fodder
availability; however, the maize tested for this purpose was of commercial varieties. The goal
was to assess the amount of fodder produced, the silage made, and the effects on pregnant
goats and their young from two maize hybrids, Tsiri Puma and Tlaoli Puma, compared to a
commercial hybrid (H-50). The yields of green matter (GM), dry matter (DM), and percentage
of DM were determined. The material was chopped to 2 cm, taken to a bunker-style silo, and
placed in three separate spaces for each hybrid. Once this was ready, 38 multiparous goats
were distributed at random in three treatments with a diet including 50 % maize silage, and
it was provided from day 64 of gestation to one weeks postpartum. Intake, weight, body
condition scoring (BCS), and glucose levels were measured during gestation and up to two
weeks postpartum. Kids were weighed at birth and 15 days after birth, and internal and external
temperatures were measured. GM and DM yield, as well as the percentage of DM, were not
different among the three maize hybrids (p > 0.05). In the goats, food intake was greater in the
Tlaoli Puma group, followed by Tsiri Puma (p < 0.0001). Weight was greater in the Tsiri Puma
and Tlaoli Puma groups (p = 0.0001), whereas BCS and glucose concentrations were not affected
by the treatments (p > 0.05). Finally, body weight and the external temperature of the kids were
greater in the Tlaoli Puma group (p < 0.05). Maize hybrids Tsiri Puma and Tlaoli Puma had an
adequate fodder yield that helps produce quality silage that favors the productive estimators in
goats and their offspring.

Keywords: Capra aegagrus hircus L., Zea mays L., kids, silage, productivity, animal nutrition.
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INTRODUCTION
Goat production is predominantly carried out under extensive systems; consequently,
most of the animal feed comes from either native herbs, grasses or crop leftovers
(Boudalia et al., 2024). Occasionally, they may not provide enough nutrients to satisfy
the needs of animals, and stages such as gestation and lactation can be affected
(Teixeira ef al., 2024). In Mexico, reproductive stages coincide with the seasons of fall
and winter, which are characterized by a low availability of forage and contribution of
nutrients (Salinas-Gonzalez et al., 2016).
Nutrient restriction in goats leads to a deficient development of the fetus, which
causes low birth weight, reduces offspring survival rate, affects milk production, and
deteriorates the mother-offspring relationship (Terrazas et al., 2009; Ramirez-Vera et
al., 2012; Laporte-Broux et al., 2012; Castagnino et al., 2015; Goetsch, 2019; Rahmani et
al., 2019). Likewise, it leads to a loss in live weight and body condition of the female
(Castagnino et al., 2015), induces birth complications (Baxter ef al., 2016), and causes
the mobilization of fat reserves for lactation (Li ef al., 2020). In the case of the kids, it
causes a lack of reserve fat to maintain homeothermy and reduces vitality for suckling
(Terrazas et al., 2009; Baxter et al., 2016). This underscores the importance of providing
adequate nutrition to gestating females, particularly in the final third of the gestation.
During gestation and lactation, females must be provided with adequate levels of
crude protein (CP) and metabolizable energy (ME). Likewise, the nutritional state of
the animals must be monitored with the metabolic profile, since both the product and
the placenta demand high energy levels from the maternal system when inducing
changes in the metabolites in the blood. The carbohydrates derived from the circulation
of the mother are the most important energy source for the developing fetus. In late
gestation, the demand for this nutrient increases exponentially, so gestating goats
must be provided with diets containing high levels of energy and easy availability
(Nogueira et al., 2017).
For the production of small ruminants, residues from crops, silage, pasture, hay, bushes,
agro-industrial byproducts, poultry manure, and other alternative feed sources are
frequently used (Boudalia et al., 2024). The most commonly used process to preserve
fodder is silage (Kumar et al., 2024), which is also used as an alternative source of feed
in small ruminants, particularly when there is a scarcity of forage (Boudalia ef al., 2024;
Castillo-Hernandez et al., 2024). In gestating and lactating goats fed with maize silage,
this allows for a better use of nutrients due to its good digestibility (Tarverdi et al.,
2021). However, these studies have been mostly carried out with commercial maize
varieties that are not adapted to the particular conditions of each region, which may
generate higher production costs.
In the High Valleys of Mexico, maize hybrids have been developed for grain production,
such as Tlaoli Puma and Tsiri Puma, which contain adequate in vitro digestibility and
high forage yields compared to commercial varieties. Likewise, they are resistant
to lodging and some diseases, which suggests their potential to be used as fodder
(Tadeo-Robledo et al., 2016, 2021). Both hybrids have been tested for silage production
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and supplied in the diets of gestating sheep, displaying a good response in productive
and metabolic estimators both in mothers and in lambs (Castillo-Hernandez et al.,
2024). However, the use of these maize hybrids has not yet been tested in goats’ diets.
This study proposes the hypothesis that the Tlaoli Puma and Tsiri Puma maize hybrids
will produce adequate fodder yields while also promoting silage quality. Since they
are supplied in the feed of gestating goats, they will allow for improved productive
and metabolic parameters, as well as benefitting the viability of their offspring. The
aim of this work was to evaluate the fodder yield and the productive and metabolic
impacts on gestating goats and their offspring of two maize hybrids (Tsiri Puma and
Tlaoli Puma) in comparison with a commercial hybrid (H-50).

MATERIALS AND METHODS

Site of study

This study was conducted in the caprine unit of the Agricultural Teaching Center of
the Cuautitlan Faculty of Higher Studies of the National Autonomous University of
Mexico (UNAM), located in the country’s central highlands (19° 31" 35" N, 99° 11
42" W) at an altitude of 2256 m. The weather is moderate, with rains in the summer,
small temperature fluctuations, an average yearly rainfall of 600 mm, an average low
temperature of 8.7 °C, an average high of 34 °C, and an annual mean of 15.7 °C (INEGI,
2020).

Establishing crops for the silage
The hybrids were evaluated using a randomized complete block experimental design
with six repetitions, with a total of 18 experimental units. Every unit corresponded to
a 5 m long furrow with a distance of 0.8 m between furrows, obtaining a 4 m? useful
plot. The crops were established in the spring-summer cycle of 2021. Two androsterile
maize hybrids (Tsiri Puma and Tlaoli Puma) were used, along with commercial hybrid
H-50 (Semillas El Trébol, Mexico). The soil was prepared by plowing, followed by two
passes with a harrow, as well as furrowing and fertilization.
Sowing was carried out using the “a tapa pie” method, in which three seeds were
placed per hole at a distance of approximately 15 cm. On the following day, flood
irrigation was carried out to ensure seed germination. The crop was maintained under
rainfed conditions. Thirty days after germination, thinning was performed to leave
32 plants per every 5 m row (corresponding to each experimental unit) to establish
a density of 80 000 plants per hectare. Weed control was carried out 10 days after
irrigation using a selective herbicide (Lumax Gold ZC® s-metolachlor, atrazine, and
mesotron). At the same time, the crop was sown for silage for each of the hybrids on
a 2000 m? area using a pre-calibrated MP-25 (John Deere, Mexico), establishing an
approximate population of 80 000 plants per hectare. Fertilization was applied at the
time of sowing with a dose of 80-60-00 of N-P-K.
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Measuring of the vegetative material
Green matter yield
The yield of green matter (GM) was determined per hectare from the harvest of all the
plants in the row belonging to each experimental unit. The cut was carried out 10 cm
above the ground level, and the fresh weight per plant was measured according to
Zaragoza-Esparza et al. (2019).

Percentage of dry matter

Ten plants were chosen at random from every experimental unit and were chopped
into pieces measuring 3 to 5 cm and manually homogenized. One kilogram of pieces
was taken and placed in a paper bag labelled with the experiment number and initial
weight, becoming a representative subsample as follows: the material was divided
into four equal parts, and two opposite quarters were separated. The remaining
quarters were mixed again, and the procedure was repeated until approximately 1 kg
was gathered. The subsamples were dried at 55 °C in a forced-air oven for 48 h until a
constant weight was reached and were then weighed to determine the percentage of
dry matter (DM).

Yield of dry matter
The yield of dry matter (DM) was calculated from the yield of GM and the percentage
of DM per surface unit.

Harvest and preparation of the silage

The harvest was performed on October 15 and 16, 2021, approximately 124 days after
planting. The harvest was carried out when the state of optimum maturity appeared,
which was determined visually after taking five plants at random and observing the
state of the grain (1/4 to 1/3 progression of the milk line) for each of the hybrids of the
three maize varieties (Zaragoza-Esparza et al., 2019).

To cut and chop the plants, a forage harvester with a two-row header and an F-28
harvester (New Holland, Italy) were used. The plant material was chopped into 2
cm pieces and deposited into an agricultural forage dump trailer, which had been
previously weighed. Once filled with the chopped fodder, it was taken to a scale
for vehicles located on campus, where the trailer was weighed with each load. The
fodder was later placed in a bunker-type silo, where the material of each hybrid was
placed in a space of its own. Then, it was compacted with a tractor between layers,
each approximately 60 cm thick. The compacted material was covered with black
plastic and held in place with heavy objects to avoid air entering. This process lasted
approximately 30 days. The nutritional composition of the silage prepared with the
maize hybrids (Table 1) was determined by proximal chemical analysis in a private
laboratory (Servicios GAQ S.A. de C.V., Mexico). These determinations were based on
the description according to Shimada (2003).
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Table 1. Nutritional composition of dry matter (DM) of maize silage (Zea mays L.) of the Tlaoli
Puma, Tsiri Puma, and H-50 hybrids used in the diet of each group of gestating goats (Capra
aegagrus hircus L.).

Tlaoli Puma Tsiri Puma

Components silage silage H-50 silage
Crude protein (% DM) 8.1 9.0 7.1
Neutral detergent fiber (% DM) 47.0 46.2 43.2
Acid detergent fiber (% DM) 29.5 29.9 27.0
Total digestible nutrients (% DM) 65.1 63.1 67.5
Net energy in DM (kcal kg?) 1.56 1.48 1.65

Animals and maintenance conditions
The protocol was approved by the Institutional Subcommittee for the Care and Use
of Experimental Animals of the Animal Production and Health Science Postgraduate
Department of UNAM, projectnumber SICUAE.DC-2021/2-4. A herd of 38 multiparous
goats was used (with more than two and up to five previous births, with 45.5 +2.27 kg
live weight and a body condition score (BCS) of 2.53 + 0.12) under a stabled system.
The flock was made up of females from a cross between the Alpina and Toggenburg
races, with an aptitude for dairy. For estrus synchronization, the goats underwent
a protocol with the use of SINCRO-GEST®, intravaginal polyurethane sponges
impregnated with 60 mg of medroxyprogesterone acetate (MA) for 11 days. On day
10 after the placement of the sponge, an intramuscular injection of Lutalyse® (5 mg
of dinoprost tromethamine) was given; the sponges were removed 24 h later. Marker
males were fitted with harnesses immediately after the sponges were removed and
were kept in mating for 7 days.
During the entire experimental phase, the flock was kept stabled in three 15 x 15 m
pens for each experimental group. Each pen was fitted with a roof for shade, an area
exposed to sunlight, cement floors, a 15 m linear cement trough, and water dispensers.
At 69 days post-mating, a pregnancy diagnosis was performed using a portable device,
model 9618, B Mode Ultrasonic Diagnostic Equipment (Welld 9618®, Shenzhen,
China) with a convex probe operating at a frequency of 3-5 MHz.
A total of 38 gestating goats were recorded, which were distributed according to their
weight and body condition in the following treatments: Tsiri Puma: n = 14, with an
average weight of 45.5 + 2.27 kg and a BCS of 2.5 + 0.12; Tlaoli Puma: n = 9, with an
average weight of 45.24 + 2.26 kg and a BCS of 2.5 + 0.12; and H-50: n = 15, with an
average weight of 45.81 + 2.29 kg and a BCS of 2.6 + 0.13. The weight of the goats
was measured using a PLABA-12 (Rhino Maquinaria S.A. de C.V., Mexico) digital
platform scale, with a capacity of 3 t and 500 g of precision. Their body condition was
registered with the palpation of the lumbar region, based on a scale from 1 to 5, in
which 1 is considered emaciated and 5, obese (Mendizabal et al., 2011).



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3320
Scientific Article

472

Feeding

During mating and before gestation diagnosis, the goats had a maintenance diet (9.3
% CP and 2 Mcal ME kg' DM) composed of 73 % oat, 24 % cracked maize, and 3
% concentrate, as well as water ad libitum. Experimental feeding began on day 64 of
gestation and continued up to one week postpartum. The animals were accommodated
in groups in three different pens. The ingredients and percentage of inclusion that
made up their diet were: 25.48 % alfalfa hay, 24.52 % commercial concentrate, and 50 %
silage. The nutritional content of the diet provided to the goats from each experimental
group (Table 2) was determined in a particular laboratory (Servicios GAQS.A.de C.V,,
Mexico) using a proximal chemical analysis such as described by Shimada (2003).

Table 2. Nutritional composition of dry matter (DM) in the diet of gestating goats (Capra
aegagrus hircus L.) based on the feeding potential of maize (Zea mays L.) hybrids Tsiri Puma,
Tlaoli Puma, and H-50.

Components Tlaoli Tsiri H-50

p Puma diet Puma diet diet

Crude protein (% DM) 17.5 16.0 16.6
Neutral detergent fiber (% DM) 34.4 38.1 32.5
Acid detergent fiber (% DM) 25.7 27.5 23.0
Total digestible nutrients (% DM) 67.5 66.7 70.8
Net energy in DM (kcal kg?) 1.65 1.67 1.78

Measurement of weight and body condition

The weight and BCS of the goats were measured on days 67, 128, and 134 of gestation,
at 2 h postpartum, and 15 days postpartum. To take these measurements, the goats
were managed in each group’s pen. Using three 2 x 1 m portable panels, a smaller
pen was built to contain the animals. Weights were taken using a digital PLABA-12
platform scale. The BCS was measured by palpating the sternal triangle using a scale
from 1 to 5, where 1 is considered an emaciated goat and 5, an obese goat (Mendizabal
et al., 2011).

Measuring food intake

Every day, after providing the experimental diets, the alfalfa and concentrate were
weighed with a portable Trip2 (Wei Hang, China) digital scale with a capacity of 40 kg
and an accuracy of 10 g. To weigh the silage, a digital hook scale (Crane Scane SF-915,
China) was used, with a capacity of 300 kg and an accuracy of 50 g. To determine the
apparent daily intake of the goats, the components of the diet were provided once a
day and sequentially: first, the maize silage, followed by the concentrate, and finally
alfalfa. The uneaten food in each group was gathered and weighed with a digital scale
the next day early in the morning.
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Measurement of blood glucose

In each goat, blood samples were taken 67, 128, and 134 days after gestation and
2 h postpartum. The sampling was performed with fasting animals, except for the
postpartum sampling. The blood sample (3 mL) was taken by puncturing the jugular
vein with 21G x 25 mm Vacutainer® needles in tubes with EDTA (3 mL). The samples
were refrigerated until centrifuged in the laboratory on campus premises on the same
day the blood was drawn. A Hettich Universal 16 R (Andreas Hettich GmbH and
Co., Germany) centrifuge was used at 4 °C and 3000 rpm (2147 x g) for 20 min to
separate the plasma from the cell package. The plasma of the centrifuged samples was
gathered and placed in 2mL Eppendorf tubes using Pasteur pipettes. To preserve it,
the plasma obtained was frozen at -20 °C until the moment of analysis. The plasma
samples were taken to a commercial laboratory (Centro de Diagndstico Veterinario,
Mexico) to determine glucose levels by spectrophotometry according to the technique
described by Brisenio-Castellanos et al. (2021).

Measurements on kids
After birth, the goat and kids were placed in small individual pens for the first 2 h
postpartum in order to ensure that the mother-offspring bond was established, as
well as to verify that the kid consumed colostrum. After this period, the following
measurements were taken on the kid:
Rectal temperature: The kid was held in place, and only the mercury bulb of a digital
thermometer (Hergom®, Mexico) was introduced into the kid’s rectum and maintained
there until the alarm sounded. The temperature was noted, and the thermometer was
cleaned for the next reading.
External temperature: with the kid still held down in place, its temperature was taken
in the scapular area using an infrared thermometer gun with a range of -20 to 50 °C
and +2.5 °C (Steren® HER-424, Mexico), which was placed 5 cm away from the animal.
Two repeated readings were taken, and an average reading was recorded.
Body weight after birth and at 15 days postpartum: every kid was weighed after taking
their temperatures. A rope was used as a harness to secure the kid and place it on the
metal hook of the Trip2 portable digital scale (Wei Hang, China) with a capacity of 40
kg and an accuracy of 10 g.
Sex and delivery type: The sex and size of the litter were registered.

Statistical analysis

All variables of the experiment underwent a Kolmogorov-Smirnov test with Lilliefors
probability to determine data normality. An analysis of variance (ANOVA) was
conducted for repeated measurements over time using the Proc GLIMMIX procedure
in SAS OnDemand for Academics (v. 3.1.0, SAS Institute Inc., Cary, NC, USA).
Depending on the variable in the model, the fixed effects considered were the feeding
group, litter size, and measurement time. Mean comparisons were performed using
Tukey’s test with a significance level of 0.05 for each variable. Data are presented as
means and standard errors.
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RESULTS AND DISCUSSION

Vegetative material
The GM, DM yield values, and percentage of DM were not affected by the hybrid
(p > 0.05). The average of these three variables was similar in the three groups
(Table 3). These results may indicate that there was no variation in the planting and
environmental conditions. However, they also point out that the growth of the three
varieties was similar in the evaluated parameters. The DM and GM values are mainly
related to the moment of harvest.

Table 3. Yield (mean * standard error) of green matter (GM), dry matter (DM), and percentage of
DM of the maize (Zea mays L.) hybrids Tlaoli Puma, Tsiri Puma, and H-50.

Maize hybrid Yield (Mg ha™) [?)M
GM DM (%)
Tlaoli Puma 70.0+3.3 17.9+0.95 25.6+0.6
Tsiri Puma 659 +22 17.9+0.83 27.0+0.7
H-50 66.8+2.9 16.9 +0.69 25.0+04
Variation coefficient 16.44 14.84 8.67
Value of p 0.57 0.54 0.10

The DM composition of the forage may affectits intake by the animals. Goats are known
to be a species with a more selective trophic behavior than cows and sheep (Berthel et
al., 2022). Goats have a considerable ability to select different plants and plant parts,
and the botanical composition of the diet better reflects the variety of chosen species
(Goetsch, 2019; Ackermans et al., 2019; Silva and Filho, 2021). However, other factors,
such as the reproductive stage, can affect the intake of DM. In Creole goats, a higher
DM intake was found when they were in early lactation compared to when they were
not pregnant (Egea et al., 2019). This may imply that the goats were able to adequately
use the diets with silages from the hybrids tested here, as appropriate productive
indicators were observed according to their reproductive stages.

Feed intake

An effect on intake was found in favor of the experimental group Tlaoli Puma (p <
0.0001) in comparison with Tsiri Puma and H-50 (Figure 1), whereas the intake of the
Tsiri Puma group was only higher than H-50 (p < 0.0001). Additionally, an effect of
time was found (week of gestation), in which all groups increase their intake of feed as
gestation progresses (p <0.0001). Finally, an interaction was found between the type of
silage provided and time of gestation (p = 0.045), implying that the intake of their diet
increased as gestation progressed, although this increase magnified depending on the
silage of the hybrids offered.
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Figure 1. Individual intake (mean + standard error) of goats (Capra aegagrus hircus L.) fed with
silage made of three maize (Zea mays L.) hybrids during gestation. Different letters indicate time
differences (p < 0.05), asterisks indicate differences between groups (p < 0.0001).

These results differ from reports by Tarverdi et al. (2021) on gestating and lactating
Mahabadi goats, where the intake of diets that included different percentages of maize
silages did not differ in both stages. However, Fedele ef al. (2002) reported that the
goats that were stabled and fed ad libitum or with hay and concentrate increased their
intake of dry matter from 12 to 62 % in the final third of their gestation in relation to
the dry period. This is consistent with this investigation, since the intake in the three
hybrids increased as gestation progressed, which also responds to the increase in the
nutritional need in this stage; hence, giving them a diet with a higher energy value
would reinforce the intake of the animals.

Goat body weight

Differences were observed (p =0.0001), since goats from the Tsiri Puma and Tlaoli Puma
groups had higher weights in comparison with the H-50 group (Figure 2). Likewise,
differences were found for time (p < 0.0001), in which the goats from the three groups
were found to increase in weight from day 67 to day 134 and decline after giving birth
(Figure 2). These results correspond with the data observed for weight and greater
intake in the treatments with the hybrids Tlaoli Puma and Tsiri Puma, unlike the lower
intake and goats with lower weights from group H-50.

These results may be related to the nutritional characteristics of the hybrids used and
the final composition of the diet, as mentioned earlier. In this sense, Berthel et al. (2024)
reported that goats select what they eat depending on its nutritional content, which
shows a lower preference for protein components. This may not be consistent with
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Figure 2. Body weight (mean + standard error) of goats (Capra aegagrus hircus L.) fed with silage
made of three maize (Zea mays L.) hybrids. Different words indicate differences in time (p <
0.05), asterisks indicate differences between groups (p < 0.0001).

our results, since the diet composed of the hybrid H-50 contained a lower amount
of protein and higher energy in comparison to the diets with Tsiri Puma and Tlaoli
Puma silages. However, this assertion is hypothetical, as it is based on nutritional
values obtained from a single analyzed diet sample. Therefore, it would be interesting
to evaluate whether variations in the intake of goats with the fodders of the hybrids
examined can be attributed to the nutritional content, particularly of protein.

Body conditions of goats
No differences were found between groups or whether there was any interaction
between group and time (p > 0.05) (Figure 3). However, there were differences (p
< 0.0001) observed for time. The BCS was higher from day 128 to day 134, with a
decrease at birth. The BCS in all groups was adequate in relation to the ideal interval
for the physiological stage of the goats (Ghosh et al., 2019).

Glucose
No significant differences were found in the plasmatic concentrations of glucose
between groups, nor was there any interaction observed between group and time (p >
0.05) (Figure 4). However, for time, differences were observed at the moment of birth
(p <0.0001). The results of the concentrations of glucose are similar to those reported
by Faisal et al. (2022) and Abou-Elkhair et al. (2020) in gestating and maintenance goats
fed with cornstarch and molasses or molasses meal.
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Figure 3. Body condition (mean + standard error) of goats (Capra aegagrus hircus L.) fed with
silage made of three maize (Zea mays L.) hybrids. Different letters indicate time differences (p <
0.05). A tendency (p = 0.073) is observed for days 67 and 134.
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Figure 4. Glucose concentration in plasma (mean + standard error) goats (Capra aegagrus hircus

L.) fed with silage made with three maize (Zea mays L.) hybrids. Different letters indicate time
differences (p < 0.05).
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Weight of the kids

Kids in the Tlaoli Puma group presented a higher weight at birth in comparison
to the two other groups (p = 0.005) (Figure 5), and this difference was maintained
until they were aged 15 days (p < 0.0001). Throughout time, a significant effect was
observed (p < 0.0001). Finally, there was a tendency (p = 0.068) towards the group and
time interaction, which indicates that the weight of the goats increased as their age
advanced, although this effect was mostly significant in the Tlaoli Puma group. This is
consistent with the goats in this group having been the ones that presented the highest
intake and weight gain. Abou-Elkhair et al. (2020) reported similar findings, stating
that the kids with the highest weights were born to mothers who were fed a more
nutritionally balanced diet.

Body weight (kg)

Birth 15 days

® TsiriPuma =@ - Tlaoli Puma === H 50

Figure 5. Weights of kids (Capra aegagrus hircus L.) (mean + standard error) born from goats fed
with silage made with three maize (Zea mays L.) hybrids at the moment of delivery and 15 days
afterwards. Different letters indicate time differences (p < 0.05). Asterisks indicate differences
between groups (p < 0.005).

In the case of the effect of the litter, it was found that the weight of single kids was
higher than that of twin or triplet kids. In turn, twin kids had a higher weight than
triplet kids (p < 0.0001). In the case of the sex of the kid, no differences were found (p
= 0.555). The results observed for both characteristics contrast with Vazquez-Garcia et
al. (2021), as these authors did not observe differences due to the type of birth, but they
did for sex, since the males weighed more than the females.

Temperature of the kids
The rectal temperature of the kids was similar in all groups (p > 0.05) (Figure 6).
However, for the external temperature, kids of the Tsiri Puma and Tlaoli Puma groups
displayed values higher than those of the H-50 group (p <0.05). These results are similar
to those observed by Vazquez-Garcia ef al. (2021), in which the rectal temperature
displayed no significant differences between the diets used.
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Figure 6. Comparison of the external and rectal temperatures (T) (means + standard error) of
kids born from goats (Capra aegagrus hircus L.) fed with silage made with three maize (Zea mays
L.) hybrids. Different letters indicate differences between groups for external temperature (p <
0.05).

CONCLUSIONS

The evaluated maize hybrids adapted to the particular production conditions of
the High Valleys of Mexico provide a better plant yield and an optimum nutritional
balance for the feeding of gestating goats, in comparison with the commercial hybrid.
The Tlaoli Puma and Tsiri Puma hybrids had better forage yields in green matter, dry
matter, and percentage of dry matter that favors their use as silages for gestating goat
fodder. Feeding these diets during gestation and postpartum allowed goats to consume
an adequate amount of feed, which resulted in an increase in weight during gestation,
a body condition of more than 2.5, and the maintenance of adequate glucose levels.
Likewise, the fodder provided helped the kids maintain an adequate homeothermy
and weight increase in their first 15 days of life.
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ABSTRACT
The construction of greenhouses in semi-urban areas implies the presence of neighboring
buildings that can be an obstacle to natural ventilation, modifying the intensity and direction of
air currents. However, they could also function as protective barriers against these currents at
off-peak hours. The objective of this work was to analyze the effect of an external physical barrier
on the thermal behavior and air currents inside a Gothic type greenhouse for tomato (Solanum
lycopersicum L.) production. A 3D steady-state simulation was performed and validated using
15-day experimental temperature data with typical climatic conditions for the month of July
2023. The effect of the 3 m high external barrier was analyzed, which was placed at 5, 10, and
15 m distance from the greenhouse, located in the direction of the prevailing winds, on the
fluid dynamic and thermal behavior inside the greenhouse. The results showed differences in
the behavior of air currents inside the greenhouse with the presence of the external barrier,
which affected the velocity and direction of the air inlet, accentuated by the proximity between
the obstacle and the greenhouse. Under the studied conditions, placing the barrier 5 m away
represents an advantage when there are low temperatures at dawn, managing to preserve the
temperature inside the greenhouse up to 4 °C above the temperatures recorded in the barrier-
free scenario or with the barrier 10 and 15 m away. The simulated data at 14:00 h showed
differences of less than 0.4 °C between the cases with different barrier distances, so the influence

of the barrier at the above-mentioned time is not significant.

Keywords: computational fluid dynamics, turbulence, external physical barrier.

INTRODUCTION
The use of greenhouses for food production is currently a viable option to meet food
demand in many countries. These structures allow partial control of variables such
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as temperature, humidity, CO, concentration, and radiation, which allow optimal
plant development (Flores-Velazquez and Ojeda-Bustamante, 2015) and improve
the standard of living of the population with fresh food all year round (El-Alaoui
et al., 2023). In Mexico, most greenhouses in the country operate through empirical
knowledge (Aguilar-Rodriguez ef al., 2020a). The use of computational fluid dynamics
in protected agriculture stems from the need for a detailed understanding of the
physicochemical processes that take place in these systems (Flores-Velazquez and
Ojeda-Bustamante, 2015; Aguilar-Rodriguez et al., 2021; Bournet and Rojano, 2022).
In passively ventilated greenhouses, air intake and its velocity are determinant in
the management of the indoor climate; this type of ventilation is currently the most
widely used in tropical and subtropical countries due to its low or no maintenance
cost (Villagran et al., 2019; Ortiz-Rocha et al., 2021).

The importance and influence of wind velocity and direction on temperature control
have been reported inside the greenhouse through different combinations of window
opening and closing (Espinoza et al., 2017; He et al., 2018; Li et al., 2020). On the other
hand, studies on the behavior of wind currents and temperature in greenhouses with
three (Espinoza et al., 2017) or more bays (Ruiz-Garcia et al., 2015; Aguilar-Rodriguez
et al., 2021) have been conducted to determine the thermal behavior under natural
ventilation, highlighting the combination of window opening, wind direction, and
comparisons between structures such as saw, hood, and arched types.

In greenhouses with ridge vents, ventilation rates are best when they are open
and perpendicular to the wind direction (Chu and Lan, 2019). Wind direction and
temperature are affected by the zenith window; however, this effect is negligible at the
plant level, and humidity is lower below the windward window (Akrami et al., 2020).
Similarly, ventilation in living spaces and how the proximity of these assemblies can
affect air currents and temperature have been studied (Carpentieri and Robins, 2015;
Castro et al., 2017; King et al., 2017).

Greenhouse construction is aimed at production intensification with the greatest
possible cost reduction. To this end, different environmental factors are taken into
consideration during their construction, such as the direction of prevailing winds,
latitude and altitude of the site, geometry of the building, window configuration,
and radiation (Flores-Velazquez and Ojeda-Bustamante, 2015; Villagran et al., 2020a;
Choab et al., 2019). Currently, the use of space for greenhouse construction is a factor
to be considered due to the interaction of contiguous built-up areas. The growth of
protected agriculture in recent years has taken place in semi-urbanized areas with the
presence of buildings or natural barriers.

Simulations in the study by Ghoulem et al. (2020) showed that greenhouses with wind
traps provided higher ventilation rates than side windows when nearby structures
are present. Villagran and Bojaca (2019), on the other hand, studied the effect of
natural obstacles on the thermal performance of passively ventilated greenhouses,
finding that the presence of surrounding objects can deteriorate ventilation inside the
greenhouse. Gomez-Mataix et al. (2012) and Fatnassi ef al. (2017) studied the spacing
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between double-ridge greenhouses at different distances and determined that the best
ventilation rates coincide with the largest spacing spans provided by the opening of
the double ridge, with the first bay being the best ventilated. The minimum distance
between the greenhouse and the obstacle depends on the height of the latter (Lopez
et al., 2011). Evaluations by He et al. (2018) indicate that, in summer, the side window
and roof combination provide a better performance for cooling, while in winter, the
roof opening is better for dehumidifying the environment.

This study analyzes the effect of a physical barrier on wind trajectory, wind velocity,
and temperatures in a passively ventilated gothic-type greenhouse with a tomato
crop in the productive stage, installed in a semi-arid environment using numerical
simulation techniques.

MATERIALS AND METHODS

Experimental site

The study was carried out in a 14.5 m wide and 80 m long Gothic-type greenhouse
covered with translucent polyethylene. The structure has an anti-aphid mesh on the
windows, a natural ventilation system, two 3 m high lateral windows, and a 1.4 m
zenithal window. It is located at coordinates 23° 59’ 28.87”” N and 104° 32’ 34.98"” W,
at an altitude of 1868 m. The region has a semi-warm temperate climate with summer
rains and an average annual rainfall of around 500 mm, 85 % of which occurs from
June to October. The topography is flat, and the soil is alluvial with a loamy texture.
Temperature and relative humidity data were recorded using two Vantage Pro2 Plus
stations (Davis Instruments, Hayward, CA, USA), equipped with sensors for ambient
temperature (measurement range of 40-65 °C, error +0.5 °C), relative humidity
(measurement range of 1 to 100 %, error +3 and +4 % over 90 %), wind velocity
(measurement range of 1 to 80 m s, error +5 m s*), and wind direction (measurement
range of 16 compass points, error +5). The data obtained were stored in the Vantage
Pro2 Plus console assigned to each piece of equipment. The stations were placed on
the central bed of the crop 40 m from the greenhouse entrance (S3) and outside (in the
-z direction, considering the length of the greenhouse), separated 1 m from the air inlet
(S6) (Figure 1A).

Four HOBO UX100-003 storage units (Onset Company, Bourne, MA, USA) were also
used, with temperature and relative humidity sensors with a measurement range of
-40 to 70 °C and 0 to 100 %, and an accuracy of +0.2 °C and #2.5 %. Sensors were placed
in the central growing bed at 20 and 60 m (S1 and S5, respectively). Sensor S2 was
placed 0.5 m from the air inlet and S4 0.5 m from the left window (Figure 1A), both
40 m from the inlet in the -z direction. Data from these sensors were downloaded via
Bluetooth using the free HOBOmobile app (Onset Computer Corporation, MA, USA).
All variables were measured at canopy height (2 m), including soil temperature (at
0.15 m depth). Data recording was carried out at 10-minute intervals. All windows
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Figure 1. A: geometry isometric view; B: geometry front view; C: meshing, domain dimensions; D:
mesh sensitivity analysis.

remained 50 % open during data collection. The study was carried out with an
established tomato (Solanum lycopersicum L.) crop at the productive stage, 2 m high,
distributed in five beds planted in double rows, with mulch.

Development of the computational model
The geometry of the environment is composed of a greenhouse and a barrier placed
parallel to the length of the long face of the vessel at a 5 m distance (Figure 1B). The
computational domain and total volume dimensions, including the greenhouse, are
156 m wide x 202 m long x 64 m high (Figure 1C). This excess volume guarantees a
reliable model according to the recommendations of different authors (Fatnassi et al.,
2017; Piscia et al., 2015). Similarly, a structured type mesh (Figure 1C) consisting of
835 491 elements was considered, with a distortion value of 0.02 and an orthogonal
quality of 0.97 on average, indicative of a good fit (Roman-Roldan ef al., 2019; Villagran
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et al., 2020a). The sensitivity analysis of the mesh to calculate the independence of
the results on the number of elements (Figure 1D) showed that the numerical model
reached a point where the solution does not change significantly by making the mesh
more refined, implying that the solution is sufficiently accurate.

Mesh sensitivity analysis was performed by recording 80 temperature points at 2 m
from the ground longitudinally in the center of the greenhouse. Three scenarios were
analyzed by varying the number of elements in the mesh (He et al., 2018; Villagran et
al., 2019; Villagran et al., 2020b). The results showed independence in the behavior of
temperature in relation to the number of elements; a variation of 0.2 °C is appreciated
in the 1 500 000-element mesh compared to the 1 000 000- and 8 000 000-element
meshes.

Equations defining fluid dynamics
To solve the fluid dynamic behavior, the Navier-Stokes equations were solved through
a matter and energy balance:

b AUP) VD) (W) ,
FF PR Mk = —TAP? + S,

where @ represents the concentration of the dimensionless term, which refers to the
amount of motion, mass, or energy; U, V, and W are the components of the velocity
vector in three dimensions (m s); I' is the diffusivity coefficient (kg m s™); and S is
the source term.

The turbulence model used is the two-equation k-¢, which has been used in greenhouse
simulation (Piscia et al., 2015). The Boussinesq hypothesis is considered valid for
natural ventilation studies in greenhouses where thermal gradients are below 20 °C.
Thus, an inclusion of gravity forces originating from changes in air density due to
changes in temperature is performed when solving the momentum equation. The
Boussinesq model is represented as follows (Baeza et al., 2009; Villagran et al., 2020a):

(p—po)g = —poB(T —To)g

where f is the coefficient of thermal expansion, g is the force of gravity, and p and T
are the density and temperature of the air, with the subscript representing a reference
state.

Anti-aphid meshes are considered in CFD models as porous jumps due to the pressure
drop of the airflowing through them. Bartzanas et al. (2004) indicate that meshes can
decrease ventilation rates between 33 and 50 % depending on the type, and therefore
affect temperature gradients. Darcy’s law states that the flow velocity in a porous
medium is proportional to the pressure loss due to viscosity effects, but it is violated
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in high-velocity flows, which are frequently encountered in the natural environment.
To calculate the pressure drop caused by the mesh, the following equation was used
(Romero-Goémez et al., 2010):

U 1
A ———(— +C,= Z)A
D v Zzpv i

where Ap is the pressure drop (kg m™ s?), u is the dynamic flow viscosity (kg m™ s™),
a is the face permeability (m?), C? is the pressure jump coefficient (m™), and A] is the
thickness of the porous jump (m).

Boundary conditions

A symmetry condition was assigned to the front, back, and upper walls of the domain.
The air inlet was set at the right wall, according to the predominant wind direction in
the region and considering hourly averaged velocity values (Table 1). A pressure outlet
was set at the left wall of the domain P = 101.3 kPa (atmospheric pressure). The lower
part with soil properties for domain, greenhouse, and cultivation was established as
a wall condition. The greenhouse canopy was defined as wall condition v =0 m s™.
The insect screens on the windows were set as a porous jump, the crop as a porous
medium, and the external barrier as a solid wall without slippage, with defined values
of the characteristics of the materials considered (Table 2).

Table 1. Hourly averaged climatic variables of the study site for July 5, 2023.

Time T (°C) RH (%) v (ms?) Time T (°C) RH (%) v (ms")
06:00 15.13 95 0.2 12:00 27.03 50 0.4
07:00 15.80 96 0.0 13:00 28.95 40 0.0
08:00 17.60 96 0.2 14:00 29.58 34 0.0
09:00 20.35 84 0.0 15:00 31.05 34 0.3
10:00 23.35 69 04 16:00 30.20 40 0.6
11:00 25.15 59 0.0 17:00 20.00 79 24

Table 2. Physical properties of the materials (Villagran et al., 2020a) used in the
mathematical model.

. Density Specific heat Thermal conductivity
Material (kg m?) (J kg" K (W m" K
Plastic 925.5 1600 0.33
Crop 1000 4180 0.6
Soil 1400 1738 15
Air 1.225 1006.46 0.0242

Brick 1700 800 1.31
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Case studies
The greenhouse is built on a plot of land with a perimeter fence on the right side,
5 m away. This configuration was used to validate the numerical simulation. Once
validated, four scenarios were analyzed, feeding the same environmental conditions
at three different times of the day (6:00, 14:00, and 17:00 h) to study the variations in
thermal and wind behavior.
To generate a solution, a pressure-based algorithm was used, where a convergence
value of 1 x 10 was established and the following considerations, demonstrated by
various authors, were taken into account (Flores-Velazquez et al., 2014; Piscia et al.,
2015; Aguilar-Rodriguez et al., 2020b; Si et al., 2023): a) the energy equation is solved,
b) the temperature and wind velocity profiles are constant, c) there is a pressure jump
in the windows caused by the antiaphid meshes (Table 3), d) the crop behaves as a
porous medium, and e) the air density is affected by the Boussinesq effect.
For each scenario, a 50 % window opening was considered as this was the greenhouse’s
operating conditions at the time of data collection. The crop (tomato) in production
stage was considered as a barrier. Crop transpiration was not considered in the
simulation, since the trajectory of wind currents and their influence on the thermal
field was evaluated. The case studies and an illustration of the computational domain
are shown (Table 4). The numerical models were solved using the commercial software
Ansys Fluent®.

Table 3. Physical characteristics of the antiaphid netting used in the mathematical model.

Property Measure
Face permeability 2.86 x 107 m?
Thickness of porous medium 3.72x10*m
Pressure drop coefficient 11 131.45 m™*
Thermal resistance 0

Table 4. Study cases varying the barrier position. A: no barrier; B: barrier at 5 m; C:
barrier at 10 m; D: barrier at 15 m.

Case Barrier position Geometry

A No barrier ‘
B 5 m (validation) ‘ \

C 10 m ‘ \
D 15m ‘ \
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RESULTS AND DISCUSSION

Model validation
The data used were those obtained by the sensors on July 5, 2023. The model was
evaluated during the diurnal period between 6:00 and 18:00 h, recording the climatic
conditions of the study site on an hourly average (Table 1). Mean absolute error (MAE),
root mean square error (RSME), and R* were calculated as measures of data goodness-
of-fit, as they adequately allow determining the reliability of the model:

n
1
MAE = EZ|reali — simulated,;|

i=1

RSME — *ilreal; — simulated,; |*

n

R2—1_ Y™ . |real; — simulated,|’

— 2
" |real; —real|

Values of MAE = 1.5, RSME = 2.5, and R? = 0.869 were obtained, indicating that the
model has a good fit with the experimental data (Villagran et al., 2019; Roman-Roldan
et al., 2019; Villagran et al., 2020b). The average error was *1.5 °C, suggesting that the
simulated values are not far away from the real values. A higher RMSE value compared
to MAE indicates that the model presents a lower predictive capacity at some points.
This is demonstrated by the correlation between the computed and measured data at
various times of the day (Figure 2). In addition, the regression curve is shown, where
it can be observed that the dispersion is 14 %.

Velocity fields

This analysis was performed indirectly in the absence of wind sensors inside the
greenhouse, but based on temperature measurements, as reported by Villagran and
Bojaca (2019). The observed behaviors for wind velocities lower than 1 m s presented
similar behavior among themselves, so the analysis was performed on the simulated
case with v =2.4 m s and T = 20 °C outside the greenhouse in the transverse profile
obtained at 40 m (-z axis), where the most notorious temperature and velocity gradients
are concentrated. The vectors described a behavior that agrees with the wind trajectory
diagrams reported by Kacira et al. (2004) and Baeza et al. (2009).

The comparison between the four case studies shows that, in the absence of the
barrier, vectors with constant velocity and trajectory are observed until they reach
the greenhouse window, where the velocity is reduced by the presence of the insect
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Figure 2. Validation of the computational model, recording hourly averaged measurements
from each sensor.

screen (Figure 3A, point 1). Inside the greenhouse, the airflow rises and crosses
the greenhouse, exiting through the left and zenith windows; this flow creates a
recirculation at point 2 as it comes into contact with the air moving through the crop
driven by the temperature difference.

With the presence of the external barrier at 5, 10, and 15 m, at points 3, 6, and 7 (Figure
3B-D), the recirculation formed between the greenhouse and the barrier decreases the
airflow at the entrance. Regardless of the position of the external barrier, the airflow
inside the greenhouse at the entrance of the right window is between 0 and 0.5 m s, in
contrast to the case without the barrier, where the velocity is up to 1.2 m s™. Although
the velocity with which the air reaches the right greenhouse window decreases with
increasing distance between the vessel and the barrier (1.6, 1, and 0.85 m s for 5, 10,
and 15 m, respectively), no changes in the velocity inside the vessel are observed.

By reducing the air entry in the right window, airflow through the left and zenith
windows is promoted, and the formation of recirculation within the greenhouse at
points 4, 6, and 8 is favored (Figure 3B-D). This affects the trajectory of the vectors
through the crop and forces the flow of hot air to remain in these areas. The velocity
of 0-0.2 m s inside the shed in all cases with the external barrier indicates that the air
current movement is due to the temperature difference (Kacira et al., 2004). In cases
with data obtained at 2 and 4 m height and 40 m in the -z direction (Figure 4), the best
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ventilation conditions correspond to the scenario without the presence of the external
barrier, which agrees with Fatnassi et al. (2017). It is also observed that it does not
cause a total obstruction in ventilation due to the height of the barrier (3 m) (Lopez et
al., 2011).

On the other hand, all scenarios with barriers had lower values of velocity at crop
height (0.1-0.2 m s™) (Figure 4). The simulation results showed higher wind velocity
at 4 m from the ground, where the recirculation formed by the flows between the
left and zenith windows was generated. This promoted velocities at the center of the
greenhouse of 0.3-0.2 m s for the cases with the barrier at 5 and 15 m, respectively.
The barrier at 10 m maintained uniform velocity values of less than 0.1 m s™. The
recirculation does not affect the crop level, but it does influence the movement of the
airflow through it (Akrami et al., 2020).

The highest velocity was reached in the case without a barrier (1.4 m s™ at the entrance,
which decreased to 0.35 m s™ in the center of the greenhouse to increase again at the
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Figure 4. Wind and temperature behavior at 2 and 4 m height for the cases without barrier, with
barrier at 5 m, barrier at 10 m, and barrier at 15 m in the -x and -z directions.

exit through the left window), where no recirculation was formed at that height, but
a flow from the right window to the left and zenith window was observed. On the
other hand, for the wind velocity that was simulated, the changes in temperature were
not caused by the airflow but by convective phenomena. The scenario that presented
the lowest temperature was the barrier at 10 m (Figure 4), with variations of about 1
°C when compared to the other scenarios, which indicates that with the simulated
conditions at 18:00 h, the presence or placement of the barrier does not represent a
significant temperature change for the crop.

Temperature contours
To analyze the thermal behavior inside the greenhouse, three planes were analyzed in
the transverse profile, located at 20, 40, and 60 m (-z-axis) and a plane 2 m above the
ground, which corresponds to the height of the canopy. The thermal distribution at
6:00 and 14:00 h was analyzed to identify the times of lowest and highest temperature
in the study region for a common day in July (Figure 5). At 6:00 h, with an external
temperature of 15.13 °C and wind velocity of 0.2 m s”, the temperature profile is the
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most homogeneous in the no-barrier scenario (Figure 5, A-A’), where a temperature
of ~19 °C predominates at the center of the greenhouse at crop height due to the heat
emanating from the ground and its distance from the windows, where the temperature
is ~18 °C.

B

A6 AT A% 9 O N 2 D Ak 15
e o m o

A/

o SN

Figure 5. Greenhouse temperature profiles at 6:00 am: A: no barrier; B: barrier at 5 m; C: barrier
at 10 m; D: barrier at 15 m. Temperature profiles at 14:00 h: E: no barrier; F: barrier at 5 m; G:
barrier at 10 m; H: barrier at 15 m. A’-H’: thermal contours in the transverse planes for the case
without barrier and at 5, 10, and 15 m, at 6:00 and 14:00 h, respectively.
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In the cases with a barrier at 5 and 10 m, a deflection is observed in the inflow current
that forms a vortex next to the right window and maintains the temperature at ~17 °C
in this area (Figure 5, B-B’ and C-C’), which caused an increase of up to 4 °C compared
to the case without a barrier, obtaining temperatures of 23 °C at the center of the vessel
and decreasing to 21 °C at the left window for the case with a barrier at 5 m.

For the case with the barrier at 10 m, the temperature was 20 °C in the left window
and 22 °C in the center; this is due to the limitation that the barrier offers to the entry
of cold air, which allows temperatures of 20-23 °C to cover approximately 85 % of
the building at canopy height. Since this increase in temperature is proportional to
the proximity of the barrier, in the case where the barrier is located at 15 m (Figure 5,
D-D’), the low temperature containment next to the window mentioned in the cases
at 5 and 10 m was not generated. For this case (at 15 m), the lower temperature (18 °C)
was not only located at the entrance of the right window but extended to the upper
part of the greenhouse, adjacent to the right wall of the greenhouse and up to the
zenith window.

Also, a lower temperature was observed at the front and rear ends of the greenhouse,
so that the values of 22 °C were concentrated from the middle zone of the greenhouse
towards the left window, where a decrease of 1 °C was observed. Despite a very low
wind velocity (0.2 m s), the change in internal temperature with the presence of the
barrier was observed. According to the simulation, the optimum temperatures were
obtained when the barrier was 5 m away, showing a homogeneous behavior and a
greater positive temperature gradient with respect to the outside temperature (5-6
Q).

In the profiles corresponding to 14:00 h, where the external temperature is ~29 °C and
the wind velocity is ~1.8 m s with no barrier (Figure 5, E-E’), a uniform temperature
profile was shown due to the behavior of the air currents (Figure 3A). In this case, wind
velocities barely reach 0.2 m s* in most of the greenhouse, so it is not a determining
factor in the temperature change, which remains at 31 °C, but the direction of the
currents formed by the difference in densities is. In the cases with barriers at 5 and
10 m (Figure 5, F-F" and G-G’), their presence caused lower temperatures at the air
inlet (30 °C), the center, and the left window (31-32 °C), keeping the temperature
distribution uniform in all cases in the -z direction. At canopy height, a variation of
only 0.5 °C was observed between the exposed scenarios.

Contrary to the plans described above, in the case of the presence of the barrier at 15
m (Figure 5, H-H’), there was a more noticeable temperature decrease towards the
top on the right wall, which caused a difference of 1 °C compared to the center of the
greenhouse. However, it only reached the first row of crops, while in the rest of the
greenhouse a homogeneous temperature of 30-31 °C was obtained.

The four study cases were analyzed by plotting the temperature of each of them at a
height of 2 m in the central part of the greenhouse in the -x and -z directions. At 6:00 h,
the case without a barrier showed the lowest temperature (Figure 6), which remained
uniform in the -z direction (18.5 °C) and showed a variation of approximately 1 °C
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Figure 6. Temperature behavior at 6:00 and 14:00 hours on July 5, 2023, for the cases without a barrier,
barrier at 5 m, barrier at 10 m, and barrier at 15 m in the -x and -z directions.

along the -x direction. The case with a barrier at 5 m showed the highest temperature on
the -x axis (23 °C) compared to the cases with a barrier at 10 and 15 m; this temperature
was reached at the center of the vessel, decreasing to 22 °C as the line approaches the
right and left ends of the greenhouse.

These 22 °C coincide along the -z axis, indicating that the presence of the barrier placed
at 5 m allows maintaining the temperature 4 to 5 °C higher during the coldest hours
than in the case without a barrier. This phenomenon was not observed at 14:00 h,
where the presence of the barrier did not show changes in the thermal behavior of
the greenhouse, with differences of only 0.5 °C in the -z direction and 1 °C in the -x
direction, where the average temperature for the four cases remained at 31 °C.
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CONCLUSIONS

The presence of the external physical barrier, regardless of its distance, decreased
ventilation inside the greenhouse by up to 60 %, modifying the trajectory of the air
current outside and inside the greenhouse. Inside, the flow path was affected in the
same way, regardless of the distance from the barrier; however, the temperature at
canopy height increased between 2 and 4 °C depending on its placement. The barrier
located at 5 m was useful in the summer climate to slow the temperature drop at
dawn, maintaining up to 4 °C above the external temperature. The most homogeneous
ventilation and temperature distribution were obtained in the absence of the barrier.
It is suggested that the results of this study be taken into account in the design of
greenhouses located in urban areas.
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ABSTRACT

The use of fossil fuels continues to represent a significant percentage of energy production in
Mexico; this, together with the generation of considerable amounts and poor disposal of organic
waste, has contributed greatly to the emission of greenhouse gases, exacerbating the problem
of environmental pollution. In Mexico City’s central supply center alone, more than 500 Mg of
organic waste is produced daily, and its disposal is not the most appropriate. An alternative for
the correct disposal of this waste is the anaerobic digestion process, which, in addition to being
an environmentally friendly technology, offers benefits such as the possibility of obtaining
value-added products such as biogas, which represents a viable alternative to the use of fossil
fuels. In this study, waste generated in Mexico City’s central supply center was collected for use
in anaerobic co-digestion to produce biogas using crude glycerol obtained as a byproduct of the
biodiesel plant located in the same center. Throughout the bioprocess lasting 12 weeks, with a
hydraulic retention time of 33.3 + 0.04 days and an organic matter removal efficiency of 77.6 %,
it was possible to obtain perfectly flammable biogas with a methane composition between 60
and 70 %, with an average production of 0.576 + 0.084 m* d*.

Key words: biodigestion, biomass, organic waste, gaseous biofuel.

INTRODUCTION
Agriculture is a very important economic sector in Mexico, with a share in gross
domestic product (GDP) of 2.5 %; in addition, Mexico ranks first in vegetable production
in Latin America and second in fruit cultivation (Statista Research Department, 2023).
In 2023, the flow of foreign direct investment exceeded USD 109 million, and agri-food
exports exceeded USD 50 billion for the first time. Avocado exports generated the
highest income for the national economy, with a value of USD 3.153 million in 2023.
As for vegetables, tomato exports generated the most revenue, with a value of USD
2.67 billion (Statista Research Department, 2023). This abundance of agricultural raw
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materials leads to a great potential for agroindustrial development (Martinez-Prats et
al., 2022).

Agricultural activities (sowing and harvesting) represent 5 to 18 % of Latin America’s
GDP; however, when agro-industrial activities (transformation of farm products)
are considered, the percentage increases to 21 %, which shows the importance of
agro-industry (Sarandén, 2020). In Mexico, fresh products such as fruits, vegetables,
leaves, and pods are processed, as well as other already transformed products such
as flours, oils, juices, wines, jams, and concentrates, which generates a large amount
of waste throughout the entire process, from harvesting, concentration, distribution,
industrialization, marketing, and consumption (Mejias-Brizuela et al., 2016).
According to Mejias-Brizuela ef al. (2016), who consider the definition given by the
General Law for the Prevention and Integral Management of Waste in Mexico, “Agro-
industrial waste are solid, semi-solid, and liquid organic products generated from the
direct use of primary products or their industrialization, not useful for the process
that generated them, but susceptible to a use or transformation that generates another
product with economic value, of commercial and/or social interest.”

In 2020, Mexico’s Ministry of the Environment and Natural Resources published the
Basic Diagnosis for Integrated Waste Management, which addresses the state of the
country’s waste generation and management. Composting or biodigestion can treat
an estimated 56 427 Mg of organic waste produced per day; however, the number
of waste treatment or utilization plants is very limited, as there are only 47 plants
distributed in 15 states, which separate, grind, and compact. Of the 47 plants, 19
perform composting and only five perform biodigestion (SEMARNAT, 2020).

This problem is also present worldwide, where around 500 million Mg of agro-
industrial waste is generated each year (Singh et al., 2021). Its poor disposal has resulted
in a significant contribution to environmental pollution, causing negative impacts on
the health of animals and humans (Herrera-Uchalin et al., 2023). Hence the importance
of adding value to agro-industrial wastes through so-called clean technologies, which
help reduce their environmental impact and follow the current trend of the circular
economy (Matiacevich et al., 2023).

The valorization of agro-industrial wastes has two aspects: biotechnological and
energetic utilization. Biotechnological valorization is done by direct extraction or by
chemical or microbial transformation to higher value-added commercial products such
as pigments, polymers, antioxidants, polyphenols, antibiotics, and enzymes (Singh et
al., 2021). Energy valorization includes the chemical or microbiological transformation
of agro-industrial by-products and residues containing significant amounts of biomass
rich in cellulose, hemicellulose, lignin, glycosides, and fatty acids into bioenergy such
as bioethanol, biodiesel, and biogas (Mejias-Brizuela et al., 2016). Saccharomyces yeasts
ferment saccharides contained in sugarcane or corn and produce bioethanol (Pérez-
Contreras et al., 2023). Biodiesel is produced through the transesterification reaction of
fatty acids found in animal or plant oils (Singh et al., 2021).

In the case of biogas, specialized microorganisms degrade, under anaerobic conditions,
the organic matter and produce the gaseous fuel, whose main component is methane,
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a high-quality energy source. Consequently, it can be used to generate electricity or
steam in high-efficiency cogeneration systems (Jameel et al., 2024). The anaerobic
digestion process can be improved by feeding more than one organic waste. Co-
digestion is a process in which simultaneous anaerobic digestion of two or more wastes
is carried out, improving the C/N ratio and increasing biogas production (Prasertsan
et al., 2021). Several co-substrates have been used for biogas production, including
sludge from wastewater treatment plants, municipal solid waste, cheese whey, grass
(Gonzalez et al., 2022), rice and banana husks (Olugbemide ef al., 2023), and glycerol,
among others (de Mello et al., 2024).

Biodiesel production generates crude glycerol as a byproduct; it is estimated that 10
kg of glycerol are obtained for every 100 kg of biodiesel produced (Chilakamarry et
al., 2021). The purification process of this by-product is not economically viable, so its
use in the food, pharmaceutical, and cosmetic industries is not recommended. Due
to this, alternatives for its disposal have been sought, one of them being its use as
a cosubstrate for biogas production, since its high carbon content increases the C/N
ratio, avoiding inhibition by nitrogen and increasing biogas production from 50 to
200 % (Alves et al., 2020; Butkowska et al., 2022).

The objective of this work was to implement a bioprocess at the pilot plant level of
anaerobic co-digestion, using agro-industrial waste and glycerol for biogas production,
as a feasible solution to the serious pollution problem caused by the large amount of
waste generated at Mexico City’s Central de Abastos (CEDA) and, at the same time,
the valorization of glycerol, a by-product of the biodiesel production plant of the same
supply central.

MATERIALS AND METHODS

Biodigestor

The anaerobic digestion process was carried out in a 300 L pilot plant level biodigester
with a programmable logic controller (PLC) (Figure 1).

The stainless steel biodigester with jacket-type exchanger was built at the Clean
Technologies Laboratory, located in the Environmental Systems Engineering
Department of the National School of Biological Sciences of the National Polytechnic
Institute in Mexico City. The PLC controller receives information from connected
sensors and input devices, processes the data, and issues outputs based on pre-
programmed parameters (Lopez et al., 2016). It has a home screen with a general menu
where the user can monitor and record operating temperature information, as well as
start and stop the heat exchanger operation automatically for temperature regulation.
It also has programming for agitation control and dosing of the feed medium and
acids or alkalis for pH control. The residues for anaerobic digestion were taken from
fruit and vegetable waste from CEDA. Glycerol was provided by CEDA’s biodiesel
plant.
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Figure 1. Diagram of the bioreactor used for biogas production. A: blade agitator; B: bioreactor
body; C: drain; D: burner; E: differential pressure gauge; F: gasometer; G: gas detector; H:
temperature control; I: heat exchanger with hot water recirculation; J: sampling; K: feed tanks.

Analytical methods

The analytical methods were performed according to the official Mexican standard
corresponding to each determination: moisture, NMX-F-083-1986 (DOEF, 1986); ash,
NMX-F-066-S-1978 (DOF, 1978a); fat, NMX-F-615-NORMEX-2018 (DOF, 2018); total
carbohydrates, NMX-F-312-1978 (DOF, 1978b); proteins, NMX-F-068-5-1980 (DOF,
1980); pH, NMX-F-317-5-1978 (DOF, 1978c); and total solids and volatile solids, NMX-
AA-034-SCFI-2015 (DOF, 2015). Determinations of total nitrogen, total phosphorus,
total organic carbon, and chemical oxygen demand were performed according to
Hach (2024).

Volumetric consumption rate and chemical oxygen
demand (COD) removal efficiency
The volumetric rate of COD consumption (VVC) was calculated through time () with
the following relationship:

[COD]fed — [COD]soluble
At

vve =

The COD removal efficiency () was calculated with the following relationship:

[cOD]fed — [COD]soluble
rl =

[COD]fed 100
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Hydraulic retention time
The hydraulic retention time (HRT) was calculated with the ratio:

Operation volume
HRT =

Feeding load

Biogas production measurement
Gas was purged from inside the biodigester through the tubing used for biogas
measurement until a decrease in pressure was observed in both the gasometer and
the U-shaped differential pressure gauge. After emptying the gasometer, the time it
took to fill up to 2 L was registered. The pressure difference in the differential pressure
gauge was calculated with the following expression (Tippens, 2011):

Differential pressure=p x g x h

where g is the acceleration of gravity, & is the height difference between the two levels
of the “U” pipe, and p is the density of the glycerin contained in the tubing.

With pressure, the number of moles was calculated using the ideal gas equation
(Tippens, 2011):

PV =nRT

where P is the pressure of the gas, V is the volume, n is the number of moles, R is the
ideal gas constant, and T represents the temperature, with the values of T =311.15 °K
and R = 8.31 m3 Pa mol! °K™..

Biogas composition measurement
Biogas is a mixture of different gases, mainly composed of methane and carbon dioxide,
but it can also contain nitrogen, hydrogen sulfide, and traces of water vapor. Their
total composition may depend on the type of material used as a substrate (Jameel et al.,
2024). Biogas composition was determined using a NOVA Plus model MRU 947010US
portable gas multidetector (MRU Instruments, TX, USA).

Culture medium for biodigester start-up and conditioning stage
Before starting the biodigestion process with the organic waste, the aim was to adapt
and strengthen the microbial consortia present in the inoculum and generate an
adequate anaerobic environment inside the biodigester. For this purpose, a minimal
mineral medium with glucose and glycerol as carbon sources (MMMC) was formulated
using the following stoichiometric balances:

For glucose: C.H,,O

671276

+60,-6CO,+6 H,0
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For glycerol: CH,O,+3.5 0,3 CO,+4H,0

The concentration of the components for the MMMC formulation was determined,
considering a glucose concentration of 10 g L with 2.5 % glycerol. The percentage
of glycerol was determined based on the maximum daily production of the CEDA
biodiesel plant and considering that this production would work with 20 Mg of
residue per day. Urea was used as a nitrogen source, considering a C/N ratio of 25:1,
suitable for anaerobic digestion (Andlar et al., 2021), taking into account glucose and
glycerol contained in the medium prepared for starting the bioreactor as a carbon
source. Potassium phosphate was used as a phosphorus source, considering an N/P
ratio of 6:1. Additionally, some nutrients were added at concentrations that stimulate
methane production in anaerobic microorganisms (Jameel et al., 2024).

Taking all the above into account, the following composition of the culture medium
was reached (in g L): glucose 9.75, glycerol 0.22, urea 0.35, potassium phosphate 0.12,
calcium 0.1, potassium 0.2, magnesium 0.075, iron 0.04, cobalt 0.004, molybdenum
0.0001, nickel 0.006, and one part of sodium bicarbonate was added for every 20 parts
of glucose to regulate pH.

Microorganisms

Inoculum for the process was collected from swine manure from a pig farm located
in the State of Mexico. Swine manure contains a wide variety of microorganisms,
including bacteria, fungi, yeasts, and actinomycetes that coexist in a complex symbiosis
where they perform a specific and complementary function (Ruvalcaba-Gémez et al.,
2019). When performing the physicochemical characterization of the inoculum, the
following results were obtained: moisture 85 %, ash 0.9 %, total solids 0.14 g per gram
of sample, volatile solids 0.11 g per gram of sample, COD 31.4 g of O? per liter, total
phosphorus 2.97 g L, and total nitrogen 3.2 g L.

Waste conditioning and characterization

Fruit and vegetable waste was collected from general containers at the CEDA. Three
samples were taken in different months of the year and were physicochemically
characterized; the percentages of moisture, ash, total solids, volatile solids, fats,
proteins, and carbohydrates were determined for each sample. Likewise, COD, total
phosphorus, total nitrogen, and total organic carbon were recorded (in g L), as well as
pH. Conditioning consisted of size reduction by liquefying waste using a professional
Ninja blender (Mexico). The average solids content in each sample was 15 %, and 0.5
L of water was added to each kilogram of residue to obtain a fluid with a total solids
content of 10 %.

Inoculum conditioning
For the anaerobic digestion process, swine manure was used as inoculum. Manure has
a large number of microorganisms that require acclimatization (Zhang et al., 2022). For
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this process, the biodigester was inoculated with 12 kg of pig manure (17 L in volume).
Considering that solid excreta should enter the biodigester as a suspension in water
with at least 3 % solids (Botero and Preston, 1987), 48 L of water and 15 L of MMMC
were added, resulting in a proportion of 81 % inoculum and 19 % substrate in a total
volume of 80 L.

Once the biodigester was inoculated, it was sealed, and anaerobic biodigestion
began. To achieve a system as homogeneous as possible, the stirrer was activated,
keeping it at a speed of 48 rpm to avoid the incorporation of air. The temperature
was maintained in the mesophilic regime at 38 °C by means of the jacket-type heat
exchanger, recirculating hot water. Samples of the digestate mixture were taken
every 48 hours and analyzed for COD, total nitrogen, total phosphorus, total solids,
and volatile solids. In addition, measurements of the biogas produced with the gas
multidetector were performed.

Once COD levels decreased by 25 %, the first feeding was performed, adding 12 L of
MMMC. Feedings were performed every 48 h until a greater than 80% decrease in
COD was observed; at that time, the feeding load was increased to 15 L of MMMC
every 48 h until the difference between soluble COD and fed COD remained constant.

Biodigestion with agro-industrial waste
Biodigestion of agro-industrial wastes started when the soluble COD remained
approximately constant during the inoculum conditioning process. At that time, the
substrate was changed with a 10 L load of a mixture of 50 % MMMC and 50 % of
previously conditioned organic residues. This feeding was maintained until a decrease
in soluble COD and an increase in methane production were observed again, at which
time a new substrate change was made to only organic waste with 2.5 % glycerol.

RESULTS AND DISCUSSION

Waste conditioning and characterization

The values obtained in the characterization did not have a large variation among the
three samples collected at different times of the year, so the values obtained were
averaged to take into account the variation of the parameters according to the type of
fruits and vegetables available in different seasons (Table 1).

Conditioning organic waste is recommended to break down the compact structures
of cellulose, hemicellulose, and lignin found in fruits and vegetables. These
structures form a complex network that is difficult for microorganisms to degrade
directly, increasing fermentation time and decreasing the efficiency and speed of
biogas production (Zhang et al., 2022). Cellulose, hemicellulose, and lignin must be
hydrolyzed to simpler subunits by extracellular enzymes. Hydrolysis of cellulose
to glucose units is carried out by enzymes called cellulases. Lignin is degraded by
a complex of enzymes, including laccases, lignin peroxidase, Mn peroxidases, and
tyrosinases, which act synergistically (Gonzalez-Renteria et al., 2011).
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Table 1. Characterization of agro-industrial organic wastes generated in the central supply
center (Central de Abasto) of Mexico City, Mexico, used in biogas production.

Parameter Value
Moisture (%) 85.00 £ 5.91
Ash (%) 0.54+0.23
Total solids (%) 15.00 +2.23
Volatile solids (%) 13.00 £ 1.98
COD (g of O, L") 99.00 +8.77
Total phosphorus (g L) 2.50+3.76
Total nitrogen (g L) 220+1.15
Total organic carbon (g L) 21.00 £ 1.56
Fat (%) 0.38 +0.09
Proteins (%) 1.00+0.11
Total carbohydrates (%) 7.60 + 3.40
pH 4.80+0.20

Organic waste can be treated in a variety of ways, including physical, chemical,
biological, and combined. By using physical methods, the cell wall structure of
the raw materials can be destroyed, increasing the accessibility of enzymes and
anaerobic bacteria to the organic matter, which facilitates its digestion. In the case
of chemical methods, the use of acids or alkalis that break cellulose, hemicellulose,
and lignin structures increases enzyme accessibility; however, they can be toxic to
microorganisms, affecting anaerobic digestion (Espinosa-Negrin ef al., 2021). Biological
methods use microorganisms that can degrade cellulose, hemicellulose, and lignin, but,
in this case, the bioprocess can be prolonged for much longer, increasing the substrate
consumption to produce the required conditions of the degrading microorganisms,
affecting biogas production (Zhang et al., 2022).

In this work, the physical method used for the conditioning of organic waste allowed
reducing the particle size and increasing the rate of the anaerobic digestion process
and biogas production by increasing the contact surface and the substrate/inoculum
mass transfer (Theuretzbacher et al., 2015).

Inoculum conditioning

Adaptation of microorganisms to a new substrate is essential for good results in biogas
production (Zhang et al., 2022; Atelge et al., 2020). Once the COD level decreased by
25 % after one week of culture (Figure 2), the first feeding was performed, adding 12 L
of MMMC. Immediately afterwards, a sample was taken and analyzed, obtaining the
following values for the mixture in the biodigester: COD 13.4 g L, total nitrogen 1.1
g L, total phosphorus 0.21 g L7, total solids (TS) 7.7 g L, and volatile solids (VS) 5.45
gL' atapHof?7.
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Weeks

—— CODs —&— Fed COD
Figure 2. Chemical oxygen demand (COD) and its average consumption during anaerobic
digestion. A: start of feeding with minimal mineral medium with glucose and glycerol as carbon

sources (MMMOC); B: change to MMMC mixture with residue; C: total substrate change to only
organic residue in mixture with 2.5 % glycerol. CODs: soluble COD.

When COD decreased by about 80 %, the feed load was increased to 15 L of MMMC
every 48 h until the difference between soluble COD and fed COD remained in a
constant range. During that time, the composition of the biogas produced was measured
(Figure 3), which initially could be increased by the addition of more organic matter
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Figure 3. Average composition of biogas produced in the anaerobic digestion of agro-industrial
organic waste generated in the central supply center (Central de Abasto) of Mexico City, Mexico.
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(Jameel et al., 2024). After 30 days of processing, with 15 % of methane produced, the
substrate was changed (Figure 2), initiating the anaerobic digestion stage of the agro-
industrial waste.

Anaerobic digestion of agro-industrial waste
Anaerobic digestion of organic waste was initiated with a 10 L load of a mixture
of 50 % MMMC and 50 % waste. After the substrate change, a volume of 217 L was
reached in the biodigester. This volume was considered the final operating volume
and was kept constant by draining 5 L of sludge before each 5 L waste feed with
MMMC. The feeding with MMMC/waste mixture was maintained for two weeks,
during which time the COD decreased by 30 % and the methane percentage increased
from 10 to 25 % (Figure 3), which is why the total change of substrate to only waste in
mixture with 2.5 % glycerol (R/G) was carried out (Figure 2).
A total of 5 L of the latter substrate (R/G) were added every 48 hours due to the rapid
consumption of COD and the high percentage of methane produced. The feeding load
was increased until a volume of 13 L of substrate (R/G) was reached every 48 hours.
Methane production continued to increase until it reached a biogas composition with
a methane percentage of 72 % (Figure 3). The CO, percentage peaked at week five
and subsequently decreased to 30 %. Biogas production was maintained for more
than 2 weeks with a methane percentage that ranged between 60 and 70 % and a CO,
percentage between 40 and 30 % (Figure 3). At this point, the biogas produced was
already fully flammable.
These results confirm that in order to increase the yield, speed, and efficiency of biogas
production, simultaneous digestion of two or more substrates is necessary, since a
better nutritional balance, adequate C/N ratio, buffering capacity, and stability in the
biodigestion system are achieved (Andlar ef al., 2021). Co-digestion of agro-industrial
waste with glycerol increased biogas and methane production from 15 to 70 %, i.e.,
4.6 times more than when only glycerol was fed. This increase is greater than that
obtained in other glycerol co-digestion processes (Alves et al., 2020; Butkowska et
al., 2022). In addition, stability was achieved in the bioprocess, maintaining biogas
production with a high percentage of methane for more than 2 weeks (Figure 3).

Phosphorus, nitrogen, and solids concentrations during bioprocessing

At start-up, nitrogen and phosphorus concentrations were balanced at a 6:1 ratio.
However, throughout the process, both residual concentrations had variations,
equalizing at some times and at others increasing the phosphorus concentration. These
variations did not affect methane production, since neither nutrient accumulated in
excess nor was limited during the bioprocess.

During biodigestion, ammonia may be produced as a result of the anaerobic
degradation of proteins or amino acids present in the feedstock. Although ammonia
nitrogen is an important nutrient for bacterial growth, if found in excess, it can limit
bacterial growth (Jameel et al., 2024). In this case, the total nitrogen concentration



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3329
Scientific Article

510

remained in the range of 0.3 to 1.5 g L', which was still lower than those reported as
toxic. Concentrations higher than 3 g L' may be inhibitory (Jameel et al., 2024).
Phosphorus concentration also did not show large variations (between 0.21 and
1.7 g L"), which reflects that the microorganisms had an adequate proportion of
these nutrients during the bioprocess. As for the concentration of total solids, it
was maintained in a range of 8 to 12 g L; this concentration was sufficient for the
microorganisms to utilize the organic material and transform it to biogas (Jameel et al.,
2024). Volatile solids represented more than 50 % of total solids.

Temperature and pH

A temperature of 38 °C was maintained from the beginning of the process. Temperature
affects the reaction rate, and although anaerobic digestion can be performed at
thermophilic temperatures (50 to 60 °C), many biodigesters are operated at mesophilic
conditions (30 to 40 °C) because of the ease in system control and lower energy demand
(Atelge ef al., 2020). During the first three weeks, the pH was decreasing, indicating
acidification of the medium to a value close to six due to the accumulation of volatile
fatty acids. At this point it was necessary to add 5 L of a 5% sodium bicarbonate
solution to avoid further acidification that could inhibit the activity of methanogenic
bacteria (Jameel et al., 2024). After 4 weeks, when a new decrease in pH was observed,
sodium bicarbonate was added again. Once the methane composition increased, a
parallel increase in pH was observed, remaining between 7.1 and 7.5 during methane
production. The high methane production implies a high consumption of organic
acids produced, which explains the increase and stabilization of pH.

Volumetric rate of consumption and COD removal efficiency

During the first weeks of the process, the volumetric rate of COD consumption (VVC)
increased. This can be explained by the fact that the first substrate is easily assimilated.
Over the next 4 weeks, the VVC decreased and then increased as the feeding of the
MMMC/residue mixture was initiated. At week 12, VVC took an average value of
approximately 2.84 + 0.2 g L* d™.

The COD removal efficiency (7) showed a similar behavior, reaching 60 % in the first
weeks of the process. Subsequently, it decreased in the same week as VVC did, and at
the same time, it increased to an average value of 77.6 + 0.3 %.

Hydraulic retention time and biogas production

The hydraulic retention time (HRT) was 28 days at week four. When the substrate
was changed to only glycerol residue with a constant volume of 217 L, the feed was
reduced to 5 L due to the high concentration of COD in the residue. At week 6, the
HRT was 87 days; to reduce it, the feeding volume was doubled, and at 8 weeks, an
HRT of 43 days was reached. Feeding was again increased to 13 L, and finally an
HRT of 33 days was reached. The average HRT for anaerobic digestion processes was
between 20 and 30 days (Atelge et al., 2020), so the HRT obtained in this study is in line
with the average.
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On the other hand, biogas production was increasing, obtaining in the last week a
volume of 0.576 + 0.084 m?® d' (Table 2). This value, which corresponds to 0.681 + 0.098
m® of CH, kg VS, is higher than that reported for fruit residues as substrate (Andlar et
al., 2021), demonstrating that co-digestion of organic residues with glycerol increases
the production and quality of biogas obtained during biodigestion.

Table 2. Biogas production at different bioprocessing stages.

Time Volume Pressure Feeding Feeding HRT
(weeks) (m3d?) (Pa) (Ld" (kg of waste d) (days)
4 0.048 £ 0.023 469.22 +2.51 75+0.3 - 289+05
6 0.144 +0.035 617.40 £1.92 25+04 1.6 £0.1 86.8 +£0.2
8 0.360 +0.103 1173.06 + 3.28 5.0+0.5 3.0+£0.3 43.4+0.3
11 0.576 +0.084 1111.32+2.84 6.5+0.2 45+0.2 33.3+x04

HRT: Hydraulic retention time.

Alves et al. (2020) demonstrated that the process of co-digestion of sludge from a
wastewater treatment plant and glycerol for biogas production increases methane
production by 5.7 % compared to digestion of only sewage treatment plant sludge,
achieving 368.8 L of CH, kg VS. Butkowska et al. (2022) were able to increase methane
production 3.1 times by adding glycerol as a cosubstrate to the manure digestion
process. The results obtained in this work confirm that biogas production using agro-
industrial wastes improves methane production more than four times when glycerol
is added as a cosubstrate, obtaining up to 681 + 0.098 L of CH, kg VS.

The co-digestion process stabilized in this research represents a good alternative for
the disposal of organic waste generated at the CEDA, providing a solution to the
social problem, with the option of regularizing scavengers and recyclers and, above
all, mitigating the problem of environmental pollution caused by the disposal of waste
in open-air deposits, producing large volumes of methane and carbon dioxide in the
atmosphere.

CONCLUSIONS
An anaerobic digestion process was implemented at the pilot plant level, using
organic waste generated at the central supply center of Mexico City as a substrate
for biogas production. At the same time, value was given to the glycerol obtained as
a by-product in the biodiesel plant of the same center, using it as a co-substrate to
reduce the hydraulic retention time, increase the production volume, and improve
the quality of the biogas. The organic matter removal efficiency obtained was
77.6 = 0.3 %, achieving a biogas production of 0.576 + 0.084 m, d”, with a methane
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composition of between 60 and 70 %, corresponding to 681 + 0.098 L of CH, kg of
volatile solids, with the prospect of its use in the generation of high-efficiency heating
and electrical energy.
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ABSTRACT

Oranges (Citrus sinensis L.) are one of the most cultivated citrus fruits worldwide. Citrus peel
is the main residue left after processing. The disposal of this agro-waste represents a problem
for citrus industries, where the implementation of strategies for its valorization is essential.
This study compared the effects of two different drying methods for leftover orange peel (C.
sinensis var. Valencia) on extract yield, its chemical composition, and antioxidant capacity
using two extraction solvents. The experimental design was completely randomized in a 3 x 2
factorial arrangement, including three types of peel: dehydrated peel at 60 °C pilot level (C60),
dehydrated peel at 204 °C industrial level (CI), and fresh peel (CF), and two extraction solvents:
70 % ethanol and methanol. The extraction yield was higher (p < 0.05) using CF with 70 %
ethanol. The content of total phenols (TPC), total flavonoids (TFC), and antioxidant capacity in
orange peel was higher (p < 0.05) using CF with 70 % ethanol or methanol. The concentration of
hesperidin was similar in all types of peel using methanol, and CF presented a higher amount
of naringin than peels dehydrated using 70 % ethanol or methanol. The use of CF with 70 %
ethanol or methanol as extraction solvents allowed a higher extraction yield (46 and 38 %),
higher concentrations of TPC (12.31 and 14.03 mg GAE g' DW), TFC (9.5 and 8.74 mg QE g!
DW), antioxidant capacity (273.9 and 272.69 uM TE g' DW), and naringin (13.6 mg g' DW)
compared to dried orange peels.

Keywords: Citrus sinensis var. Valencia, flavonoids, antioxidant capacity, hesperidin, naringin.

INTRODUCTION
Orange (Citrus sinensis L.) is one of the most cultivated fruit species worldwide.
Mexico ranked fourth in global orange production, after Brazil, India, and China,
with an annual total of 4800 Gg (FAO, 2022). According to Garcia-Salazar et al. (2021),
of the total orange production in Mexico, 56 % is consumed fresh, 34 % is used for
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industrial juice extraction, and 10 % is lost post-harvest. In the course of citrus fruit
juice preparation, 30-34 % of peel is obtained as the main residue (Rafiq et al., 2018).
Harnessing citrus peels for the revalorization of bioactive compounds can potentially
improve the economic viability of citrus cultivation in a circular economy framework
that promotes sustainable agriculture (Wang et al., 2022).

There is scientific evidence that citrus peel contains bioactive substances such as
flavonoids (Afifi et al., 2023), pectins (Hosseini et al., 2016), carotenoids (Suri et al.,
2021), essential oils (Boukroufa et al.,, 2015), and sugars (Choi et al., 2013) that are
potential ingredients for food (antimicrobials, additives, prebiotics), pharmaceuticals
(anti-inflammatory, anticancer), and cosmetics industries (Panwar et al., 2021; Suri et
al., 2022). The main citrus flavonoids are flavones, flavanones, and their polymethoxy
derivatives, distinguishing between glycosides and aglycones (Ammar et al., 2022).
In them, naringenin and hesperitin occur under the aglycone forms, and naringin,
neohesperidin, hesperidin, narirutin, and didimin are found under the glycoside
forms (Kumar et al., 2022). Hesperidin has been shown to possess antioxidant, anti-
inflammatory, hypoglycemic, anticancer, and antiviral capabilities (Zheng et al., 2021).
Due to the polarity of flavonoids, organic solvents such as methanol are efficient for
their extraction. Non-toxic and biodegradable alternatives such as ethanol are used
in extraction methods to reduce the impact of organic solvents on the environment
while providing similar performance (Fu et al., 2020). Flavonoid-enriched compounds
obtained by solvent extraction frequently contain other soluble components, and
are thus called crude extracts. The crude extract is suitable for flavonoid detection,
but additional separation and purification are required to obtain citrus flavonoid
monomers (Zhu et al., 2023).

In this study, the effects of two drying methods for C. sinensis var. Valencia peel
were evaluated: a) dehydrated peel at 60 °C pilot level (C60), b) dehydrated peel at
204 °C industrial level (CI), and c) fresh peel (CF) on the extraction yield, chemical
composition, and antioxidant capacity of the peel, using two extraction solvents, 70 %
ethanol and methanol. The chemical composition analysis included the content of total
phenols, total flavonoids, and two individual flavonoids, hesperidin and naringin. Two
antioxidant assays, the free radical 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)-diammonium salt (ABTS) and the free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH), were used for antioxidant capacity tests.

MATERIALS AND METHODS

Reagents
Methanol and ethanol were purchased from Meyer Chemicals. Quercetin,
hesperidin, and naringin grade high-performance liquid chromatography
(HPLC, = 95 %), 2,2-diphenyl-1-picryhydrazyl (DPPH, > 97 %), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)-diammonium salt (ABTS, > 98 %), 6-hydroxy-
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2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), potassium persulfate (= 99 %),
aluminum chloride (99 %), gallic acid, and Folin-Ciocalteu’s reagent (2 M) were
purchased from Sigma-Aldrich.

Raw Material
Valencia orange peel was provided by an agroindustry located in Veracruz, Mexico.
The peel was obtained after the juice and oil extraction process and consisted of the
flavedo (exocarp), albedo, and endocarp membranes. To dehydrate the peel at 60
°C, a convection oven with six racks and 66.04 x 45.72 cm trays was used until the
weight of the peel was constant. The industrially dehydrated peel was provided by
an agroindustry and contained 6.16 + 0.02 % moisture; this peel was dehydrated in a
rotary industrial oven at an initial temperature of 204 °C. The dehydrated shells were
then ground (Micron pulverizer mill, model K20A, Mexico) and sieved to obtain a
flour (particle size <250 um).
The moisture percentage in fresh peel was calculated using NMX-F-083-1986
(DOF, 1986). The total ash content was determined according to the NMX-F-607-
NORMEX-2020 guidelines (DOF, 2020). The fat content of the ethereal extract was
determined using NOM-086-SSA1-1994 (normative appendix C, numeral 1) (DOF,
1994). The crude protein content (N x 6.25) was calculated using NMX-F-608-
NORMEX-2011, and crude fiber with NMX-F-613-NORMEX-2017 (DOF, 2017). Total
carbohydrates were calculated using the proximate analysis difference, while dietary
fiber, soluble dietary fiber, and insoluble dietary fiber were determined using the
NMX-F-622-NORMEX-2008 (DOF, 2008) method.

Experimental design
The experiment was completely randomized in a factorial arrangement (3 x 2),
resulting in three types of peel: dehydrated peel at 60 °C pilot level (C60), dehydrated
peel at 204 °C industrial level (CI), and fresh peel (CF), and two extraction solvents: 70
% ethanol and methanol. Each treatment was done in triplicate.

Polyphenol extraction
Polyphenol extraction was performed according to the methodology described by
Perlatti et al. (2016) for both solvents. Samples (1 g) of dried peel (C60 and CI) and
fresh peel were placed in 50 mL Falcon tubes (Corning, NY, USA) containing 20
mL of solvent. The samples were placed in an ultrasonic bath (Branson model 2800,
Danbury, CT, USA) at 40 kHz for 30 min, pausing every 5 min for 3 min to avoid
heating the samples. The temperature of the water bath was 30 + 2 °C. The tubes were
then centrifuged (Heraeus Megafuge model 16R, Germany) for 30 min at 4 °C and 20
800 xg. The supernatant was recovered and the precipitate was re-extracted with 10
mL of solvent and ultra-sonication for 15 min. Both supernatants were combined for
each sample and the solvent was removed in a rotary evaporator (Buchi model R-215,
Flawil, Switzerland) at 40 °C. Finally, the extract was resuspended in 5 ml of HPLC-
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grade methanol and stored at -20 °C until analysis. Experiments were performed in
triplicate for each sample. The extraction yield was expressed as grams of extract per
100 grams of orange peel on a dry basis (g 100 g DW).

Total phenol determination

The total phenol content (TPC) was determined according to the methodology
described by Waterhouse (2002) with some modifications. The extracts were diluted
(1:10), and 500 pL of diluted extract were mixed with 3 mL of deionized water,
adding 250 pL of Folin-Ciocalteu 1 N reagent (1:1 (v/v). After 5 min, 750 pL of a 20 %
(w/v) sodium carbonate solution and 950 uL of deionized water were added. The
mixture was vortexed and kept in the dark for 30 min at room temperature. Then, the
absorbance was measured at 765 nm using a spectrophotometer (Shimadzu UV-1800
Kyoto, Japan). Gallic acid with concentrations from 10 to 80 ug mL" was used as a
standard for calibration (y =0.01024 x + 0.0100942; R* = 0.9986). Results were expressed
as milligrams of gallic acid equivalents per gram of orange peel on a dry basis (mg
GAE g' DW).

Total flavonoid determination

Total flavonoid content (TFC) was determined using the colorimetric method with
aluminum chloride (Chang et al., 2002). Quercetin was used to calculate the calibration
curve (y = 0.00766959 x - 0.0137669; R? = 0.99799). Ten milligrams of quercetin were
dissolved in 10 mL of 80 % methanol and diluted to 5, 10, 25, 50, 70, and 100 ug
mL™". The diluted standard solutions (0.5 mL) were mixed separately with 1.5 mL of
80 % methanol, 0.1 mL of 10 % aluminum chloride, 0.1 mL of 1 M potassium acetate,
and 2.8 mL of deionized water. After incubation at room temperature for 30 min, the
absorbance of the reaction mixture was measured at 415 nm with a spectrophotometer
(Shimadzu UV-1800, Kyoto, Japan). Similarly, for the diluted orange peel extracts, 0.5
mL were reacted with aluminum chloride to determine flavonoid content as described
above. The results were expressed as milligrams of quercetin equivalents per gram of
orange peel on a dry basis (mg QE g DW).

HPLC analysis
High-performance liquid chromatography (HPLC) was used to determine the
hesperidin and naringin content of orange peel extracts. The concentration of the
extracts was 10 mg mL". Each sample was filtered through a 0.45 um syringe filter.
The flavonoids in the extract were analyzed using an HPLC system and a diode array
detector (PDA) at a 280 nm detection wavelength. The injection volume was 1 uL with
a flow rate of 1 mL min™. Identification of hesperidin and naringin in the extract was
achieved by comparing the retention time and UV absorption pattern with those of
the standard compound. The calibration equation was used to quantify the amount
of each flavonoid, the result being expressed as milligrams of flavonoid per gram of
orange peel on a dry basis (mg g' DW). Each measurement was conducted in triplicate.
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Determination of antioxidant capacity by means of spectrophotometric assays

DPPH method

Determination of DPPH antioxidant capacity was carried out according to Brand-
Williams et al. (1995). Diluted extract samples (100 puL) were mixed with 3.9 mL of
a 6 x 10° mol L' DPPH solution in HPLC-grade methanol. The reaction mixture
was incubated in the dark for 60 min, and the absorbance was determined at 515
nm using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). Trolox standard
concentrations from 160 to 1200 uM were used for calibration (y =-2.17922 x + 0.695740;
R?=10.9988). Results were expressed as equivalent micromoles of Trolox per gram of
orange peel on a dry basis (UM TE g DW). Each sample was analyzed in triplicate.

ABTS method

The ability of orange peel extracts to inhibit the ABTS radical was determined as
described by Re et al. (1999). A stock solution was prepared with a 7 mM ABTS-+
solution containing 140 mM potassium persulfate; this solution was kept in the dark
at room temperature for 12 to 16 h. The ABTS-+ working solution was prepared by
diluting the ABTS-+ stock solution with 0.15 M phosphate buffer saline (PBS), pH =
7.4, so that the absorbance of the total mixture was 0.70 + 0.02 at 734 nm. A 2970 uL
of ABTS-+ working solution was added to 30 pL of the diluted shell extracts, and the
mixture was shaken, allowed to stand in the dark for 30 min and the absorbance at 734
nm was read using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan).

A calibration curve (y = - 0.0002106 x + 0.674245; R? = 0.9951) was prepared using
Trolox standard (125 to 3000 uM). Each sample was analyzed in triplicate. Results
were expressed as equivalent micromoles of Trolox per gram of orange peel on a dry
basis (UM TE g DW).

Statistical analysis
All treatments were performed in triplicate, and the data obtained were expressed as
the mean value * standard deviation. The data obtained were subjected to analysis
of variance and comparison of treatments using Tukey’s test (p < 0.05) with SAS 9.00
statistical software (NC, USA).

RESULTS AND DISCUSSION

Proximal analysis
Residual orange peel had a high content of total carbohydrates and soluble and
insoluble dietary fiber (Table 1), which was similar to the amounts reported by other
authors (de Moraes et al., 2013; Batool et al., 2020). The dietary fiber of citrus fruits is
of higher quality than that of alternative sources such as cereals because citrus has a
higher proportion of soluble dietary fiber (de Moraes et al., 2013).
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Table 1. Proximal analysis and fiber content in residual peel of Valencia
orange (Citrus sinensis L.)

Determination Percentage (%)
Moisture 74.25
Ash 0.62
Fats (ethereal extract) 0.56
Crude protein 1.37
Crude fiber 2.86
Total carbohydrates 23.20
Dietary fiber 18.00
Soluble dietary fiber 8.72
Insoluble dietary fiber 10.28

Extraction yield

The extraction yield was high (p < 0.05) using CF with 70 % ethanol or methanol. The
lowest yield was obtained when CI was used, and an intermediate yield was obtained
with C60, approximately 30 % (Figure 1). In this regard, Chakroun et al. (2023) reported
that Thomson Navel orange peel, which had been dehydrated at 50 °C for 9 h and
macerated with methanol for 72 h, obtained a 35 % extract yield, similar to the peel
dehydrated at 60 °C. On the other hand, Lai et al. (2024) obtained an extraction yield
of 33.36 + 5.19 % using ground Newhall orange peel dehydrated at 50 °C for 12 h
and subjected to ultrasound extraction for 30 min with a frequency of 45 kHz and a
temperature of 35 °C.

60—
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g extract 100 g1 DW
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I I
CF C60 Cl CF Co60 CI
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Figure 1. Extraction yield (grams of extract per 100 grams of orange (Citrus sinensis L.) peel on
a dry basis, g 100 g* DW) using 70 % ethanol or methanol with ultrasonication. CF: fresh peel;
C60: dehydrated peel at 60 °C, pilot level; CI: dehydrated peel at 204 °C, industrial level. Data
are mean values + standard deviation. Different letters indicate significant differences between
orange peel samples (Tukey, p <0.05).
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Total phenol and flavonoid content

TPC was higher (p <0.05) using fresh peel and 70 % ethanol or fresh peel and methanol
compared to dry peels C60 and CI (Table 2). Covarrubias-Céardenas et al. (2018) reported
that dried sour orange peels presented the lowest phenolic content (22.7 +0.94 mg GAE
g DW), while the highest total phenol content was observed in fresh peels (40.9 + 3.44
mg GAE g DW); both peel samples were subjected to ultrasound-assisted extraction
(20 kHz, 130 W) for 12.5 min at 80 % radiation, indicating that drying the peel could
influence yield as cell membranes and organelles adhere, preventing the extraction
of phenols. On the other hand, Barrales et al. (2018) measured the phenol content in
orange peels that were dehydrated in an air circulation oven at 50 °C for 24 h, ground
in a blade mill, and subjected to ultrasound-assisted extraction with 50 % (v/v) ethanol
in an ultrasonic bath at 30 °C for 15 min. The value of total phenol content obtained by
these authors was 5.5 + 0.1 mg GAE g DW, which is similar to that obtained in this
study when dehydrated peels (C60 and CI) were used.

Table 2. Total phenols and flavonoids content in residual orange (Citrus sinensis L.) peel.

Solvent Peel TPC TFC
(mg GAE g' DW)* (mg QE g! DW)**

CF 1231+1.39a 950+1.47 a

Ethanol (70 %) C60 5.96+0.27 b 3.07+0.60 b
CI 494+032b 2.67+035b

CF 14.03+£0.76 a 8.74+1.08 a

Methanol C60 598 +0.87b 2.61+025b
CI 455+0.17b 2.01+0.20b

The data are mean values + standard deviation. Different letters in the same column
indicate significant difference between orange peels (Tukey, p <0.05). TPC: Total phenol
content; TFC: total flavonoid content; CF: fresh peel; C60: dehydrated peel at 60 °C,
pilot level; CI: dehydrated peel at 204 °C, industrial level. *Milligrams of gallic acid
equivalents per gram of orange peel on a dry basis; **milligrams of quercetin equivalents

per gram of orange peel on a dry basis.

On the other hand, fresh orange peel presented higher TFC (p < 0.05) using 70 %
ethanol or methanol, with 9.50 + 1.47 and 8.74 + 1.08 mg QE g' DW, respectively.
Meanwhile, de Miera et al. (2023) mentioned that the content of total phenols and
flavonoids was higher when using 80 % ethanol and orange peel dehydrated at 40 °C
for 24 h, compared to water and ethyl acetate as solvents by means of an ultrasound-
assisted extraction at 60 °C for 30 min.
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Individual flavonoid content
Hesperidin and naringin content in orange peels was quantified by HPLC. There was
no difference (p > 0.05) in the hesperidin content in fresh and dehydrated peels when
methanol was used as an extraction solvent (Table 3). This coincides with the study
by Lai ef al. (2024), who obtained a higher amount of hesperidin in navel orange peel
extracts obtained by ultrasound extraction with methanol (129.77 + 19.65 mg g™) than
in extracts obtained with 70 % ethanol (48.89 + 7.36 mg g*). In addition, the solubility
of hesperidin is limited in water (< 20 mg L") (Londofo et al., 2007), which could have
affected during extraction with 70 % ethanol. In turn, naringin was found in greater
amounts in fresh peels than in dehydrated peels, regardless of the solvent used during
extraction (Table 3). Unlike hesperidin, naringin is water soluble but is generally found
in lower amounts than hesperidin in orange peel (Zuin et al., 2021; Baglioni et al., 2024).

Table 3. High-performance liquid chromatography (HPLC) quantification analysis of
hesperidin and naringin in residual orange (Citrus sinensis L.) peel.

Solvent Peel (rljzsg?gc\l/t/r;* (mléa;_lln SIVI:])*
Ethanol (70 %) CF 14.75 + 5.66 bc 13.37 £0.56 a
C60 497 +0.43 ¢ 7.67 £0.36 ¢
CI 7.07+1.81c 7.09+0.34 c
Methanol CF 44.80+9.26 a 13.62+0.25a
C60 33.03 +14.13 ab 9.77+0.82b
CI 34.53 +3.12 ab 5.77+0.20d

Data are mean values + standard deviation. Different letters in the same column indicate
significant differences between orange peel samples (Tukey, p < 0.05). CF: fresh peel;
C60: dehydrated peel at 60 °C, pilot level; CI: dehydrated peel at 204 °C, industrial level.
*Milligrams of flavonoid per gram of orange peel on a dry basis.

Antioxidant capacity

Antioxidant capacity was evaluated by DPPH and ABTS assays as mean values of
three replicates. ABTS values were higher (p < 0.05) in extracts using fresh peel and
70 % ethanol or methanol compared to dehydrated C60 and CI peels (Table 4). In
this regard, Mehmood et al. (2017) reported 9.16 + 0.29 umol TE g* of sample using
methanolic extracts (50 % v/v) of orange waste (peel and bagasse) that were dehydrated
at 60 °C for 6-8 hours. Furthermore, when the same authors used ethanolic extracts (50
% v/v), they quantified ABTS values of 8.94 + 0.29 umol TE g of sample, suggesting
that when using ethanol (50 % v/v) or methanol (50 % v/v), similar ABTS values were
obtained.

DPPH values were higher (p < 0.05) when using dehydrated peels (C60 and CI) and
70 % ethanol and when fresh peels were used with methanol (Table 4). Covarrubias-
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Table 4. Antioxidant capacity in residual orange (Citrus sinensis L.) peel extracts determined by
2,2-diphenyl-1-picryhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) methods.

Solvent Peel ABTS DPPH
(UM TE g' DW)* (UM TE g' DW)*

CF 273.90 +£24.05 a 6.31+£0.57 ¢

70 % Ethanol C60 14429 +14.14 b 15.57+0.57 a
CI 119.87 £9.05b 15.80+1.37 a

CF 272.69 +37.67 a 16.04 +0.66 a

Methanol C60 133.34 +15.59 b 11.96 +0.38 b
CI 93.99 +4.66 b 6.67 +0.28 ¢

Data are mean values + standard deviation. Different letters in the same column indicate significant
difference between orange peel samples (Tukey p <0.05). CF: fresh peel; C60: dehydrated peel at 60
°C, pilot level; CI: dehydrated peel at 204 °C, industrial level. *Micromoles of Trolox per gram of
orange peel on a dry basis.

Cardenaset al. (2018) reported higher antioxidant capacity (DPPH) in dried sour orange
peels and lower antioxidant capacity for fresh orange peel extracts. This suggests
that some phytochemical compounds react during the drying process, forming other
antioxidant compounds by the formation of phenol complexes with proteins (Martin-
Cabrejas et al., 2009).

Barrales et al. (2018) reported a similar DPPH value (17 uM TE g dried peel) to that
obtained in this work (16 uM TE g* DW) using the dried peels and ethanol as an
extraction solvent. These authors measured the antioxidant capacity in orange peel
dehydrated in an air circulation oven at 50 °C for 24 h, ground, and subjected to
ultrasound-assisted extraction with 50 % (v/v) ethanol in an ultrasonic bath at 30 °C
for 15 min. On the other hand, in this study, the ABTS radical scavenging capacity was
higher than the DPPH radical scavenging capacity (Table 4), which is in agreement
with the study by Kim and Lim (2020) on ethanol, methanol, and acetone extracts of
immature Satsuma mandarin peel, in which ABTS radical scavenging capacity was
four times higher than the DPPH radical scavenging capacity in an ethanol extract,
indicating that its radical scavenging capacity works better in a hydrophilic system.
The DPPH assays use radicals dissolved in organic solvents, which is applicable to
the hydrophobic system, but the ABTS assay is applicable to both hydrophilic and
lipophilic systems (Floegel et al., 2011).

CONCLUSIONS
The drying conditions affected the yields of orange peel phytochemical bioactives
when using both extraction solvents. The highest extract yield was obtained in fresh
residual peel, with 46 and 38 % using 70 % ethanol and pure methanol, respectively.
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Similarly, the highest concentration for total phenol content (14.03 mg GAE g' DW),
total flavonoid content (9.5 mg QE g' DW), antioxidant capacity (273.90 uM TE g™
DW), and naringin (13.62 mg g DW) was found in fresh residual peel. In the case of
hesperidin content, methanol extraction obtained better yields (44.80 mg g DW) and
no differences were found in the content of both types of peels (fresh and dry). The
use of fresh or dehydrated orange peel is an option for the orange fruit processing
company within the revaluation alternatives as a source of flavonoids, particularly
hesperidin and naringin.
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ABSTRACT
This study investigates the impact of trace element supplementation on phenolic content,
antioxidant activity, and callus initiation in Hassawi date palm (Phoenix dactylifera L.)
cultivars (Khalas, Ruziz, and Shishi) grown on Murashige and Skoog (MS) medium. Varying
concentrations of trace elements (MgSO,-7H,O, MnSO,-4H,0, ZnSO,"7H,O, and CuSO,-5H,0 at
zero, half, full, and double Stock E) were tested to evaluate their effects on secondary metabolite
production and oxidative stress management. Results demonstrated that double concentrations
of Stock E significantly enhanced phenolic content (2.68 mg g' GAE) and antioxidant activity
(96.28 % inhibition and 978.69 mg g uM Trolox), with the Shishi cultivar showing the most
pronounced response. The improved phenolic accumulation and antioxidant capacity were
attributed to the activation of enzymatic pathways, including phenylalanine ammonia-lyase
(PAL), and the regulation of reactive oxygen species (ROS) through enhanced antioxidant
enzyme activity. Additionally, reduced browning in callus tissues indicated effective modulation
of polyphenol oxidase (PPO) activity. The study underscores the potential for optimizing
trace element concentrations to enhance bioactive compound production in date palms. These
findings contribute to sustainable agricultural practices, offering practical applications in
food, pharmaceutical, and nutraceutical industries. Future research should focus on molecular
analyses to elucidate the precise pathways influenced by trace elements and explore large-scale

production systems for commercial antioxidant extraction.

Keywords: Antioxidants, browning, callus initiation, date palm, total phenolic, trace element,
uM Trolox.

INTRODUCTION
Al-Ahsa Qasis, the largest green oasis in Saudi Arabia and the world, is a critical
source of food security for the kingdom. It hosts approximately 4.1 million date palm
trees (Phoenix dactylifera L.). Hasawi cultivars constitute the main crop alongside other
plants unique to the region (MEWA, 2023). The oasis’s primary cultivars—Khalas,
Ruziz, and Shishi—account for over 70 % of date palm tree production (Almadini et
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al., 2021; Ismail et al., 2022). These cultivars are particularly notable for their resilience
to drought and heat, contributing significantly to environmental sustainability in line
with Saudi Arabia’s Vision 2030.

Dates from these cultivars are rich in fiber, minerals, and beneficial sugars, enhancing
immunity and preventing diseases (Al-Saikhan, 2006). Furthermore, dates are
distinguished by their high antioxidant content, such as phenolic compounds and
dactylifera acid (Al-Shwyeh, 2019). This positions date palms as a valuable source for
enhancing human health and combating chronic diseases (Zhang and Sun, 2021). It
also contributes to cell regeneration and repair (Qiu et al., 2022).

Despite their long growth cycle, the ability to harness antioxidants from date palms
through advanced tissue culture techniques presents a sustainable solution. Plant
tissue culture, particularly callus culture, offers a controlled platform for producing
bioactive compounds, essential for food, pharmaceutical, and nutraceutical industries.
The increasing demand for antioxidants has driven research into optimizing tissue
culture systems to enhance phenolic compound production (Batista et al., 2018).

This study aims to optimize the concentrations of trace elements in Murashige and
Skoog (MS) medium to enhance phenolic production and antioxidant activity in callus
cultures of Khalas, Ruziz, and Shishi cultivars. Trace elements such as zinc, manganese,
and copper serve as cofactors for enzymes in the phenylpropanoid pathway, crucial
for phenolic biosynthesis (Vazquez-Marquez et al., 2024). Iron, a key trace element,
supports the synthesis of enzymes related to respiration and photosynthesis, reducing
oxidative stress by mitigating free radicals (Amente and Chimdessa, 2021). The
experimental design incorporates controlled treatments and robust statistical analyses
to validate the effects of trace elements on callus initiation, phenolic content, and
antioxidant activity. By systematically assessing these variables, the study provides
practical insights for enhancing tissue culture protocols and scaling antioxidant
production (Zhang, 2023).

Aligning with global priorities for sustainable agriculture, this research explores
the potential of date palm tissue culture to improve phenolic biosynthesis and
antioxidant activity. The findings contribute to developing efficient, large-scale
production systems, such as bioreactors, and assessing the economic feasibility of
these protocols for commercial use (Liu et al., 2018; Muszynska and Labudda, 2019;
Dai et al., 2023). This approach underscores the broader relevance of optimizing trace
element concentrations in tissue culture systems to support sustainable food systems
and agricultural resource utilization.

MATERIALS AND METHODS

Callus initiation
The plant material for this study consisted of three primary date palm cultivars
(Khalas, Ruziz, and Shishi) from Al-Ahsa Oasis, collected during the period from
October 2021 to April 2022. Young offshoots (50-70 cm in height and weighing 5-7 kg)
were separated from adult Phoenix dactylifera L. trees.
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Under sterile conditions, explants underwent surface sterilization. First, they were
rinsed three times with sterile distilled water, followed by a 20-min soak in a 3.2 %
sodium hypochlorite solution (60 %; v/v commercial bleach with three drops of Tween,
20 per 100 mL), and then rinsed again three times with sterile distilled water (Alturki
et al., 2013). The explants were then transferred to sterile Petri dishes and cut into 5 x
5 mm pieces. Subsequently, all explants were soaked in 70 % ethanol for 3 min, rinsed
three times with sterile water, and immersed in a 1.5 g L mercuric chloride (HgCl,)
solution for 3-5 minutes. Finally, explants were rinsed three times with sterile distilled
water and cultured under laminar flow conditions (Shehata ef al., 2014).

The explants were cultured on a basal Murashige and Skoog (MS) nutrient medium
(Murashige and Skoog, 1962), formulated with specific concentrations of inorganic
salts (Table 1). To prepare the final medium, 20 mL of stock solutions A and B and
5 mL of stock solutions C, D, E, F, and G were added to 1 L of distilled water and

Table 1. Minor mineral element concentrations (Stock E) and additional components used in Murashige and

Skoog (MS) medium for date palm (Phoenix dactylifera L.) explant culture.

Stock

To make up 1L of

Concentration in Concentration

solution Constituents MS medium (g L) MS med?lll m difference Code
(mL LY
NH,NO, 82.500 20 Full -
B KNO, 95.000 20 Full -
H,BO, 1.240 5 Full -
KH,PO, 34.000
C KI 0.166
Na,MoO,2H,0 0.050
CoCl,-6H,O 0.005
D CaCl2H,0 88.000 5 Full -
MgSO,-7H,0 74.000 5 Zero E-1
E MnSO,-4H,0 4.460 Half E-2
ZnSO,-7H,0 1.720 Full E-3
CuSO,'5H,0 0.005 Double E-4
F Na,EDTA 7.450 5 Full -
FeSO,7H,O 5.570
Thiamine-HCI 0.200 Full -
G Nicotinic acid 0.100
Pyrodoxine-HCl 0.100 5
Glycine 0.400

*This stock solution was prepared by dissolving each constituent in 200 mL-distilled water. The Na,-EDTA-2H,O

solution was heated, and the FeSO,"7H,O solution was added with continuous stirring. After cooling, it was

diluted to 1000 mL with distilled water. All stocks were stored in amber colored bottles in refrigerator. Modified

media used for cultures were supplemented with different concentrations of phytohormones, carbohydrates,

vitamins, and other addenda (Murashige and Skoog, 1962).
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stirred. The mix was supplemented as follows (in mg L): 170 NaH,PO,-2H,0O,
80 adenine sulfate, 100 myo-inositol, 2 biotin, 2.5 vitamin B, (thiamine-HCI), 100
2,4-dichlorophenoxyacetic acid, 5 6-benzylaminopurine, 30 000 sucrose, 7000 agar, and
2000 activated charcoal (Sigma Chemical Co., St. Louis, MO, USA). Before adding the
agar and activated charcoal, the pH was adjusted to 5.7. The medium was autoclaved
at 1.2 kg em? at 121 °C for 20 min, then dispensed into small jars with 25 mL of media
each (Shehata et al., 2014).

The explants were transferred to a modified MS medium with different stock E
(MgSO,-7H,O, MnSO,-4H,0, ZnSO,-7H,0O, and CuSO,-5H,0] concentrations, i.e., zero,
half, full, and double (0, 2.5, 5, and 10 mL L, respectively). Cultures were incubated at
25 +2 °Cin a totally dark growth room for six months and maintained by transferring
to fresh media every two months. Data was recorded for all cultivars at the end of
each subculture. The visual scoring system by Pottino (1981) was used to read the
callus data and brown discoloration on the explants of each cultivar under study,
with five replicates per treatment. The surviving and browning explant jars were
numbered, and cultivars with callus initiation were registered to determine the effects
of microelements on callus initiation and phenolic compounds on browning.

Antioxidant analysis
The following chemicals and reagents were used: Folin-Ciocalteu’s phenol
reagent, gallic acid, sodium carbonate, ascorbic acid, trichloroacetic acid, catechin,
sodium nitrite, sodium nitrate, aluminum chloride, and methanol (all from Merck,
Darmstadt, Germany), along with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) diammonium salt, 2,4,6-tripyridyl-S-triazine (TPTZ), and 2,2'-azinobis
(3-ethylbenzothiazoline-6-sulphonic acid) from Sigma-Aldrich (USA). Additionally,
FeCl3-3H,O, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid  (Trolox),
sodium acetate, sodium carbonate, and potassium persulfate from Sigma-Aldrich
were used as analytical-grade reagents for analyzing antioxidant compounds (Alturki
et al., 2013).
For sample preparation, 3 g of callus tissue were crushed and dry-blended for 10 min,
then extracted with 100 mL methanol using an orbital shaker (LSI-LabTECH, Korea)
at 20 °C for 5 h. The extract was filtered and centrifuged at 4000 rpm for 10 min,
then concentrated using a rotary evaporator (Heidolph-Laborota, Germany) under
reduced pressure at 40 °C for 3 h. Extracts were stored in dark glass bottles at -20°C
until further analysis (Shehata et al., 2014).
Antioxidant activity was measured using the ABTS method as described by Cai et
al. (2004). ABTS radical cations were prepared by reacting 7 uM ABTS with 2.45 uM
potassium persulfate in the dark at 23 °C for 16 h, then diluting with 80 % ethanol to an
absorbance of 0.7 + 0.005 at 734 nm. To each 0.1 mL test sample, 3.9 mL of ABTS were
added, and absorbance was measured at 734 nm after 6 min at room temperature.
A Trolox standard curve (0-15 pM in 80 % ethanol) was used for comparisons, and
results were expressed in Trolox equivalents (Aldaej et al., 2014).
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Total phenolics were determined using Folin-Ciocalteu reagent (Singleton and Rossi,
1965). Every 40 mL explant extract or gallic acid standard was mixed with 1.8 mL of 10-
fold prediluted Folin-Ciocalteu reagent, incubated for 5 min at room temperature, and
combined with 1.2 mL of 7.5 % sodium bicarbonate. Absorbance was measured at 765
nm after 60 min, and results were expressed as milligrams of gallic acid equivalents
(GAE) per 100 g of sample (Shehata ef al., 2014).

Statistical analysis

Data were analyzed using analysis of variance (ANOVA) for a completely randomized
design as per (Gomez and Gomez, 1984). Treatment means were compared using the
least significant difference (LSD) at a 5 % probability level. All computations and
analyses were performed using SAS software (SAS Institute Inc., 2001). Multivariate
analysis, including heat map analysis via the Orange Data Mining software (Demsar
et al., 2013), was used to illustrate correlations between antioxidant activity and total
phenolic content.

RESULTS AND DISCUSSION

Effect of microelements on callus initiation
The number of surviving explants (Figures 1 and 2) significantly varied among
cultivars and Stock E (SE) concentrations (p < 0.01). The survival rate of explants
increased with higher SE concentrations, with the highest survival observed at E-4
(mean = 3.89) and the lowest at E-1 (mean = 2.44). Among the cultivars, Khalas (Kh)
exhibited the highest overall survival (mean = 4.5), followed by Ruziz (Ru) (mean =

A B
2.33b
3.89a 2.44b
4.50a
3.33ab
3.25a
3.78a
mKh »mRu =»Sh m Zero = Half Full Dotuble

Figure 1. Specific effect of three date palm (Phoenix dactylifera L.) cultivars (A) and different
Stock E concentrations (B) on the number of surviving explants during callus stage of in vitro
culture. Cultivars (Kh: Khalas; Ru: Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full:
E-3; double: E-4).
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Figure 2. Interaction effect of different Stock E concentrations and three date palm (Phoenix
dactylifera L.) cultivars on the number of surviving explants during the callus stage of in vitro
culture. Cultivars (Kh: Khalas; Ru: Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full:
E-3; double: E-4). Significance level (S=0.006, T =0.008, S * T = 0.005).

3.25), while Shishi (Sh) had the lowest survival (mean = 2.33), suggesting a cultivar-
dependent response to microelement availability. The statistical analysis confirmed
that SE concentration (S), Treatment (T), and their interaction (5*T) were all highly
significant (p < 0.01), indicating that both nutrient composition and cultivar type play
a crucial role in explant viability.

The positive correlation between SE levels and survival suggests that trace elements
such as manganese, zinc, and iron play a crucial role in maintaining cellular integrity,
enzymatic activity, and oxidative stress reduction, thereby promoting explant survival
in plant tissue cultures (Vazquez-Marquez et al., 2024; Amente and Chimdessa, 2021).
Studies on Triticum aestivum L. have shown similar trends, where microelement
supplementation enhances survival by minimizing oxidative stress and supporting
cellular metabolism (Amente and Chimdessa, 2021). However, Shishi consistently
exhibited the lowest survival rate, which may indicate a cultivar-specific sensitivity to
microelements due to metabolic differences or a heightened oxidative stress response
(Zhang, 2023). This highlights the need for optimized nutrient supplementation
strategies, particularly for sensitive cultivars like Shishi, to improve viability and
enhance tissue culture performance.

The number of surviving explants varied significantly depending on both the cultivar
and the concentration of SE. For instance, higher concentrations of stock E generally
led to a higher number of surviving explants, but this effect was also influenced by the
specific cultivar. This is consistent with findings that microelements such as SE can
significantly impact tissue culture success rates (Al-Khayri et al., 2019).
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The callus initiation response (Figures 3 and 4) was also significantly influenced by
Stock E concentrations (p = 0.01), with the highest callus formation observed at E-3
(mean = 1.67), while the lowest occurred at E-1 and E-4 (1.0 and 1.11, respectively).
Among cultivars, Sh exhibited the highest overall callus initiation (1.42), followed by
Ru (1.25), while Kh had the lowest callus formation (1.08). Statistical analysis confirmed
that SE concentration (S) had a significant effect (p = 0.01), whereas Treatment (T) and

A B

1.00b 1.11b

l.67a_~ \
1.22ab

"\ 1.25ab

mKh = Ru =mSh ® Zero ® Half = Full Double

Figure 3. Specific effects of date palm (Phoenix dactylifera L.) cultivars (A) and different Stock
E concentrations (B) on callus initiation during six months of in vitro culture. Cultivars (Kh:
Khalas; Ru: Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full: E-3; double: E-4).

250

2.00 1.67+0.33

Number of callus-initiating explants

Kh Ru Sh

Cultivars

B Zero WHalf ®Full Double

Figure 4. Combined influence of stock E concentrations and date palm (Phoenix dactylifera L.)
cultivars on callus initiation during six months of in vitro culture. Cultivars (Kh: Khalas; Ru:
Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full: E-3; double: E-4). Significance level
(5=0.01, T = not significant (NS), S* T = NS).
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the interaction (S*T) were not significant, indicating that microelement availability
played a more crucial role in callus induction than cultivar differences. However, the
full SE concentration yielded the highest callus initiation rates, with Sh (2.00 + 0.33),
Ru (1.67 = 0.33), and Kh (1.33 + 0.33) outperforming other concentrations. With half
SE, Sh, and Ru cvs exhibited similar initiation rates (1.33 = 0.33), as did Shishi in the
absence of microelements (1.33 + 0.33). The lowest callus formation was observed with
double E-4 concentration (1.0 + 0.0).

Callus formation was optimal at E-3 but declined at E-4, likely due to excessive
microelement accumulation disrupting cellular metabolism (Dai et al., 2023).
Moderate trace element supplementation at E-3 appears to enhance phenolic
metabolism and enzyme activation, promoting cell differentiation and division (Liu
et al., 2018; Muszynska and Labudda, 2019). Microelements such as zinc, copper, iron,
and manganese serve as essential cofactors in enzymatic processes regulating tissue
growth and oxidative stress balance (Zhang, 2023). Studies on Capsicum annuum L.
demonstrated that copper supplementation enhances callus formation by stimulating
peroxidase activity, which plays a key role in oxidative stress regulation and tissue
development (Liu et al.,, 2018; Muszyniska and Labudda, 2019). However, at E-4,
excessive copper or manganese may induce toxicity, disrupting oxidative balance and
limiting callus growth (Amente and Chimdessa, 2021). These findings emphasize the
importance of precisely controlling trace element concentrations to optimize callus
initiation while preventing toxicity-related metabolic imbalances in plant tissue
cultures. This is consistent with studies showing that genetic factors play a significant
role in callus formation, alongside the influence of trace elements (Al-Khayri et al.,
2019).

Browning (Figure 5) intensity varied significantly across SE concentrations, with the
highest observed at E-4 (mean = 2.89) and E-2 (1.89), while the lowest occurred at E-3

A B
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2.33a
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Figure 5. Specific effects of date palm (Phoenix dactylifera L.) cultivars (A) and different Stock
E concentrations (B) on callus browning during six months of in vitro culture. Cultivars (Kh:
Khalas; Ru: Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full: E-3; double: E-4).
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(1.33). Among the cultivars, Sh exhibited the highest browning (2.33), followed by
Kh (2.00) and Ru (1.50). Statistical analysis confirmed that the SE concentration (S)
significantly affected browning (p = 0.007), whereas Treatment (T) and the interaction
(5*T) were not significant, suggesting that browning was primarily influenced by
nutrient levels rather than cultivar differences.

Cultivars Sh and Ru displayed the most intense browning at the double (E-4)
concentration (3.00 + 0.0), followed by Kh (2.67 + 0.33) (Figure 6). At half concentration
(E-2), Sh and Kh also showed pronounced browning (2.33 + 0.33). Callus browning was
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Figure 6. Interaction effect of stock E concentrations and date palm (Phoenix dactylifera L.)
cultivars on callus browning during six months of in vitro culture. Cultivars (Kh: Khalas; Ru:
Ruziz; Sh: Shishi); Stock E solution (Zero: E-1; half: E-2; full: E-3; double: E-4). Significance level
(5=0.007, T = not significant (NS), S* T = NS).

minimal at the full concentration (E-3), as recommended by Murashige and Skoog,
which reduced discoloration across cultivars (Shehata et al., 2014). Overall, Shishi
exhibited the greatest browning sensitivity to both high and low SE concentrations,
suggesting it has a higher phenolic compound content. This indicates Shishi’s potential
for greater antioxidant, fiber, and mineral content compared to other cultivars,
supporting findings on its distinct nutritional profile (Al-Saikhan, 2006).

Increased browning at high Stock E concentrations (E-4) can be attributed to
polyphenol oxidation by polyphenol oxidase (PPO), a common challenge in plant
tissue cultures caused by oxidative stress or imbalanced nutrient availability (Amente
and Chimdessa, 2021). Excess iron and copper at E-4 may trigger PPO and peroxidase
activity, accelerating phenolic oxidation and tissue discoloration (Zhang and Sun,
2021). In contrast, browning was minimized at E-3, suggesting that a balanced
microelement supply helps regulate oxidative stress by enhancing antioxidant enzyme
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activity, thereby improving tissue stability (Zhang, 2023). These findings align with
research indicating that iron and manganese influence PPO activity, directly affecting
browning intensity in plant tissue cultures (Zhang, 2023). Therefore, optimizing Stock
E concentrations is essential for minimizing browning and maintaining tissue quality
in plant micropropagation systems.

The findings suggest that E-3 (full-strength) is the most effective concentration for
maximizing explant survival, enhancing callus initiation, and minimizing browning,
whereas E-4 (double-strength) may induce oxidative stress and metabolic imbalances.
Optimizing trace element concentrations is crucial for improving phenolic biosynthesis
and antioxidant activity, with potential applications in commercial propagation and
bioactive compound production (Dai et al., 2023). Similar trends have been observed
in Solanum lycopersicum L., where balanced trace element supplementation reduced
oxidative browning by stabilizing phenolic metabolism and regulating PPO activity
(Vazquez-Marquez et al., 2024). Future research should focus on molecular pathways
regulating oxidative stress and enzymatic activity in response to trace element
variations to further enhance tissue culture performance.

Effect of microelements (Stock E) on total phenolic
contents and antioxidant production
The antioxidant analysis results for the three Hassawi date palm cultivars highlight
the role of varying micro-mineral (SE) concentrations on antioxidant production
during in vitro callus formation (Table 2). The total phenolic content in date palm

Table 2. Effect of different stock E concentrations and date palm (Phoenix dactylifera L.) cultivars
on total phenolic content and antioxidant production during six months of in vitro culture.

Total phenolic content Antioxidant activity by ABTS

Cultivars Stock E

(mg GAE g)* Inhibition (%) puM Trolox
Kh E-1 0.389 + 0.004! 14.579 + 0.070! 81.707 £ 2.147'
E-2 1.021 £ 0.070¢ 42.853 +0.090° 391.654 + 1.458¢
E-3 0.744 +0.003" 36.061 + 0.244" 317.608 + 3.435"
E-4 1.237 + 0.007° 54.467 + 0.240¢ 437.489 +1.391¢
Ru E-1 0.395 + 0.002~! 14.756 + 0.060% 80.427 + 1.466'
E-2 0.998 + 0.02f 42.194 +0.325f 324.336+ 3.9658
E-3 0.653 + 0.002 28.945 +0.197 233.401 £ 3.000
E-4 1.139 £ 0.003¢ 47.195 + 0.050¢ 382.457 +2.236¢
Sh E-1 0.711 +0.003* 29.726 + 0.280' 243.270+2.388
E-2 1.246 + 0.004°< 55.305 + 0.329° 518.794 + 4.301°
E-3 0.955 + 0.0108 39.324 +0.2878 359.867 +5.173f
E-4 2.676 +0.005° 96.283 + 0.171° 978.692+ 3.122°
Least significant
difference (p < 0.05) 1.754 0.404 4.825

Cultivars (Kh: Khalas; Ru: Ruziz; Sh: Shishi). Stock E solution (Zero: E-1; half: E-2; full: E-3;

double: E-4). *Expressed as milligrams of gallic acid equivalents (GAE) per 100 g of sample.
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cultivars shows a clear trend of increasing with higher concentrations of Stock E. In
Khalas, phenolic content rose from 0.389 mg g at E-1 to 1.237 mg g™ at E-4, indicating
enhanced biosynthesis with more microelements. Ruziz followed a similar pattern,
increasing from 0.395 mg g' at E-1 to 1.139 mg g"' at E-4, suggesting a positive
response to microelement supplementation. Shishi exhibited the highest phenolic
content, peaking at 2.676 mg g at E-4, highlighting its superior capacity for phenolic
production in response to higher microelement concentrations, which is crucial for its
antioxidant properties.

The antioxidant activity demonstrates a positive correlation with the concentration of
Stock E. In Khalas, the inhibition percentage increased from 14.579 % at E-1 to
54.467 % at E-4, with pM Trolox values peaking at 437.489 mg g under E-4. Ruziz
followed a similar pattern, with inhibition percentages rising from 14.756 % at E-1 to
47.195 % at E-4, accompanied by an increase in uM Trolox values. Shishi exhibited
the highest antioxidant activity, with inhibition reaching 96.283 % and puM Trolox
values at 978.692 mg g™ under E-4, highlighting its potential for significant antioxidant
production and suitability for further research and agricultural development.
Additionally, double SE concentration was found to be the most effective for phenolic
production, though it caused callus discoloration from brown to black, while half
SE concentration led to lighter browning. The callus cultured in full MS medium or
without SE microelements retained a tan or yellowish-white color.

ABTS inhibitory activity in adventitious callus tissues decreased with increasing SE
concentration from zero to half to full to double SE strength (Table 2). A strong positive
correlation (R2=0.99, p < 0.05) was observed between total phenolic content and ABTS
radical scavenging in callus extracts with all SE concentrations in media, which is
consistent with findings by other researchers (Shehata et al., 2014). Tawaha et al. (2007)
also noted a positive correlation between total phenolic content and antioxidant
activity in methanolic extracts of 51 plant species, including P. dactylifera.

The heat maps provide a detailed visualization of how the different microelement
concentrations (E-1, E-2, E-3, and E-4) influenced total phenolic content, inhibition
percentage, and uM Trolox (an antioxidant capacity measure) in the evaluated date
palm cultivars. Shishi demonstrated the highest phenolic content (2.676 mg g*) and
antioxidant capacity (UM Trolox value of 978.692 mg g') under the E-4 treatment,
highlighting its superior phenolic accumulation and antioxidant activity. Khalas and
Ruziz showed moderate levels, with both reaching peak phenolic content under E-4.
In terms of inhibition percentage, Shishi led at 96.283 %, followed by Khalas at
54.467 % and Ruziz at 47.195 % (Figure 7).

These results indicate that the E-4 microelement combination significantly boosts
antioxidant properties, especially in Shishi. Phenolic compounds and antioxidants
are essential for plant defense and human health, as they neutralize free radicals and
mitigate oxidative stress (Amente and Chimdessa, 2021). Shishi’s enhanced response
to E-4 supports existing research on the positive effects of specific micronutrient
formulations in promoting phenolic and antioxidant responses in date palms (Al-
Shwyeh, 2019).
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Figure 7. Heatmap visualization of the impact of microelements on phenolic content, antioxidant
activity, and uM Trolox levels in date palm (Phoenix dactylifera L.) cultivars. Cultivars (Kh:
Khalas; Ru: Ruziz; Sh: Shishi). Stock E solution (Zero: E-1; half: E-2; full: E-3; double: E-4).

These findings align with prior studies showing the impact of microelements like
zinc, manganese, and copper in activating enzymatic pathways involved in phenolic
biosynthesis, enhancing antioxidant capacity in plants (Vazquez-Marquez et al., 2024).
Overall, E-4, enriched with essential microelements, significantly improved both
phenolic content and antioxidant activity across cultivars, with Shishi demonstrating
the most robust response. This makes Shishi a promising candidate for further
research and agricultural initiatives focused on optimizing antioxidant production.
Trace elements play a crucial role in enhancing phenolic biosynthesis and antioxidant
activity. For instance, studies on Glycine max L. (soybean) and Triticum aestivum L.
(wheat) have shown similar trends where trace element supplementation leads to
increased secondary metabolite production and stress resistance (Zhang, 2023; Amente
and Chimdessa, 2021).

The positive correlation between microelement concentration and phenolic content
in callus tissues supports the hypothesis that trace elements act as essential cofactors
in enzymatic pathways, particularly those involved in phenylpropanoid metabolism.
Enhanced activity of enzymes such as PAL and PPO in response to higher microelement
concentrations could explain the increased phenolic production and reduced browning
in the callus tissues (Vazquez-Marquez et al., 2024).

Previous research examined the role of MS medium components in antioxidant
formation (Alturki et al., 2013; Shehata et al., 2014; Aldaej et al., 2014). Findings suggest
a relationship between medium nutrient strength and the accumulation of secondary
metabolites in callus cultures, as full-strength nutrient media primarily promote
primary metabolism and cellular growth, which can inhibit tissue differentiation at
the morphological and biochemical levels (Hamza et al., 2016). Earlier studies have
also explored related aspects, such as the effects of various growth regulators and
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nutrient media on callus tissue regeneration (Al-Khayri et al., 2019), highlighting how
nutrient and hormonal environments shape secondary metabolite production.
Mineral elements in the MS medium, such as those in Stock E, are often bound to
sulfur compounds (504), highlighting sulfur’s essential role in antioxidant formation,
cell division, growth, and tissue development in cultured plants (Narayan ef al., 2022).
Sulfur is crucial for plants, as it contributes to amino acids, vitamins, and coenzymes
involved in synthesizing proteins, enzymes, and other organic molecules (Al-Mayabhi,
2021). Sulfur-containing compounds, including glutathione, are key antioxidants that
aid in reducing oxidative stress in plants (Cao et al., 2023).

In the MS medium, sulfur is supplemented as adenine sulfate (AdSO,) at 40-80 mg
L, which, alongside cytokinin, promotes bud and branch formation and supports cell
elongation (Rency et al., 2018). Trace elements like copper, zinc, and manganese are
also introduced as sulfates in Stock E, while iron is provided separately in a chelated
form (Stock F) to prevent precipitation, as free iron ions can become toxic to tissues
(Xiao et al., 2021). Sulfate assimilation enhances sulfur-based antioxidant defenses
in plants. Sulfate uptake influences antioxidant production, though its effects on
date palm tissues may vary with factors such as physiological state, environmental
conditions, and nutrient balance (Drira et al., 2022).

Antioxidants are vital in protecting plants from oxidative stress caused by pollutants,
UV radiation, and pathogens by neutralizing reactive oxygen species (ROS)
(Hasanuzzaman et al., 2020). Maintaining balanced micronutrient levels in the
medium is essential for optimal antioxidant production in date palm callus tissues.
Environmental factors, such as pH and organic matter, can also impact micronutrient
availability (Xiaoetal.,2021; Abd Elaziemetal.,2022). Stock Ein the MS medium provides
key micro-mineral elements, including ZnSO,-7H,O, CuSO45H,0, MnSO,-4H,O, and
MgSO47H,O, each playing a specific role in callus growth, secondary metabolite
production, and antioxidant formation.

Zinc is a crucial cofactor for enzymes that regulate oxidative stress and support
antioxidant defenses. Zinc deficiency can compromise these defenses, underscoring
its importance for plant health and antioxidant synthesis (Amiri ef al., 2021; Abdellatif
etal., 2022). Zinc is also fundamental in physiological processes like enzyme activation,
photosynthesis, and the synthesis of phenolic compounds and flavonoids, which
enhance antioxidant capacity (Lee, 2018). As a cofactor for key antioxidant enzymes,
such as superoxide dismutase (SOD) and peroxidase, zinc aids in neutralizing
reactive oxygen species (ROS) and reducing oxidative damage. Additionally, its role
in chlorophyll structure and photosynthetic efficiency indirectly supports antioxidant
production (Lee, 2018; Abdellatif ef al., 2022). Adequate zinc levels enable the plant to
better manage oxidative stress and activate antioxidant defenses as part of its stress
response mechanisms.

Copper (Cu) in the form of copper sulfate pentahydrate (CuSO45H,0) is an essential
micronutrient present in Stock E of the MS medium. Copper is vital for antioxidant
defense and various physiological processes in plants, including photosynthesis,
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enzyme activation, and secondary metabolite synthesis. As a cofactor for antioxidant
enzymes like SOD and ascorbate peroxidase, copper plays a key role in neutralizing
ROS. However, copper levels must be balanced carefully, as excess can be toxic (Djamila
et al., 2022). In the electron transport chain of photosynthesis, copper contributes
to energy production. It also affects the synthesis of secondary metabolites, such as
phenolic compounds, which can lead to browning in cultured tissues. Oxidation
enzymes, such as polyphenol oxidase (PPO) and peroxidase, both of which contain
copper, aid in the conversion of phenolics into quinones, causing tissue discoloration
from yellow to brown or black.

Browning is caused by PPO-mediated oxidation and may impair explant viability by
binding phenols to proteins, thus reducing enzyme effectiveness and ultimately leading
to tissue death (Zein El-Din and Ibrahim, 2015). PPO, a copper-dependent enzyme
localized in plastids, catalyzes the oxidation of phenolics to quinones, producing
pigments in wounded tissue. This reaction, triggered by cellular disruption, is part
of the plant’s defense against insects and pathogens and plays roles in pigmentation,
oxygen scavenging, and chloroplast function (Djamila et al., 2022).

Manganese (Mn), provided in the MS medium as manganese sulfate tetrahydrate
(MnSO4-4H,0), is essential for plant growth and plays a crucial role in activating
enzymes related to antioxidant defense (Zein El-Din et al., 2022). Manganese acts as
a cofactor for superoxide dismutase (SOD), an enzyme that neutralizes superoxide
radicals and supports photosynthesis by participating in the water-splitting reaction,
thereby aiding the conversion of light energy into chemical energy. Through these
processes, manganese contributes indirectly to antioxidant production and the
synthesis of phenolics and flavonoids, which enhance the plant’s antioxidant capacity
(Bagnoli et al., 2002). However, excessive manganese can be toxic, emphasizing the
need for balanced levels.

The SE nutrient solution also contains magnesium sulfate heptahydrate (MgSO,47H,0),
or Epsom salt, as a source of magnesium (Mg) and sulfur (5). Magnesium is central
to chlorophyll structure and is essential for photosynthesis, as well as activating
antioxidant enzymes like SOD, catalase (CAT), and peroxidase (POD), which help
to scavenge ROS in plant cells (Al-Shamsi et al., 2021; Alkhoori et al., 2022). Sulfur
supports the synthesis of amino acids, proteins, and antioxidants, contributing to
overall plant health and resilience. Thus, MgSO,.7H,O in the medium can positively
impact antioxidant production in date palm cultures.

Other essential mineral elements in the MS medium, such as boron and molybdenum,
are crucial for antioxidant formation in date palm callus cultures. Boron was supplied as
boric acid (HsBO3) and molybdenum as sodium molybdate (Na,M0O4.2H,O), both part
of the medium’s third group (Stock C) (Table 1). Boron (B) is essential for carbohydrate
metabolism, cell wall maintenance, and the synthesis of phenolic compounds with
antioxidant properties. Sufficient boron levels support antioxidant production and
cell function, while boron deficiency can reduce antioxidant activity (Al-Mayahi,
2020; Gilani et al., 2021). Molybdenum (Mo) acts as a cofactor for enzymes involved
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in nitrate reduction to ammonia, a key step in nitrogen metabolism that indirectly
supports antioxidant production. Optimal molybdenum levels are important for plant
health and may contribute to antioxidant synthesis (Schwarz et al., 2009).

CONCLUSIONS

Antioxidants can be efficiently produced from date palm explants through tissue
culture, providing a year-round, scalable source without relying on fruit ripening or
sacrificing cuttings. The Murashige and Skoog medium, enriched with minor mineral
elements, supports optimal callus formation even in trace amounts; however, doubling
these microelements enhances antioxidant production in cultured explants. Among
the cultivars, Shishi, particularly with double Stock E concentration (E-4 treatment),
showed strong potential for nutritional and pharmaceutical studies aimed at boosting
antioxidant properties. This makes Shishi a promising candidate for future research
and agricultural initiatives aimed at increasing antioxidant production.
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ABSTRACT
Huanglongbing (HLB), the most devastating citrus disease, severely impacts the physicochemical
quality and postharvest life of Mexican lime fruit [Citrus aurantifolia (Christm.) Swingle]. It
increases susceptibility to cold-induced damage, accelerates weight loss and senescence, and
reduces the content of key components, such as ascorbic acid, ultimately limiting storage time.
This study aimed to evaluate the physicochemical quality and postharvest life of Mexican lime
fruits, obtained from HLB asymptomatic and symptomatic trees, under ambient and refrigerated
storage conditions. Lime fruits were harvested and classified based on the disease status of the
source trees (symptomatic and asymptomatic). Two storage conditions were evaluated: room
temperature (22 + 2 °C) for 0, 4, and 8 d and refrigeration (9 + 1 °C) for two weeks. During the
storage period, titratable acidity, ascorbic acid content, weight loss, total soluble solids, and
color index were analyzed. Results showed rapid weight loss in the fruits with HLB symptoms,
suggesting sensitivity to cold-induced damage. Titratable acidity increased by 40 % in the fruits
obtained from symptomatic trees. The color index was also affected in fruits from symptomatic
trees after 4 and 8 d of storage at room and refrigeration temperatures, showing signs of
senescence compared to asymptomatic fruits. A decrease in ascorbic acid content was also
observed, affecting the fruit’s nutritional quality and limiting its storage time. In conclusion,
HLB significantly affects various quality parameters of the Mexican lime fruit, which increases

its susceptibility to cold-induced damage and, consequently, limits its shelf life during storage.

Keywords: color index, weight loss, ascorbic acid, refrigeration, Candidatus Liberibacter,
physiological disorders.
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INTRODUCTION
Mexican lime [Citrus aurantifolia (Christm.) Swingle] belongs to the Rutaceae family,
which comprises 150 genera and 900 species (Mohammed and Ayoub, 2016). This
species is widely used as a raw material in food flavorings, beverage flavor enhancers,
and as an ingredient in traditional medicine and cosmetics (Swandiny et al., 2021;
Indriyani et al., 2023). Additionally, it is attributed with various biological activities,
such as insecticidal, larvicidal, and repellent properties (Galovicova et al., 2022), as well
as antioxidant, antineoplastic, and antimicrobial properties (Asmabh et al., 2020; Julaeha
et al., 2022). This species also exhibits antiseptic, antiviral, antifungal, astringent, anti-
cholesterol, diuretic, appetite-stimulating, and laxative properties (Jeffrey et al., 2020).
It is also notable for its anti-inflammatory and analgesic properties (Shchérazade et al.,
2021). These properties are attributed to the content of secondary metabolites (Kazeem
et al., 2020), making lime a phytogenetic resource with high commercial value.
Lime production faces several yield-impacting challenges, with huanglongbing (HLB)
being one of the most devastating citrus diseases worldwide. This disease is associated
with bacteria from the Candidatus Liberibacter genus, including Ca. L. asiaticus (CLas),
present in Asia, Africa, and America; Ca. L. africanus (CLaf) in Africa (Jagoueix et
al., 1994); Ca. L. americanus (CLam), reported in Brazil and Asia (Teixeira et al., 2005;
Antunes ef al., 2010); and Ca. L. caribbeanus (CLca) in Colombia (Folimonova and
Achor, 2010; Vitor ef al., 2013). These bacteria are mainly transmitted by insect vectors.
The Asian citrus psyllid (Diaphorina citri Kuwayama) is responsible for transmitting
CLas, CLam, and CLca (da Graca and Kornsten, 2004; Antunes et al., 2010), while
the African citrus triozid (Trioza erytreae Del Guercio) transmits CLaf (da Graga and
Kornsten, 2004). These insects inoculate the bacteria while feeding on the sap of the
leaves (Halbert and Manjunath, 2004; Belasque et al., 2010).
Candidatus Liberibacter spp. are Gram-negative bacteria (a-proteobacteria) that are
restricted to the phloem of plants, interfering with the translocation of photosynthates
and disrupting the movement of nutrients and sugars within the plant’s internal
tissues (Bendix and Lewis, 2018). This causes the yellowing of new shoots and leaf loss
and alters fruit characteristics, such as deformities, changes in size, delayed ripening,
modifications in flavor and texture, reduced yield, and decreased commercial quality.
Finally, they cause premature fruit drop and tree death (Magomere ef al., 2009;
Bojorquez-Orozco et al., 2023). HLB symptoms can be confused with nutrient deficiency
or the damage caused by pests and other diseases (Gottwald et al., 2007). Therefore,
evaluating the physicochemical quality of fruits is fundamental to prevent changes
in their properties during postharvest. Nutritional quality has become an essential
component of overall quality, serving as a key factor in consumer preference. This
study aimed to evaluate the physicochemical quality and postharvest life of Mexican
lime fruits obtained from HLB asymptomatic and symptomatic trees under ambient
and refrigerated storage conditions.
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MATERIALS AND METHODS

Plant material

Mexican lime fruits (Citrus aurantifolia) were harvested in a plot located at km 35 of the
Colima-Manzanillo highway in Tecoman, Colima, Mexico. A total of 300 asymptomatic
fruits were collected from the greenhouse, and 300 HLB-symptomatic fruits were
collected from an open field. The fruits were selected based on their uniform size,
homogeneous green color, and absence of visible damage. Then, the fruits were washed
with running water and commercial soap. Of the total collected, 150 asymptomatic
and 150 symptomatic fruits were selected for storage at room temperature (20 + 2 °C,
55 £ 5 % relative humidity (RH)) for 0, 4, and 8 d. The remaining were stored under
refrigeration (9 + 1 °C, 85 + 5 % RH) for two weeks. Subsequently, the refrigerated
fruits were transferred to room temperature conditions for 4 and 8 additional days to
simulate the commercialization process.

Physical and chemical analyses

Changes in physical and chemical quality were evaluated by measuring total soluble
solids (TSS) in degrees Brix (°Brix) using a digital refractometer (ATAGO PR-100,
Bellevue, USA). Titratable acidity was expressed as grams of citric acid per 100 mL of
juice (g 100 mL™). The ascorbic acid content (vitamin C) was quantified in milligrams of
ascorbic acid per 100 ml of juice (mg 100 mL™) through extraction with oxalic acid and
titration with 2,6-dichlorophenol-indophenol, following the AOAC (2023) method.
The external color was determined in the equatorial zone of all fruits using a reflection
color meter (Hunter Lab D-25, Reston, VA, USA) based on the CIELab scale. The L*,
a*, and b* parameters were used to calculate the color index (CI) using the equation
proposed by Jiménez-Cuesta et al. (1981):

1000 x a*
IC = 7
where a* defines the direction and degree of chromaticity on the red/green axis,
b* defines the direction and degree of chromaticity on the yellow/blue axis, and L
represents luminosity or lightness of a color, from 0 (black) to 100 (white).
The fruit’s weight loss (WL) was calculated with the following equation:

Initial weight — Final weight
% WL = — , x 100
Initial weight

Statistical analysis
This study followed a completely randomized design. Each fruit was considered
an experimental unit, and 50 fruits were used per treatment. All experiments were
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carried out in triplicate. The experimental data were subjected to analysis of variance
(ANOVA), followed by mean comparison by Tukey test (p < 0.05), using the SPSS 23
statistical software (IBM Corporation, Armonk, NY, USA). Normality and homogeneity
of variance assumptions were verified using the Shapiro-Wilk and Bartlett tests,
respectively. The percentage data were transformed using the following equation:

y = X
= arcsen 100

where X is the percentage value.

RESULTS AND DISCUSSION

Storage at room temperature
Significant differences in organoleptic quality and postharvest life of the fruits were
observed between the evaluated treatments (Table 1). The greatest weight loss was
recorded in HLB-symptomatic fruits after 8 d of storage, reaching 17.25 %. On the
contrary, the lowest weight loss was observed in asymptomatic fruits after 4 d of
storage, with 7.29 %. Regarding internal quality, an increase in titratable acidity was
observed, with 9.24 % citric acid in HLB-symptomatic fruits at harvest. The lowest
citricacid content (3.53 %) was observed in HLB-symptomatic fruits after 8 d of storage.
As for total soluble solids, there were no significant differences between treatments.
For the color index, the highest value (-22.06) was observed in asymptomatic fruits
at harvest, showing a homogeneous green hue. The lowest color index (-8.46) was
observed in HLB-symptomatic fruits after 8 d of storage. These fruits were characterized

Table 1. Organoleptic quality and postharvest life of huanglongbing (HLB) symptomatic
and asymptomatic Mexican lime fruits [Citrus aurantifolia (Christm.) Swingle] stored under
commercialization conditions (20 + 2 °C, 55 + 5 % relative humidity).

Storage Weight Citric Total Color Ascqrblc
. . soluble index acid
Treatment time loss acid .
(days) (%) (%) solids (1000 (mg 100
4 0 0 (%) a*/b*L) mL™)
Fruits with HLB 0 0.0d 9.24 a 7.83 a -18.19b 41.24b
symptoms 4 10.77 be 6.40b 746 a -14.04 ¢ 30.84 c
8 17.25a 3.53d 6.83 a -8.46 d 21.10d
. 0 0.0d 8.36 ab 7.60 a -22.06 a 50.37 a
afr;“io}giic 4 7.29 c 7.44b 7.40 a -16.18 be 44.85b
ymp 8 13.71b 547 ¢ 713 a -12.75d 33.15¢

Means with different letters within columns are statistically different (Tukey, p <0.05).
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by a yellowish hue that deteriorated their appearance, as their postharvest life was
reduced due to the senescence process.

Regarding nutritional quality, the highest concentration of ascorbic acid was observed
in asymptomatic fruits, with 50.37 mg 100 mL™ of juice at harvest. The lowest
concentration of ascorbic acid was recorded in HLB-symptomatic fruits, with 21.1 mg
100 mL™" of juice after 8 d of storage, showing a more pronounced loss of ascorbic acid
in the HLB-symptomatic fruits.

The effects of HLB on fruit weight loss were significant, which reduced shelf life.
Robles-Gonzalez et al. (2013) reported that Mexican lime fruits from trees with 50-80
% of their canopy damaged by HLB showed reduced size and weight. Mufioz-Lazcano
et al. (2011) mentioned that Mexican lime fruits have a thinner peel and smaller size,
making them more prone to water loss via transpiration, which leads to dehydration
and weight loss. In this study, lime fruits started dehydrating over the course of the
days, leading to weight loss.

The decrease in citric acid content in the fruits stored at room temperature was
more pronounced in those with HLB symptoms. This is similar to that reported by
Bassanezi et al. (2009) in sweet oranges, where the fruits harvested from trees with HLB
symptoms had a greater acidity. As for total soluble solids, no significant differences
were observed between groups, which coincides with Robles-Gonzalez et al. (2013),
who reported that HLB had no significant effect on the °Brix values of the Mexican
lime. On the contrary, Bassanezi et al. (2009) observed an increase in °Brix in HLB-
symptomatic oranges.

On the other hand, fruits with HLB symptoms showed a greater decrease in green
color compared to asymptomatic fruits. Sagaram et al. (2009) and Hernandez-Rivera
et al. (2018) reported that HLB-symptomatic Mexican lime fruits had a significantly
lower color index as storage time increased. Goldschmidt (1997) observed that the
yellowish color in citrus fruits, including Mexican limes, is an adverse effect that leads
to quality loss. This is due to the biosynthesis of ethylene (C,H,) during postharvest,
which accelerates the senescence process, increases respiratory activity, and causes
chlorophyll degradation.

Storage under refrigeration conditions

Significant differences were observed in the quality of the fruits stored under
refrigeration temperatures (9 + 1 °C, 85 + 5 % RH) (Table 2). The greatest weight loss
was observed in fruits with HLB symptoms, with a 19.3 % loss after 8 d of storage.
Asymptomatic fruits showed a lower weight loss, with 9.6 % after 4 d of storage.

As for internal quality, no significant differences were observed in citric acid content
between HLB-asymptomatic and symptomatic fruits, with values of 8.13 and 7.26 %,
respectively, after refrigerated storage. The lowest citric acid content was observed in
fruits with HLB symptoms, with 2.9 % of citric acid. As for total soluble solids, there
were also no significant differences between groups. The color index was higher in
asymptomatic fruits (-14.14), with a light green-yellow color, while a lower index was
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Table 2. Organoleptic quality and postharvest life of huanglongbing (HLB) symptomatic and asymptomatic

Mexican lime fruits [Citrus aurantifolia (Christm.) Swingle] stored under refrigeration (9 = 1 °C, 85 + 5 % relative

humidity) for two weeks, followed by storage at room temperature (20 + 2 °C, 55 + 5 % relative humidity).

Storage time ~ Weightloss  Citricacid Total soluble ~ Colorindex  Ascorbic acid

Treatment (days) (%) (%) solids (%) (1000 a*/b*L)  (mg 100 mL™)
Eruits with 0 00d 7.26 a 753 a -12.85 ab 40.48 b
HLS‘; jn W‘toms 4 11.8 be 597 b 730 a 870 ¢ 31.17 ¢
ymp 8 193 a 2.90 ¢ 6.80 a -450d 23.67d
HLB- 0 00d 8.13a 773 a 1414 a 4734 a
asymptomatic 4 9.6 ¢ 6.86 ab 7.66 a -10.96 b 41.26 b
fruits 8 149b 4.60b 7.03a 779 ¢ 31.82 ¢

Means with different letters within columns are statistically different (Tukey, p <0.05).

observed in symptomatic fruits, with a value of -4.5 after 8 d of storage, showing a
yellow hue.

Regarding ascorbic acid, the highest concentration was detected in fruits with HLB
symptoms, with 40.48 mg 100 mL™ of juice at harvest. This concentration decreased
to 31.17 mg 100 mL™ after 4 d of storage and to 37.67 mg 100 mL™" after 8 d of storage,
indicating a continuous loss of this compound. In asymptomatic fruits, the loss of
ascorbic acid was lower, with a concentration of 47.34 mg 100 mL™" at harvest, 46.26
mg 100 mL™" at 4 d, and 24 mg 100 mL™" after 8 d of storage, highlighting a greater loss
in fruits with HLB symptoms. It is likely that storage at low temperatures reduces
the incidence of diseases by inhibiting microbial growth, restricting enzymatic and
respiratory activities, inhibiting water loss, delaying quality loss, and reducing
ethylene production (da Silva et al., 2013).

Fruits with HLB symptoms exhibited faster softening and dehydration during
refrigeration storage, along with increased senescence. As described by Cohen
et al. (1994), Gaytan et al. (2012), and Hernandez-Rivera et al. (2018), weight loss is
an indicator of cold-induced damage, which reduces shelf life. Additionally, HLB-
symptomatic fruits showed loss of green color and the appearance of brown spots,
with some fruits showing signs of decay, further shortening their shelf life. According
to Alferez et al. (2006), the loss of green color in citrus fruits is related to chlorophyll
degradation and the progression of senescence, which explains the decrease in the
color index observed during the storage periods. Mufioz-Lazcano et al. (2011) also
reported a significant loss of green color in Mexican lime fruits without HLB and
stored under refrigerated conditions for 2 or 4 weeks.

In this study, both groups of fruits showed a trend of acid content loss as storage days
increased, which is consistent with the findings reported by Gaytan et al. (2012) in
Mexican lime cultures. This group identified that the attack of microorganisms causing
rot contributes to the loss of nutraceutical value due to the decrease in ascorbic acid and
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the shortened shelf life. This decrease results from the oxidation of ascorbic acid due to
senescence progression and hydric stress (Lee and Kader, 2000). According to Corzo-
Martinez et al. (2012), ascorbic acid oxidation produces monodehydroascorbic acid,
which reduces the biologic activity of vitamin C. The principal factors in this process
are oxygen concentration, pH, and temperature. Despite the observed alterations,
Mexican lime fruits with HLB symptoms could be used in agroindustry as they retain
some organoleptic and nutraceutical characteristics.

CONCLUSION
The postharvest behavior of Mexican lime fruits was affected by the presence of
huanglongbing symptoms in the source trees, altering their nutraceutical quality
(ascorbic acid content), external quality (color index, weight loss), and internal quality
(citric acid percentage), both under ambient and refrigerated storage conditions.
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ABSTRACT
The most common disease in forest nurseries is damping-off, commonly caused by the fungus
Fusarium oxysporum Schltdl. The objective of this study was to evaluate the effect of a commercial
product based on microorganisms (Bactiva®) and a strain of Trichoderma paratroviride Jaklitsch
and Voglmayr on the incidence of damping-off and the morphology of Pinus oocarpa Schiede
ex Schltdl. plants inoculated with F. oxysporum. A completely randomized design was used,
with treatments in an increased factorial arrangement, to evaluate two biological products
(a commercial product and T. paratroviride) and three application forms (to the seed, to the
substrate, and through irrigation) were evaluated, with an additional control inoculated only
with F. oxysporum. The factors revealed that using the commercial product and applying it to
the seed reduced the incidence rate to 25 and 23%, respectively. In terms of interactions, the
application of the commercial product to the seed, to the substrate, and by irrigation, and with
T. paratroviride to the seed and by irrigation, showed the lowest percentage of incidence (<30 %).
At 195 days after sowing, T. paratroviride and substrate application improved plant morphology.
The interactions showed that the highest root collar diameter (6.5 mm), plant height (23.2 cm),
aerial dry weight (3.15 g), total dry weight (4.15 g), and Dickson quality index (0.61) were
obtained with substrate-applied T. paratroviride. However, the lowest sturdiness quotient was
obtained with the control (3.27), while for root dry weight and aerial dry weight over root dry

weight, there were no differences among the treatments evaluated.

Keywords: Pinaceae, biological control, damping-off, Trichoderma paratroviride.

INTRODUCTION
In Mexico, forest nurseries produce approximately 180 million plants per year, which
are used in reforestation and ecosystem restoration to reduce soil degradation and
mitigate the negative effects of climate change (Andivia et al., 2021). The significance
of nursery management practices lies in their impact on plant quality, specifically their
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morphological and physiological characteristics, which directly influence their ability
to adapt to the conditions of the transplanting site (Rueda-Sanchez ef al., 2014; Aldrete
et al., 2023). On the other hand, according to Cibrian-Tovar et al. (2008), the decrease
in forest mass is caused by land use change, overgrazing, and the presence of pests
and diseases; the latter also cause the death of reforested trees and nursery plants,
resulting in a significant economic loss for nurserymen.

Damping-off is a disease characterized by rotting at the base of the plant stem,
resulting in wilting and death (Larios-Larios ef al., 2019). According to Mojica-Marin
et al. (2009), it is caused by the genera Fusarium, Rhizoctonia, Pythium, and Phytophthora.
In the Mexican state of Durango, Prieto et al. (2009) found this disease in all nurseries
evaluated. Fusarium fungi, for example, are filamentous, cosmopolitan ascomycetes
with well-developed, septate mycelium and distinctive conidiophores (Sumalan et
al., 2013). Their damage triggers a series of irreversible conditions in the host, which
start in the roots or the above-ground parts of the plant (Ma et al., 2013). To avoid the
proliferation of this pathogen, appropriate management is required in the nursery.
Among the management actions used, the application of chemicals stands out, which
frequently endangers human health and may cause pathogen resistance (Garcia-Diaz
et al., 2017). To prevent this disease, it is recommended to use certified and sanitized
seeds and control irrigation after planting to avoid excess soil moisture (Gordon et al.,
2015).

Okorski et al. (2014) indicate that in the control of Fusarium oxysporum, natural
enemies of the pathogen can be used as biological control agents, which contributes to
environmental conservation and prevents the pathogen from developing resistance.
Additionally, natural enemies feed on organic matter and have the ability to compete
for the nutrients required by pathogens. Generally, they present several mechanisms
of competition and inhibition in the presence of pathogens such as F. oxysporum, so
they are an effective and direct alternative against these types of diseases (Okorski et
al., 2014).

Fungi of the genus Trichoderma are used as biological control agents against
phytopathogenic fungi due to their mechanisms of action, which include antibiosis,
mycoparasitism, production of secondary metabolites, and competition for space
and nutrients (Hernandez-Melchor et al., 2019). Sanchez-Rangel et al. (2016) obtained
similar incidence percentages when applying Captan, copper sulfate pentahydrate,
and two Trichoderma strains (SP6 and SP12) on plants of Carica papaya L. Meanwhile,
Garcia-Diaz et al. (2019) demonstrated that T. harzianum decreased the incidence of
Fusarium circinatum on seedlings of Pinus greggii Engelm. ex Parl. when using sawdust
assubstrate. Larios-Lariosef al. (2019) reduced the incidence of damping-off in Capsicum
chinense Jacq. seedlings by applying Trichoderma spp. to the foliage. Rodriguez-Pinto et
al. (2021) reduced wilt caused by Fusarium spp. on Solanum melongena L. plants in vitro
and in the field by using native Trichoderma strains isolated and used as biocontrol.
Ortega-Cerén et al. (2024) reported that applying T. harzianum to the substrate on Pinus
devoniana Lindl. plants decreased the pathogenicity of F. circinatum.
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Among the species produced in forest nurseries, Pinus oocarpa Schiede ex Schltdl. has
the potential to be used in reforestation programs, since it is capable of growing in both
fertile and marginal soils; in addition, it presents adequate production characteristics
due to its growth speed and the conservation status of its populations (Fabian-
Plesnikova et al., 2020; CONAFOR, 2022). Considering the above, the objective of this
research was to evaluate the effect of a commercial product based on microorganisms
and a strain of T. paratroviride, using different forms of application, on the incidence
of damping-off and the morphology of P. oocarpa plants inoculated with F. oxysporum,
under the hypothesis that these products reduce the incidence of the pathogen and
modify the morphology of the plants.

MATERIALS AND METHODS

Trial set-up

The experiment was established in a greenhouse of the Forestry Sciences Division
of the Autonomous University of Chapingo in the municipality of Texcoco, State of
Mexico, Mexico (19° 29" 34” N and 98° 53" 38” W, at an altitude of 2240 m). Seeds
of Pinus oocarpa Schiede ex Schltdl. were collected from a natural population of
the species in the municipality of San Simoén de Guerrero, State of Mexico, by the
National Institute of Forestry, Agriculture, and Livestock Research. Two P. oocarpa
seeds, previously soaked in water (24 h) and disinfested in commercial chlorine (5
%), were sown in containers with a substrate of peat, perlite, and vermiculite 3:1:1
v/v, combined with a controlled-release fertilizer (7 g L*). Since they are artificial
substrates, they were considered to be innocuous to a certain extent, so no sterilization
process was applied. At 35 days after sowing (dds), a thinning was carried out, where
one plant per container was left. Irrigation was applied every third day with tap water
without causing splashing between the trays.

Experimental design and study factors

Two biological products were evaluated using a completely randomized design
with treatments in an increased factorial arrangement. One of the products was a
commercial product (Bactiva® TNI, Germany) based on fungi from the Trichoderma
and Gliocladium genera, bacteria from the Bacillus and Pseudomonas genera, and a
marine alga (Ascophyllum nodosum). The other was a strain of Trichoderma paratroviride
that was collected from a plantation of Eucalyptus spp. in the state of Tabasco, Mexico.
Both products were evaluated in three different application ways (to the seed, to the
substrate, and through irrigation). Additionally, there was a control in which only
Fusarium oxysporum was inoculated to the substrate at the base of the plant. Four
replicates per treatment were carried out, which generated 28 experimental units, each
one consisting of a tray with 42 plants in individual containers of 170 mL capacity.
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Pathogen inoculation

At49 dds, 20 mL of distilled water with two drops of polysorbate 20 and a concentration
of 1 x 107 conidia per milliliter of F. oxysporum were applied to the substrate at the
base of the plant. The inoculum was obtained from purified Petri dishes identified
with the pathogen. At 90 dds, a pathogenicity test was performed by evaluating four
plants with wilt symptoms per treatment (Soria et al., 2012). In this understanding,
where only the pathogen (control) was inoculated, only F. oxysporum was found, and
in those where the commercial product and the T. paratroviride strain were applied, the
presence of the pathogen and Trichoderma was confirmed.

Application of the commercial product and Trichoderma paratroviride

The concentration used of the commercial product and T. paratroviride was 1 g L™ and
1 x 107 conidia mL" water, respectively. When applied to the seed, it was allowed to
stand for 5 min in 200 mL of sterile distilled water with the corresponding treatment
before sowing. The application to the substrate took place while the substrate was
being prepared, and the established concentration was diluted in 200 mL of sterile
distilled water. At 49 dds, the treatments were applied through irrigation, where the
established concentration was combined in sterile distilled water (200 mL), and all the
trays belonging to each treatment were uniformly irrigated.

Response variables

Incidence of Fusarium oxysporum
The incidence of this pathogen was evaluated weekly by recording the number of
plants per experimental unit with typical symptoms of the disease (Soria et al., 2012),
i.e., color changes in needles and terminal bud wilting. In this sense, the accumulated
percentage of dead plants in relation to the initial number of plants was obtained over
17 weeks from 49 dds. These values were transformed with the arcsine function prior
to analysis.

Morphological indices in Pinus oocarpa plants

At the end of the experiment (195 dds), 12 plants per experimental unit were taken and
removed from the container to eliminate all the root substrate. Root collar diameter
was measured with a digital vernier in millimeters. Plant height was measured with a
ruler graduated in centimeters, from the base of the stem to the apical bud. To measure
root dry weight, aerial dry weight, and total dry weight, the root and aerial part of the
plant were divided, placed separately in paper bags labeled with their experimental
unit, and dried in an oven for 72 h at 70 °C. The ratio of aerial and root dry weight,
sturdiness quotient, and Dickson’s quality index were calculated according to Aldrete
et al. (2023).
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Statistical analysis
Data were analyzed for normality (Shapiro-Wilk) (p > 0.05), variance homogeneity
(Bartlett) (p 2 0.05), and residue independence tests; likewise, an analysis of variance
was performed by as proposed by Federer (1955), corresponding to a randomized
design with treatments in an increased factorial arrangement, and a multiple
comparison of means with Tukey’s honest minimum significant difference test (p <
0.05) using the R statistical program version 4.3.2.

RESULTS AND DISCUSSION

Incidence of Fusarium oxysporum
In both factors, the percentage of incidence increased similarly up to week eight
between both biological products and the three forms of application (Figure 1).
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Figure 1. Percentage of cumulative incidence from inoculation of Fusarium oxysporum on Pinus
oocarpa Schiede ex Schltdl. plants during 17 weeks of evaluation by the effect of the interaction
of the product applied and the mode of application, and an additional control. A: biological
product factor (Bactiva® and Trichoderma paratroviride); B: application form factor (seed,
substrate, and irrigation). The standard deviation is indicated.
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However, after this week, the percentages began to show different increases. In the
biological product factor, T. paratroviride increased in relation to the commercial
product until week 17, where the lowest percentage corresponded to the commercial
product (25 %), followed by T. paratroviride (30 %) and the additional control (44 %)
(Figure 1A). On the other hand, in the application method factor, application to the
seed reported the lowest incidence percentages up to week 17 (23 %), in contrast to
application through irrigation (26 %), to the substrate (33 %), and the control (44 %)
(Figure 1B).

Regarding the interaction of factors and the additional control, the manifestation
of disease symptoms in P. oocarpa plants started in the first week after inoculation
(sdi) in the control (T)), in some plants of treatments T,, T,, and T,, and none of T,
T, and T, (Figure 2). From the eighth sdi, there was a considerable increase in the
percentage of incidence, where the application of T. paratroviride to the substrate and
through irrigation presented a percentage close to the control. However, at 17 sdi, the
control reported a 44 % incidence, a value close to that of T. paratroviride applied to the
substrate (39 %) and higher than the rest of the treatments, which were found to be
below 30 %.

The time in which symptoms appeared was similar to that reported by Garcia-Diaz
et al. (2019), who inoculated the substrate with F. circinatum on P. greggii plants and
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Figure 2. Percentage of cumulative incidence from inoculation of Fusarium oxysporum in Pinus
oocarpa Schiede ex Schltdl. plants during 17 weeks of evaluation by the effect of the interaction
of the product applied and the mode of application for the control of the pathogen, and an
additional control. T: control; T,: commercial product (Bactiva®) applied to the seed; T
commercial product applied to the substrate; T,: commercial product applied by irrigation; T.:
Trichoderma paratroviride applied to the seed; T : T. paratroviride applied to the substrate; T,: T.
paratroviride applied by irrigation. The standard deviation is indicated.
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found that the manifestation of the first symptoms occurred 20 days after inoculation.
These findings were different from those of Robles-Carrion et al. (2014), where
inoculating F. oxysporum to the substrate in plants of Vasconcellea x heilbornii (V.M.
Badillo) V.M. Badillo, reported that symptomatology began 30 days after inoculation.
Contrary to Soria et al. (2012), who suggest that a plant must have a wound in order
for the pathogen to enter the tissue, the effects demonstrated in this study concur with
Garcia-Diaz et al. (2019), who assert that Fusarium spp. can directly infect the tissue
even in the absence of a wound.

On the other hand, the commercial product and the application to the seed attenuated
the incidence of the pathogen. Likewise, T. paratroviride applied to the seed and by
irrigation reduced the incidence in a similar way to that of the commercial product
in all forms of application. Bactiva® has a mixture of T. harzianum, T. reesei, T. viride,
Gliocladium virens, Bacillus subtilis, B. megaterium, B. polymyxa, Pseudomonas fluorescens,
and Ascophyllum nodosum. The findings demonstrated a better efficacy of the commercial
product against the T. paratroviride strain, attributed to the mixture of strains present
in the product, of which several authors have demonstrated the positive effects of the
Trichoderma (Amaral et al., 2019; Rodriguez-Pinto ef al., 2021; Ortega-Cerdn et al., 2024)
and Bacillus genus (Mejia-Bautista et al., 2016) in the control of Fusarium.

Similarly, when biological products were applied to the seed, a lower percentage of
incidence was observed. Kthiri et al. (2020) indicate that when applying Trichoderma
spp. to the seed there is an early relationship between the fungus and the roots of the
seedling, which allows a better colonization in the rhizosphere and presents a positive
effect on the development of the plant by having a greater tolerance to stress and a
better absorption of nutrients.

The incidence reduction caused by Trichoderma application coincides with Garcia-
Diaz et al. (2019), Rodriguez-Pinto et al. (2021), and Ortega-Cerdn et al. (2024), who
were able to reduce the incidence of Fusarium spp. by applying Trichoderma spp. on P.
greggii, Solanum melongena, and P. devoniana, respectively. According to Navaneetha
et al. (2015), the positive effect of Trichoderma as a biocontrol agent against different
pathogens is due to its ability to synthesize proteins, enzymes, antibiotics (antagonistic
compounds), and substances that promote plant growth, such as vitamins and
hormones. Joo and Hussein (2022) reported that the volatile organic compounds
produced by Trichoderma spp. are a key factor in suppressing harmful rhizosphere
microorganisms and enhancing defense. Amaral et al. (2019) found that T. viride shows
good root colonization and has a prominent impact on defense mechanisms in pine
plants.

Morphological indexes of plants
According to the analysis of variance, for the biological product factor, there were only
significant differences in plant height (PLH), aerial dry weight (ADW), and total dry
weight (TDW); the highest values were obtained with the T. paratroviride strain, with
19.81 cm and 2.43 and 3.31 g, respectively (Table 1). Regarding the application method,
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significant differences only occurred in root collar diameter (RCD), ADW, TDW, and
sturdiness quotient (5Q). Substrate application produced higher values in RCD, ADW,
and TDW, but lower values in SQ, whereas seed application produced intermediate
values (Tables 1 and 2).

On the other hand, for the interactions and the additional control, the analysis of
variance only found significant differences in the RCD, PLH, ADW, TDW, SQ, and
Dickson quality index (DQI) (Tables 1 and 2), where the application of T. paratroviride
to the substrate had the highest RCD (6.5 mm), PLH (23.2 cm), ADW (3.15 g), TDW
(4.15 g), and DQI (0.61). However, the best SQ was obtained with the control (3.27).
As this variable shows the balance between the aerial and root parts, the lower the
index, the better the balance in the plant. In this sense, sturdiness allows estimating
the physical resistance of the plants during planting operations and their resistance to
the mechanical effect of the wind (Gomes et al., 2002).

Table 1. Multiple comparison of means of the variables root collar diameter, plant height, and dry

weight by the effect of the factors, their interaction, and the additional control in Pinus oocarpa Schiede

ex Schltdl. plants inoculated with Fusarium oxysporum at 195 days after planting.

Biological =~ Application RCD (mm) PLH PSR ADW TDW
product form (cm) (g)
PC 4.61 a 17.45b 0.76 a 1.94b 2.71b
TP 5.02 a 19.81 a 0.87 a 243 a 3.31a
Seed 4.71 ab 185a 0.78 a 2.10 ab 2.88 ab

Substrate 5.65a 20.00 a 0.85a 2.56 a 3.42a

Irrigation 4.08 b 173 a 0.82a 1.90b 2.72b

T, Control 4.61 ab 15.04b 0.71a 1.76 b 247b

T, PC Seed 5.04 ab 18.37b 0.81 a 2.08 b 290 b

T, PC Substrate 4.80 ab 16.80 b 0.71 a 1.97b 2.69b

T, PC Irrigation 3.98b 17.18 b 0.76 a 1.77b 2.54b

T, TP Seed 4.37Db 18.75 ab 0.74 a 2.13b 2.87b

T, P Substrate 6.50 a 23.20 a 0.99 a 3.15a 415a

T, TP Irrigation 417b 17.76 b 0.87 a 2.02b 290b
General mean factors 4.81 18.63 0.81 2.19 3.01
General mean treatments 4.75 17.94 0.80 2.10 291
CV (%) 17.39 10.62 20.85 18.27 16.37
MSD, ; biological product 0.78 1.79 0.14 0.36 0.44
MSD,, ., form of application 1.17 2.67 0.21 0.54 0.65
MSD, . treatments 1.93 4.46 0.37 0.90 1.11

T: treatment; RCD: root collar diameter; PLH: plant height; PSR: root dry weight; ADW: aerial dry
weight; TDW: total dry weight; PC: commercial product (Bactiva®); TP: Trichoderma paratroviride;

CV: coefficient of variation; MSD,

0s: Minimum significant difference with a significance of 0.05.

Values with the same letter are statistically equal according to Tukey’s honest minimum significant
difference test (p <0.05).
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Table 2. Multiple comparison of means of the variables evaluated for the effect of the
factors, their interaction, and additional control in Pinus oocarpa Schiede ex Schitdl. plants
inoculated with Fusarium oxysporum 195 days after sowing.

T  Biological product Application form ADWR SQ DQI
PC 2.55 a 3.83 a 0.42a
TP 2.84 a 410 a 0.48 a
Seed 2.72 a 3.97 ab 0.43 a
Substrate 2.96 a 3.62b 0.52a
Irrigation 241a 432a 0.40 a
T, Control 247 a 3.27b 0.43 ab
T, PC Seed 2.57 a 3.66 a 0.46 ab
T, PC Substrate 2.78 a 3.52a 0.42 ab
T, PC Irrigation 2.32a 432 a 0.38 b
T, TP Seed 2.88 a 4.29 a 040b
T, TP Substrate 3.14 a 3.71a 0.61 a
T, P Irrigation 250 a 432a 0.43 ab
General mean factors 2.70 3.97 0.45
General mean treatments 2.64 3.84 0.45
CV (%) 16.90 10.87 19.10
MSD,, ., biological product 0.41 0.39 0.07
MSD,, ., form of application 0.61 0.59 0.11
MSD, ,, treatments 1.04 0.97 0.20

T: treatment; ADWR: aerial dry weight over root dry weight; SQ: sturdiness quotient; DQI:
Dickson quality index; PC: commercial product (Bactiva®); TP: Trichoderma paratroviride;
CV: coefficient of variation; MSD, .: minimum significant difference with a significance
of 0.05. Values with the same letter are statistically equal according to Tukey’s honest

minimum significant difference test (p < 0.05).

Among the biological products, the T. paratroviride strain showed a positive effect on
plant morphology; likewise, among the application methods, higher morphology
values were observed when the products were applied to the substrate and to the
seed. Ferreira et al. (2024) mention that the use of Trichoderma strains in the production
of forest seedlings promotes the solubilization and availability of nutrients for these,
with numerous benefits for their development. Specifically, Gutiérrez-Flores et al.
(2022) indicate that the increase in plant growth caused by Trichoderma atroviride is
due to a process called anastomosis, where thin hyphae combine with other hyphae to
form a network, which facilitates the exchange of liquids and nutrients.

In the same way, the Trichoderma symbiosis, when applied to the substrate and the
seed, increases the ability to uptake a greater amount of nutrients in plants and,
in turn, provides a balance between the aerial and root parts, which favors greater
tolerance to water stress (Navarro et al., 2006; Kthiri et al., 2020). It should be noted
that the biological products were applied to the substrate and seed prior to Fusarium
inoculation so that the strains of the two biological products were already established



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3270
Scientific Article

564

at the time of pathogen inoculation, as opposed to irrigation, which was applied at the
same time as the pathogen.

Most of the diameter values obtained in this research were within the range proposed
by Prieto and Sdenz (2011), who indicate that they should be greater than 4 mm to be
considered high-quality plants. The results obtained are similar to those of Garcia-
Diaz et al. (2019), who applied T. harzianum and obtained diameters up to 3.11 mm in
P. greggii inoculated with F. circinatum. For their part, Reglinski et al. (2012) reported
better diameter, height, and total dry weight in Pinus radiata D. Don plants when
using T. atroviride. On the other hand, other studies reported an increase in plant
height when applying Trichoderma spp. on forest plants (Nunes et al., 2021) and T.
harzianum on Pinus sylvestris L. (Saleh et al., 2023). In terms of DQI, Prieto and Saenz
(2011) establish that plants with values higher than 0.5 present a high quality, with
only T. paratroviride applied to the substrate having an index higher than indicated.
This agrees with Romero et al. (2008), who indicate that inoculating Trichoderma to
the substrate promotes the growth and development of the seedling, as there is better
contact and colonization between the substrate and the root.

CONCLUSIONS

The commercial product and Trichoderma paratroviride reduced the incidence of
damping-off and modified the morphology of Pinus oocarpa plants inoculated with
Fusarium oxysporum. The lowest percentage of incidence was obtained with the
commercial product and the form of application to the seed; similarly, the interactions
revealed that applying the commercial microorganism-based product to the seed,
substrate, and irrigation, as well as T. paratroviride to the seed and through irrigation,
resulted in the lowest percentage of incidence. Better results in plant morphology were
obtained when T. paratroviride was applied to the substrate. The interactions revealed
that applying T. paratroviride to the substrate resulted in better growth; however, this
treatment did not reduce the percentage of incidence, so it is recommended to use
T. paratroviride on the seed, as it demonstrated good growth and lower pathogen
incidence.
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ABSTRACT
Pathogenic microorganisms in foods are harmful to human health and generate important
economic losses. This investigation identified the main compounds in a pine essential oil (PEO),
and its antimicrobial effect was evaluated in four food bacteria species and two phytopathogenic
fungal species. Twenty major compounds were found in the PEO: a-terpinolene (47.1 %),
eucalyptol (22 %), p-menthane (16.7 %), and p-cymene (8.43 %). The greatest antibacterial action
was found on Escherichia coli and Staphylococcus aureus, with an inhibition halo measuring 2.3
and 2 cm, respectively, at a minimum inhibiting concentration of 90 %. Using the inverted box
or well technique, the PEO had an effect on Colletotrichum gloeosporioides and Rhizopus stolonifer
at all concentrations evaluated, with inhibition values ranging from 40 to 60 %. For R. stolonifer,

the 45 % PEO concentration inhibited germination completely.

Keywords: Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, Salmonella spp.,

Colletotrichum gloeosporioides, Rhizopus stolonifer.

INTRODUCTION
Diseases transmitted to humans through the consumption of fresh fruits and
vegetables due to the presence of pathogenic bacteria and the deterioration caused
by fungi in pre- and post-harvest are becoming an increasingly important issue in
agricultural product conservation on a national and international scale. Consumption
of agricultural products contaminated with bacteria such as Staphylococcus aureus,
Listeria monocytogenes, Escherichia coli, and Salmonella spp. causes severe economic
losses, including compensation to consumers for bacterial toxicity and total loss
of the product (Cortés-Higareda et al., 2021), and in the international market, the
closure of borders to the trade of these products. Occasionally, the consumption of
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contaminated agricultural products with different serovars of Salmonella spp. causes
severe symptoms in human beings, which can lead to the death of the consumer.
Phytopathogenic fungi of diverse genera and species cause losses of up to 40 % of
the total harvest (Ramos-Garcia et al., 2010). In the particular case of Colletotrichum
gloeosporioides and Rhizopus stolonifer, their development causes severe rotting in a
large diversity of agricultural products such as avocado (Persea americana Mill.), mango
(Mangifera indica L.), soursop (Annona muricata L.), berries (Rubus spp., Vaccinium spp.),
tomato (Solanum lycopersicum L.), and others (Bautista-Bafios et al., 2014; Quintero-
Mercado ef al., 2019; Herrera-Gonzalez et al., 2020).

The main and most common option to reduce the presence of these microorganisms
is the use of synthetic compounds (sanitizers and fungicides). However, its use is
currently questioned due to environmental contamination, harm to human health,
and the generation of microbial resistance. Due to this, other alternatives have been
evaluated, such as the use of essential oils from plants (Ramos-Garcia et al., 2010;
Bautista-Banos et al., 2020).

Pine (Pinus spp., Pinaceae) essential oils extracted from seeds, leaves, and flowers
have made a great contribution to the pharmaceutical, cosmetics, and construction
industries. Krauze-Baranowska et al. (2002) documented that the general composition
of essential oils across the Pinus genus varies according to the species, although its
composition lies within the group of monoterpenes (- pinene, germacrene, myrcene)
and oxygenated monoterpenes (borneol, bornyl acetate, A-3-carene).

Regarding its bactericidal and fungicidal effect, there are in vitro investigations that
verify this activity, mainly using Pinus sylvestris L. The essential oil, extracted from
the needles of this species, presented bactericidal activity against Bacillus cereus,
Micrococcus luteus, and Alcaligenes faecalis, although no fungicidal effect was observed
(Chao et al., 2000). Fungicidal activity was displayed in P. sylvestris against Aspergillus
niger, Penicillium funiculosum, and Trichoderma viride. The mycelia of Penicillium
funiculosum were controlled by P. sylvestris extracts (Motiejiinaite and Peciulyte, 2004).
Volatiles and extracts of the essential oil from P. sylvestris displayed a notable control
in the germination of Mucor spp., R. stolonifera, and Fusarium oxysporum spores (Tullio
et al., 2007). Control has also been reported on Candida albicans with the application of
this essential oil (Salamon et al., 2019). The commercial product Resin Adher CE (MS
Agros S.A. de C.V., Mexico City, Mexico), made with P. sylvestris essential oil, affects
the germination of Aspergillus flavus (Segura-Palacios et al., 2021).

Based on the above, the goals of this investigation were to know the chemical
composition of the commercial essential oil from P. sylvestris and evaluate its in vitro
effect on four food bacteria and four phytopathogenic fungi of agricultural importance.
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MATERIALS AND METHODS

Chemical profile of the Pinus sylvestris essential oil

The pine essential oil (PEO) was obtained from Xipe Naturals (Mexico City, Mexico). To
determine its composition, the methodology by Black-Solis et al. (2017) was followed.
A gas chromatograph-mass spectrometry (GS-MS SCION 456-GC, Bruker Daltonics
Inc., Billerica, MA, USA) was used with the headspace technique. This system was
operated using the software MS Workstation version 8.2 (Bruker Daltonics Inc.,
Billerica, MA, USA). The GC-MS detector was operated on exploration mode, between
50 and 500 mass/load. The GC oven was equipped with a BR-1MS capillary column
with a film thickness of 0.25 mm, 30 m in length, and an internal diameter of 0.25 mm.
The analysis was performed by direct injection, diluting the oil in chloroform, with
a time of analysis of 29 min per sample, using helium (1 mL min") as a carrier gas,
at 220 °C for the injector and 250 °C for the transfer line. In 1 mL of chloroform, 5 pL
of the sample were dissolved, and 1 pL of this solution was injected. The initial oven
temperature was 55 °C and maintained for 1 min. Subsequently, it was raised to 155 °C
at a heating speed of 5 °C min™ and maintained for 2 min. Finally, a temperature of 255
°C was reached at a heating speed of 20 °C min™ and maintained for 1 min.

Fungi and bacteria acquisition

Two Gram-positive strains (Staphylococcus aureus and Listeria monocytogenes) and two
Gram-negative strains (Salmonella typhi and Escherichia coli) were used as trial bacteria,
which were obtained from the Professional Interdisciplinary Biotechnology Unit
of the National Polytechnic Institute (UPIBI-IPN, Mexico). Phytopathogenic fungi
Colletotrichum gloeosporioides and Rhizopus stolonifer were obtained from the strain
bank of the Postharvest Technology Laboratory of the Biotic Products Development
Center (CEPROBI-IPN, Mexico).

The bacteria were activated in agar soybean tripcasein (AST) nutrient medium at 37 °C
for 24 h. A bacterial concentration of 1-2 x 10® colony-forming units (CFU) per milliliter
was determined in a spectrophotometer (GENESYS 10S UV-Vis, Thermo Scientific,
USA) at an absorbance of 0.08-0.098 with a wavelength of 650 nm. The activation of
fungi was carried out in potato dextrose agar (PDA) nutrient medium at 25 °C for 10
and 4 days for C. gloeosporioides and R. stolonifer, respectively.

Minimum inhibiting concentration (MIC)
The MIC of the PEO in the bacteria was determined with the agar diffusion technique as
indicated by Lara-Cortés et al. (2016). For this purpose, 10 mL of 0.8 % AST previously
inoculated with 20 uL of the bacteria studied and 5 mL of semisolid 1 % AST were
emptied into Petri dishes (60 x 15 mm in diameter) and left to dry for 1 h. Using a hole
puncher, 10 mm-diameter holes were made. Subsequently, 20 uL of the PEO were
placed serially in each hole, in concentrations of 90, 45, 22.5, 11.2, and 5.6 %. The boxes
were sealed and incubated for 48 h at 37 °C. After this time, the inhibition halo was
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measured (clearer areas around the hole). The evaluation was carried out in six Petri
dishes (repetitions) per concentration (treatment).

Growth and germination kinetics of the pathogenic fungi

To evaluate these variables, the reverse box and the well techniques were used. For
the former, the methodology by Ramos-Garcia et al. (2012) was followed. Sterile filter
paper (Wattman No. 1), 15 mm in diameter, was placed on the lid of the Petri dish
(100 x 15 mm in diameter), previously treated with 20 uL for each treatment with the
different concentrations of the PEO (100, 90, 45, 22.5, 11.2, and 5.6 %). On the other
hand, a 10 mm-diameter disk with fungus was placed in the center of the Petri dish.
The dishes were sealed and incubated at 25 + 2 °C and kept in an inverted position. Six
repetitions were carried out per treatment.

For the well technique, the methodology by Moreno-Limoén et al. (2012) was followed.
To this end, every Petri dish (60 x 15 mm) with PDA culture medium under sterile
conditions had 0.5 mL of spore suspension (10°> spores mL?'), which was spread
throughout the Petri dish using a sterile metal spreader. The fungal solution was left
to dry, and later, using a 10 mm-diameter borer, a well was made in the center of the
dish, where 20 uL of each concentration was added (100, 90, 45, 22.5, 11.2, and 5.6 % of
PEO). The dishes were sealed and incubated at 25 + 2 °C. Six repetitions were carried
out per treatment.

Mycelial growth
For the reverse box technique, culture diameter measurements were taken every day
for 13 days for C. gloeosporioides and for 7 days for R. stolonifer (in centimeters) using
two perpendicular directions traced in the center of the box as a reference point. The
average value of the repetitions per treatment was taken.

Germination of spores

The germination of spores was determined in both techniques, according to the method
described by Black-Solis et al. (2017). To this end, two Petri dishes with mycelial growth
of the fungus from each treatment were used. Twenty milliliters of sterile distilled
water were added, and the mycelium was scraped with a sterile bacteriological loop.
The spore suspension was filtered and adjusted to 10° spores mL". Subsequently, three
disks (repetitions) of PDA culture medium with a diameter of 15 mm were placed
along a slide inside a Petri dish. Twenty milliliters of the spore solution (10°) were
placed on each disk.

The Petri dishes were sealed and incubated for 2, 4, 6, 8, and 10 h for both fungal
species. After incubation, one drop of lactophenol blue was added to each disk,
and 100 conidia were evaluated per disk under an optic microscope at 40x (Nikon
Alphaphot-2 YS2-H, Japan). The percentage of germination (G, ) was determined
using the following equation:



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3258
Scientific Article 572

G —EC 100
%) = X
o0 =T

where E_ represents the number of germinated conidia and T, the total of conidia.
A conidium was considered germinated when a germinative tube was observed,
regardless of its length. Three repetitions were carried out per treatment.

Statistical analysis
For the variables of mycelial growth and spore germination, a totally randomized
design was used. The difference in the antifungal activity was established using an
analysis of variance (ANOVA) and Tukey’s test (p < 0.05). The data in percentages were
transformed with the arcsine function. The InfoStat statistical package, version 2020
(di Rienzo et al., 2020), was used.

RESULTS AND DISCUSSION
Chemical profile of the essential oil

In regard to the composition of the P. sylvestris essential oil, 20 major compounds
were obtained (Table 1). The main components identified were a-terpinolene (47.1 %),

Table 1. Chemical composition of the pine (Pinus sylvestris L.) essential oil used (Xipe Naturals,

Mexico City, Mexico).
No. Compound Retention time Total percentage
1 4-octene, 2,6-dimethyl-, [S-(E)] 5.90 0.358
2 a-tricyclene 6.09 0.421
3 camphene 6.63 6.339
4 p-myrcene 7.61 0.629
5 Terpinolene 7.86 1.618
6 a-phellandrene 7.93 0.282
7 p-mentane 8.14 16.722
8 p-cymene 8.33 8.431
9 Eucalyptol 8.53 22.022
10 Terpinene 9.30 3.279
11 a-terpinolene 10.10 47.195
12 Fenchol 10.60 1.347
13 Isoborneol 11.73 0.770
14 Iso-B-terpineol 11.85 0.252
15 Endo-borneol 11.96 0.966
16 Terpinen-4-ol 12.30 6.213
17 Terpineol 12.60 3.564
18 Isoterpinolene 12.79 1.071
19 Diphenyl ether 17.78 0.415
20 Longifolene 18.55 0.687
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eucalyptol (22 %), p-menthane (16.7 %), and p-cymene (8.43 %) within a retention time
of 8 to 10 min. These values mostly coincide with the chemical identification reported
by Miti¢ et al. (2018) and Ibanez and Blazquez (2019), who identified between 30 and
41 major compounds in fresh P. sylvestris needles within the group of oxygenated
monoterpenes, sesquiterpene hydrocarbons, and oxygenated sesquiterpenes. The
differences in the content of compounds can be explained mainly by the differences in
the geographic locations of the tree (Maciag et al., 2007).

Antibacterial activity
In general terms, the greatest antibacterial action corresponded to the highest
concentration of 90 % (Table 2). On the other hand, P. sylvestris exerted the highest
inhibiting effect on E. coli and S. aureus. Regarding L. monocytogenes, only the 90 and
45 % concentrations inhibited it, and no effect was observed on S. typhy (Table 2).

Table 2. Effect of the minimum inhibiting concentration of the pine (Pinus sylvestris L.) essential oil on
the growth of bacteria in foods.

Minimum inhibiting concentration (%)

Bacteria 90 45 22.5 11.2 5.6

Inhibition halo (cm)*

Escherichia coli 23+023b 21+02b 20+0.1b 20+0.1b 1.7+03b
Listeria monocytogenes 1.8+0.29b 1.6+02Db 0+0a 0+0a 0+0a
Salmonella typhy 0+0a 0+0a 0+0a 0+0a 0+0a

Staphylococcus aureus 2.0+0.12b 1.9+0.1b 1.8+0.1b 1.6+02b 1.5+02b

*Means (+ = mean standard error) with different letters in the same column are significantly different
(p <0.05).

Unlike other investigations, the inhibition area due to the effect of the P. sylvestris oil
was not as large. Czerwinska and Szparaga (2015) found that applying this oil using
the diffusion method (1 pg mL™") gave the largest inhibition halo in S. aureus (12 mm),
followed by L. monocytogenes (10 mm) and E. coli (8.2 mm). In that study, other bacteria
sensitive to the extract were Micrococcus leuteus (12 mm) and Bacillus subtilis (8.2 mm).
Likewise, Oyewole et al. (2021) confirmed the bactericidal effect of the P. sylvestris
needles using the same technique. In this case, the area of inhibition measured
approximately 20 mm, whereas the CMI starting at 0.39 mg mL" significantly inhibited
E. coli and S. aureus, with these two bacteria as the most affected by PEO.

Canillac and Mourey (2001) mentioned that among the factors associated with the
bactericidal effect are the main components of the oil, the concentration used, and the
bacteria under study. Likewise, Kim et al. (2013) pointed out that the antimicrobial
activity against three Gram-positive bacteria (B. subtilis, B. natto, and S. aureus) and
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four Gram-negative ones (E. coli, Salmonella enteritidis, S. typhosa, and Pseudomonas
aeruginosa) may be due to the changes in chemical components, with monoterpenes
and sesquiterpenes the major compounds in the essential oil of the Pinus genus. Zhang
et al. (2023) documented the growing interest in natural products with antioxidant and
antimicrobial effects and their mechanisms of action with extracts of Pinus densiflora
needles as a natural and efficient antimicrobial agent, aimed at the food industry with
safer, fresher, and healthier components, which generates a large demand for natural
and safe conservation technologies.

Regarding the fungicidal effect, the dynamics of the mycelial growth in the different
C. gloeosporioides treatments during the 13-day incubation period (Figure 1A) and R.
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Figure 1. Mycelial growth kinetics of the fungi evaluated in the presence of different
concentrations of pine (Pinus sylvestris L.) essential oil. A: Colletotrichum gloeosporioides in a 13-
day incubation period; B: Rhizopus stolonifer in a 7-day incubation period. Vertical bars indicate
the mean standard error.
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stolonifer during the 7-day incubation period (Figure 1B) showed that C. gloeosporioides
growth, in all treatments, increased gradually along the days of incubation, whereas
in R. stolonifer, only in concentrations of 45, 90, and 100 % was gradual growth
observed. In both fungi, the greatest fungicidal effect was with the application of PEO
at concentrations of 90 and 100 %, with values at the end of incubation of around 6 to
7 cm.

Regarding germination, in the reverse box (Figure 2) and well (Figure 3) techniques,
a rate increase was observed with incubation time. In both techniques, there was a
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Figure 2. Germination kinetics of the fungi evaluated in the presence of different concentrations
of pine (Pinus sylvestris L.) essential oil using the reverse box method during a 10-hour incubation
period. A: Colletotrichum gloeosporioides; B: Rhizopus stolonifer. Vertical bars indicate the mean
standard error. The data in percentages was transformed with the arcsine function. Kruskal-
Wallis test A: (H=0, 0, 36.79, 34.94, 32.56; p = 0.0001); B: (H = 32.63, 14.04, 9.91, 19.77, 6.94; p =
0.0001, 0.0290, 0.1282, 0.0026, 0.0526).
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Figure 3. Germination kinetics of the fungi evaluated during a 10-hour incubation period in
the presence of pine (Pinus sylvestris L.) essential oil using the well technique. A: Colletotrichum
gloeosporioides; B: Rhizopus stolonifer. Vertical bars indicate the mean standard error. The data in
percentages were transformed with the arcsine function. Kruskal-Wallis test A: (H=0, 0, 32.38,
32.78, 32.29; p = 0.0001); B: (H=10.47, 34.28, 32.03, 35.40, 30.14; p = 0.0001).

greater fungicidal effect of the PEO on C. gloeosporioides, since in both most of the
concentrations applied, its germination was inhibited. The PEO concentrations from
11.2 % onwards inhibited germination between 40 and 60 %, whereas in R. stolonifer,
only the concentrations of 45 and 100 % had an inhibiting effect. However, the
inhibition with the 45 % concentration was total (Figure 3B).

In general, spores were more susceptible than the mycelia. In regard to the application
technique, the PEO volatiles had a stronger inhibiting effect for both fungal species in
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comparison with the direct application on the medium. Coinciding with these results,
Tullio et al. (2006) documented a much lower inhibiting CMI in the development of
Fusarium oxysporum (0.03 %), Rhizopus spp. (0.05 %), and Cladosporium cladosporioides
(0.2 %) after 3 and 7 days of incubation when applying volatiles of the P. sylvestris
essential oil, in comparison with the integration of the essential oil in the medium,
since, in this case, the concentration needed to trigger inhibition was greater than 1 %.
Other Pinus species with a notorious fungicidal activity on phytopathogenic fungi of
the Fusarium genus were the essential oils from the needles of P. ponderosa, P. resinosa,
and P. strobus, in concentrations of 2 and 5 % (Krauze-Baranowska et al., 2002).
Likewise, Motiejinaite and Peciulyte (2004) verified, in various species of the genus
Aspergillus, the effectiveness of P. sylvestris with a concentration of 2.5 % when applied
in the nutrient medium (1-1.5 % v/v). Additionally, in later studies, Amri et al. (2013)
pointed out percentages of inhibition of more than 50 % in Giberella avenaceae and
Rhizoctonia solani with the concentration of P. sylvestris of 4 pL mL". Coinciding with
Oyewole et al. (2021), this study also identified the following chemicals in the PEO
under study with antimicrobial activity: terpineol, isoborneol, and fenchol.

CONCLUSIONS

According to the goals presented, 20 major compounds were identified in the
commercial pine essential oil, all belonging to the terpene chemical group. Regarding
the antimicrobial activity of the essential oil, the most affected bacteria were
Escherichia coli and Staphylococcus aureus starting at a concentration of 90 %. For the
fungi Colletotrichum gloeosporioides and Rhizopus stolonifer, spore germination was the
most affected developmental stage during the incubation period. In C. gloeosporioides,
inhibition occurred at all concentrations, whereas in R. stolonifer, it was only observed
at a concentration of 45 %.
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ABSTRACT
Coffee plantations are vulnerable to several diseases that harm roots, leaves, and cherries,
jeopardizing crop productivity and farmer livelihoods. Small-scale farmers lack access to precise
and accessible technologies for diagnosing and controlling these diseases. Traditional machine
learning methodologies are restricted to single-disease classification and lack the intricacies
of multi-disease contexts. In this work, the proposed model has a unique hybrid model that
integrates vision transformer (ViT) and convolutional neural network (CNN) architectures for
the identification and early detection of several coffee plant diseases. The ViT module identifies
global associations in plant images, while the CNN extracts intricate local characteristics,
facilitating thorough disease diagnosis. Furthermore, the counterfactual recommendation
system models the impacts of several treatments and preventative strategies on the original
images, offering practical insights. Our model attains an accuracy of 0.9881 % on a dataset
of 1056 images, surpassing current methodologies. The suggested solution is included in the
Affogato app, enabling farmers to make educated, customized choices about disease control.
This method not only improves disease detection but also promotes sustainable coffee-growing

techniques, enhancing crop production and farmer livelihoods.

Keywords: Colletotrichum kahawae, Hemilieia vastatrix, Mycosphaerella coffeicola, hybrid vision

transformer, convolutional neural network, counter factual recommendation.

INTRODUCTION
Coffee is one of the most widely consumed beverages worldwide and plays a vital role
in global agriculture and economies. However, coffee plants are highly susceptible to
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various diseases that, if not promptly identified and managed, can lead to significant
yield losses and reduced coffee quality. Coffee plant diseases pose a major threat to
global coffee production, with leaf rust, root rot, and berry infections collectively
contributing to over 30 % yield losses worldwide. These impacts are particularly
severe for small-scale farmers who lack access to advanced diagnostic tools. Rapid
detection and classification of infections are essential for mitigating economic losses
and ensuring sustainable coffee production.

Several fungal, bacterial, and viral infections threaten coffee plants at various growth
stages. coffee berry disease, caused by Colletotrichum kahawae, primarily affects Coffea
arabica berries, leading to black, sunken lesions that spread rapidly, causing fruit decay
and substantial economic losses. Similarly, brown eye spot disease (Mycosphaerella
coffeicola) manifests as circular brown lesions with yellow halos on leaves and brown
spots with fungal spore-containing gray cores in berries, leading to premature leaf
abscission and reduced productivity. Leaf rust disease (Hemileia vastatrix) presents as
yellow, greasy patches on the upper leaf surface, which progress into powdery orange
pustules on the underside, ultimately causing defoliation and decreased coffee yield.
Other severe infections, such as coffee wilt disease (Fusarium xylarioides) and coffee bark
disease (Fusarium stilboides), disrupt plant vascular functions, leading to withering and
mortality. Soilborne pathogens like Pythium and Phytophthora contribute to damping-
off and root rot, resulting in significant seedling losses.

The sustainability of coffee production is highly dependent on soil conditions.
Ensuring optimal soil quality is essential for maintaining consistent crop yields, as
different coffee varieties require specific soil compositions. Effective soil management,
particularly through fertilization techniques, plays a critical role in maximizing soil
fertility and supporting long-term productivity. Organic fertilizers enhance soil
fertility and nutrient retention while minimizing environmental impacts (Abdulsahib
et al., 2025). Leguminous plants contribute to soil improvement by fixing atmospheric
nitrogen, whereas biochar enhances soil structure and overall fertility. Although
synthetic fertilizers supply concentrated nutrients that accelerate plant growth, their
excessive use can negatively affect soil health. Bio-fertilizers, comprising beneficial
microorganisms such as Rhizobium spp. and mycorrhizal fungi, represent a sustainable
alternative. These agents improve nutrient uptake and positively influence the
composition of soil microbiota (Dias et al., 2025). Furthermore, the integration of
soil sensors with artificial intelligence (Al) systems enables real-time and accurate
monitoring of key soil parameters, including pH, moisture, temperature, and nutrient
levels, thereby supporting optimized irrigation and fertilization practices.

Emerging methods for crop analysis and forecasting have the potential to significantly
enhance agricultural productivity. These approaches assist farmers in selecting crop
varieties that are best suited to their specific climatic and soil conditions. In particular,
machine learning techniques enable the automated identification of suitable crops as
well as the detection of pests and diseases, thereby supporting farmers in maximizing
yields while maintaining soil fertility and nutrient balance. In this study, seven
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distinct machine learning algorithms were used for crop selection and yield estimation
(Chaudhari et al., 2025). The recommended approach integrates soil composition
and climate data to accurately predict the optimal crops for a given location. This
form of crop recommendation holds promise for improving yield, sustainability, and
profitability across a wide range of agricultural contexts. Through a comprehensive
analysis of a large historical dataset and rigorous training and evaluation of multiple
machine learning models, this study achieved a classification accuracy of 99.54 %,
which represents the highest reported to date.

Advancements in artificial intelligence and imaging technologies have led to
innovative approaches in disease detection and management. Conventional disease
detection methods rely on expert knowledge and manual assessment, making them
time-consuming and subjective. To overcome these limitations, machine learning and
image processing techniques have been increasingly explored for automated and
efficient disease classification (Signo et al., 2024). Early studies have demonstrated the
effectiveness of machine learning-based models in classifying coffee leaf diseases. For
instance, Coffee-Net, a deep learning approach, has achieved high precision in disease
identification under controlled conditions. However, existing models primarily focus
on single-disease classification, failing to account for multi-disease interactions.
Additionally, environmental factors such as lighting variability, camera quality, and
background noise significantly affect the accuracy and robustness of these models.
Contemporary machine learning architectures aim to enhance disease classification
by integrating both global and local feature extraction methodologies. Using global
context and local feature analysis helps to understand both the big picture and the
small details of lesions, which greatly improves the ability to identify disease spots
(Alharbi et al., 2023). Furthermore, the inclusion of environmental variables in disease
prediction models is crucial for the development of effective management strategies.
Advanced forecasting models that utilize climatic data and disease progression trends
can support outbreak prediction and optimize resource allocation for coffee producers
(Anand et al., 2024).

Beyond disease detection, machine learning has also been applied in broader domains
related to coffee quality assessment. For example, coffee sample adulteration has
been detected using an electronic nose (E-Nose) system equipped with volatile
organic compound (VOC) sensors. In this context, the density-based spatial clustering
of applications with noise (DBSCAN) algorithm has demonstrated efficacy in
distinguishing between pure and adulterated coffee blends. Additionally, machine
learning techniques have been explored in various agricultural and energy-related
applications, such as wind power forecasting through observer-controller-based
frameworks incorporating a modified flower pollination algorithm (M-FPA).

Despite recent advances, machine learning methods for coffee disease diagnosis
continue to face challenges in real-world applications. The limitations of single-disease
classification models, coupled with environmental constraints, underscore the need for
more robust and comprehensive diagnostic frameworks (Duhan et al., 2025). To address



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3385
Scientific Article

583

these shortcomings, this study proposes a hybrid vision transformer-convolutional
neural network (ViT-CNN) model for the detection of coffee plant diseases. The model
integrates global and local features to enhance disease classification performance
under diverse field conditions. Additionally, a counterfactual recommendation system
is incorporated to support personalized management strategies for coffee farmers,
thereby enabling earlier diagnosis and more effective responses. The Affogato mobile
application delivers real-time diagnostic insights to farmers, ultimately aiming to
increase crop yields and promote sustainable coffee cultivation.

MATERIALS AND METHODS

A substantial methodological groundwork was used to create the hybrid ViT-CNN
model for thorough coffee plant health monitoring. Multi-angle images of leaves,
cherries, and flowers were taken utilizing unmanned aerial vehicles (UAVs), plantation-
fixed cameras, and high-resolution sensors. To increase model generalization,
preprocessing procedures included augmentation, contrast enhancement, and noise
reduction. CNN for localized spatial feature learning and ViT for global feature
extraction were combined in the hybrid architecture.

A large annotated dataset was used to train the model, including data-driven
hyperparameter tweaking, batch normalization, and adaptive learning rates.
Accuracy, precision, recall, F1-score, and area under the curve of the receiver operating
characteristic (AUC-ROC) were used to assess performance, and benchmark deep
learning models, including ResNet, DenseNet, and Inception were compared. By
effectively addressing the shortcomings of traditional methods and improving early
disease detection for optimal coffee yield management, the results displayed through
statistical analyses, confusion matrices, and visual segmentation maps showed
superior disease classification accuracy and predictive reliability.

Image segmentation, object detection, and classification

Images of coffee berries, cherries, leaves, flowers, roots, and stems from public
websites and captured directly at coffee plantations served as the basis for the study
(Shafik et al., 2025). Real-time monitoring of coffee plantations using IoT sensors was
conducted to gather data on soil and fertilizer use. The dataset included 640 photos
of symptomatic coffee cherries, 180 leaves exhibiting damping-off symptoms, 250
occurrences of root rot, and 1840 soil monitoring images at a resolution of 256 x 256.

Images were preprocessed using Python libraries for computer vision, augmented
using normalization, augmentation, and noise reduction approaches to optimize
input for deep learning models. The YOLOv8 model was used for object identification,
enabling rapid and precise training for the investigation of coffee plant diseases.
Comparisons were conducted using the Efficient-Det, SSD, and R-CNN models. The
result comprises bounding boxes labeled as “Leaf” or “Coffee Cherry.” For image
classification, ResNet101 functioned as the principal pre-trained model, exhibiting
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enhanced performance in complexity and accuracy relative to VGG-Net, InceptionV3,
InceptionV4, and Mobile-Net (Chinnasamy et al., 2023). This phase classified photos
using designations such as “Healthy” or “Diseased.”

Image segmentation was used to identify distinct regions within images based on
color, texture, spatial data, and object boundaries. The objects of interest encompassed

VZ7i

“leaves,” “buds,” “secondary stems,” and “primary branches” of coffee plants.
DeepLabV3+ was chosen for segmentation tasks, exhibiting enhanced performance
on intricate datasets relative to U-Net, R-CNN, and Mask R-CNN models. The
segmentation procedure was executed utilizing open-source PyTorch libraries for
model development and training (Essa and Murshid, 2023).

A three-stage deep learning pipeline was developed for coffee plant disease detection
(Rehman et al., 2025): 1): object detection to locate diseased areas within images; 2):
segmentation of detected areas to differentiate healthy and unhealthy portions of
leaves; and 3): classification of segmented regions to confirm the presence or absence

of disease (Figure 1).

Coffee plant disease analysis using hybrid ViT-CNN
Vision transformers (ViTs) and convolutional neural networks (CNNs) were effectively
integrated to enhance performance (Isinkaye and Erute, 2022). C CNNs extract local

Coffee Leaf, Wilt, Berry Sunken, and Leaf Roll Disease

Figure 1. Object detection and instance segmentation demonstration on collected coffee plant
images using YOLOVS. Bounding boxes (colored rectangles) indicate detected objected such as
healthy coffee cherry, diseased leaves, and flowers.
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features, while ViTs learn global dependencies, which have the potential to improve
interpretability. The classified image dataset is split into rectangular patches. These
patches are flattened into 1D vectors (height H, width W, and channel C) (Equation
1). A linear projection is applied to these vectors, transforming them into a fixed-size
representation (Equation 2) where W, is the embedding weight matrix and b, is the
embedding bias vector. Both W and b, are learned during training. Linear projection
consists of two main steps: first, flattening a vector, and second, transforming it into
a fixed-size representation. This operation is performed twice in the original text and
is thus reiterated here for completeness. Furthermore, the function pow increases
exponentially with the index 7, using a base of 10 000. These exponentially increasing
values are used to generate different frequencies for the sine and cosine functions used
in positional encodings.

flattenedy,qicn, = reshape(patch, [1,H * W * C])

1
embedding = W, * flattenedyqtcn + be 2
. . pos AP
PE (pos, i) = sin ; if iis even
pow (10 000,2 = d )
model (3)
, pos R
PE(pos,i) = cos T T T 1 if iisodd
pow (10 000, d—)
model (4)

encodedyqecn = embedding + PE(pos) 5)

Each image patch is effectively compressed into a lower-dimensional space through
this method. To retain spatial information, positional encoding is incorporated into the
embedding, thereby enabling the model to capture the relative position of each patch
within the original image. Common approaches for positional encoding use sine and
cosine functions (Equations 3 and 4), which define the positional encoding (PE) for a
given position pos and embedding dimension i. The model dimension corresponds
to the size of the output embedding vector. By utilizing sine and cosine functions at
different frequencies across each dimension, this method generates a position-specific
encoding with values ranging from -1 to 1. Consequently, for each component of the
embedding vector, a position-specific encoding is established (Equation 5).



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i4.3385
Scientific Article

586

Multi-Head Self-Attention (MHA)

The interrelationships among various components within an image prompt the
model to generate multiple “heads,” each functioning as an autonomous attention
mechanism that analyzes the image from a distinct perspective. Through linear
projections, each head is transformed into three separate vectors: the Query (Q), the
Key (K), and the Value (V) (Jiang et al., 2025). The Query vector is responsible for
locating the portion of the image that potentially contains the disease. The Key vector
encodes the salient features of the disease, such as the color, shape, and texture of
lesions on the leaf. Meanwhile, the Value vector stores supplementary information
relevant to the disease, including its name, its impact on the plant, associated soil
conditions, required fertilizers, and possible treatment options:

0=WQ*X+b0 ©)
K =WK =X + bK 7)
V=WVx*X+bV (8)

where X is a flattened image patch (d-dimensional vector); WQ, WK, and WV are
weight matrices for Query (Equation 6), Key (Equation 7), and Value (Equation 8)
projections; and bQ, bK, and bV are bias vectors for Query, Key, and Value projections.
Attention scores assign a score to each pair of patches, indicating how relevant one
patch (Value) is to the query of another. This score is calculated by taking the dot
product of the Query and Key vectors for each pair (Jung ef al., 2023). The compute
inner product function calculates the inner product of a specific patch’s query vector
(Q) and the key vector (K) of all patches in the image. This operation indicates how
close the current patch is to other areas of the image (Equation 9):

Aij = Qi *K; )

where i refers to the current patch and j iterates over all patches. The SoftMax function
is applied to the inner products to normalize the attention scores and ensure they total
to one. This function transforms them into weights that reflect the relative significance
of each patch, depending on its resemblance to the current patch (Equation 10).

Attention(Q;, K) = Softmax(4;) (10)

Attention scores are computed using weighted values, whereby the model produces a
weighted sum of the Value (V) vectors corresponding to each patch. Patches assigned
higher attention scores exert a greater influence on the final output (Lee and Rianto,
2024). Specifically, these scores are obtained by multiplying the attention weights,
derived from the SoftMax function with the respective Value vectors across all patches.
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This mechanism serves to emphasize the contributions of the most relevant patches, as
dictated by their attention scores (Equation 11).

Weightedy e, = Attention(Q, K) = V (1)

The context vector that includes information from relevant parts of the image based on
their similarity to the current patch (Equation 12).

Z; = Y(Weightedygpye,) 12)

Every head generates concatenated outputs to gather data from many angles. Applying
a last linear projection helps to alter the result overall.

Feed-forward network with convolutional layers
Convolutional neural networks (CNNSs) layers use image processing techniques to
identify features such as edges, textures, and color patterns in the input image (coffee
plant leaf, coffee berry, and flower) (Wang et al., 2025). By layering many convolutional
layers, the network progressively enhances its comprehension of complex features
that may be used for illness identification.
A feed-forward network (FFN) is a class of neural networks composed of multiple
perceptrons, each of which uses a nonlinear activation function, specifically the
Gaussian error linear unit (GELU). In the context of multiclass classification tasks,
the primary loss function utilized is cross-entropy loss, which is widely used for
predicting multiple disease categories, such as coffee leaf rust and berry disease.
For the convolutional neural network (CNN) component within the hybrid model
framework, stochastic gradient descent (SGD) with momentum is applied. This
optimization strategy enhances convergence by promoting a more stable and directed
trajectory throughout training iterations, thereby reducing oscillations.
These functions allow the network to learn about non-linear connections between the
retrieved characteristics, which is necessary for distinguishing between healthy and
diseased leaves with minor differences, as shown in the following algorithm:

def create_model(img_shape): # Define model architecture
model = models.Sequential()
model.add(layers.Conv2D(32, (3, 3), activation="relu”, input_shape=img_shape))
model.add(layers.MaxPooling2D((2, 2)))
model.add(layers.Conv2D(64, (3, 3), activation="relu”))
model.add(layers.MaxPooling2D((2, 2)))
model.add(layers.Flatten())
model.add(layers.Dense(128, activation="relu”))
model.add(layers.Dropout(0.2)) # Optional for regularization
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model.add(layers.Dense(3, activation="softmax”)) # Multi-class for healthy/
diseased/other
model.compile(loss="categorical_crossentropy”, optimizer="adam”,
metrics=[“accuracy”])
return model
train_data, train_labels, test_data, test_labels =load_data() # Load preprocessed data
(replace with your data loading logic)
img_shape = train_data.shape[1:] # Define image shape based on your data
model = create_model(img_shape) # Create and train the model
model fit(train_data, train_labels, epochs=10, validation_data=(test_data, test_
labels))
loss, accuracy = model.evaluate(test_data, test_labels) # Evaluate the model on
unseen data
print (“Test Accuracy:”, accuracy)
new_image = load_new_image() # Use the model for prediction on a new image
(replace with your image loading logic)
prediction = model.predict(np.expand_dims(new_image, axis=0))
predicted_class = np.argmax(prediction) # Get class with highest probability

The network incorporates a ViT module that emphasizes local features. ViT excels at
capturing long-distance connections throughout the image (Shafik et al., 2025). This is
especially useful for detecting diseases in coffee plants, as disease symptoms can be
found throughout the leaf rather than just one area. The convolutional layers, along
with feed-forward networks (FFNs), act as feature extractors, identifying patterns and
textures in the coffee leaf image. The ViT module then examines the interrelations
of the extracted characteristics over the whole leaf. Combining these functionalities
allows the model to efficiently acquire the complex visual cues associated with various
coffee plant diseases.

Batch normalization
Batch normalization layers can be positioned after every convolutional layer and fully
connected FFN layer in the hybrid ViT-CNN architecture (Mamba Kabala et al., 2023).
During the training process, batch normalization would adjust the activations of these
layers by normalizing them according to the statistics calculated from each mini-batch.
Batch normalization is an approach that standardizes the following algorithm.

def create_model(img_shape): # Define the model

inputs = layers.Input(shape=img_shape)
x = layers.Conv2D(32, 3, activation="relu”)(inputs) # Convolutional block with
Batch Norm
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x = layers.BatchNormalization()(x)
x = layers.MaxPooling2D(pool_size=(2, 2))(x)
x = layers.Conv2D(64, 3, activation="relu”)(x)
x = layers.BatchNormalization()(x)
x = layers.MaxPooling2D(pool_size=(2, 2))(x)
x = layers.Flatten()(x) # Flatten layer
x = layers.Dense(128, activation="relu”)(x) # Fully connected layers
x = layers.Dropout(0.5)(x)
outputs = layers.Dense(3, activation="softmax”)(x) # Multi-class for healthy/diseased/
other
model = models.Model(inputs=inputs, outputs=outputs)
return model
model = create_model((224, 224, 3)) # Replace with your image size # Compile the
model
model.compile(optimizer="adam”, loss="categorical_crossentropy”,
metrics=["“accuracy”])
# Train the model (Coffee Wilt disease and Coffee berry disease)
X_train, X_test, y_train, y_test = ... # Load your training and testing data
model fit(X_train, y_train, epochs=10, validation_data=(X_test, y_test))
loss, accuracy = model.evaluate(X_test, y_test) # Evaluate the model
print(“Test accuracy:”, accuracy)
# Use the model for prediction
new_image = ... # Load a new image
prediction = model.predict(np.expand_dims(new_image, axis=0))
predicted_class = np.argmax(prediction) # Get the class with highest probability

In neural networks, the activations of each layer, excluding the input layer, are
typically normalized across each mini-batch of training data to have a mean of zero
and a standard deviation of one. This normalization enhances both the reliability and
accuracy of the model during training. Batch normalization, as described by Chai Abel
et al. (2025), is a technique that stabilizes the learning process, thereby accelerating
training and improving convergence of the network. This approach mitigates the
issue of internal covariate shift, a phenomenon that contributes to the vanishing or
exploding gradient problem, which can hinder the effective training of deep neural
networks.

Feature fusion and classification head
Feature fusion refers to the integration of data from multiple locations within the
network. In the hybrid ViT-CNN architecture, the primary feature streams comprise
convolutional feature maps generated by convolutional layers, which effectively
capture local features such as edges and textures (Palanisamy ef al., 2023). In parallel,
the ViT module produces embeddings that represent global relationships across
the entire leaf image. While convolutional features provide fine-grained, localized
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information about specific regions of the leaf, the ViT embeddings capture broader
disease patterns and their spatial context.

The final component of the disease prediction network is the classification head, which
receives the fused features from preceding stages. This classification head typically
consists of fully connected layers equipped with SoftMax or other non-linear activation
functions. The number of neurons in the final layer corresponds to the number of
target classes to be identified (i.e., healthy, rust disease, leaf spot disease). During
training, the classification head learns to map the fused features to the corresponding
disease probabilities (Balasundaram et al., 2025).

Counterfactual recommendation using hybrid ViT-CNN

The recommendations are hypothetical by comparing the actual generated data to
historical data (Figure 2). There are three methods used to compare the suggestion.
The dataset is divided into three types: historical data, current data, and a combination
of current and historical data.

A coffee farmer utilizes a smartphone application integrated with a coffee plant
health monitoring system to detect anomalies in plant components, including leaves,
blossoms, and cherries. Upon observing irregularities, the farmer captures an image of
the affected leaves and uploads it via the mobile application (Ratanoo et al., 2024). The
image is transmitted to a server, where it is analyzed by the Affogato system, which
utilizes a hybrid ViT-CNN model that leverages both global and local image features
to identify the most probable disease.

~4
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Figure 2. Virtual observation of the object detection results. Coffee flower and berry localization with

confidence scores.
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Subsequently, the system queriesits database to retrieve detailed information regarding
the diagnosed condition. The coffee producer is then presented with a comprehensive
explanation of the disease and its associated symptoms, as well as treatment options.
These treatment recommendations include assessments of therapeutic effectiveness
and potential adverse effects. The application displays the identified disease and
suggests the most appropriate counterfactual treatment, derived from the model’s
prediction and database insights (Selvanarayanan et al., 2024).

In the image analysis process, local binary patterns (LBPs) are used to examine
localized texture features. LBPs function by detecting spatial variations in pixel
intensity between a central pixel and its neighboring pixels. These intensity patterns
are encoded into binary sequences, which represent the local texture characteristics
(Equation 13).

LBP = ) (2" «S(pi — 1)) (13)

where p, is the intensity value of the i-th neighbor in the circular neighborhood, p_is
the intensity value of the central pixel, S(x) is a Thresholding function, S(x) =1 if x >
0, otherwise S(x) =0, and # is the position of the bit in the binary string (0 for top-left
neighbor, increasing clockwise). Round neighborhoods surround a central pixel in the
image. This neighborhood contains 8 or 16 circular pixels. The intensity of the core
pixel is compared to its neighbors in the defined neighborhood (Selvanarayanan et al.,
2023). The binary code generation for each neighbor’s intensity is designated as one
if it exceeds the center pixel, and zero otherwise. Starting with the top-left neighbor,
these binary values rotate clockwise. This binary string surrounds the central pixel
and reflects the local texture pattern. During the conversion, each bit is assigned a
weight of 2", where n represents the bit position in the binary string, starting from
zero. The decimal value is calculated by summing the set bit weights.

RESULTS AND DISCUSSION
The proposed technique was tested using a dataset of coffee blossoming, coffee berry,
and diseased leaf images. The hybrid ViT-CNN algorithm, combined with Vision,
was used to detect coffee plant diseases at an early stage. Evaluation metrics such as
accuracy, precision, and recall were used. The ViT-CNN model outperformed other
current models, demonstrating higher levels of accuracy.

Evaluation setup and datasets
A total of 1056 images were collected using unmanned aerial vehicles (UAVs), fixed
plantation cameras, and high-resolution agricultural imaging sensors. These images
captured various stages of disease affecting the leaves, cherries, and roots of coffee
plants. To ensure the generation of high-quality labeled data, expert agronomists
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annotated the images during the selection process. Subsequently, data augmentation
techniques were employed to enhance model generalization.

The proposed model was developed using the Keras Python framework (Version 2.7)
and implemented in Python 3.6.5. It was executed on a workstation equipped with
an Intel Core i5-8600k processor, a GeForce 1050Ti graphics card (4 GB memory), 16
GB of RAM, a 250 GB solid-state drive (5SD), and a 1 TB hard disk drive (HDD). The
model was trained with the following hyperparameters: batch size of 5, learning rate
of 0.01, dropout rate of 0.5, and 55 training epochs (Serrato-Diaz et al., 2024).

The input image sizes used in testing ranged from 32 x 32 x 3 to 256 x 256 x 3. Notably,
the proposed method outperformed alternative approaches when applied to images
with dimensions of 224 x 224 x 3. Model evaluation was conducted using standard
classification metrics, including true positives, true negatives, false positives, and false
negatives. A high-resolution digital camera was utilized to detect color variations
during berry development stages, capture detailed images of coffee flowers at various
blooming phases, identify sunken berries, and diagnose specific foliar diseases
through changes in leaf pigmentation (Figure 3).

Early Detection Early Detected Early Root Rot Leaf Wilt Diseases Early Detection
Leaf Roll Healthy Leaf Disease effects Leaf Roll
Diseases shown in Leaf Diseases

Brown Eye Spot Leaf Wilt Diseases Leaf Rust Coffee Berry Cherry Immature
Diseases Diseases Diseases Infection
Diseases

Cherry Bark Early Flower Bud Early Flower Early bloom Healthy Leaf,
Diseases Flower, and
Cherry

Figure 3. Visual representation of the 15-class coffee plant image dataset, showing representative
samples from each class, encompassing various growth stages and disease manifestations used
for training the convolutional neural network for automated classification.
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The enlargement features for taking close-up pictures of a cherry, a berry, and a sickly
leaf, data analysis, algorithm execution, and image processing were all handled by
cloud computing, offering a large amount of storage space for pictures, annotations,
and results (Sharma et al., 2024). The image processing software used Fiji and OpenCV.
Custom algorithms for the early identification and surface segmentation of plant
diseases were devised and executed using TensorFlow and PyTorch.

Field setup for observing coffee plant disease

A high-resolution digital camera with interchangeable lenses capable of capturing
detailed photographs of coffee plant leaves, coffee berries, root rot, damping off
disease, flowers at various stages of flowering, and close-up shots of flowers. Macro
lenses help take close-up photos of individual cherries, damping disease, blossoms,
and basic roots. The monitoring of coffee plant disease can be accomplished by using
cloud storage systems to store collected photos (Figure 4). A virtual environment
simulates real-world scenarios. The findings stemmed from the implemented system
following the training and execution of a smartphone application designed to detect
coffee plant diseases. A 2.4 GHz TM i5-9300H CPU, Google Collab, and Python 3.0.6
were used to train and execute a smartphone application for identifying coffee plant
diseases (Signo et al., 2024).

Coffee Berry Disease  Leaf Rust Disease  Coffee Wilt Disease  Coffee Bark Disease  Healthy Coffee Flower

Figure 4. Real-time coffee plant disease monitoring via object detection.

Performance evaluation using hybrid ViT-CNN
Classification accuracy (Equation 14) is a metric that represents the percentage of
samples correctly classified as healthy or sick. True Positives (TP) indicate several
accurately diagnosed diseased samples. True Negatives (TN) show several correctly
categorized healthy samples. Total Samples is a list of all the samples in the dataset.
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The precision (Equation 15) statistic calculates the proportion of correctly identified
unhealthy cases while minimizing false positives, indicating the accuracy of positive
predictions (Taha and Hussein, 2022).

True Positives + True Negatives

A =

ccuracy Total Samples .
pocicion — TP

TeCtslon = False Positives (FP) (15)

False positives (FP) are the number of healthy samples that are incorrectly classified as
sick. The percentage of actual disease instances that are successfully recognized with
no false negatives is known as recall (sensitivity) (Equation 16). False Negatives (FN)
are samples of sick material that are mistaken for healthy. The F1-Score (Equation
17) effectively balances precision and recall, making it especially useful when both
metrics are required. The intersection over union (IoU) segmentation metric (Equation
18) assesses the degree of overlap between actual and projected disease zones on coffee
plant leaves, cherries, flowers, or fruits.

TP
TP + False Negatives (FN) (16)

Recall =

Precision * Recall

F1 — Score = 2

Precision + Recall (17)
Intersection Area
IoU = -
Union Area (18)

The area under the curve (AUC) measures the model’s ability to differentiate between
healthy and diseased groups using two metrics: true positive rate (IPR) (Equation
19) and false positive rate (FPR) (Equation 20). These metrics can be used for multi-
class tasks, such as understanding various types of sickness, by assessing each class
separately. Crossing the line where the masks of the expected and ground reality
overlap. The entire union area is covered by either the expected or actual mask,
whichever is larger.

TPR = i
" TP + FN (19)
FP
FPR

“FP + TN 20)
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True positive (TP) represents the number of correctly classified positive cases where
indicated. False negative (FN) refers to several cases that were misclassified as
negative (missed positive). False positive (FP) count of cases misclassified as negative
but actually positive. True negative (TN) refers to several accurately identified
undesirable events (Tamilvizhi et al., 2022). The experimental parameters were set to
16 batches with a learning rate of 0.01, and the performance was compared to other
deep-learning models for detecting coffee plant diseases (Table 1).

Table 1. Comparative performance analysis of hybrid vision transformer-convolutional neural

netw

ork (ViT-CNN) model and existing models, showing accuracy and loss metrics for the proposed

model across training, validation, and testing phases, benchmarked against state-of-the-art deep

learning models.

Model Training Validation Testing Training Validation Testing

© accuracy accuracy accuracy loss loss loss

Hybrid ViT-CNN 1.000 0.9867 0.9879 0.0047 0.0124 0.0578
MVGG16 0.9976 0.9802 0.9711 0.0720 0.0777 0.0701
Inception V3 0.9941 0.9791 0.9766 0.0752 0.0711 0.0714
Xception 0.9921 0.9716 0.9657 0.0272 0.0930 0.0817
DenseNet-121 0.9711 0.9651 0.9611 0.0547 0.0577 0.0991
MobileNet-V2 0.9418 0.9374 0.9457 0.0478 0.0321 0.0840
X}T‘Tl)al transformer ;g9 0.8947 0.9055 0.0145 0.0477 0.0944
ResNet50 0.8776 0.8624 0.8518 0.0594 0.0749 0.0741

Pre-trained models utilized in this study include MVGG16, Inception V3, Xception,
DenseNet-121, MobileNet-V2, ViT, and ResNet50. Among these, the hybrid ViT-CNN
model demonstrated the most favorable overall performance across key evaluation
metrics. Specifically, it achieved a high training-validation accuracy balance (0.9867),
along with superior classification outcomes, including accuracy (0.9881), precision
(0.9893), recall (0.9895), and area under the curve (AUC) (0.9896). These results indicate
the model’s strong capability in both the accurate classification of coffee plant diseases
and the effective differentiation between healthy and diseased specimens.

The intersection over union (IoU) value of 0.9833 indicates a high degree of agreement
between the predicted and actual disease regions (Table 2). The proposed model (blue
line) achieves a higher training accuracy, approaching 1.0, and does so more rapidly
than the previous model (green line), demonstrating superior learning efficiency
(Figure 5). Furthermore, the validation accuracy (dashed blue line) closely follows
the training accuracy, exhibiting a narrower gap in comparison to the existing model
(dashed green line) (Figure 6). This suggests improved generalization performance
of the new model. Finally, the classification-based confidence score for specific
disease detection (Figure 7) is defined as the predicted probability of belonging to the
corresponding disease class (Equation 21).
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Table 2. Comprehensive performance metrics of the hybrid vision transformer-convolutional neural

netw

ork (ViT-CNN) comparing accuracy, precision, F1-score, recall, area under the curve (AUC),

and intersection over union (IoU) against other deep learning models, demonstrating superior

performance across multiple evaluation metrics.

Model Accuracy Precision F1-score Recall AUC IoU
Hybrid ViT-CNN 0.9881 0.9893 0.9849 0.9895 0.9896 0.9833
MVGG16 0.9679 0.9643 0.9604 0.9691 0.9616 0.9619
Inception V3 0.9517 0.9515 0.9521 0.9536 0.9604 0.9607
Xception 0.9257 0.9280 0.9251 0.9232 0.9225 0.9257
DenseNet-121 0.8871 0.8793 0.8814 0.8890 0.8891 0.8879
MobileNet-V2 0.8557 0.8505 0.8561 0.8536 0.8644 0.8657
X}f%al Transformer ) o155 0.8182 0.8106 0.8132 08125 08157
ResNet50 0.7857 0.7882 0.7856 0.7832 0.7820 0.7807

Confidencegeore(Disease;) = Predicted,,opapitity (Class;) 1)

where Disease ; represents a specific coffee plant disease class, and Predicted ..

(Class ) is the probability value predicted by the model for the image region belonging
to class.

The model demonstrated exceptional accuracy for detecting critical objects (Figure
7), such as “Bud” (99.99 %), “Plant” (98.67 %), and “Tree” (97.23 %), indicating strong
reliability in identifying plant structures. The horizontal bar chart efficiently displays
the confidence scores, making it easy to compare detection accuracy across different
objects.

The bubble-enhanced line graph adds an interesting visual layer by displaying
confidence variations in a structured manner (Figure 8). High confidence indicates
that the model is well-trained and capable of distinguishing between various plant
components with minimal error.

Mobile application

Farmers can utilize the user-friendly Affogato mobile application to upload images
of their coffee plants, including diseased flowers, cherries, and leaves (Figure 9).
Upon upload, each image undergoes a series of preprocessing steps, such as resizing,
normalization, and, if necessary, color space adjustments, to ensure compatibility with
the subsequent analytical model. The preprocessed image is then input into the hybrid
ViT-CNN model, which has been trained on an extensive dataset comprising coffee
plant images under various conditions, including healthy and diseased specimens of
flowers, cherries, and leaves.
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distribution of these scores using variations in both size and color gradients to convey magnitude and
intensity.

Step 1: Farmers Upload
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Step 2 Analyzing the image Step 3: Recommendation Step &: Prevention Recommendation

As the spols enlarge (3/16 to 5/8
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Figure 9. Affogato: an Al-powered system for the diagnosis and prevention of coffee plant
diseases. This platform provides a step-by-step framework that guides farmers from the
initial detection of plant diseases to the implementation of preventive strategies, utilizing
counterfactual analysis and farm-centric advisory approaches.
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The model performs real-time analysis to identify the specific plant part depicted (i.e.,
flower, cherry, or leaf) and to predict the most probable condition based on visual
characteristics. Subsequently, the system generates personalized recommendations
informed by the predicted condition and supplemented by additional contextual
data provided by the farmer. This contextual data may include historical and current
observations, such as geographical location, soil type, and climatic conditions.

CONCLUSIONS

A smartphone-based system for the detection of plant diseases and the recommendation
of treatments was developed using machine learning techniques. The proposed
hybrid model, integrating Vision Transformers and Convolutional Neural Networks
(ViT-CNN), combines the global contextual awareness of Vision Transformers with
the localized feature extraction capabilities of Convolutional Neural Networks. This
synergistic architecture enables accurate diagnosis of various coffee plant diseases. A
key advancement in the system is the implementation of counterfactual suggestion
processes, which extend beyond mere disease identification. These processes simulate
the health status of the plant under multiple hypothetical treatment scenarios, thereby
allowing farmers to explore “what-if” analyses and make more informed decisions
regarding disease management. Future research should focus on enhancing the model’s
generalizability across diverse coffee plant varieties, environmental conditions, and
disease phenotypes.
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ABSTRACT
Irrigation district 003 Tula, Hidalgo, is an example of wastewater irrigation in Mexico; however,
it results in greater pollution for the environment, farmers, and consumers. The aim of this
work was to determine farmers” willingness to pay (WTP) for treated, better-quality water,
thus producing innocuous products. A sample of 104 farmers was obtained through simple
randomized sampling. The contingent valuation method was used, with two econometric
limited dependent variable models, where the interest is primarily in the probability of a
response to a binary indicator. The non-linear adjusted binary response models were logit and
probit. The best model, according to the log pseudolikelihood, Akaike information criterion,
pseudo-R-squared criteria, and the number of correctly predicted cases, was the logit model. The
results indicate that education (22.6 %) and income levels (20.3 %) have positive effects on WTP,
whereas the opposite occurred with the fee (-0.026 %), the number of economic dependents (-11
%), and the number of hectares planted (-4.2 %). If the farmer considers that there are risks to
the health of consumers of foods produced with untreated residual waters, the WTP increases
by 11 %. The logit and probit models produced an average WTP of MXN 1649.18 and 1685.08,
respectively. The reuse of wastewater requires compliance with acceptable and required quality

standards for crops to produce healthy foods that protect the health of farmers and consumers.

Keywords: contingent valuation, logit, probit, residual water, Mezquital Valley.

INTRODUCTION
Economic growth, population growth, and urbanization are catalysts of water
pollution. Reusing wastewater for agriculture is common around the globe. However,
its treatment is rare in many countries (Contreras et al., 2017). Worldwide, two-thirds
of the wastewater applied is not treated (Trinh et al., 2013). Its agricultural use ranges
from 1.5 to 6.6 %, with 4.5 to 20 million ha irrigated globally, with China, Mexico,
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Egypt, India, Indonesia, Iran, and Pakistan standing out. In Mexico, it is estimated that
70000 and 190 000 ha are irrigated with treated and untreated wastewater, respectively
(Sato et al., 2013).

It is estimated that high-income countries treat approximately 70 % of all wastewater
produced; medium-high-income countries, 38 %; medium-low-income countries,
28 %; and low-income countries treat only 8 % (WWAP, 2017). The countries with the
highest amount of wastewater use are China, Mexico, and the USA, with 14.8, 4.4, and
7.6 million m? of water a day, respectively, but in the first two cases, the wastewater
is untreated. The most important countries in terms of reusing treated wastewater are
the USA, Saudi Arabia, and Egypt, with 7.6, 1.8, and 1.7 million m® of water a day,
respectively (Jiménez and Asano, 2008).

In developing countries, the highest proportion of recycled water is used in
agriculture, whereas in developed nations, it is used for urban activities (Brissaud,
2009). In Israel, 75 % of recycled water is used for irrigation agriculture in 19 000 ha.
In Kuwait, agricultural irrigation with recycled water accounts for 25 % of the total
irrigated surface. In India, Egypt, and Vietnam, approximately 73 000, 42 000, and 9000
ha are irrigated with wastewater, respectively (Chen et al., 2013). In France and Italy,
wastewater treated for agricultural irrigation covers over 3000 and 4000 ha, respectively
(Angelakis et al., 2003). In Spain, 79.2 % of the volume of treated wastewater is reused
in agriculture (Iglesias-Esteban and Ortega-de Miguel, 2008).

Mexico is second in the world in terms of wastewater used in agriculture with 4.4
million m® of water a day, followed by Egypt and Syria with 1.9 and 1.1 million m®
of water a day, respectively (Jiménez and Asano, 2008). The water system of the
Mezquital Valley in Hidalgo, Mexico, is the world’s largest and oldest example in
terms of untreated wastewater use for agricultural irrigation (Lesser et al., 2018). More
than 90 000 ha of plantations are irrigated with untreated wastewater from Mexico
City, which are distributed in the agricultural irrigation districts of Tula, Ajacuba, and
Alfajayucan. The high availability of wastewater has placed farmers in a comfort zone
where the treatment of this water is viewed as a threat (Duran-Alvarez et al., 2021).
Irrigation plays an important part in the Mezquital Valley due to the scarcity of fresh
water, weather conditions, low rainfalls, a higher demand for water by tourism and
other sectors, and the increase in the availability of wastewater from Mexico City
(Contreras-Roman, 2018; Garcia-Salazar, 2019). Wastewater use in irrigation district
(ID) 003 Tula dates back more than 100 years ago, with an annual volume of reuse
of 1780 million m?® (56.6 m?*s™) (Jiménez et al., 2005). Its use has led to a physical and
chemical degradation of the soil, which influences agricultural productivity. The
presence of toxic metals in the region is a risk to human health and the environment
(Cornejo-Oviedo et al., 2012). Wastewater contains a high pollutant load composed
of organic material, metals, bacteria, and detergents, which can lead to public health
issues (Garcia-Salazar, 2019), as well as an increase in diarrheal diseases in children
(Contreras et al., 2017).
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Masterplan DR 003 mentions that the chemical composition of wastewater reduces the
lifespan of hydro-agricultural infrastructure (floodgates, dams, farm intakes), which
must be replaced at least every three years. The gases produced by wastewaters cause
the corrosion of structures like culverts and tunnels (CONAGUA, 2005). Farmers,
communities, and consumers are at risk due to the harmful components of untreated
wastewater. The use of wastewater for irrigation can cause considerable damage
to public health and the environment. Its use in agriculture causes externalities for
both public health (through the consumption of agricultural products irrigated with
wastewater) and the environment (since it constantly pollutes underground water
and soil and causes an unpleasant odor) (Wichelns and Qadir, 2015).

The crops sprayed with wastewater can be contaminated with heavy metals, including
arsenic, cadmium, lead, and mercury, causing serious health problems, such as
osteoporosis. These metals enter the human and animal bodies not only through the
intake of vegetables but also by the inhalation of polluted soils (Kesari et al., 2021;
Qadir ef al., 2010). Consequently, farmers, agricultural workers, their families, and
the consumers of crops irrigated with wastewater are more prone to suffer parasitic
diseases (Weldesilassie et al., 2009).

Some studies have been carried out on the willingness to pay (WTP) for the
improvement of the drinking water service in Mexico (Valdivia-Alcala et al., 2022;
Brisefio and Macedo, 2021), but there are no studies on WTP for the implementation
of irrigation with treated wastewater in an ID or an aquifer. Therefore, the aim of this
investigation was to estimate the WTP of farmers in ID 003 Tula, Hidalgo, for better-
quality water to understand the factors that impact their will to improve the water
they already use and produce innocuous and better-quality crops. The hypothesis
is that farmers in ID 003 Tula Hidalgo are willing to pay for better-quality water to
irrigate their crops and thus avoid worrying about the health of consumers.

MATERIALS AND METHODS

The contingent valuation method was used, which implies directly asking people
how much they would pay in case a hypothetical change was to take place in the
future state. A question was asked regarding the WTP, and socioeconomic data was
requested in order to describe the interviewee (socioeconomic characteristics such
as age, education, income, and gender). Likewise, matters regarding attitudes and
beliefs were incorporated, such as stances regarding environmental policies (Young
and Loomi, 2014).

The interviews were conducted on the farmers of ID 003 Tula, Hidalgo, between July 5
and 25, 2024. The sample was obtained with the simple randomized sampling method
(Anderson et al., 2008; Lind et al., 2012), using the following formula:

2

n=mn(l-m) (%)
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where 1 is the sample size, Z is the standard normal value corresponding to the desired
level of trust of 95 % (z = 1.96), 7t is the proportion of the population (0.5), and E is the
maximum tolerable error (9.6 %). The number of users of the ID was 37 267, out of
which 57.6 % are commonly owned (ejido) and 42.4 % are small-scale properties. The
final sample was of 104 farmers interviewed.

In this study, the dependent variable is dichotomic (binary), where one indicates
farmers are willing to pay (a “yes” response) and zero means they are not (a “no”
response). Two models were formulated: one logit and another probit (Zegeye et
al., 2023), in which the probability of paying for better water quality is estimated as
follows:

1

b= 1 + e~ (Bo+B1X1+PB2X2+PB3X3+PaXs+PsXs+PeXe)
e (BotB1X1+B2Xo+B3X3+BaXs+BsX5+BeXe)

- 1 + e(BotB1X1+B2X2+B3X3+BaXat+PBsXs5+B6Xe)

where X, is the variable fee, X, is the education level, X, is income, X, is the number of
economic dependents, X, is the number of hectares planted by the farmer, and X, is a
dichotomic variable of the response to the question “Do you consider there is a health
risk in consumers for eating produce irrigated with wastewater?” where a value of one
is assigned to an answer “yes” and zero to the answer “no.”

The probability of not paying for better quality of water was calculated as follows:

1

1-p= 1 + e(Bot+B1X1+B2X2+P3X3+PaXs+PsXs+PeXe)

The odds ratio of paying relative to the probability of not paying is expressed as
follows:

P; 1 + eBot+BrXa+B2Xo+B3Xs+4Xa+BsXs+P6Xe)

1-P 1 + e~ (Bo+B1X1+B2X2+B3X3+BaXs+BsXs+B6Xe)
= eBotB1X1+B2Xo+B3X3+B4Xa+B5Xs+BeXe)

(1)

Applying a natural logarithm, L, is obtained to linearize the parameters:

P.
Ly=1In (1 _lP.) = Bo + B1X1 + B2 Xz + B3X3 + BaXy + BsXs + BeXe
l

To estimate the parameters of the model, the maximum likelihood method was used
with the statistical software Stata 16:

L= ln( ) = Bo + P1X1 + B2Xy + B3X3 + BaXy + PsXs + PeXe + U;

L
1-P,
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where u, corresponds to the error term; that is, factors that affect the WTP but are not
explicitly included in the model.

To obtain the farmers’ mean WTP for better-quality water to produce innocuous and
higher-quality foods, the following formula was used:

yn 1[30 + (X5 + B3 X3 +,[;B4X4i + L5 Xsi + LeXoi
l:
DAPpogia = L
media n (2)

RESULTS AND DISCUSSION

All the farmers surveyed were men, with an average age of 57, out of whom 91.3 %
are married and the rest, single. In terms of land ownership, 50 % owned small-scale
lands, while the rest was commonly owned (ejidos). Maize was planted by 61.5 % of
farmers, followed by alfalfa (24 %), beans (11.5 %), and chili peppers (2.9 %). Regarding
education levels, 16.3 % of farmers have not completed elementary school, 36.5 % have
completed elementary school, 37.5 % have middle school, 7.7 % have high school, and
1.9 % have a university degree. Farmers with an income of MXN 5000 made up 1 % of
those surveyed, 72.1 % have incomes of MXN 5000 to 10 000, 24 % make between MXN
10 000 and 15 000, and 2.9 % make between MXN 15 000 and 20 000.

Out of the 104 farmers surveyed, 69.23 % expressed a positive stance regarding their
WTP for better-quality recycled water, which represents fewer environmental impacts
on the crops and on the health of farmers and consumers. The education level had a
positive effect, with 54.2 and 20.8 % of those who completed elementary school and
high school having a positive stance, respectively. Meanwhile, 61.1 % of those with an
income between MXN 5000 and 10 000, and 33.3 % of those between MXN 10 000 and
15 000 had a positive attitude (Table 1). The farmers surveyed that are willing to pay

Table 1. Frequency of the variables of the willingness to pay (WTP), education level, and income of
the farmers interviewed in irrigation district 003 Tula, Hidalgo, Mexico.

WTP Education level Frequency % Income level Frequency %
Yes Elementary, incomplete 9 12.5 <5000 1 1.4
Elementary, complete 15 20.8 5000-10000 44 61.1
High school 39 54.2 10 000-15 000 24 33.3
Media superior 7 9.7 15000-20 000 3 4.2
Professional 2 2.8
No Elementary, incomplete 8 25.0 <5000 0 0
Elementary, complete 23 71.9 5000-10000 31 96.9
High school 0 0 10 000-15 000 1 3.1
Media superior 1 3.1 15000-20 000 0 0
Professional 0 0
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for an improvement in irrigation water quality have 1-6 economic dependents, out
of which 15.3 % have one dependent, 26.4 % have two, 27.8 % have three, and 20.8 %
have four.

In terms of the hectares planted, farmers with a positive attitude towards their WTP
have 1-8 ha planted. Those with three (28.8 %), four (26.4 %), five (15.3 %), and two
hectares (11.1 %) stand out. Out of the total of farmers, 59.7 % consider that irrigating
with wastewater has effects on the health of consumers and had a positive response
to the WTP.

In the logit and probit models, all parameters were statistically significant according to
the statisticz. The global statistical significance of the Wald chi-squared model waslower
than 1 % for both models. However, the best, according to the log pseudolikelihood,
Akaike Information Criterion (AIK), pseudo-R-squared, and the number of correctly
predicted cases, was the logit model (Table 2).

Table 2. Results of the coefficient estimations of the models evaluating the
willingness to pay (WTP) of farmers in irrigation district 003 Tula, Hidalgo,

Mexico.

WTP Logit Probit

Fee -0.004***(0.001) -0.002***(0.001)
Education level 3.300%**(1.022) 1.717***(0.422)
Income level 2.969***(1.062) 1.772***(0.559)
Dependents -1.606***(0.365) -0.902***(0.167)
Hectares planted -0.607**(0.300) -0.324**(0.154)
Consumer health 1.371%(0.847) 0.710%(0.433)
Constant -2.184(2.422) -1-475(1.223)

Log pseudolikelihood -29.730 -30.299

Wald chi*(6) 26.56%** 38.28%**
Akaike information criterion 73.461 74.598

Pseudo R? 0.537 0.528
Correctly predicted 88.46% 86.54%
Observations 104 104

% p <0.01; ** p <0.05; * p <0.1. Standard error in parentheses.

To interpret the models, the odds ratios (Equation 1) and the marginal effects (dy/dx)
of each variable were calculated. The variable fee had a marginal effect of -0.026, which
means that for every MXN increase, the WTP decreased by 0.026 %. The marginal
effect for the education level showed that, for every additional level of education, WTP
increased by 22.598 %. The marginal effect of income showed that when the incomes of
farmers increased, WTP rose by 20.333 %. When the number of economic dependents
increased by one, the WTO decreased by 10.999 %. If the farmer’s planted surface
increased by 1 ha, the WTP decreased by 4.156 %. Finally, if the farmer considered
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that there are risks for the health of the consumer of products irrigated with untreated
wastewater, the WTP increased by 11.042 % (Table 3).

Table 3. Marginal effects and odds ratio of the variables used in the evaluation of the
willingness to pay (WTP) of farmers in irrigation district 003 Tula, Hidalgo, Mexico.

Logit Probit
Variable dy/dx % Oddsratio  dy/dx % Odds ratio
Fee -0.000 -0.026 0.996 0.000  -0.032 0.998
Education level 0.226 22.598 27.118 0.280  28.032 5.567
Income level 0.203 20.333 19.480 0.289  28.939 5.885
Dependents -0.110 -10.999 0.201 -0.147 -14.723 0.406
Hectares planted -0.042 -4.156 0.545 -0.053  -5.295 0.723
Consumer health 0.110 11.042 3.940 0129 12941 2.035

In order to obtain the mean WTO, equation (2) was used and values of MXN 1649.18
and 1685.08 were obtained using the logit and probit model, respectively. On average,
the producer would be willing to pay those amounts per hectare irrigated with better
quality water in DR 003 Tula.

The variable with the greatest effect on the WTP of farmers for the use of treated
wastewater was education. Farmers with higher education levels are considered as
having access to information sources on the treatment of wastewater, such as the
internet, journals, and news (Deh-Haghi et al., 2020; Lazaridou et al., 2019). The income
level of farmers had a positive relation with WTP, in which the higher the income
(regardless of whether the farmer has other income sources), the higher the probability
of paying more for better-quality water to irrigate their fields. However, the opposite
is true with the number of economic dependents, since more economic dependents
means a smaller budget available to buy other goods and services not related to the
family, such as paying more than what they already pay for the irrigation service.
Out of the total of farmers surveyed, 60.6 % considered that there is a risk involved
in consuming products irrigated with wastewater, and 77.9 % considered there are
environmental risks involved in irrigating with untreated wastewater. The perception
of health risks has impacts on the willingness to use treated wastewater (Deh-Haghi
et al., 2020; Khanpae et al., 2020). The use of untreated or partially treated wastewater
for irrigation involves the risk of contracting diseases, both for farmers and their
families, as well as consumers. The diseases prevalent among farmers include
hookworm infection, ascariasis, and giardiasis. Diseases related to the consumption of
raw vegetables include shigellosis, cholera, typhoid fever, and diarrhea (Leonel and
Tonetti, 2021).
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CONCLUSIONS
The willingness to pay (WTP) for improved irrigation water quality revealed that
education level, income level, and consumer perception of health had positive effects,
whereas the fee, the number of the farmer’s economic dependents, and the number
of hectares planted had negative effects. Therefore, the most appropriate mechanism
is to raise awareness and educate farmers about health risks for both themselves
and consumers so they increase their WTP for higher-quality irrigation water and
consequently manage proper wastewater treatment for agricultural use.
The farmers of the irrigation district are worried about risks and therefore are willing
to pay for better quality water. The treatment and reuse of wastewater is an option to
face water scarcity problems, as well as contributing to its sustainable use. Reusing
requires that these waters have the required quality for crops to produce healthy foods
that guarantee the health of farmers and consumers.
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