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EDITORIAL

In Colombia’s vast economic landscape, agriculture emerges as a fundamental pillar, with a significant impact on 
national development and the well-being of its citizens. This activity not only supports millions of rural families but 
also plays a crucial role in the country's trade balance and economic growth. As Colombia faces global and local 
challenges, it is imperative to recognize and strengthen the role of agriculture in the national economy, which has 
become one of its foundational pillars. According to recent data from the National Administrative Department of Sta-
tistics (DANE), the agricultural sector contributes approximately 6% of the country's Gross Domestic Product (GDP) 
and employs around 16% of the labor force. This significant participation demonstrates that agriculture is not only 
vital for food supply but also as an economic engine for society.

Colombia is a country with diverse geography that allows for the cultivation of a wide variety of products. From 
coffee, avocado, and cocoa in the Andean region's mountains to bananas in the Caribbean region, each area has 
its own specialties contributing to the country's agricultural wealth. Coffee, for example, is not only one of the main 
export products but also a cultural symbol of Colombian identity.

The economic impact of agriculture in Colombia is manifested in multiple ways. First, through job creation. In rural 
areas, agriculture is often the primary source of income. Coffee plantations, avocados, fruit trees, sugar cane, and 
flowers, among other products, provide employment to thousands of Colombians, often in areas where other job 
opportunities are scarce. Additionally, agriculture contributes to the country’s trade balance. Agricultural exports rep-
resent a significant portion of Colombia's foreign trade. In 2023, exported agricultural products totaled approximately 
$8.2 billion, with coffee, bananas, and flowers standing out as the main export products. This flow of foreign currency 
is crucial for the country's economic stability and financing imports.

However, despite its importance, agriculture in Colombia faces numerous challenges that threaten its stability and 
growth. Among these are insecurity in rural areas, deforestation, and climate change. Violence in some regions 
prevents the full development of agricultural activities and affects the safety of workers. Deforestation, partly driv-
en by the expansion of the agricultural frontier, is destroying vital ecosystems and affecting biodiversity. Climate 
change is another critical challenge. Changes in precipitation patterns and extreme temperatures affect agricultural 
production, reducing the quality and quantity of crops. Farmers face prolonged droughts and intense rains, affecting 
not only crop yields but also the economic stability of rural families.

Despite the challenges, there are opportunities to transform Colombian agriculture into a more resilient and sus-
tainable sector. The adoption of modern technologies and sustainable agricultural practices is essential to improve 
productivity and profitability. For example, the adoption and implementation of plant biotechnology techniques, 
considered a pillar of agricultural innovation. We are talking about using biological techniques necessary to improve 
plants in terms of yield, resistance, and food quality. Techniques such as in vitro cell and tissue culture, developing 
new plants through plant genetic engineering, molecular marker-assisted selection, and, lately, the gene editing. 
This scientific approach has revolutionized global agriculture and is beginning to show its potential in Colombia. 
For example, biotechnology allows for the development of crops that are more productive, disease-resistant, and 
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adapted to adverse climatic conditions. Genetically modified crops such as corn, cotton, and soybeans have proven 
more resistant to insects and diseases. Other crops, such as flowers, avocados, rice, cocoa, and sugar cane, have 
also been improved through plant biotechnology. (In Colombia, cocoa is one of the most profitable crops in the long 
term and one of the crops whose production has increased year after year, according to Eduardo Baquero López, 
executive president of the National Federation of Cocoa Growers of Colombia (Fedecacao), who mentions that “17 
years ago, 30,000 tons were produced annually, and today around 63,416 are produced”). The banana industry 
expects a 5% increase by 2024, and it is reported that “during the last season (2023), accumulated exports were 
106 million boxes worth USD 969 million, compared to the 2022 season, where 108 million boxes were sold for USD 
891 million. The producing regions of Colombia are Urabá with 64 million boxes and Magdalena and Guajira with 
42 million boxes.”

It is also necessary to mention that implementing efficient irrigation systems, using climate-resilient crop varieties, 
and adopting conservation tillage techniques can help mitigate some of the negative impacts. Additionally, boosting 
agricultural research and development can provide new solutions and improve existing practices. Partnerships 
between the public sector, private sector, and academic institutions can foster innovation and promote the develop-
ment of new technologies that benefit farmers and the environment.

For Colombian agriculture to face its challenges and seize its opportunities, effective public policy support is es-
sential. The Colombian government must continue strengthening support programs for farmers, ensuring they have 
access to financing, technical assistance, and risk insurance. Subsidy policies and soft loans can facilitate the 
adoption of more sustainable technologies and practices. It is also crucial to implement strategies to improve rural 
infrastructure, such as roads and markets, to facilitate market access and reduce transportation costs. Investment 
in infrastructure can improve the competitiveness of Colombian products in the international market and increase 
farmers' incomes.

The future of agriculture in Colombia depends on the country's ability to adapt to global and local changes. Pro-
moting sustainable agricultural practices and including farmers in decisions affecting the sector are crucial steps to 
ensure balanced development. The participation of rural communities in policy and strategy formulation can ensure 
that their needs and perspectives are considered. Agriculture is not just an economic activity; it is a way of life for 
millions of Colombians. Strengthening this sector is essential for the country's economic development and improving 
quality of life in rural areas. With a combination of innovation, institutional support, and effective policies, Colombia 
can face current challenges and ensure a prosperous future for its agriculture.

Rodrigo Alberto Hoyos Sánchez 
Ph.D. Associate Professor

Facultad de Ciencias Agrarias, 
Universidad Nacional de Colombia

 Sede Medellín
rhoyos@unal.edu.co 
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Colombia is the ninth largest producer of dragon fruit in the world and the department of Boyacá is the largest with 440 hectares 
planted. Bacterial phytopathogens can cause pitahaya fruit losses and low yields by producing stem soft rot. This research aimed 
to study and identified possible agents of bacterial diseases of pitahaya in Boyacá, Colombia. Thirteen farms in the region were 
selected to take 20 samples by means of a targeted and random sampling of stem and fruit tissues with soft rot symptoms in 
the early stages of the disease. A process of microbiological isolation, biochemical and molecular taxonomic identification of 
the isolated bacteria. The 16s rRNA gene sequences of the V2-V5 region were edited by removing the primers, assembling 
and obtaining the consensus sequence of the primers 1100R-337F and 800R -518F. The phylogenetic analysis was performed 
by BLAST at NCBI, using the “Classifier” and “SeqMatch” tools from the RDP website, and phylogenetic trees were created by 
multiple alignment using the MUSCLE algorithm and the Tamura Nei distance method was performed. Signs like blisters and 
mucilaginous fluids, symptoms like yellow and brown chlorotic spots, soft rot, and liquefaction were identified, and possible vectors 
like flies and ants were report. Twenty-five bacterial morphotypes were identified classifieds in 4 phyla, 9 families and 13 genera. 
The analysis of the 16S rRNA gene sequences of the bacterial strains showed a 98 to 100% identity with Enterobacter cloacae, 
Pectobacterium carotovora and Paenibacillus glucanolyticus, reported in other studies as causing the soft rot of the pitahaya 
stem and fruit. New species were reported as possible pathogenic bacteria of pitahaya: Pantoea cypripedii, Kluyvera intermedia 
and Klebsiella oxytoca. Infectivity assays did not have positive results. The microbiota identified in the stages of the necrotrophic 
phase or final stage of soft rot of the stem belong to the genera Achromobacter, Sphingobacterium, Pseudomonas, Klebsiella, 
Paenibacillus, Bacillus, Stenotrophomonas and Microbacterium. In the fly Leptoglossus zonatus associated with the crop were 
identified Pseudomonas fulva and Lysinibacillus fusiformis were identified. This is also the first official report of a complex of 
possible phytopathogen bacteria of the order Enterobacterales (Enterobacteriacea, Erwiniaceae and Pectobacteriaceae family) 
in symptoms by bacterial disease on pitahaya Colombian crops. Identification of the bacteria in a pathogenic system can guide 
chemical and biological control practices in order to increase the productive and export potential of exotic and orphan crops 
from small local farmings.

Colombia es el noveno productor de pitahaya amarilla en el mundo y el Departamento de Boyacá es el mayor productor con 
440 hectáreas plantadas. Los fitopatógenos bacterianos pueden causar pérdidas de frutos de pitahaya y bajos rendimientos 
al producir la pudrición blanda de los tallos. El objetivo de esta investigación fue estudiar e identificar posibles agentes de 
enfermedades bacterianas de la pitahaya en Boyacá, Colombia. Trece (13)  fincas de la región fueron seleccionadas para la toma 
de 20 muestras mediante un muestreo dirigido y al azar de tejidos de tallo y frutos con síntomas de pudrición blanda en estadios 
iniciales de la enfermedad. Se realizó un proceso de aislamiento microbiológico, identificación bioquímica y taxonómica molecular 
de las bacterias aisladas. Las secuencias del gen ARNr 16s de la región V2-V5 fueron editadas mediante la eliminación de los 
primers, ensamblaje y obtención de la secuencia consenso de los primers 1100R-337F y 800R -518F. El análisis filogenético 
fue hecho por BLAST en el NCBI, por las herramientas “Classifier” y “SeqMatch”, del sitio Web del RDP y se realizaron árboles 
filogenéticos mediante alineamiento múltiple usando el algoritmo MUSCLE y el método de distancias de Tamura Nei. Se 
registraron signos como ampollas y fluidos mucilaginosos, síntomas como manchas cloróticas amarillas y marrones, pudrición 
blanda y licuefacción, y se reportaron posibles vectores como moscas y hormigas. Veinticinco (25) morfotipos de bacterias fueron 
clasificados en 4 filos, 8 familias y 13 géneros. El análisis de las secuencias del gen ARNr 16S de las cepas bacterianas mostró 
una identidad del 98 al 100% con Enterobacter cloacae, Pectobacterium carotovora y Paenibacillus glucanolyticus, reportados en 
otros estudios como causantes de la pudrición blanda del tallo y fruto de pitahaya. Se reportaron nuevas especies como posibles 
bacterias patógenas de pitahaya: Pantoea cypripedii, Kluyvera intermedia y Klebsiella oxytoca. Los ensayos de infectividad 
no arrojaron resultados positivos. La microbiota identificada en los estadios de la fase necrotrofa o final de la pudrición blanda 
del tallo podría estar conformada por los géneros Achromobacter, Sphingobacterium, Pseudomonas, Klebsiella, Paenibacillus, 
Bacillus, Stenotrophomonas y Microbacterium. En la mosca Leptoglossus zonatus asociada al cultivo se identificó Pseudomonas 
fulva y Lysinibacillus fusiformis. Este es el primer registro oficial de un complejo de posibles bacterias fitopatógenas del orden 
Enterobacterales (familia Enterobacteriaceae, Erwiniaceae y Pectobacteriaceae) en síntomas por enfermedad bacteriana en 
cultivos colombianos de pitahaya. La identificación de las bacterias de un pato-sistema puede orientar las prácticas de control 
químico y biológico con el fin de incrementar el potencial productivo y de exportación de los cultivos exóticos y huérfanos de 
las pequeñas fincas locales.
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T
he pitahaya is a cactus, native to the Andean region 
of the tropics and subtropics of Central and South 
America, mainly cultivated in Bolivia, Ecuador, 
Colombia, and Brazil (Vilaplana et al. 2018). 

Pitahaya cultivation in Colombia has a high commercial 
value as an export crop because it is an exotic fruit known 
as dragon fruit in markets such as Japan, Europe, the 
United States, and Canada (Agronet 2022). The yellow 
pitahaya is a fruit with a high demand for its unique 
appearance, flavor, quality, and nutritional properties in 
vitamins, antioxidants, high fiber, flavonoids, and phenol 
contents (Ibrahim et al. 2018; Betancur et al. 2020; Pásko 
et al. 2021; Da Graca et al. 2023).

Colombia is the ninth supplier of this exotic fruit worldwide. 
The country has 827 planted areas, it produced 124.5 
million tons and 17 thousand tons which represented 
38% of the total international exports (Agronet 2022). In 
2009, Colombia was the main producer of pitahaya in the 
world (FAO 2009). The Boyacá´s department is the main 
producer with about 440 hectares planted. Hence, in the 
municipality of Miraflores, in Boyacá there are 53 farms 
producing pitahaya, with a cultivated area of 42 hectares 
(Morillo-Coronado et al. 2022).

The most widely planted genotypes currently in production 
systems of Boyacá, Colombia is the yellow pitahaya, 
Hylocereus megalanthus known as Selenicereus 
megalanthus (Morillo-Coronado et al. 2021). One of the 
limiting factors in the production of the pitahaya crop is 
the diseases caused by phytopathogens and can cause 
losses in productivity because the bacteria can infect 
plants during processes of establishment and growth of 
the crop. The phytopathogens can infect stems, developing 
fruits, and post-harvest fruits (Balendres and Bengoa 
2019; Lozada et al. 2022). However, there are few official 
reports on the composition of the bacterial community in 
pitahaya diseases (Peng et al. 2022). The pitahaya is 
vulnerable to bacteria, fungi, viruses, and some insect 
pests and it has been reported 17 genera and 25 species 
of phytopathogens. The bacterial phytopathogens identified 
are Enterobacter cloacae, Enterobacter hormaechei 
and Paenibacillus polymixa (Balendres and Bengoa 
2019). Enterobacter cloacae has been reported to cause 
disease in Malaysian crops (Masyahit et al. 2009), while 
Paenibacillus polymixa was identified as the cause of soft 
rot in China (Zhang et al. 2017). Enterobacter cloacae has 

been detected in H. undatus in Peru (Soto et al. 2019). 
The first report of stem rot in H.costaricensis for Costa 
Rica identified the bacterial isolation of Enterobacter 
hormaechei (Retana et al. 2019). 

Although the main producer of pitahaya in Colombia is 
the department of Boyacá, there is a lack of technical 
and scientific research studies that can improve the 
agronomic practices of farmers in the sector (Gaona et 
al. 2015). Likewise, there are no official reports of the 
disease-causing agents for pitahaya crops in the country. 
Agronomic practices are based on the empirical knowledge 
of the farmer and the conversion to techniques of integrated 
disease management can be a solution to the problems 
(Gaona et al. 2015). In Colombia, phytosanitary problems 
have been described such as basal rot of the stem and 
fruit caused by Fusarium oxysporum, dry rot of the stalk 
caused by Dreschlera cactivora, Anthracnose caused 
by the fungus Colletotrichum, bacteriosis presumably 
associated with Erwinia, and the nematodes Meloidogyne 
(Burgos 2013; Gaona et al. 2015; Salazar-González et al. 
2016). There are no official reports of the identification of 
bacteria isolated from signs and symptoms of soft rot for the 
region. Due to the lack of official publications, this research 
aimed to analyze the etiology of the disease, identify and 
characterize the composition of the cultivable bacterial 
community associated with soft in yellow dragon fruit 
(Selenicereus megalanthus haw.) of Boyacá, Colombia.
 
MATERIALS AND METHODS
Sampling locations
The study was done in 13 yellow pitahaya farms with open 
field production systems and covered crops (S. megalanthus) 
located in the Municipally Miraflores, Department of 
Boyacá (Colombia) (05°14’121” N; 073°11’949” W). The 
region has an average annual temperature of 19.5 °C
and a relative humidity of 88.9%.

The soil fertilization management is rich in major 
elements. The farmers do a chemical control of 
diseases with Oxychloride (80 g 20 L-1), the curative 
and preventive contact iodine liquid Baladine® (100 mL 
20 L-1) or powder (80 g 20 L-1). Diseases with high 
incidence included basal rot, fungal symptoms and signs 
with unidentified microbial agents, and pests included 
the flower bud fly (Dasiops saltans) and the potato bug 
(Leptoglossus zonatus). 
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Sampling
Pitahaya plants in the initial stage of flowering and full 
fruit production were sampled. The sampling was random, 
selecting material according to the observation of signs 
and symptoms in the tissues. A minimum of 20 samples 
were collected per farm. Samples of stems and fruits with 
chlorosis, yellow to brown halos, and aqueous tissues 
due to rotting, were collected mainly in the initial stages 
of the disease. The plant material was placed in plastic 
bags and placed in portable refrigerators (0 to 4 °C) and 
taken to the laboratory. Photographs were made during 
the sample collection process, identifying the signs and 
symptoms of bacterial disease. 

Isolation of bacteria associated with symptoms
Bacterial isolations using cultivable microbiological 
techniques were obtained from the symptomatic cladodes 
and fruits showing lesions. The surface of the tissues was 
disinfected with 70% alcohol for 1 min and rinsed with 
sterile water. Pieces approximately 1 mm wide and no 
more than 3 mm long were cut from the lesion and mixed 
with a few drops of sterile distilled water for 2 to 4 min to 
allow bacteria to flow into the fluid. Likewise, the tissues 
were placed in a sterile 0.85% saline solution and vortexed 
for 2 min. The aliquotes were taken from this suspension 
with a bacteriological loop and streak plates of nutrient agar 
(Merck®) [Composition: Peptone (5 g L-1), meat extract 
(3 g L-1), NaCl (8 g L-1), bacteriological agar (15 g L-1)]. 
A 100 µL aliquot was also taken and streaked with a 
Driglasky loop. The plates were incubated at 30 °C for 
24 to 48 h.  Controls were set up to discriminate epiphytic 
microbiota. Sterile swabs were passed over the surface of 
the tissue and immersed in 0.85% saline solution. 100 µL 
aliquots were plated on nutrient agar and incubated at 37 
°C during 48 h. Epiphytic colonies were discriminated from 
the isolates obtained in diseased tissues. Five samples 
of diseased tissue per farm were analyzed. Five pieces 
were taken from each sample of diseased tissue and 
planted in triplicate. In total, 65 samples were analyzed 
and around 200 culture media were planted. The different 
colonies were plated again on nutrient agar plates and 
this process was repeated until purified bacterial cultures 
with homogeneous colony morphology were obtained.

Biochemical and molecular identification of bacterial 
isolates
Microscopic morphology was performed using Gram 

staining and Gram-negative colonies were cultured in 
MacConckey medium (Merck®). Biochemical identification 
was performed using the API 20NE® and API20 E® 
technique (BioMérieux, France) according to the 
manufacturer’s instructions. The following biochemical tests 
were made: fermentation or oxidation of carbohydrates 
such as glucose, mannitol, sorbitol, sucrose, arabinose, and 
rhamnose. It also includes gelatin, tryptophan to produce 
indole-acetic acid, cytochrome oxidase, arginines, urease 
test, and the production of acetoin (Voges-Proskauer), 
among others. The results obtained from the negative or 
positive reactions were transformed into a 7-digit code 
called numerical profile entered into the Apiweb® [CD-
ROM] BioMérieux software (2010). For the identifications, 
the Percent Probability of Identity and the T probability 
value were evaluated. The bacterial strains were preserved 
in 20% glycerol at -20 °C and in cryovial with conservation 
beads.

For molecular characterization and identification, the 
selected bacterial strains were subjected to analyses 
of 16S ribosomal RNA gene by V2-V5 region 
sequencing. The selected bacterial strains were 
grown in trypticase soy agar (Merck®), and the DNA 
was extracted using DNeasy UltraClean Microbial Kit 
MoBio®. The 16S rRNA genes were amplified by PCR 
using the 337F (5´ GACTCCTACGGGAGGCWGCAG 
3´), 518F (5´ CCAGCAGCCGCGGTAATACG 3´), 
800R (5´ TACCAGGGTATCTAATCC 3´), and 1100R 
(5´ GGGTTGCGCTCGTTG 5´). The amplification of the 
V2-V5 region of the 16S rRNA gene was done in a final 
volume of 20 μL, using 100 ng of genomic DNA as a 
template, and with a concentration of: 0.5 mM of each of 
the oligonucleotides, 200 μM of each of the 4 dNTPs (dATP, 
dGTP, dCTP, and dTTP), 1X GoTaq Flexi Buffer, 2.5 mM 
MgCl2, and 1 U of GoTaq® Taq Polymerase. The PCR cycle 
was made in an ESCO® SWT-MXB-1 thermocycler under 
the following conditions: i) One denaturation cycle of 1 min 
at 94 °C, ii) 30 amplification cycles: 30 s at 94 °C, 30 s at 
55 °C and 1 min at 72 °C and iii) final extension of 10 min 
at 72 °C. The purification process of the PCR fragments 
and sequencing was done using the Sanger method. 
The 16s rRNA gene sequences of the V2-V5 region were 
edited by removing the primers, assembling and obtaining 
the consensus sequence. The DNA sequences obtained 
were analyzed with the basic sequence alignment (BLAST) 
run against the database from the National Center for 
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Biotechnology Information Blast (www.ncbi.nlm.nih.gov/
BLAST). The taxonomic analysis of the sequence was 
made using the “Classifier” and “SeqMatch” tools, hosted 
on the RDP (Ribosomal Data Project) website (https://bio.
tools/rdp). Next, the multiple alignment was made using 
the Multiple Sequence Comparison by Log-Expectation 
(MUSCLE) algorithm with the thirty most similar bacterial 
sequences reported by Basic Local Alignment Search Tool 
(BLAST) in NCBI, for the generation of a phylogenetic tree 
using the model of Tamura-Nei genetic distance, with the 
“Neighbor-Joining” method and the “Bootstrap” method 
with a thousand replicates. The phylogenetic analysis was 
done by multiple alignment using the MUSCLE algorithm 
and the Tamura Nei distance method in the statistical 
program Geneious prime (2024.0.5).

In-vitro pathogenicity assay and bacteria in insect 
vector
A pathogenicity assay was done to evaluate Koch’s 
postulates to determine the causal agents of the observed 
symptoms. The cultures of the Pectobacterium and 
Enterobacter cutured in nutritive agar medium (Merck®) 
were suspended in sterilized water (108 CFU mL-1). Four 
pitahaya stems 4 to 6 cm in diameter were inoculated with 
20 μL bacterial suspension on each stem by injection at two 
opposite locations with a depth of 2 mm. For the control, 
stems were injected with sterilized water. The inoculated 
stems were wrapped in clear plastic and incubated at 26 
°C for 5 days before the observation of rotting symptoms. 
Since no pathogenic response was obtained with the first 
infection procedure, a second infection test was performed. 
Healthy pitahaya stems were cut, washed with sterile 
distilled water, disinfected with 1% sodium hypochlorite 
and finally rinsed with sterile distilled water. The stems 
were placed in Petri dishes and pierced in several places 
with toothpicks impregnated with the bacteria. Control 
stems were pierced with the tips of toothpicks containing 
Nutrient Agar only. They were sealed and incubated at 
30 °C for 72 h.

To verify a possible relationship between insects as vectors 
of phytopathogenic bacteria, a direct collection of 10 insects 
of the species Leptoglossus zonatus (Dallas) (Hemiptera: 
Coreidae) was made up. This insect causes damage to the 
flower buds and cladode in yellow pitahaya (Medina and 
Kondo 2012). Each collected insect was deposited alive 
in sterile glass jars. In a laminar flow chamber, live insects 

were picked up with sterile forceps from the midsection 
(between the thorax and the abdomen) and their legs 
were brought into contact with the Trypticase soy agar 
culture medium. The plates were incubated at 28 °C and 
examined daily for bacterial growth that occurred at 48 h.

RESULTS AND DISCUSSION
Description of signs and symptoms of the bacterial 
disease 
The affected plants with brown and yellow spots were 
observed more frequently. Some cladodes is shows 
liquefaction, with strong bacterial odors, and postharvest 
fruits with yellow-brown lesions (Figure 1). The symptoms 
can begin with small chlorosis of the stems, and it can 
spread throughout the entire area of the cactus pads, to 
later generate softening of the stem, dark brown coloration 
with odors of bacterial rot.  

From the observations and photographs, the possible 
development initial stages of the disease were reconstructed 
(Figure 1). The bacteria enter the peduncles through a 
vector during the first stages related to the biotrophic phase 
of the microorganism. The microorganisms could enter 
by small drops of water or by exposure to the mucilage 
of another diseased plant, and forming symptoms like 
yellowish chlorotic halos on the stems (Figure 1A). Initial 
yellow spots have been described as the initial symptoms 
when injecting Enterobacter pathogens into Pitahaya, which 
can take on yellow and orange colors after eight days of 
infection (Retana et al. 2019). The yellowish colorations 
or chlorotic symptoms spread along the surface of the 
stem with black borders on the outside of the diseased 
tissue (Figure 1B, C). Valencia et al. (2003) reported an 
unidentified Enterobacteriaceae as the causal agent that 
in the initial stages produces a yellow chlorotic halo. The 
starting point of chlorotic spots can be in the center of the 
stem or edges. For example, Soto et al. (2019) describe 
that initial yellowish or chlorotic spots may begin on the 
protruding edges of the stem and may extend to the 
center of the stem.

Subsequently, the injured tissue becomes inflamed, 
forming a blister that accumulates a translucent liquid, 
with a mucilaginous appearance or mucus. The fluid 
is secreted and can run down the entire surface of the 
stem. This fluid may be a mechanism of persistence and 
dispersion of the bacteria (Figure 1D, F). Meanwhile, 

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
https://bio.tools/rdp
https://bio.tools/rdp
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Masyahit et al. (2009) describe several isolates of the 
Enterobacteriacea family such as Enterobacter, Pantoea, 
Klebsiella in symptoms of yellow chlorosis that the 

symptoms caused by Enterobacter do not affect vascular 
bundles, but yellow and dark brown chlorotic halos can 
develop.

Figure 1. Initial stages of symptoms associated to bacterial disease in Pitahaya (Selenicereus megalanthus Haw.). A-B) First symptoms of the 
disease, with forms of yellow chlorotic halos can start in a black spot. C) Blister formed from the disease. D) The clearest sign of the disease 
is the discharge of a mucilaginous fluid developed in the symptoms of chlorosis and blisters. E-F) Mucilage can run down the stem and flows 
from the lesions.

In the final phases of the development of the disease, 
the tissue can show liquefaction, strong odors related 
to bacterial growth, and extensive decomposition in the 
tissue. It would be the final necrotrophic phase of the 
bacteria. In the final symptoms of the disease, some 
cladiodes stop the progression of the disease, while in 
others the necrosis is total (Soto et al. 2019). The arrest 
of symptoms in a stem can be caused by the high calcium 
contents that the plant can store in the form of oxalate 
(Faheed et al. 2013; Retana et al. 2019). Furthermore, 
Soto et al. (2019) describes a decomposed stems with 
strong bacterial odors detach from healthy tissue under 
their own weight, and the plants can keep vascular 
bundles and epidermis intact attached to healthy stems.

Bacteria identified in soft rot
A total of 25 bacterial isolates were cultured. Microscopic 
morphology was performed by Gram stain, described 

16 strains corresponding to Gram-negative bacilli, and 
these were cultured twice in MacConkey agar and 
conducted biochemical tests using API 20E® and API 
20NE® kit (BioMérieux, France) (Table 1). Genera such 
as Enterobacter, Erwinia, Pseudomonas, and Pantoea 
were identified with a high percentage of identity from the 
biochemical tests According to the API code (Table 1). The 
Enterobacter strains can produce β-galactosidase, arginine 
dehydrolase, ornithine decarboxylase and gelatinase 
in this metabolism. Likewise, the Enterobacter strain 
produce acetoin and can oxidize or ferment citrates, 
glucose, mannitol, inositol, rhamnose, cellobiose and 
arabinose. This metabolic versatility could be used by the 
phytopathogen in the biotrophic phases to penetrate cell 
walls by liquefaction of pectins and in the necrotrophic 
phase to take advantage of the photosynthate organic 
compounds of pitahaya. Aerobic chemoheterotrophy 
and oxydative functional group have been identified in 

A B
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the core microbiome of soft rot by metagenomic function 
prediction, suggesting that plant pathogenic bacteria need 

Table 1. Biochemical characteristics of the bacteria isolated in the symptoms for bacterial disease.

Isolates Medium MK1

lactose
Taxonomic identification by 

API web
API code-numeric 

profile ID (%)2 T3

1.1 A1 + Enterobacter cloacae 3307573 94.10 0.67
1.1 A2 +/- Erwinia spp 1006573 73.2 0.67
1.1 A3 + Enterobacter cloacae 3307573 94.01 0.67

3.1 A1 +
Enterobacter cloacae
Enterobacter amnigenus 1105053

40
43

0.38

3.1 A2 +
Enterobacter amnigenus
Enterobacter cloacae

1101153
1105153

68.3
40

0.38

3.1 A3 + Enterobacter cloacae 3305577
3301577

98.6 0.22

F4 C1-9 - Pseudomonas luteola 3003000
3003100

99.2 0.36

F4 C1-12 AN + Enterobacter spp 3377777 90 0.67

F7 C3-19 AN +/-
Pantoea spp
Erwinia spp

2007333 97.8 0.22

F7 C3-1 - Aeromonas hidrophyla 3047122
3247123

85.60 0.51

8.1 A - Erwinia carotovora Pantoea 1207333 84 0.73
F8 C4-21 + Pantoea spp 1206333 62.6 0.6
F8 C4-3 + Pantoea spp 1206333 62.6 0.6

9.1 A -
Erwinia spp
Erwinia carotovora sub. carotovora 1003133 99.7 0.54

F9 C5-19 A - Morganella morganni 0175000 99.6 0.5

  10.1 AN + Enterobacter cloacae 3301573 98.6 0.72
1MacConkey's Medium; 2ID%: Identity Probability Percentage; 3T: Probability T value.

The cultivable microbiota of the pitahaya´s soft rot in 
Boyacá, Colombia is composed by 25 morphotypes 
grouped into 4 phyla (Firmicutes, Actinobacteriota, 
Bacteroidota, Proteobacteria or Pseudomonadota), 
6 classes, 8 orders, 9 families, 13 genera and 25 
morphotypes (Figure 2). Bacteria identified by ARNr 
16S gene sequencing were clustered with 97-99% 
relationship with other type strain or ATCC reference 
sequences from the gene bank based on the phylogenetic 
and taxonomic analysis by BLAST in NCBI and the 
Ribosomal Data Project (Figure 2). Four strains studied 
corresponded to the genus Enterobacter (two E. cloacae, 
and species like E. ludwigii). Enterobacter strains were 

isolated from stem lesions and postharvest fruit. The two 
strains Pectobacterium carotovora were isolated from 
diseased stems. Likewise, Paenibacillus glucanolitycus 
is identified in the symptoms of chlorosis in stems and 
soft rot of fruits. 

This study demonstrated the association of three bacterial 
species with the disease symptoms reported in the 
literature with soft rot of the Pitahaya stem: Enterobacter 
cloacae, Pectobacterium carotovora and Paenibacillus 
glucanolyticus. In addition, two new species are reported 
as possible phytopathogenic bacteria of pitahaya: Pantoea 
cypripedii and Enterobacter ludwigii. It is important to 

to break down tissue organic matter in the early stages of 
plant-pathogen interaction (Peng et al. 2022). 
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Figure 2. Phylogenetic tree based on 16S rRNA gene sequences of bacteria isolated in signs and symptoms of soft rot from Selenicereus 
megalanthus crops from Boyacá, Colombia. The COL initials of the strain identification code refer to the bacteria isolates for Colombia. The 
Variable regions of the 16S rRNA gene were sequenced with primers 1100R-337F and 800R-518F. The tree was constructed using the 
genetic distance model of Tamura Nei and UPGMA Tree building method.

highlight how four genera of bacteria (Enterobacter, Pantoea, 
Kluyvera, Erwinia and Pectobacterium) belonging to the 
Enterobacteriales order were identified in the symptoms 
of the bacterial disease in Pitahaya. The three closely 
related families (Enterobacteriaceae, Erwiniaceae and 
Pectobacteriaceae) are part of Enterobacteriales, assigned 
from the very close phylogenetic clades of Enterobacter-
Escherichia, Erwinia-Pantoea, Pectobacterium-Dickeya 
(Adeolu et al. 2016). This result may suggest an 
enterobacterial complex causes diseases Pitahaya crops 
and a possible coevolutionary relationship in the plant-
pathogen interaction. Enterobacteriaceae soft rot (ESR) 
has been identified by different genera according to the 
taxonomic assignments made for some strains, from Erwinia 
(in 1917) to some strains classified as Pectobacterium and 
Dyckeya (in 1945) and currently as Pantoea (Brady et al. 
2010; Charkowski et al. 2014; Adeolu et al. 2016). Different 
bacterial isolates classified in the three genera have been 
reported as causative agents of soft rot in tubers, rice, corn 
and brassicas (Charkowski et al. 2014).

The Enterobacter strains have been frequently reported 
as a phytopathogen of pitahaya. Masyahit et al. (2009) 
isolated Enterobacter cloacae from pitahaya stem 
infected with soft rot. Isolates bacterial of Enterobacter 
cloacae, Enterobacter nimipressuralis, and Enterobacter 
pyrinus have been identified in soft rot of Hylocereus 
undatus from China (Lin et al. 2015). In Costa Rica for 
Hylocereus costaricensis and Hylocereus undatus in Peru, 
Enterobacter hormaechei and Enterobacter cloacae was 
isolated as the causal agent soft rot, respectively (Retana 
et al. 2019; Soto et al. 2019). In the study by Peng et al. 
(2022), samples of soft rot symptoms in Hylocereus were 
analyzed using metagenomic libraries of the 16s rRNA 
gene. These researchers have detected a high abundance 
of operational taxonomic units (OTU) of Enterobacter and 
Pseudomonas as predominant genera in the development 
of the disease. Similarly, Enterobacter strains have been 
identified as endophytic bacteria in pitahaya seedlings that 
can induce typical soft rot symptoms (Lin et al. 2015). It is 
interesting how Enterobacter species have been reported 

Paenibacillus glucanolyticus COL74-4 M5P4
Sphingobacterium COL24-3 M9P7
Microbacterium arborescens DSM 20754
Microbacterium arborescens  COL24-5 M9P20
Paenibacillus glucanolyticus  NBRC 15330
Lysinibacillus fusiformis DSM 2898
Lysinibacillus fusiformis COL24-7 A7
Bacillus pumilus COL74-5 M8P10
Bacillus pumilus ATCC 7061
Achromobacter xylosoxidans NBRC 15126
Achromobacter COL74-8 F9 C5-19
Stenotrophomonas tumulicola T5916-2-1b
Stenotrophomonas COL24-1 M3P14
Pseudomonas COL74-9 F4 C1-9
Pseudomonas parafulva NBRC 16636
Pseudomonas parafulva COL24-6 A6
Pectobacterium corotovorum CFBP2046
Erwinia amylovora DSM 30165
Pantoea cypripedii LMG 2657
Pectobacterium carotovorum COL30-2 8.1A1
Pantoeas cypripedii COL30-1 8.1A2 
Enterobacter COL74-1 M6P11
Enterobacter cloacae COL24-2 3.1A1
Enterobacter ludwigii EN-119
Enterobacter cloacae ATCC 13047
Klebsiella oxytoca ATCC 13182
Klebsiella oxytoca COL24-4 M3P5
Kluyvera intermedia NBRC 102594
Kluyvera intermedia COL74-3 M6P11
Kluyvera intermedia COL74-2 3.1A2

Tree scale: 0.1
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as plant growth-promoting bacteria (Ogbo and Okonkwo 
2012), as commensal and beneficial endophytic bacteria 
(Grimont and Grimont 2006). However, they have also been 
reported as phytopathogenic bacteria (Soto et al. 2019). 
The change of a bacteria between two behavioral states 
(asymptomatic endophyte and pathogenic) is interesting 
because a microbial group can transit in the middle of a 
commensalistic relationship with the plant (Stengel et al. 
2022). This theory can be explained by the concept of 
continuum endophyte. Certain bacterial taxonomic groups 
can exhibit pathogenic or mutualistic traits depending on 
the environmental niche, the phenological state of the plant, 
and the association with the host (Stengel et al. 2022). 
This theory can be explored in the future research in the 
ecological system of pitahaya-Enterobacter.

The genera Achromobacter, Pseudomonas, Klebsiella, 
Stenotrophomonas, Microbacterium, and Sphingobacterium 
were identified by molecular techniques like the microbiota 
associated with stem symptoms, possibly as endophytes, 
phytopathogenic, necrotrophic or environmental bacteria 
(Figure 2). Pierangeli (2019) also identified three 
endophytic bacteria that reside on host plants without 
causing symptoms like Microbacterium (M. arborescens, 
M. testaceum and M. imperial), Pseudomonas rhodesiae, 
Enterobacter asburiae, and Bacillus altitudinis by the Maldi-
TOF MS technique in fresh pitahaya pulp (Hylocereus 
undatus) with lesions of gelatinous spots. This genera are 
considered biological control agent and/or plant growth 
promoting bacteria. These microorganisms are beneficial 
to the plant and can establish mutualistic interactions like 
endophytic bacteria; however, during the development 
of a disease, in tissue decomposition, they can take 
advantage of nutritional resources such as carbon and 
energy sources to proliferate in lesions. Further study of 
the interaction of these strains in the development of the 
disease is necessary, since genera such as Pseudomonas, 
Paenibacillus, Microbacterium and Sphingobacterium 
have been reported as the most abundant in the bacterial 
community of the disease during the late stages or 
necrotrophic phase (Peng et al. 2022). This suggests a 
rol like pathogens or opportunistic copiotrophic bacteria. 
Equally, in pitahaya stem tissues affected by soft rot 
caused by Enterobacter, non-pathogenic bacteria have 
also been identified such as Klebsiella mobilis, K. oxytoca 
and Pantoea dispersa (Masyahit et al. 2009). In this 
research, Achromobacter, Pseudomonas, Klebsiella, 

Stenotrophomonas, and Microbacterium were identified as 
endophytic microbiota accompanying the development of 
the disease, and they could be heterotrophic, opportunistic, 
and copiotrophic bacteria that appear in the decomposition 
process in the necrotrophic phase of the soft rot.  In 
addition to the isolated bacteria, fungi of the special 
Fusarium fujikoroi Complex (in the publication process) 
were isolated from some of the liquefied lesions and it is 
a pending report to be made. 

It is interesting how some genera identified in this study 
could play an important role in infectivity. For example, 
Sphingomonas, Enterobacter and Pseudomonas could 
play an important role in the biotrophic stage of the 
disease. Their increase is related to chemo-heterotrophy, 
heterotrophy and symbiotic or parasitic interaction with the 
plant. During the development of the disease there is a 
change in the composition of the disease. Enterobacter is 
the genus that could be guiding or modulating the response 
of the pathogenic functional groups (Peng et al. 2022). 
The role of Pseudomonas is still not clear, since in healthy 
pitahaya it has been reported as abundant together with 
the Enterococcus genus (Peng et al. 2022). It would be 
interesting in future works to evaluate strains of these 
genera as biological control agent of soft rot.

Analysis of phylogenetic relationships of the bacterial 
genera identified in stem rot
The results of the taxonomic analysis for Paenibacillus´s 
DNA sequence against the NCBI ref_seq database, 
indicate that it has 99% identity in 97% of its length, 
with 16S ribosomal gene sequences, belonging to the 
species P. glucanolyticus and P. lautus. The distance tree 
(unpublished results) constructed from the thirty closest 
culturable microorganism sequences available in the NCBI 
RefSeq_RNA database shows clusters with sequences 
from the species Paenibacillus glucanolyticus. There is 
previous evidence of the participation of Paenibacillus 
polymyxa in lesions of the pitahaya species Hylocereus 
undulatus, eventually turn yellow and brown color, where 
finally the fleshy stems completely decompose, leaving 
only the woody pith stem center (Zhang et al. 2017).

This study could be considered the first scientific proof 
of Pectobacterium carotovora in soft stalk rot in yellow 
pitahaya in Colombia. Pectobacterium is known to cause 
destructive soft rot disease in many economically important 
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vegetables such as carrots, cabbage, cucumbers, onions, 
pepper, potatoes, and tomato (Adeolu et al. 2016).  
Likewise, the Pectobacterium genus could be causing 
secondary infections because it is a necrotrophic bacterium 
actively kills host tissue as it colonizes and thrives on the 
contents of dead or dying cells (Davidsson et al. 2013).

A bacterial isolate identified as Pectobacterium spp. by 
biochemical test and RDP was classified within Erwiniaceae 
family (Figure 3), with a high identity percentage, 
possibly classified as an Erwinia amylovora species. 
The assembled test sequence presents greater homology 
with sequences from the genus Erwinia spp. However, 
the results of the taxonomic analysis of the 1,487 bp 
assembled query sequence against the NCBI ref_seq 
database indicate that it has a 99% identity belonging to 
the species Pantoea cypripedii, previously taxonomically 
classified as Pectobacterium cypripedi. It is considered 
the first report of the possible phytopathogenic strain of 
Pantoea cypripedii for Colombia identified in Pitahaya. It 
is necessary to deepen the investigation of this species 
and to review their taxonomic assignments. Brady et al. 
(2010) described the Pantoea genus became part of the 
Erwinia herbicola–Enterobacter agglomerans complex, 
with more phylogenetically close Pectobacterium cypripedii 
strains such as Pantoea. However, the Pectobacterium 
cypripedii species became part of Pantoea, as Pantoea 
cypripedii. This is an example of how the molecular 
taxonomic identification of phytopathogenic strains can 
change depending on the genomic databases used and 
the taxonomic reassignments of the genera studied. For 
a more robust taxonomic and phylogenetic analysis and 
to distinguish between species of Pantoea, sequence 
analysis of other genes (rpoB gen, gyrB gen, atpD gen) 
is necessary in an Assessment of Multilocus Sequence 
Analysis (MLSA). The phylogenetic relationships of the 
order Enterobacteriales are still not clear, within the 
order Enterobacteriales there are three close families: 
Enterobacteriaceae, Erwiniaceae and Pectobacteriaceae 
(Adeolu et al. 2016). The taxonomic reassignments of 
the strains belonging to the genera Pectobacterium as 
Pantoea, and the classification of some strains of Erwinia 
like Pantoea have been described, and it is related with the 
formation of different clades between Erwinia-Pantoea and 
the Pectobacterium-Dickeya clade (Adeolu et al. 2016). 
Described and discussed above, the strain identified in 
this study corresponds to Pantoea cypripedii. The genus 

Pantoea has not been detected as a pathogenic bacterium 
for pitahaya Colombian crops, and it may be part of the 
endophyte bacterium and accompanying microbiota of 
bacterial symptoms (Masyahit et al. 2009). However, 
Pantoea species are pathogenic of corn, onion, rice, and 
eucalyptus and can proliferate in various niches and cause 
diseases in a wide range of hosts (Weller-Stuart et al. 
2017). The above discussion can be observed in Figure 
2. The Pantoea and Pectobacterium isolates recorded in 
this research in Colombia have a phylogenetic closeness 
as they are grouped in the same clades together with 
reference strains of the same genus and Erwinia.

Pathogenicity tests
None of the plants inoculated with Enterobacter cloacae 
and Pectobacterium carotovora and bacteria or with sterile 
water had any malformation symptoms. Although Koch’s 
postulates could not be effective to relate as a causal agent 
of the symptoms of bacterial disease, some of the bacterial 
genera identified in this study have been reported as 
causal agents of the disease in different dragon fruit crops. 
Likewise, in most inoculation assays of phytopathogenic 
bacteria in pitahaya, it has not been possible to achieve 
adequate development of symptoms and infectivity because 
the environmental factors involved in the phytopathogen 
system are still unknown (Salazar-González et al. 2016; 
Peng et al. 2022). Likewise, the infectivity protocols 
have been used in assays with dragon fruit of the genus 
Hylocereus and have not been described for Selenicereus 
infectivity assays. It is necessary to design new infectivity 
protocols, changing variables such as the density of the 
bacterial inoculum, temperature, humidity, and inoculation 
mechanisms. In the literature there is little evidence of 
positive results in a different species of pitahaya. Thus, the 
in vitro pathogenicity test in Hylocereus spp. was positive 
in caused soft rot symptoms for Enterobacter cloacae 
(Masyahit et al. 2009). The symptoms appeared 24 and 
48 h after inoculation in fruit and stem. The pathogenicity 
test was 100% incidence in stems infected by E. cloacae 
and E. hormaechei for H. undatus and H. costaricensis, 
respectively (Masyahit et al. 2009; Retana et al. 2019; 
Soto et al. 2019).
 
For future research, it would be important to evaluate 
inoculations with consortia of phytopathogens. Possibly in 
the development of the disease is caused by communities 
of microorganisms that infect together. Also, is important 
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Figure 3. Phylogenetic tree obtained from pairwise alignment between the V2-V5 region of 16s rRNA gene sequence for the Pectobacterium 
isolate from Colombia and the NCBI BLAST 16s rRNA gene database sequences.

to improve the conditions of infectivity with plant growth 
rooms in greenhouses with environmental conditions of 
humidity, temperature and simulated rainfall, and test 
other inoculation techniques like the wounds caused by 
possible vectors.

Agronomic practices and vectors of bacterial diseases
All bacterial isolates were obtained from production 
systems under a plastic cover, in a greenhouse-type 

design, regardless of whether the plants were planted in 
stone, cement, or wood systems. An interesting fact was not 
identifying signs, symptoms, or achieving isolates in those 
farms with good cultural management of diseases such 
as removal of plant material with symptoms, burning and 
burial with dolomite lime of diseased plant material. A good 
practice identified was the use of liquid biofertilizers called 
“mountain microorganisms”, mainly based on Trichoderma 
and Beauveria´s fungic inoculant. In crops with this biological 
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control practice there was a low incidence of the disease. 
Cultural management and biological control of a disease are 
important as strategies within the intergrade management 
of the crop that can reduce the incidence and severity of 
bacterial disease in a crop (Balendres and Bengoa 2019).

The predominance of the disease in some crops can be 
caused by mechanical wounds to the stems from agricultural 
tools, insect bites, or the environment (Masyahit et al. 
2009). These lesions are an entry point for bacteria that 
infect the plants. In environments with greater atmospheric 
humidity and nutrient-rich soils or with crops with foliar 
fertilizations, these are ideal conditions to increase bacterial 
growth. Mainly, most of the plant material studied presented 
open lesions generated by the pruning of the stems. The 

identified bacteria may be in the crop environment such 
as water and soil and could enter open lesions through 
contaminated work materials. Likewise, bacteria can be 
transmitted by vectors such as flying insects.

Possible vectors of bacterial disease in pitahaya 
(Selenicereus megalanthus Haw.) are described in Figure 
4. The Diptera are attracted to and feed on mucus or 
mucilage (Figure 4A). Likewise, the ants walk through 
the chlorotic stains and secretions and feed on the 
mucilage (Figure 4B). An unidentified larval stage inside the 
stems during the initial stages of the disease was 
observed. Small galleries and paths of the larva can be 
observed in the symptoms of bacterial disease (Figure 
4D, E).

For Colombian crops, the stink bug Leptoglossus zonatus 
(Dallas) (Hemiptera: Coreidae) and the pitahaya´s 
flower bud fland Dasiops saltans Townsend (Diptera: 
Lonchaeidae) have been identified as possible vectors 
of the disease or it can be insects that cause wounds 

Figure 4. Possible vectors of bacterial disease in pitahaya (Selenicereus megalanthus Haw.). A) Diptera, flower bud fly (Dasiops saltans) are 
attracted to and feed on mucus or mucilage, and the fluid is one of the symptoms of bacterial disease. B) The ants walk through the chlorotic stains 
and excretions and feed on the mucilage that is excreted in the symptoms. C) Diptera feeds on the blisters in the early stages of the disease. D-E) 
Stereoscopic view (10x) of the unidentified larval stage inside the stems during the initial stages of the disease. Small galleries and paths of the 
larva can be observed in the symptoms of bacterial disease such as spots of chlorosis, blisters, small translucent drops, and mucoid.

that facilitate the infection by phytopathogens (Burgos 
2013). Likewise, the fly Neosilba could be a vector of 
basal rot of the fruit, and for future publication in this 
study Fusarium oxysporum was detected in basal rot of 
stem (unpublished data).
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Two types of morphotypes were isolated of the leg´s 
insect Leptoglossus zonatus. By molecular technique, 
the species Pseudomonas fulva and Lysinibacillus 
fusiformis were identified. Associated insects of the 
Order Diptera, flies belonging to the family Lonchaeidae, 
and ants of the family Formicidae have been identified 
in pitahaya crops in Colombia, with a positive correlation 
of the number of insects with the number of cladodes 
and the number of fruits of yellow pitahaya, adapting to 
microclimates thanks to the forms of the plant. Therefore, 
proper pruning must be maintained, removal of diseased 
material and avoid leaving open wounds on the stems 
of the plants as a prevention strategy and phytosanitary 
management, especially in periods of high precipitation 
(Medina and Kondo 2012; González-Trujillo et al. 2019). 

CONCLUSION
This study describes the etiology and bacteria associated 
with the symptoms of soft rot of pitahaya stems from Boyacá, 
Colombia. Twenty-five bacterial morphotypes were isolated, 
identified and grouped into 13 genera. Most bacterial 
isolates belong to the order Enterobacterales suggesting 
a possible complex of bacteria in the phytopathogenic 
system. Within the group of Enterobacteria, Kluyvera, 
Enterobacter, Klebsiella, Pantoea, Pectobacterium 
and Erwinia were identified. This is the first report in 
Colombia of Enterobacter cloacae, Pectobacterium 
carotovora and Paenibacillus glucanolyticus, associated 
with the soft rot of the pitahaya stem and as potential 
phytopathogens in pitahaya, since the pathogenicity 
tests did not obtain positive results for in vitro infection. 
The genera Achromobacter, Pseudomonas, Klebsiella, 
Stenotrophomonas, Microbacterium, and Sphingobacterium 
were identified by molecular techniques like the microbiota 
associated with stem symptoms, possibly as endophytes, 
necrotrophic bacteria, or commensal bacteria. The etiology 
of the disease is also described in the field, identifying 
the signs and symptoms such as small chlorosis of the 
stems, and it can spread throughout the entire area of 
the cactus pads, to later generate softening of the stem, 
dark brown coloration with odors of bacterial rot. Different 
management practices such as preventive pruning, the use 
of microbiological control agent and organic management of 
the farm, cleaning, and disinfection of material as a cultural 
control practice could work to control the disease. The 
yellow pitahaya constitutes an exotic, “orphan” crop and 
valuable crop chain that justifies research and innovation 

investment to assure competitiveness and socio-cultural 
and environmental preservation values. Likewise, the 
identification of the phytopathogens and the preservation 
of the strains allow the study of chemical and biological 
control agents as an alternative in the management of 
the disease.
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Inadequate grassland management has resulted in the degradation of extensive areas, loss of 
productivity and sustainability of many of them, reflecting a common reality among livestock farmers in 
Colombia. Therefore, at the Paysandú Agricultural Station of the Universidad Nacional de Colombia, 
located in the Santa Elena township of the city of Medellín, a study was carried out to determine a soil 
quality index (SQI) by evaluating the physical and chemical indicators that were most related to the 
deterioration and dry matter production of kikuyu grass (Cenchrus clandestinus). A minimum data set 
(MDS) was established for the most sensitive indicators, selected by principal component analysis 
(PCA), and a nonlinear scoring function was used to obtain the SQI. Statistical differences were 
found between all the treatments in relation to dry matter production (P<0.05: 1.91x10-32). The most 
sensitive indicators were bulk density BD > total porosity TP > macropores MAC > micropores MIC > 
penetration resistance PR > effective cation exchange capacity ECEC > pH. As a result, the following 
formula was obtained: SQI = (0.225×BD) + (0.224×TP) + (0.220×MAC) + (0.218×MIC) + (0.113×PR) 
+ (0.0879×ECEC) + (0.0877×pH). This index should be tested in kikuyu grass-dominated pastures 
located in the Colombian high tropics. The baseline is critical at values > 0.58 Mg m-3 for BD and > 
2.25 MPa for PR. In addition, the optimum pH range for kikuyu grass development was between 5.4 
and 6.4.

1Universidad Nacional de Colombia Sede Medellín, Colombia. jmnorena@unal.edu.co , rramirez@unal.edu.co , nwosorio@gmail.com 
*Corresponding author

El manejo inadecuado de los pastizales ha provocado la degradación de extensas áreas, la pérdida 
de productividad y sostenibilidad de muchas de ellas, reflejando una realidad común entre los 
ganaderos de Colombia. Por ello, en la Estación Agraria Paysandú de la Universidad Nacional de 
Colombia, ubicada en el corregimiento de Santa Elena de la ciudad de Medellín, se realizó una 
investigación para determinar un índice de calidad del suelo (SQI) mediante la evaluación de los 
indicadores físicos y químicos más relacionados con el deterioro y producción de materia seca 
del pasto kikuyo (Cenchrus clandestinus). Se estableció un conjunto mínimo de datos (MDS) para 
los indicadores más sensibles, elegidos mediante el análisis de componentes principales PCA, 
y se utilizó una función de puntuación no lineal para obtener el SQI. Se encontraron diferencias 
estadísticas entre todos los tratamientos y la producción de materia seca (P<0,05: 1,91x10-32). Los 
indicadores más sensibles fueron: densidad aparente DR > porosidad total TP > macroporos MAC 
> microporos MIC > resistencia a la penetración PR > capacidad de intercambio catiónico efectiva 
ECEC > pH. Como resultado, se obtuvo el siguiente SQI = (0,225×BD) + (0,224×TP) + (0,220×MAC) 
+ (0,218×MIC) + (0,113×PR) + (0,0879×ECEC) + (0,0877×pH). Se sugiere probar el índice en 
praderas dominadas por pasto kikuyo ubicadas en el trópico alto colombiano. La línea de base es 
crítica a valores > 0,58 Mg m-3  para BD y > 2,25 MPa para PR. Además, el intervalo de pH óptimo 
para el desarrollo del pasto kikuyo se situó entre 5,4 y 6,4.
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K
ikuyu grass Cenchrus clandestinus (Hochst. 
ex Chiov.) Morrone is native to tropical Africa 
(northeast, east, central west and south) (USDA 
2024). It was introduced into Colombia just before 

1930. It is a perennial herbaceous, stoloniferous and 
rhizomatous plant. The stolons –aerial, creeping stems– 
can exceed 3 m in length, while the rhizomes – underground 
stems– can reach 1 m deep. Sometimes it develops aquatic 
stolons (floating or submerged). These characteristics 
allow it to colonize extensive areas superficially as well 
as underground, which is desirable during establishment. 
However, this can become a negative aspect, since stolons 
and rhizomes can reach a high level of deterioration when the 
pasture is improperly managed. This detriment, although it 
does not affect the persistence of the species, does reduce 
the productive potential of the crop and as a consequence, 
the quality of the forage.

In the Colombian high tropics, kikuyu grass typically 
represents between 65-95% of the botanical composition 
of herbaceous plants commonly found in the pastures, 
constitutes the main forage source and is the most used 
species in specialized dairy production systems in the 
country’s dairy belt. However, inadequate management of 
the species has led to the degradation of extensive areas, 
the loss of productivity and a decrease in the environmental 
and economic sustainability of a large number of hectares, 
reflecting a reality that ranchers in the tropical high Andean 
regions of the country commonly face.

Pasture mulching is the result of the progressive deterioration 
of the different vegetative structures of a plant, mainly its 
leaves and stems. Consequently, it is common to observe 
limited growth of the aerial part (dwarfism); significant 
shortening of the distance between knots; lignification of 
stems, and death or senescence of leaves located in lower 
positions. This detriment can also occur in subterranean 
stems (rhizomatous mulching), which sometimes exceeds 
1 m in depth; or it can also be observed, as typical, in 
aerial stems, including stolons (stoloniferous mulching). 
This degenerative condition is one of the most influential 
aspects in the loss of quality and productivity of kikuyu grass. 
In summary, when the deterioration is superficial, small 
plants can present a high degree of lignification (especially 
favored by continuous overgrazing) or a higher cushion, 
generated by undergrazing. On the contrary, when it grows 
underground, a network of rhizomes can be observed.

Grasslands are at risk of degradation due to unsustainable 
management practices and climate change (Milazzo et 
al. 2023). Therefore, evaluating grazing management 
practices on soil quality is essential for ensuring the 
sustainability of pastures, which represent the largest land 
use in world agroecosystems (Amorim et al. 2020). To this 
end, soil quality indices are widely used as comprehensive 
tools of soil function for grouping and assessing multiple 
soil properties (Chaudhry et al. 2024).

Soil quality is defined as the ability of soil to perform 
ecological functions, provide ecosystem services in order 
to maintain biological productivity, and environmental 
quality, and improve plant and animal health (Joimel 
et al. 2017). External factors such as parent material, 
climate, topography, or hydrology can alter soil properties, 
making it impossible to establish universal values of soil 
quality (Bünemann et al. 2018). A common approach to 
determining them is through the selection of physical, 
chemical and biological indicators (Milazzo et al. 2023; 
Koureh et al. 2020; Valle and Carrasco 2018).

These indicators are used as parameters to assess soil 
quality. However, the evaluation of soil quality cannot be 
performed based on a single parameter. Thus, the need 
arises to establish a minimum data set (MDS) including 
physical, chemical and biological variables (Joimel et al. 
2017). However, the difficulty is when the indicator does 
not have an optimal reference value for a specific soil 
type and use. Consequently, an indicator is useful if the 
value can be interpreted unambiguously and the reference 
values are available.

The present study aims to establish soil quality indicators 
related to pasture degradation and forage yield of kikuyu 
grass (Cenchrus clandestinus).

MATERIALS AND METHODS
Description of the study site
The research was carried out at the Paysandú Agricultural 
Station of the Universidad Nacional de Colombia, located in 
the Santa Elena township, to the east of the city of Medellín, 
Department of Antioquia, at a distance of approximately 
18 km from the downtown area (Figure 1). It is located on 
Andisols in the very humid low montane forest (bmh-MB) 
life zone, at an altitude of 2,530-2,640 m, average annual 
temperature of 16.6 °C, and average annual precipitation of 
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2,950 mm. It has a total area of 139.3 ha and geographical 
coordinates 6°12’25’’ north latitude and 75°30’08’’ west 
longitude. The main land use is intensive dairy farming 

under the rotational grazing model in meadows with steep 
slopes, gentle hills and small plateaus dominated by kikuyu 
grass (Cenchrus clandestinus).

Figure 1: Location of the experiment site.

A 0.5-hectare paddock was selected, which is part 
of the dairy cattle strip rotation system in which 20 
Holstein cows between 525±43.3  kg of liveweight 
grazed. They entered the paddock every 40 days to 
consume the forage, interacting with the physical and 
chemical properties of the soil through trampling and the 
deposition of urine and excretion.

Afterward, 25 plots of 1 m2 dominated by kikuyu grass 
were selected. For this purpose, a scale was used 
according to forage yield from 1 to 5, with 5 being those 
sites with the highest production and 1 being those 
with the least forage biomass. These plots were used 
to establish five treatments (T1: low; T2: medium-low; 
T3: medium; T4: medium-high; T5: high) (Figure 2). At 

Figure 2: Example of treatment selection. 

ANTIOQUIACOLOMBIA

PAYSANDÚ
AGRICULTURAL STATION

MEDELLÍN
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each site, a set of physical and chemical variables was 
evaluated and their relationship with DM production 
was quantified. Each variable was measured at the 
Soil Laboratory of Universidad Nacional de Colombia, 
Medellin Headquarters, except for penetration resistance 
and forage production. The first was measured in the 

field at a depth of 10 cm, and the second was cut one 
day before the animals entered.

Methods and techniques for assessing soil quality 
indicators
The methods and techniques are described in Table 1. 

Table 1. Methods and techniques used to assess soil quality indicators.

Soil quality attribute	 Method/Extraction/Technique

Physical indicators
Texture (%). NTC 6299 2018/DTD/Bouyoucos
Bulk density (Mg m-3). Waxed lump
Real density (Mg m-3). Pycnometer
Gravimetric humidity (%). Gravimetric/N.A./Kiln dried
Total porosity (%). [1 – (BD/RD)]x100

Penetration resistance (MPa). 10 cm Cone penetrometer

Chemical indicators
pH NTC 5264 2018/Water 1:1/Potentiometry
Electrical conductivity (dS m-1). NTC 5596 2008/Ext. of Sat./Potentiometry
Organic matter in the soil (%).  NTC 5526 2007/Oxid. Wet way/Volumetry
Exchangeable Al (cmol + kg-1) NTC 5263 2017/KCL 1 N/Volumetry
Ca, Mg, K and Na (cmol + kg-1) NTC 5349 2016/Ammonium acetate pH 7/Atom. Abs. 
ECEC (cmol + kg-1) NTC 5268 2014/Ammonium acetate pH 7/Volumetry
P (mg kg-1). Internal method/Bray II/Colorimetry
S (mg kg-1). NTC 5402 2006/Monoammonium phosphate 0.08M/Turbidimetry
Fe, Mn, Cu and Zn (mg kg-1). NTC 5526 2007/DTPA/Atomic absorption
B (mg kg-1). Internal method/ Hot water/Atomic emission

RESULTS AND DISCUSSION
Descriptive statistics
Descriptive statistics of soil quality indicator values are 
summarized in Table 2.

The bulk density fluctuated from 0.4 to 0.8 Mg m−3, 
which is consistent with that reported in Andisols with a 
predominance of allophane in the clay complex considered 
by the taxonomy for this order of soils (<0.9 Mg m−3) (Soil 
Survey Staff 2022). Furthermore, they have high porosity, 
increased by particularly high soil water retention (Hewitt 
et al. 2021). However, cattle trampling commonly alters 
this variable. The penetration resistance presented values ​​

of 1.6-3.4 MPa, close to 2 MPa, i.e., the critical limit 
proposed by Barbosa (2019), over which root growth can 
be restricted. The porosity ranged from 61.4 to 79.6%, 
which is reportedly high for Andisols. This high porosity 
is related to a structural assemblage of poorly crystalline 
and non-crystalline secondary minerals into stable (sand- 
and silt-sized) aggregates. Allophanic and non-allophanic 
Andisols can accumulate large amounts of organic matter. 
However, non-allophanic andisols also form highly porous 
aggregates and have a high-water retention capacity 
(Delmelle et al. 2015). Gravimetric moisture retention 
ranged from 119.9 to 199.8% between saturation and 
15 bar (Table 2).
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The pH value fluctuated between 5.0 and 7.2 and was 
within the recommendations for many grasses, including 
kikuyu. However, according to Läuchli (2017), acidic soils 
(pH<5.5) and alkaline soils (pH>7.5) fall outside the optimal 
pH range and can generate low nutrient availability, ionic 
toxicities and nutritional imbalances. The values of Ca, Mg, 
and K (Table 2) exceeded the required ranges in pastures 
according to Rodelo-Torrente et al. (2022); especially 
K, which can become a problem in bovine productivity 
(Swanepoel et al. 2014). Although phosphate retention 
values of ≥25% or ≥85% are common in Andisols (Soil 
Survey Staff 2022), P and S sufficiency was found due 
to the continuous input of chemical fertilizers. Sufficiency 
was established according to the ranges proposed by 
Siatwiinda et al. (2024) and Hazelton and Murphy (2016). 

The ECEC fluctuated from 9.0 to 46.8 cmol kg−1, with an 
average of 21.47 cmol kg−1 (considered high), where the 
Ca made the greatest contribution, and the Ca/Mg ratio 
was 5.5 on average. Regarding minor elements, only 
Cu (0.86 mg kg−1) presented deficiency according to the 
theoretical optimum suggested by Siatwiinda et al. (2024). 
In parallel, a high average soil organic matter was found 
(SOM=17.49%), which is typical of Andisols with <25% 
organic carbon (Soil Survey Staff 2022). This high content 
of surface organic matter is a consequence of the humid 
cold climate of the area and the formation of organometallic 
complexes that protect it from mineralization (Pérez et al. 
2017). A high amount of organic matter can improve soil 
functionality, and its ability to provide essential ecosystem 
services and soil health (Lal 2020).

Table 2. Descriptive statistics of physical and chemical indicators of soil quality.

Soil quality attribute Mean SEM CV Minimum Maximum
Physical indicators
Bulk density BD (Mg m−3) 0.58 0.08 13.86 0.4 0.8
Real density RD (Mg m−3) 1.97 0.1 4.92 1.81 2.27
Penetration resistance PR (MPa) 2.37 0.41 17.23 1.60 3.45
Total porosity TP (%) 70.64 3.85 5.44 61.35 79.6
Macropores MAC >100 um (%) 26.1 10.54 40.37 0.8 47.37
Mesopores MES 10-100 um (%) 37.13 7.27 19.58 18.09 61.09
Micropores MIC <10 um (%) 36.77 5.8 15.78 27.28 53.66
Chemical indicators
pH (1:1) 5.9 0.51 8.72 5 7.2
Exchangeable Al (Cmol+ kg−1) 0.16 0.3 186.43 0 1
Exchangeable Ca (Cmol+ kg−1) 16.52 7.27 43.99 7.1 35.10
Exchangeable Mg (Cmol+ kg−1) 2.99 1.19 39.85 1.1 5.6
Exchangeable K (Cmol+ kg−1) 0.67 0.39 58.66 0.14 1.78
Exchangeable Na (Cmol+ kg−1) 0.15 0.11 74.54 0.03 0.76
Exchangeable ECEC (Cmol+ kg−1) 21.47 9.67 45.02 9 46.8
P (mg kg−1) 61.54 54.76 88.98 7 232
S (mg kg−1) 17.79 6.72 37.76 10 39
Fe (mg kg−1) 78.22 44.9 57.4 18 176
Mn (mg kg−1) 2.05 1.01 49.14 0.6 5
Cu (mg kg−1) 0.86 0.59 68.21 0.2 3
Zn (mg kg−1) 6.56 3.85 58.67 0.9 16
B (mg kg−1) 0.44 0.11 25.97 0.2 0.8
Dry matter DM (kg ha-1 year-1) 3863.9 2352.9 60.9 296.3 10790.5

SEM = standard error of the mean, CV = coefficient of variation (%).	

Correlations
The correlation analysis between (physical and 
chemical) soil indicators and DM production showed 
that the variables with the highest positive correlation 

were K (0.62), Mg (0.54), ECEC (0.50), TP (0.48), Na 
(0.47) and Ca (0.39). In turn, those with the highest 
negative correlation were BD (-0.52) and PR (-0.49) 
(Table 3). 
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Table 3. Correlation between soil quality indicators and dry matter production.

IQS DM BD PR TP MAC MIC pH Al Ca Mg K Na ECEC P S Fe Mn Cu Zn B

DM 1 - - - - - - - - - - - - - - - - - - -

BD -0.52 1 - - - - - - - - - - - - - - - - - -

PR -0.49 0.34 1 - - - - - - - - - - - - - - - - -

TP 0.48 -0.93 -0.32 1 - - - - - - - - - - - - - - - -

MAC -0.06 -0.30 0.02 0.34 1 - - - - - - - - - - - - - - -

MIC -0.08 0.22 -0.13 -0.17 -0.76 1 - - - - - - - - - - - - - -

pH 0.32 -0.03 -0.15 0.19 -0.05 -0.08 1 - - - - - - - - - - - - -

Al -0.30 -0.08 0.25 -0.08 0.12 0.00 -0.76 1 - - - - - - - - - - - -

Ca 0.39 -0.06 -0.10 0.09 -0.39 0,18 0.66 -0.55 1 - - - - - - - - - - -

Mg 0.54 -0.23 -0.38 0.23 -0.29 0.22 0.61 -0.59 0.70 1 - - - - - - - - - -

K 0.62 -0.38 -0.42 0.45 -0.26 0.19 0.53 -0.48 0.59 0.63 1 - - - - - - - - -

Na 0.47 -0.42 -0.10 0.35 0.11 -0.18 -0.11 0.05 0.02 0.17 0.14 1 - - - - - - - -

ECEC 0.50 -0.18 -0.29 0.21 -0.38 0.22 0.68 -0.55 0.86 0.87 0.62 0.06 1 - - - - - - -

P 0.40 -0.16 -0.16 0.07 -0.48 0.38 0.01 0.01 0.42 0.55 0.24 0.24 0.57 1 - - - - - -

S 0.39 -0.03 -0.17 0.03 -0.42 0.35 0.19 -0.23 0.42 0.48 0.34 0.16 0.43 0.61 1 - - - - -

Fe -0.06 -0.17 -0.06 -0.04 0.03 0.07 -0.75 0.59 -0.33 -0.17 -0.34 0.32 -0.26 0.34 0.10 1 - - - -

Mn 0.24 0.09 -0.11 -0.13 -0.39 0.28 0.15 -0.21 0.47 0.47 0.25 0.25 0.55 0.60 0.59 0.21 1 - - -

Cu 0.25 0.20 0.09 -0.20 -0.58 0.35 0.34 -0.30 0.68 0.49 0.26 0.04 0.62 0.64 0.60 -0.12 0.71 1 - -

Zn 0.50 -0.12 -0.20 0.08 -0.55 0.36 0.35 -0.31 0.80 0.72 0.45 0.17 0.81 0.77 0.65 0.06 0.72 0.82 1 -

B 0.09 -0.02 -0.13 -0.07 -0.06 -0.02 0.12 -0.04 0.24 0.44 0.00 -0.06 0.40 0.39 0.19 0.21 0.31 0.23 0.38 1

BD presented a negative correlation with DM productivity 
(-0.52). Therefore, the BD values in which the mean 
was higher, corresponded to the most mulched plots 
where DM production was lower (T1), and the opposite 

Figure 3. Bulk Density vs Treatment. S: sample.

for T5. The results of the mean BD values for the 
treatments T1, T2, T3, T4, and T5 were 0.665, 
0.599, 0.564, 0.544, and 0.514 Mg m-3, respectively 
(Figure 3).
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A negative correlation was found between PR and 
DM (-0.49). Therefore, higher mean PR values usually 
corresponded to treatments where biomass was lower 
(T1), and vice versa. Increases in PR explained 49% of 
the reduction in productivity (Figure 4). Additionally, a 
positive correlation was obtained between BD and PR 
(0.34). Consequently, soil compaction leads to reduced 
plant productivity, mainly due to poor root density, 
low elongation rates, and limited access to water and 
nutrients (Colombi and Keller 2019). This is because 
compaction produces low connectivity and continuity 
of the pore space, reducing the air and water transport 
capacity of the soil (Keller et al. 2017). Blanco-Sepúlveda 
et al. (2024) evaluated different physical properties 
of soils (bulk density, total porosity, field capacity, 
infiltration, and aggregate stability). They found that bulk 

density and infiltration are the most useful parameters 
to identify areas affected by cattle trampling and that 
bulk density is the key property for analyzing the impact 
of cattle with respect to increased stocking rates. They 
also concluded that the relationship between physical 
soil degradation and stocking rate is not linear because 
it also depends on environmental factors.

A value of 2 MPa has been estimated as the threshold 
that limits root growth when soil compaction is evaluated 
using a penetrometer (Barbosa 2019). In all the 
treatments (T1, T2, T3, T4, and T5), the mean values 
exceeded this limit (2.73, 2.59, 2.20, 2.17, and 2.15 MPa, 
respectively). High mean PR values corresponded, in 
general, to the treatments that produced less dry mass 
(T1) (Figure 4).

Figure 4. Penetration Resistance vs Treatment. S: sample.

A positive correlation was obtained between TP and DM 
production (0.48). Therefore, increases in TP explained 
48% of the increase in dry forage produced. The higher 
the TP, the higher the forage yield (Figure 5). The mean 
TP values (67.2, 69.1, 70.6, 72.5 and 73.9%) produced 
with treatments T1, T2, T3, T4 and T5, respectively, can 
be classified as high (Hazelton and Murphy 2016). But 
more important than the TP value is establishing the 
percentage of macropores, mesopores and micropores. 
Macropores presented the widest range (0.8-47.4%) 
compared to mesopores (18.1-61.1%) and micropores 
(27.3-53.7%). When the percentage of macropores was 

calculated, it was found that, in 10% of the cases, it was 
<10%. Rabot et al. (2018) discussed ideal percentages in 
the first 20 to 30 cm of depth: micropores: 20-30% (<0.2 
μm), mesopores: 40-60% (0.2-50 μm) and macropores: 
10-20% (>50 μm). Therefore, imbalances were observed 
in this study.

Using analysis of variance, the difference between 
treatments with respect to dry matter production was 
evaluated and found to be statistically significant (P-value: 
1.911372x10-32). Therefore, there is evidence to reject that 
they are equal. In this regard, the means were T1=790 kg;
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Figure 5. Total Porosity vs Treatment. S: sample.
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Figure 6. Dry Matter vs Treatment. 

DM production was 35.3 tons ha-1 yr-1, which is below that 
achieved by Villalobos-Villalobos and WingChing-Jones 
(2023), who reached 42.4 tons of DM ha-1 yr-1, and above 
that reported by Gómez et al. (2014), who obtained 34.3 
tons of DM ha-1 yr-1. However, it should be noted that the 
cutting or grazing cycles were every 40, 36 and 45 days, 
respectively. Therefore, the DM production ha-1 per cycle 
was 4,184 kg, which is above that obtained by Villalobos-

Villalobos and WingChing-Jones (2023), who achieved 
3,517 kg DM ha-1 per cycle and below that found by Gómez 
et al. (2014), who achieved 4,230 kg DM ha-1 per cycle. It is 
important to stress that the total dry matter production was 
obtained by multiplying the average production of each 
stratum by 20%, but, for greater precision, the percentage 
of participation of each stratum should be determined by 
estimating the botanical composition.

S1 S2 S3 S4

T1 T2 T3 T4 T5

Treatment

85.0

80.0

75.0

70.0

65.0

60.0

55.0

%

T2=2,468 kg; T3=4,005 kg; T4=5,264 kg and T5=6,792 kg. 
The grand mean was 3,863 kg in 40 days. Meanwhile, the 

total effects were T1= -3073.7 kg; T2= -1396.1 kg; T3=141.4 
kg; T4=1399.9 kg, and T5= 2928.5 kg (Figure 6).
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Selection of soil quality indicators for an MDS
An individual PCA was performed for physical and 
chemical properties. The selection criterion was PCs 
with an eigenvalue >1. This was met by the first two 

and three PCs of the physical and chemical properties, 
respectively, showing a cumulative variance percentage 
of 79.04 and 72.88%, respectively, as can be seen in 
Table 4. 

Table 4. Eigenvalues, variance (%), and variance cumulative (%) explained by the principal components within each group.

Component Eigenvalues Variance (%) Var. cumulative (%)

Physical indicators
Comp 1 2.51 50.15 50.15
Comp 2 1.44 28.89 79.04
Chemical indicators
Comp 1 6.44 45.97 45.97
Comp 2 2.61 18.65 64.63
Comp 3 1.16   8.26                       72.88

Table 5. Eigenvectors, principal components (PC), and communality estimate of the physical and chemical indicators, ranked according to 
the magnitude of the vector within each group.

Eigenvector PC1 PC2 PC3 Communality Magnitude of 
vector

Physical indicators
Bulk density BD (Mg m−3) 0.867 0.373 - 0.891 0.225
Total Porosity TP (%) -0.872 -0.355 - 0.886 0.224
Macropores MAC (%) -0.668 0.649 - 0.868 0.220
Micropores MIC (%) 0.588 0.717 - 0.861 0.218
Penetration resistance PR (MPa) 0.452 0.493 - 0.447 0.113
Chemical indicators
Exchangeable ECEC (cmol + kg−1) 0.933 -0.109 -0.118 0.897 0.088
pH (1:1) 0.680 -0.654 -0.067 0.895 0.088
Zn (mg kg−1) 0.895 0.305 -0.012 0.895 0.088
Fe (mg kg−1) -0.252 0.882 -0.059 0.845 0.083
Exchangeable Ca (cmol + kg−1) 0.882 -0.163 -0.025 0.805 0.079
Exchangeable Mg (cmol + kg−1) 0.855 -0.057 -0.101 0.744 0.073
P (mg kg−1) 0.598 0.618 0.062 0.743 0.073
Cu (mg kg−1) 0.826 0.212 0.034 0.728 0.071
Exchangeable Na (cmol + kg−1) 0.097 0.201 0.780 0.658 0.064
B (mg kg−1) 0.448 0.235 -0.624 0.646 0.063
Mn (mg kg−1) 0.678 0.411 0.099 0.639 0.063
Exchangeable Al (cmol + kg−1) -0.563 0.527 -0.181 0.628 0.062
Exchangeable K (cmol + kg−1) 0.627 -0.330 0.234 0.557 0.055
S (mg kg−1) 0.556 0.438 0.151 0.524 0.051

Once the PCs were determined, those that presented the 
highest correlation coefficients (regardless of whether 
they were positive or negative) were preselected in each 
component. Therefore, TP was selected as the most 
representative physical indicator of the first PC; and 

MIC, for the second PC. Among the chemical indicators, 
the ECEC exhibited the highest coefficient for the first 
PC, Fe for the second PC, and Na for the third PC (Table 
5). These indicators, despite being selected, can be 
discarded in the MDS. 
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Table 6. Weight of physical and chemical indicators.

Physical Chemical
Indicator Weight (%) Indicator Weight (%)

BD 22.5 ECEC 8.79
TP 22.4 pH 8.77

MAC 22.0 - -
MIC 21.8 - -
PR 11.3 - -

More is better Less is better Midpoint optimum

1

0 0

1 1

0

Figure 7. Representations of nonlinear scoring functions.

The indicators with the greatest magnitude within each 
group (BD and ECEC) were selected for the MDS. 
When these presented the same value, the one with the 
highest communality was chosen. A high communality 
indicates that a large part of the variance is explained 
by said component. Nevertheless, because they explain 
more than 79% of the variance in the physical variables, 
TP, MAC and MIC were also selected. In addition, pH 
was selected because it explains more than 72% of the 
variance in the chemical indicators (Table 4).

All these variables presented the highest magnitude and 
communality within each group. The previous selection 

was also based on the weight of the variables and using 
as a criterion that it be >10% (for that reason, PR was 
also chosen in the physical variables). Although none of 
the chemical variables reached that value, those closest 
to 10% were selected (Table 6).

Scoring the selected indicators
Nonlinear scoring functions were used to transform the 
soil properties in the MDS to values between 0 and 1 
(Figure 7). “Less is better” functions were used for 
scoring BD and PR; “more is better” functions for ECEC; 
and the “mid-point optimum” function for TP, MAC, MIC, 
and pH. 

BD was represented using a decreasing score 
curve (less is better). Therefore, a BD of 0.4 Mg m-3 
presented a higher score than a BD of 0.8 Mg m-3. 
The cumulative normal distribution of BD shows that 
most data fell in the range 0.4-0.6 Mg m-3 (explaining 
a high probability of occurrence), while 0.7 Mg m-3 
is already very close to the lower asymptote (Figure 

8). However, by determining the baseline, it can be 
established that a BD above 0.58 Mg m-3 is related to 
scores below 0.5, which is undesirable with respect to 
production. Therefore, the best scores are observed at 
a BD below 0.58 Mg m-3 down to 0.40 Mg m-3, where 
they stabilize and reach a constant value, favoring dry 
matter productivity. 
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Figure 8. Scoring curve of Bulk Density (BD). 

1.00

0.75

0.50

0.25

0.00

Stop value

Stop value

0.4                                       0.5                              0.58   0.6                                        0.7                                       0.8             
Baseline BD

Sc
or

e

Stop value1.00

0.75

0.50

0.25

0.00

Sc
or

e

Stop value

2.0                 2.25                  2.5                                         3.0                                          3.5             
Baseline PR

Figure 9. Scoring curve of Penetration Resistance (PR).

Likewise, PR presented a decreasing score curve 
(less is better). The cumulative normal distribution of 
PR indicates that most data have a high probability of 
falling between 2.0 and 3.5 kPa, which is undesirable 
(Figure 9). Furthermore, by determining the baseline, 
it can be established that a PR above 2.25 kPa is 

related to scores below 0.5, which is also undesirable 
with respect to production. On the one hand, the best 
PR scores are observed below 2.25 kPa, which favors 
dry biomass productivity. On the other hand, values 
greater than the optimum impair the productivity and 
functions of the soil. 

TP and pH presented optimal plateau score curves (Figures 
10 and 11). Regarding the former, a TP of approximately 
70% presented the highest score. The cumulative normal 

distribution of TP shows that most pores are in the 66-
75.2% range and that values ​less than 60% and greater 
than 80% have a very low probability of occurrence and 
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Figure 10. Scoring curve of Total Porosity (TP).
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Figure 11. Scoring curve of pH.

may be undesirable (Figure 10). Nevertheless, a proper 
distribution between MAC and MIC is no less important. 
Similarly, pH exhibited an optimal plateau, indicating a 

high probability of values close to 5.8, which favors forage 
production. It was found that the most favorable pH range 
is between 5.4 and 6.4 (Figure 11). 

ECEC presented a “more is better” scoring curve, 
showing a higher probability of occurrence for values 
above 18.5 (Figure 12). If the ECEC is above 18.5, 

there is a score above 50%, which is desirable for 
the pasture. ECEC is especially favored by high 
concentrations of Ca.
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Figure 12. Scoring curve of Effective Cation Exchange Capacity (ECEC).

A soil quality model/index
The data in the MDS were re-evaluated by PCA to 
obtain vector magnitudes for all the soil components. 
These values were used to calculate the weights of 
the different soil quality indicators. As a result (Table 

6), a soil quality index (SQI) was obtained (Equation 
1). The weight of the indicators ranged between 8.7 
and 22.5%, while the variables BD, TP, and MAC 
contributed the most to the model, with 22.5, 22.4, and 
22.0%, respectively. 

          SQI = (0.225×BD) + (0.224×TP) + (0.220×MAC) + (0.218×MIC) + (0.113×PR) + (0.0879×ECEC) + (0.0877×pH)           (1)

Swanepoel et al. (2014), who studied kikuyu and ryegrass 
pastures in South Africa, evaluated an MDS using PCA 
and obtained the magnitudes of the soil components, 
which they used to select the PCs with the highest 
weight. When they determined the SQI, they found that 
gravel (16%), moisture retention capacity (15%), and 
PR (13%) were the most relevant physical indicators; P 
(17%) and Mn (12%) were the most important chemical 
indicators; and SOM (13%) was the most influential 
biological indicator. Thus, the only variable in common 
between their study and this investigation was PR (13 
vs 11.3%). On the other hand, Sharma et al. (2014) 
evaluated Pennisetum americanum grass and found 
the key soil quality indicators and their contributions 
to the SQI: organic carbon (19%), available N (20%), 
exchangeable Ca (3%), available Zn (4%) and Cu 
(17%), labile carbon (20%), and mean weight diameter 
of soil aggregates (17%).

It was found that the physical variables presented 
the greatest contribution to the SQI compared to their 
chemical counterparts, and a more marked trend was 
observed when the index was determined separately. 
The physical variables showed a decreasing trend, 
contrary to the chemical properties, which exhibited high 
sufficiency values. However, no determining correlation 
was found between the total SQI and the forage yield of 
the crop.

CONCLUSION
A Soil Quality Index (SQI) was established as a baseline 
for assessing the degradation and forage yield of kikuyu 
grass at the Paysandú Agricultural Station. This index can 
also be used as a reference for similar studies in the high 
Andean tropics of Colombia. Principal Component Analysis 
(PCA) facilitated the identification of key indicators that are 
most influential in the soil quality of kikuyu grasslands, and it 
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was used to develop the SQI. The most sensitive indicators 
identified here were bulk density (BD)>total porosity 
(TP)>macropores (MAC)>micropores (MIC)>penetration 
resistance (PR)>effective cation exchange capacity 
(ECEC)>pH. The SQI was calculated using Equation 
(1): SQI = (0.225×BD) + (0.224×TP) + (0.220×MAC) 
+ (0.218×MIC) + (0.113×PR) + (0.0879×ECEC) + 
(0.0877×pH).

The physical variables were found to contribute more 
significantly to the SQI than their chemical counterparts. 
This index offers a valuable tool for preventing grassland 
degradation because it is based on the most sensitive 
indicators and provides guidance for effective management. 
These findings can serve as a reference for establishing 
SQIs at a regional level in the municipalities in the dairy 
belt of eastern and northern Antioquia.

For bulk density (BD), the baseline threshold is critical at 
values exceeding 0.58 Mg m-3. For penetration resistance 
(PR), the baseline threshold is critical at values greater 
than 2.25 MPa. Additionally, the optimal pH range for 
the development of kikuyu grass is between 5.4 and 6.4.
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In the Amazon region of Peru, native blueberries are found in high Andean areas, where they are 
associated with small shrubs and mosses. These blueberries prefer shallow soils with a sandy-clay 
texture and low fertility. However, their population is threatened by their limited regenerative capacity and 
various anthropogenic factors. The aim of this study was to evaluate the influence of indole butyric acid 
and substrate type on the vegetative propagation of native Peruvian blueberry (Vaccinium sp.) grown 
in microtunnel.  The experiment was conducted under a complete randomized design with the factorial 
arrangement; A: substrate (sand 100%, sand + coconut fiber 1:1 v/v and coconut fiber 100%) and B: 
AIB concentrations (1, 2 and 3 g L-1) and control (0 g L-1), giving 12 treatments, three replicates and 36 
experimental plots. In the field, apical shoots of blueberry with semi-lignified and vigorous stems were 
collected. In the laboratory, they were disinfected with fungicide and cut to a size of 7 cm. Subsequently, 
they were treated with AIB and planted in prepared substrates. After 120 days in the microtunnel, it was 
observed that blueberry cuttings showed higher survival in sand + coconut fiber (94.7%), rooting (73.8%), 
root number (6.9), and root growth (9.2). AIB concentrations at 2 and 3 g L-1 had a greater effect on rooting, 
with values above 60%. The use of suitable substrates and auxin concentrations significantly favors the 
vegetative propagation of native blueberries. This propagation technique is postulated as a promising 
alternative for the mass propagation of this species for the conservation and rehabilitation of degraded 
ecosystems.

En la región Amazonas del Perú, los arándanos nativos se encuentran en zonas altoandinas, donde 
se asocian con pequeños arbustos y musgos. Estos arándanos prefieren suelos poco profundos con 
textura arcillo-arenosa y de baja fertilidad. Sin embargo, su población se ve amenazada por su limitada 
capacidad regenerativa y diversos factores antropogénicos. El objetivo de este estudio fue evaluar la 
influencia del ácido indol butírico y del tipo de sustrato en la propagación vegetativa del arándano nativo 
peruano (Vaccinium sp.) cultivado en microtúnel.  El experimento se realizó bajo un diseño completo al 
azar con arreglo factorial; A: sustrato (arena 100%, arena + fibra de coco 1:1 v/v y fibra de coco 100%) 
y B: concentraciones de AIB (1, 2 y 3 g L-1) y un testigo (0 g L-1), dando 12 tratamientos, 3 repeticiones y 
36 unidades experimentales. En el campo, se recolectaron brotes apicales de arándano con tallos semi-
lignificados y vigorosos. En el laboratorio, fueron desinfectados con fungicida y cortados a un tamaño de 
7 cm. Posteriormente, se trataron con AIB y se plantaron en sustratos preparados. Tras 120 días en el 
microtúnel, se observó que los esquejes de arándano mostraron una mayor supervivencia en arena + 
fibra de coco (94,7%), enraizamiento (73,8%), número de raíces (6,9) y crecimiento radicular (9,2). Las 
concentraciones de AIB a 2 y 3 g L-1 tuvieron un mayor efecto en el enraizamiento, con valores superiores 
al 60%. El uso de sustratos y concentraciones adecuadas de auxina favorece significativamente la 
propagación vegetativa del arándano nativo. Esta técnica de propagación se postula como una alternativa 
prometedora para la propagación masiva de esta especie con fines de conservación y rehabilitación de 
ecosistemas degradados.
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I
n recent years, berries in Peru have become very 
important in the food trade. Such is the case of the 
blueberry, which includes several species and hybrids 
of the genus Vaccinium (García et al. 2013). The latter 

is home to about 500 species with a wide geographic 
distribution, reported mainly throughout the Americas 
(Mendoza et al. 2020). 

The Peruvian native blueberry (Vaccinium sp.) is a 
perennial species of the Ericaceae family (Mostacero 
et al. 2015). Currently, this fruit presents a growth in its 
consumption due to its nutraceutical qualities, mainly 
its high percentage of antioxidants and its low levels of 
sugars (Tejada Alvarado et al. 2019). It also possesses 
bioactive compounds that prevent the risk of degenerative 
and cardiovascular diseases (Hernández et al. 2017). 
These aspects allowed it to take on greater importance, 
amplifying its development prospects, which has motivated 
the establishment of plantations in the Amazon region.

According to Mendoza et al. (2020), blueberry propagation 
can be done by botanical seed and vegetative seed. 
Regarding the first method, this species presents limitations, 
in terms of seed availability, added to the high dormancy 
of seeds (Suárez-Ballesteros et al. 2018; Jiménez-Bonilla 
and Abdelnour 2018). On the other hand, with vegetative 
seeds, it turns out to be a more advantageous technique, 
since seeds can be available all year round and genotypes 
with superior agronomic characteristics can be propagated 
(Mendoza et al. 2020). 

In vegetative propagation, there are endogenous and 
exogenous factors that favor root formation in cuttings 
(Castro-Garibay et al. 2019). Saini et al. (2013), mention 
that auxins have important functions in cuttings, these act 
in biosynthesis, transport, and signaling during the rooting 
phase. The most widely used auxin is indole butyric acid 
(IBA), due to its stability and easy translocation in plants, 
and can be applied in wide ranges of doses in a large 
number of species  (Báez-Pérez et al. 2015). 

Another relevant factor in rooting is the substrate, thanks 
to its textural properties that allow it to retain temperature, 
humidity, and porosity during root formation and growth 
(Yukari et al. 2013). According to Castrillón et al. (2008), 
the most used substrates for rooting stakes are agricultural 

soil, sand, peat, vermiculite, pumice, compost, coconut 
fiber, and rice husk, all with different effects depending on 
the species. Frías-Moreno et al. (2021) mentioned that to 
propagate species of the Ericaceae family, it is necessary 
to use substrates rich in organic matter (Frías-Moreno 
et al. 2021).

In research conducted on blueberries, Tejada Alvarado 
et al. (2019), reported that auxin AIB at a concentration 
of 100 to 200 mg L-1, generated better rooting and root 
growth percentage. In the same line, Tejada-Alvarado 
et al. (2021), tested the effect of AIB concentrations and 
different genotypes of native blueberry, achieving and 
higher rooting with the concentration of 2,000 mg L-1.

To find effective techniques for the multiplication of native 
species in a vulnerable state, the aim of this study is to 
evaluate the influence of indole butyric acid and the type 
of substrate on the vegetative propagation of the native 
Peruvian blueberry (Vaccinium sp.) grown in microtunnel.

MATERIALS AND METHODS
Collection of biological material
Blueberry cuttings were collected from remnant plants in 
natural forests in the province of Rodriguez de Mendoza. 
These plants had an average height of 0.40 m and were 
branched. In the early morning hours, apical shoots of 10 
cm in length were cut. They were then covered with kraft 
paper and placed in a properly labeled and conditioned 
technopor box. In addition, the samples were moistened 
with a hand sprayer to keep the vegetative material turgid 
and immediately transferred to the laboratory.

Preparation and sowing of planting material
In the laboratory, the cuttings were standardized to a 
size of 7 cm. They were then subjected to a disinfection 
process with a fungicide (mancozeb + propineb at 1g L-1 
of water) and left to rest for 3 minutes. Subsequently, the 
cuttings were prepared for auxin treatment by removing 
the basal leaves to expose the stem to 1.5 cm. A straight 
cut was made and the cuttings were immersed in an auxin 
solution of Indole-butyric acid with a purity of 98% diluted 
in 96 ° alcohol at various concentrations (1, 2, and 3 g L-1) 
along with a control (0 g L-1). The excess solution was 
removed, and the cuttings were allowed to volatilize for 
6 to 10 min at a constant temperature of 20 °C.
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At the same time, the substrates were prepared (sand 100%, 
sand + coconut fiber 1:1 v/v, and coconut fiber 100%), 
disinfected in an autoclave at 121 °C for 3 h, then allowed 
to dry and eliminate the excess water, until leaving it in field 
capacity; these substrates were placed in germination trays 
of 72 cavities, properly distributed according to design.

The cuttings were placed by introducing the auxin-treated 
base at a depth of no more than 1.5 cm, then a slight pressure 
was applied to the substrate to put it in direct contact with 
the cuttings and also to avoid leaving air chambers.

The trays were finally placed in a microtunnel of 
3.0x1.0x0.90 m, in which the temperature (>18 °C) and 
relative humidity (>80%) were controlled and a nebulized 
irrigation system with forget-type nozzles was incorporated.

Variables studied 
After 120 days, the following variables were evaluated: 
rooting, number of roots, and root size for each factor and 
the interaction of these.

Experimental design and data analysis
The experiment was conducted under a completely 

randomized design with a bifactorial. Factor A corresponded 
to the substrate, with three levels: sand, sand + coconut 
fiber, and coconut fiber. Factor B was the IBA dose, 
with four levels: 0, 1, 2, and 3 g L-1. The data complied 
with the assumptions of normality and homogeneity of 
variances, therefore, an analysis of variance (α=5%) 
was performed. Processing of all data was performed 
with InfoStat Statistical Software version 2020.

RESULTS AND DISCUSSION
In the overall analysis, significant differences were identified 
between substrates in rooting (P<0.05), as well as in 
survival, number, and length of roots (P<0.01). Both the 
percentage of rooted cuttings and the number of roots 
showed a high significant difference (P<0.01) between the 
different doses of AIB; in addition, a significant difference 
(P<0.05) was observed in survival. However, no significant 
effects were found in the interaction between both factors 
(Table 1). On the other hand, Yukari et al. (2013) mentioned 
that the factors substrate and AIB doses act independently 
in the rooting process, suggesting that the type of substrate 
and AIB doses do not affect the percentage of rooted 
cuttings of Rubus spp. and that the application of AIB is 
even unnecessary. 

Table 1. Probability P value in the rooting of native blueberry mini-shoots with different substrates and AIB concentrations.

  P-value

Source of variation Survival (%) Rooted cuttings (%) Number of roots Root length

Substrate      0.0008**   0.0107*     0.0023**     0.0040**
Dose    0.0237*     0.0001**     0.0039** 0.6349
Substrate*Dose   0.1562  0.5297  0.0000 0.2039

*=significant (P<0.05); **=highly significant (P<0.01).

The 5% Tukey test (Table 2) was performed for both 
factors. In the variables of the substrate factor, two ranges 
of significance were registered; where the sand + coconut 
fiber substrate registered a statistical difference concerning 
the other treatments, presenting a higher percentage of 
survival and rooting; with 94.7 and 63.8%, respectively, as 
well as a greater number (6.9) and length of roots (9.2 cm). 
Research conducted by Frías-Moreno et al. (2021) in 
raspberry, showed that organic matter substrates presented 
greater efficiency in propagation with an increase in the 
survival of the number of plants, and also mentioned 
that substrates with a high content of organic matter and 

adequate nutrient composition favor vegetative growth.
Regarding AIB doses, a statistical difference was observed 
in the survival percentage at the 3 mg L1 concentration 
compared to the other doses, also showing the lowest 
survival percentage (72.92%), which contrasts with the 
results of Marangon and Biasi (2013), who suggest that an 
increase in AIB concentration results in a reduction in the 
percentage of dead cuttings. To rooting percentage, two 
significant ranges were identified that can be associated 
with two groups: doses of 0 and 1 g L-1 form one group, 
while 2 and 3 g L-1 constitute another group. Although 
no statistical differences were found within each group, 
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both groups differed from each other, with the second 
group (2 and 3 g L-1) showing the best rooting results. 
Therefore, the choice of dose for rooting will depend on 
factors internal or external to the study.

In support of these findings, Marangon and Biasi (2013) 
note that the highest rooting percentages in different 

blueberry varieties were obtained with concentrations of 
2 g L-1. This concentration also yielded promising results 
in microscopic cutting of the apical portion of branches of 
the Climax variety (Schuch et al. 2007). Regarding root 
number, the 1 g  L-1 concentration of AIB showed the best 
results with a significant statistical difference. However, no 
significant effects on root length were observed (Table 2).

Table 2. Multiple comparisons of means according to Tukey post-hoc test (α=5%) for rooting variables of native blueberry mini shoots.

Factor Survival (%) Rooting (%) NR LR

Substrate
Sand 76.6b 51.3b 5.6b 6.6b

Sand + coconut fiber 94.7a 63.8a 6.9a 9.2a

Coconut fiber 4.2b 52.2b 5.8b 7.1b

Dose de AIB (ppm)
0 95.5a 45.4b 5.6b 7.9a

1,000 80.8ab 47.1b 7.2a 8.2a

2,000 77.1ab 64.6a 5.8b 7.7a

3,000 72.9b 65.8a 5.9b 7.0a

NR: number of roots; LR: root length; Means with equal letters do not differ statistically from each other (α=0.05).

According to Castrillón et al. (2008), the most important 
factors in seedling formation are: sources of vegetative 
material, rooting media, treatments with rooting 
stimulators, and environmental conditions. In the Tukey  
test in the interaction of factors (substrate * AIB dose), 
the best results in the variable number of roots were 
obtained with the 1 g L-1 dose of AIB in the Sand + 
coconut fiber substrate, possibly due to its ability to 

retain adequate moisture and help in the interaction with 
AIB. Less encouraging results were observed in the sand 
substrate without the application of AIB, while the average 
in the coconut fiber substrate decreased more than the 
control group at the 2 g L-1 AIB dose (Figure 1). 

In the root length variable, a significant effect was observed 
in the Sand + coconut fiber substrate with a dose of 
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Figure 1. Effect of the interaction between substrate and AIB dose factors on the number of roots of Vaccinium sp. 

1 g L-1 of AIB, showing better results. In the Sand + 
coconut fiber substrates, no statistical differences were 
found in any AIB dose (Figure 2). However, Báez-Pérez 

et al. (2015) indicate that the rooting process occurs at 
the expense of the vegetative material, i.e., the presence 
or absence of nutrients in a substrate will not affect the 
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rooting power of a cutting, but is subject to the vigor of 
the mother plant. 

The substrate sand + coconut fiber gave the best 
results in the variables number and length of roots at a 
concentration of 1 g L-1 (Figures 1 and 2). This substrate 
presents characteristics of good aeration, structure, 
moisture retention capacity, and drainage, among 
others (Picolotto et al. 2013); which maximize the effects 
of the AIB hormone. Likewise, Kumar et al. (2022) 

mentioned that exposure to high auxin concentrations 
produces inhibitory effects on root number and length, 
which would explain the downward trend in the means 
of the variables with increasing doses of AIB. On the 
other hand, the sand substrate, having a lower moisture 
retention capacity and therefore higher porosity, seems 
to suppress the effects of AIB, presenting an increasing 
trend with increasing doses of AIB; that is, in the results 
shown, the substrate variable is a factor that conditions 
the effects of Auxin.
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Figure 2. Effect of the interaction between substrate factors and AIB dose on root length of Vaccinium sp. 

Figure 3 illustrates the clonal propagation process of 
native blueberries, depicting the blueberry mother plants 
in the field and the rooting of minicutting at 120 days, 
utilizing various substrates and AIB doses. These findings 
underscore the importance of meticulously selecting 

substrates and AIB doses to ensure a successful rooting 
process during the clonal propagation of native blueberries. 
Considering these variables is crucial for achieving optimal 
plant development and ensuring success in the clonal 
reproduction of this species. 

A B

Figure 3. Clonal propagation of native blueberry; A. Blueberry mother plants in the field; B. Rooting of minicutting at 120 days, with different 
substrates and AIB doses.



10832

Rev. Fac. Nac. Agron. Medellín 77(3): 10827-10832. 2024

Sanchez-Santillan T, Santillan-Culquimboz H, Huamán Vela M

CONCLUSION
The substrates used in the study had different effects 
on the native blueberry mini-stakes. The sand-based 
substrate favored survival and, in combination with coconut 
fiber, favored the rooting of the cuttings. AIB auxin, used 
at a concentration of 2 g L-1, considerably improved the 
rhizogenic capacity of the cuttings. This study demonstrates 
the feasibility of propagating native blueberries using 
available substrates and effective auxins. The developed 
technique turns out to be a promising alternative for the 
mass reproduction of native species for the conservation 
and rehabilitation of degraded ecosystems.
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Forage soybean (Neonotonia wightii) is a legume frequently used as a cover crop in field crops. However, 
as a species of the Phaseoloideae subfamily, it is characterized by the physical latency of the seed, 
which makes it difficult to obtain a high, homogeneous, and rapid germination. The aim of the present 
study was to determine which method of scarification stimulates the germination process to a greater 
extent. The following immersion times were evaluated: 5 to 20 minutes in 98% sulfuric acid, 24 hours in 
5.4% sodium hypochlorite, water, and gibberellic acid [100 ppm], 15 minutes of treatment with sandpaper 
and the combination of these last two. They were distributed in a completely randomized experimental 
design, where eight treatments and a control were evaluated, with three replicates each and 200 seeds 
as experimental units, subjected to controlled conditions (germination chambers at constant temperatures 
and a relative humidity of 27 °C and 70%, respectively) during the spring of 2022. The results were 
favorable, a high germination percentage was obtained from seeds subjected to a 20-minute immersion 
time in sulfuric acid (90% germination and an average of six germinated seeds per day) and this was 
significantly higher than the rest, making it an effective method to break the physical latency of the seeds, 
as it removes the impermeable cover allowing inhibition and consequently the activation of the seed’s 
metabolism.

La soja forrajera (Neonotonia wightii) es una leguminosa frecuentemente utilizada como cubierta en 
cultivos de campo. Sin embargo, al ser una especie de la subfamilia Phaseoloideae, se caracteriza por 
la latencia física de la semilla, lo que dificulta obtener una germinación alta, homogénea y rápida. El 
objetivo del presente estudio fue determinar cuál método de escarificación estimula en mayor medida el 
proceso de germinación, se evaluaron tiempos de inmersión desde los 5 hasta los 20 minutos en ácido 
sulfúrico (98%), 24 horas en inmersión en hipoclorito de sodio (5,4%), agua y ácido giberélico [100 ppm], 
15 minutos con lija y el combinado de estas dos últimas, las cuales fueron distribuidas en un diseño 
experimental completamente al azar, donde se evaluaron ocho tratamientos y un testigo, tres repeticiones 
cada uno y 200 semillas como unidades experimentales, sometidas en condiciones controladas (cámaras 
de germinación a temperaturas y humedad relativa constantes de 27 °C y 70%, respectivamente) durante 
la primavera del 2022. Los resultados fueron favorables, un alto porcentaje de germinación se obtuvo de 
las semillas sometidas a un tiempo de inmersión de 20 minutos en ácido sulfúrico (90% de germinación 
y un promedio de germinación de seis semillas germinadas por día) y fue significativamente mayor que 
el resto. Este método resulta efectivo para romper la latencia física de las semillas, debido a la remoción 
de la cubierta impermeable, permitiendo la inhibición en agua y consecuentemente la activación del 
metabolismo de la semilla.
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C
urrently, the use of legumes as living soil covers 
has proved to be a socially, economically, and 
environmentally viable alternative for integrated 
soil management, due to its interrelation with 

atmospheric nitrogen-fixing bacteria (Bécquer and Prévost 
2016). In addition, they conserve soil moisture, improve 
water absorption, reduce erosion by runoff or leaching, 
and increase soil conservation. They also suppress the 
weed population and reduce the spread of pathogens 
(Labrada 2004).

Conventionally, current agricultural systems eliminate the 
weeds that grow in crops and most of the time the soil 
remains completely open and exposed to environmental 
factors (sun, wind, rain, etc.) (Cotler et al. 2020) causing to 
a greater or lesser extent fertility loss and erosion, which 
involves the detachment, transport, and deposition of soil 
particles due to water or wind; it is a natural process that 
depends on climate, soil type, topography, and vegetation 
(García 2016). In response to these problems, sustainable 
alternatives have emerged such as agroforestry techniques, 
crop rotation, and the use of covers, among others. Their 
purpose is to avoid soil degradation and increase yields. 

Regarding the use of covers, Neonotonia wightii has 
established itself as one of the main plants of the Fabaceae 
family. Because of its African origin, it can withstand 
periods of drought, and due to its perennial, voluble, and 
branched habit it contributes to weed control in subtropical 
and tropical perennial fruit crops (Jannoyer et al. 2011; 
Morris et al. 2013). This makes it an environmentally viable 
strategy for the control of weed populations. 

However, its conventional propagation method (by seed) 
has inhibited its establishment in the field due to the 
presence of an impermeable seed coat that acts as a 
physical barrier and limits the diffusion of water and gases 
into the seed, which prevents a uniform development 
and germination of embryos in a shorter period of time 
even when the conditions are favorable (physical latency) 
(Acosta et al. 2020). 

Given the particular nature of this seed, the effectiveness of 
various chemical and mechanical scarification methods has 
been tested. Their purpose was to break the impermeable 
layer that surrounds it (Baskin and Baskin 2014) and 
increase the percentage of germination. The treatments 

used include sulfuric acid, sandpaper, and hot water, 
among others (De Morais et al. 2014). 

This study aim was to determine which scarification method 
stimulates the germination process to a greater extent. 
Different immersion times were evaluated, from 5 to 20 
minutes in sulfuric acid, 24 hours in sodium hypochlorite, 
water and gibberellic acid, 15 minutes of treatment with 
sandpaper, and a combination of the last two.

MATERIALS AND METHODS
Study area
The study was conducted at the Fruit Crop Nutrition 
laboratory at Chapingo Autonomous University, Mexico, 
in the summer of 2022.

Plant material
Forage soybean seeds (Neonotonia wightii var. Cooper) 
obtained from dry pods containing 5-6 dark brown seeds, 
selected from random plants from the municipality of 
Álamo Temapache-Veracruz, Mexico, were used; located 
between parallels 20°47’ and 21°12’ N, meridians 97°30’ 
and 97°56’ W, and at an altitude between 10 to 500 meters 
above sea level (masl), in the spring of 2022. 

Experimental design
A germination assay was performed where the treatments 
described in Table 1 were arranged in a completely 
randomized design with three replicates, using 200 seeds 
per experimental unit.

Management of the experiment 
Seeds that were treated with chemical scarification methods 
were washed with abundant distilled water, subsequently, 
100 were placed in each Petri dish (diameter 100 mm) 
with moist filter paper, kept in darkness for 2 days at room 
temperature and moistened once a day. Afterwards, they 
were kept in germination chambers (SEEDBURO brand) 
at a constant temperature of 27±2 °C and moistened daily 
with distilled water by means of a syringe (from 3 to 13 mL 
as the seeds germinated) during the runtime of the assay.

Evaluated variables
Seed germination was visually assessed every 2 days, 
until 15 days after sowing. Through daily observations it 
was possible to evaluate the variables that make up the 
germination process such as: 
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Germination percentage (GP): Number of germinated 
seeds/total seeds, expressed as a percentage (%). A seed 
is considered germinated when the radicle emerges from 
the testa (Maqueira-López et al. 2021).
Mean germination speed (MGS): expressed in seeds 
germinated per day (González-Amaya et al.  2018).
Mean germination time (MGT): considering the days 
needed for 50% of the total of germinated seeds to 
germinate (González-Amaya et al. 2018).

Data analysis
After the assessments, the germination percentage (GP), 
mean germination speed (MGS) and mean germination 
time (MGT) were calculated. The response variables of 

Table 1. Pregerminated treatments on forage soybean seeds (Neonotonia wightii var. Cooper). 

No Scarificatión Treatments Immersion Time

1

Chemical
Sulfuric Acid (98%) (H2SO4)

5 min
2 10 min
3 15 min
4 20 min
5 Gibberellic acid [100 ppm] (AG3) 24 h
6 Sodium hypochlorite (NaClO) 24 h 
7 Mechanical Sandpaper #1,200 15 min 
8 Chemical + mechanical Gibberellic acid [100 ppm] + Sandpaper #1,200 24 h +15 min

9 Control (imbibition in water) 24 h

GP and MGS were square root-transformed because 
the data were not normally distributed according to the 
Shapiro-Wilk test (P≤0.05).  An ANOVA and Tukey’s 
multiple-means comparison test were performed, with a 
5% probability of error using the statistical program Infostat 
version 2020 (Di Rienzo et al. 2020).

RESULTS AND DISCUSSION 
Analyses were performed for data collected over a 
15-day period. Mean comparisons showed significant 
differences for the variables under study, except for 
Mean Germination Time (MGT), indicating differential 
responses of soybean seeds to each pre-germination 
treatment (Table 2).

Table 2. Mean values (± standard error) and Tukey's mean comparison for the variables germination in soybean seeds subjected to different 
scarification methods.

Treatments Description GP (%) MGS MGT

1 H2SO4 T5'   5.6±0.3c   1.43±0.06c   5.5±0.14a

2 H2SO4 T10'    7.33±0.06bc    1.9±0.0bc 5.38±0.69a 

3 H2SO4 T15'    8.73±0.21ab    2.27±0.06ab 4.14±0.21a

4 H2SO4 T20'   9.47±0.15a   2.43±0.06a 4.08±0.56a

5 AG3 [100 ppm]   2.0±0.95d   0.53±0.25d 2.15±1.30a

6  NaClO (5.4%) 1.17±0.45d 0.30±0.1d 3.25±0.98a

7 N°1,200 Sandpaper 2.37±0.83d   0.60±0.26d 3.17±0.87a

8 N°1,200 Sandpaper+100ppm AG3   2.6±1.01d   0.63±0.25d 3.03±1.19a

9 Control  1.97±0.71d   0.50±0.20d 6.39±3.84a

HSD 1.78 0.48 1.08
CV (%) 13.6 14.3 19.1

Germination Percentage (GP), Mean Germination Speed (MGS) and Mean Germination Time (MGT).
Means with the same letter do not differ significantly. (P≤0.05); T: Treatments; HSD: Honestly Significant Difference; CV: coefficient of 
variation.
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The 20 min immersion time in sulfuric acid (T4) was 
statistically superior in the variables Percentage and Mean 
Germination Speed with respect to the control and the 
seeds subjected to sodium hypochlorite, sandpaper #1200, 
gibberellic acid and the combination of the latter two. 

However, in terms of Mean Germination Time (MGT) there 
were no significant differences between treatments. It 
should be noted that there were no significant differences 
between the immersion times (10, 15 and 20 min), but there 
were significant differences with respect to T1 (H2SO4T5’).

These differences can be explained by the fact that, by not 
altering the seed coat as occurred in the control treatment, 
the embryo failed to activate, thereby inhibiting germination. 
This happens because the embryo is enclosed within an 
impermeable cover (Varela and Arana 2011) that prevents 
the passage of water (called physical latency). When it gets 
damaged by artificial methods of chemical or mechanical 
scarification, which weaken or break the teguments, it 
allows greater water entry and gas exchange, facilitating 
the expansion of the embryo and the exit of the radicle.

This indicates that, as the seed’s exposure time to sulfuric 
acid increases, the seminal coat or testa is weakened by 
the corrosive action of the acid, resulting in an increase 
in the permeability of the seed coat, and therefore in the 
proportion of the variable GP, going from 1.17 in sodium 
hypochlorite to 7.3, 8.73 and almost 9.47 in T2, T3 and 
T4, respectively, exceeding those reported by Febles and 
Padilla (1977), who immersed Neonotonia wightii seeds 
in concentrated sulfuric acid for 60 min and obtained a 
31% germination rate, while in the control it was only 
1%. Another study reported a 50% germination rate in 
seeds immersed in the same acid at 98% for 30 min, 
compared to zero percent in seeds that were in hot water 
immersion at 70 and 80 °C for 10 and 15 min, respectively 
(Tauro et al. 2009). On the other hand, Lima et al. (2019) 
found that there were no significant differences in seed 
germination of three forage species (Avena strigosa 
Schreb, Calopogonium mucunoides, and Neonotonia 
wightii, all collected from animal feces at intervals of 6 up 
to 48 h after ingestion, and where only 5% of germinated 
seeds were obtained in Neonotonia.

The results with another legume species (Amburana 
cearensis) showed that immersion in sulfuric acid for 10 

min stimulated germination, resulting in a higher proportion 
of PG (0.9 to 1) compared to other treatments (immersion 
in distilled water at 40, 60, 80, and 100 °C for 2 min) (0.2 
to 0.6) (Galíndez et al. 2015).

The presence of an impermeable seed coat (generating 
physical latency) is typical of some forage legumes 
(Camacho 2011). Therefore, when the testa is partially 
or totally damaged, it is easier for water to pass through 
these tissues, activating enzymes and protein synthesis, 
and hydrolyzing starches, lipids and endosperm proteins 
into sugars, fatty acids, and amino acids, necessary at the 
growing points of the embryonic axis for cell expansion 
and mitotic division, until the radicle and plumule appear 
(Finch-Savage and Leubner-Metzger 2006).  Thus, acid 
immersion time is a key factor in stimulating germination 
in seeds with physical latency, since not all seeds have 
a favorable response to acid immersion. 

Due to the scarcity of updated information on germination 
tests with sulfuric acid and immersion times and other 
scarification methods in this family, the decision was 
made to compare with other species. Merino-Valdés et al. 
(2018) found that, in seeds of Capsicum pubescens, the 
presence of H2SO4 at concentrations of 100, 75 and 60% 
with an immersion time of 30 min, had a negative effect on 
germination, it caused the seminal coat to rupture, which 
lead to the destruction of the embryo.

The seeds that were treated with #1200 sandpaper were 
statistically equal to the control in the GP variable, but 
inferior to those subjected to sulfuric acid, including those 
reported by Flores et al. (2020), where a 90% germination 
rate was obtained using an equipment set at 1,330 rpm 
with #60 sandpaper for 2 min and friction for 5 min with 
#125 sandpaper, respectively.  

Similarly, for treatments T5, T6 and T8, the rates were 
significantly lower. Castillo-Quiroz et al. (2018) found that 
immersion in 3% NaClO for 8 min favored germination 
in Nolina cespitifera, which, like soybean seeds, is 
characterized by physical latency, obtaining 49.3%, 
indicating that NaClO is indeed a germination-inducing 
agent in this species. The longer exposure time (24 h) 
and higher concentration (5.4%) may have had a negative 
effect on the germination percentage, as the result in this 
study was lower than the one reported by this author. 
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In the case of gibberellic acid, which is characterized as 
a phyto-regulatory hormone that is directly involved in the 
control and promotion of seed germination, it can break 
seed latency and replace the need for environmental 
stimuli, such as light and temperature (Araya et al. 2000). 
Saldívar-Iglesias et al. (2010) found that by applying 250 
mg L-1 of this acid, they obtained an -87% germination 
rate of Jaltomata procumbens (Cav.) J. L. Gentry, which 
is higher than what was reported in this study, as the 
concentration used here was lower (100 mg L-1). 

As a result, the slowest germination speeds (germinated 
seeds per day) occurred in these treatments compared 
to seeds that were subjected to different immersion times 
with 98% sulfuric acid (5, 10, 15 and 20 min).

CONCLUSION
The presence of an impermeable coating inhibits 
germination in soybean seeds. This was determined as 
treatments removed the coating. Therefore, immersion 
in sulfuric acid for different periods of time was more 
effective than the rest of the treatments, favoring the 
germination process of the seeds. However, it was not 
possible to conclude or demonstrate in what time it is 
possible to obtain a 100% germination rate, therefore, it 
is recommended for future research to continue with this 
treatment reaching up to 35 min of immersion in this acid.
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Enzymatic biocatalysis has emerged as a green technology in starch modification with divergent results at the 
morphological level depending on the origin of the starch source. Therefore, various enzymatic biocatalysts 
were implemented to evaluate their effect on the morphological and semi-crystalline characteristics of native 
cassava starches. The degree of affinity of the biocatalysts and the conversion rate on native cassava starches 
were determined by kinetic parameters such as the Michaelis-Menten constant, whose results revealed the 
following order of affinity from highest to lowest: α-amylase, amyloglucosidase, pullulanase, and β-amylase. In 
addition, greater biocatalytic activity of α-amylase and β-amylase was evidenced on the amorphous zones of the 
polymer associated with the decrease in the amylose content and a significant increase in the degree of relative 
crystallinity. According to morphological analyses and XDR, the action of amyloglucosidase promoted exo-erosion 
phenomena and the appearance of lacerations on the granular surface of starch with the consequent decrease 
in the semicrystalline order. The pullulanase caused slightly eroded fragmented granules with greater biocatalytic 
activity on the crystalline lamellae, associated with a significant increase in the apparent amylose content. FTIR 
analysis in the 1,200-900 cm-1 region, corresponding to the starch fingerprint, allowed us to detect notable 
changes in the degree of molecular order after the enzymatic attack; this result was consistent with the degree of 
relative crystallinity estimated by X-ray diffraction. Likewise, the results allowed us to notice significant changes 
in the semi-crystalline order and morphological characteristics during the modification with α-amylase (AAM) and 
amyloglucosidase (AMG) associated with their greater affinity and preferential action on the amorphous structures 
located on the granular surface of native cassava starch.

La biocatálisis enzimática ha surgido como una tecnología verde en la modificación de almidones con 
resultados divergentes a nivel morfológico en función de procedencia de la fuente amilácea. Por consiguiente, 
diversos biocatalizadores enzimáticos fueron implementados para evaluar su efecto sobre las características 
morfológicas y semicristalinas en almidones nativos de yuca. El grado de afinidad de los biocatalizadores y la 
tasa de conversión sobre almidones nativos de yuca fueron determinados mediante parámetros cinéticos como 
la constante de Michaelis-Menten, cuyos resultados revelaron el siguiente orden de afinidad de mayor a menor: 
α-amilasa, amiloglucosidasa, pululanasa y β-amilasa. Además, se evidenció una mayor actividad biocatalítica 
de la α-amilasa y β-amilasa sobre las zonas amorfas del polímero debido a la disminución del contenido de 
amilosa y un aumento significativo en el grado de cristalinidad relativa. Según los análisis morfológicos y DRX, la 
acción de la amiloglucosidasa promovió fenómenos de exoerosión y la aparición de laceraciones en la superficie 
granular del almidón con la consiguiente disminución del orden semicristalino. La pululanasa provocó la obtención 
de gránulos fragmentados levemente erosionados con una mayor actividad biocatalítica en las zonas cristalinas 
asociada con el aumento significativo del contenido de amilosa aparente. El análisis de FTIR en la región 1.200-
900 cm-1, correspondiente a la huella digital del almidón, permitió determinar cambios notorios en el grado del 
orden molecular después del ataque enzimático, este resultado fue coherente con el grado de cristalinidad relativo 
estimador por difracción de rayos-X. Asimismo, los resultados permitieron identificar cambios significativos en el 
orden semicristalino y características morfológicas durante la modificación con α-amilasa (AAM) y amiloglucosidasa 
(AMG) asociado a su mayor afinidad y acción preferencial sobre las estructuras amorfas ubicadas en la superficie 
granular del almidón nativo de yuca.
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S
tarch is a polysaccharide macromolecule product 
of biosynthesis in the form of semi-crystalline 
granules stored in plant cells as an energy source 
(Li et al. 2017; Li et al. 2023). Structurally, it 

consists of linear amylose formed by α-D-glucan-(1,4) 
bonds but slightly branched (ca. 3-5%), and amylopectin 
molecule of higher molecular weight organized by α-D-
glucan-(1,4)-bonds with a highly branched structure 
consisting of α-D-glucan-(1,6)-bonds (Li et al. 2023). 
Short- and long-range molecular studies deduce that single 
amylose helices generally form intermixed amorphous 
domains together with branched amylopectin groups, 
whereas regular packing of amylopectin or amylose-
amylopectin double helices forms the crystalline domain 
(Ma et al. 2019). Amylose provides heterogeneity and 
significantly influences the structural and retrogradation 
properties of the granule, negatively affecting the quality 
and texture of the starch-formulated product (Keeratiburana 
et al. 2020). Therefore, to achieve the desired properties 
and meet the requirements of food applications, it is 
necessary to modify the structure and/or morphology of 
the granule in its native state.

Enzymatic modification emerges as a green technology 
to develop clean label products with desired properties 
such as solubility, retrogradation, and improved thermal 
stability (Miao et al. 2015). It has gained relevance, 
especially when performed below the gelatinization 
temperature, because of its lower energy cost and 
higher yields (Yang et al. 2019). Granular modification 
performed by biocatalytic processes can change the 
physicochemical nature of starch, product of the alteration 
of morphological properties and semicrystalline order, due 
to the cleavage of α-D-(1,4) or α-D-(1,6) glycosidic bonds 
on amylose or amylopectin chains (Li et al. 2017; Gao et 
al. 2023). Starch is generally hydrolyzed by the exogenous 
or endogenous action of amylolytic enzymes such as 
α-amylase (AAM), β-amylase (BAM), amyloglucosidase 
(AMG), and pullulanase (PUL). AAM is an endo-amylase 
capable of cleaving α-D-glucan-(1,4) linkages and yielding 
glucose, maltose, and oligosaccharides (DP<5), as well 
as branched-limit dextrin of configuration alpha (α) (Gui 
et al. 2021; Zhou et al. 2021; Gao et al. 2023). BAM and 
AMG are exo-amylases; BAM cleaves every two units of 
glucose from the non-reducing end to obtain maltose and 
branched-limiting dextrin of configuration (β) (Gui et al. 
2021; Li et al. 2023), while AMG is capable of hydrolyzing 

as many α-(1,4) and α-(1,6) glycosidic linkages to maltose 
and glucose units, excluding the production of boundary 
dextrin (Yang et al. 2019; Zhou et al. 2021). PUL is a 
debranching enzyme, capable of producing partially linear 
short chains (Li et al. 2017; Ma et al. 2019; Semwal and 
Meera 2023). Thus, the use of polypeptides with amylolytic 
action has been subordinated to hydrolysis of polymeric 
chains to obtain soluble starches, granules with porous 
structures, and slow-digesting starches.

Polymer degradation during enzymatic modification is 
usually performed on granules in their native state instead 
of starch paste, processes characterized by low degrees 
of hydrolysis due to the semi-crystalline structure, which 
makes it difficult for enzymes to access the substrate. This 
poses a difficult challenge for enzymatic action, involving 
diffusion of the enzyme on the granular surface, followed 
by adsorption of the polypeptide within the granule, and 
finally initiating the biocatalytic process (Blazek and Gilbert 
2010; Almeida et al. 2019; Almeida et al. 2022). Moreover, 
the exo- and endo-amylolytic action depends on the type 
of starch due to the intrinsic semicrystalline structure of 
the granules that confer a certain degree of molecular 
resistance (Miao et al. 2015). In addition, it has been 
reported that the rate and extent of depolymerization of 
starch chains depend not only on the characteristics of 
the polysaccharide material but also on the preferential 
and differentiated activities of each enzyme (Blazek and 
Gilbert 2010; Benavent-Gil and Rossell 2017).

In starch granules from cereals, it has been found that 
enzymatic hydrolysis starts preferentially by the amorphous 
growth ring, given the appearance of cracks and lacerations 
on the granular surface (exo-erosion), and that the inherent 
micro- and nano-porous structure of the granule influences 
the opportunity of the enzyme to access the substrate 
(endo-erosion) (Lin et al. 2016). In contrast, enzymatic 
action on tuber starches reveals confounding results, 
where surface exo-erosion phenomena predominate, 
with no noticeable porosities internally (Blazek and Gilbert 
2010; Benavent-Gil and Rossell 2017). Some authors 
report that the enzymatic action on native starches is 
dependent on amylose/amylopectin packing, the interaction 
of close double helices, and the redistribution of amylose 
in the macromolecular structure of the granule (Lin et al. 
2016; Zhou et al. 2021; Li et al. 2023). However, there is 
limited information about the mechanisms of endo- and 
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exo-amylolytic action of different enzymatic catalysts on 
tuber-derived starches, especially on native cassava 
starches; likewise, the effect of various mechanisms 
of enzymatic action on the amorphous regions in tuber 
starches has been poorly discussed. In this sense, 
it is hypothesized that the semicrystalline order and 
morphological characteristics in hydrolyzed cassava 
starches depend on the differential action of amylolytic 
enzymes. Consequently, this research aims to analyze 
the morphological and structural changes during 
enzymatic attack on native cassava starch granules 
using commercial biological catalysts with differentiated 
mechanisms of action.

MATERIALS AND METHODS
Materials
Native cassava (Manihot esculenta cv M-TAI) starch was 
supplied by Almidones de Sucre S.A.S (Sincelejo, Colombia). 
α-amylase from Bacillus licheniformis (Lyquozyme Supra 
2.2X®, Denmark), β-amylase from Hordeum vulgare 
(Optimalt®BBA, China), amyloglucosidase from Aspergillus 
niger (Dextrozyme®GA, Denmark) and pullulanase from 
Bacillus licheniformis (Optimax® L-1000, China) were 
donated by Dupont® and Novozymes®.

(1)

Determination of enzymatic activity
Biocatalytic activity was determined using the protocol 
described by De Schepper et al. (2021) with slight 
modifications. A 30 mg sample of starch was suspended 
in 10 mL of buffer solution at a defined pH (Table 1). 
The hydrolytic reaction was made in 15 mL hermetic 
tubes under stirring at 150 rpm for 15 min at a fixed 
temperature. Enzyme activity was estimated as a function 
of the concentration of reducing sugars released during 
hydrolysis based on the 3,5-dinitrosalicylic acid method 
(Salcedo-Mendoza et al. 2018). The protein concentration 
of the enzyme in the preservation medium was evaluated 
by the Bradford method using BSA as a standard 
(0-0.5 mg mL-1) to determine the specific activity. One 
enzyme unit (U) was defined as the enzyme quantity 
necessary to release 1.0 µmol of reducing sugar per minute 
in the assay conditions (Frota et al. 2020). In Equation 1, 
Ua is the enzyme activity (µM min-1 mL-1), [g] is the 
reducing sugar concentration (g L-1), VS is the volume of 
solution (L), Mw is the molar mass of glucose g mol-1, Ve 
is the volume of the enzyme, and t the hydrolysis time (min). 

Table 1. Established operational parameters to estimate enzyme activity.

Enzyme
Operational parameters

pH1 Temperature (°C) Concentration2 (µL mg-1)
α-amylase (AAM) 4-9 50-90 0.45
β-amylase (BAM) 3-8 40-70 0.90
Amyloglucosidase (AMG) 3-7 50-80 0.40
Pullulanase (PUL) 3-7 50-75 0.75

1Buffer solutions: 0.1 M citrate (pH=3-6), 0.1 M phosphate (pH=7-8). 2Enzyme concentration used by recommendation of the commercial 
house and expressed as µL enzyme/mg starch.

Determination of kinetic parameters
The enzymatic activity was determined as a function of 
the substrate concentration (S) corresponding to starch 
solutions in a range from 0.1 to 100 mM. Hydrolysis under 
the enzyme concentrations presented in Table 1 was 
carried out for 15 min under constant stirring at 150 rpm, 
and at optimum pH and temperature conditions. Reducing 
sugars released during hydrolysis were determined by the 
3,5-dinitrosalicylic acid method using glucose as standard 
(0.0-2.0 g L-1). The molecular weight of native cassava 

starch was determined by size exclusion-high-performance 
liquid chromatography (SEC-HPLC) coupled to multi-angle 
laser light scattering detectors (Wyatt Technology Inc., 
Dawn 8+ Heleos, USA) and refractive index (Agilent, 
G1362A, UK) using pullulan as standard, eluting the 
samples in ammonium formate (10 mM) with a flow rate 
of 0.5 mL min-1 (Keeratiburana et al. 2020). Vmax and km 
as kinetic parameters were estimated using Lineweaver-
Burk and Langmuir linearization methods (Torabizadeh 
et al. 2014).

W

s
a

e

g V
U M V t

∗  = ∗ ∗
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Starch granule modification
Suspensions of native cassava starch at 100 mg mL-1 
in citrate buffer were subjected to enzymatic hydrolysis 
using commercial polypeptides such as α-amylase, 
β-amylase, amyloglucosidase, and pullulanase under a 
specific activity of 10 U mg-1 at 60 °C for 24 h (Figueroa-
Flórez et al. 2023). The pH was adjusted to the optimal 
conditions of maximum biocatalytic activity for each 
enzyme (Figure 1). At the end of the hydrolysis time, the 
supernatant was separated by centrifugation, and the 
sediment corresponding to modified starch samples was 
dried by forced convection for 8 h at 35 °C to be macerated, 
stored, and subsequently characterized. To evaluate the 
enzymatic kinetics of native cassava starch granules 
over time, hydrolysates were sampled every 15 min 
during the first 2 h, and then every hour until 24 h of 
hydrolysis were completed. The sugar release behavior 
over time was fitted to two-parameter nonlinear empirical 
models using SigmaPlot software (Systat Software Inc., 
Germany) (Lin et al. 2016). In Equation 2, t is the time (h), 
G is the concentration of sugar released (M), A is the 
maximum asymptote (M), and B is the time to reach half 
of the maximum asymptote (A). 

A tG B t
∗ =  + 

(2)

In Equation 3, t is the hydrolysis time (h), G is the 
concentration of glucose released (M) at time t, and k 
is the hydrolysis rate constant (h-1). The absolute value 
of a can be assumed to be the specific biocatalysis 
coefficient of an enzyme.

(3)ktG [a e ]= −

Morphological characteristics
The morphological characteristics of native and modified 
starch were analyzed by scanning electron microscopy 
(JEOL, JSU LV-5600, Japan) on samples previously 
fixed on electro-conductive carbon strips, coated with a 
platinum/gold alloy (Almeida et al. 2022). Photomicrographs 
were acquired at 15 kV and 30 mA, using magnification 
approaches at 1,000 and 3,000X.

Amylose content 
Starch samples were dissolved in 95% DMSO solution 
and then precipitated in 90% alcohol. Amylose content 

was determined using the iodine staining method and 
estimating the absorbance in a UV-VIs spectrometer at 620 
nm by preparing a calibration curve (0-100% w/v) using 
potato amylose and corn amylopectin (Sigma Aldrich, 
USA) (Li et al. 2017). 

Molecular order by spectroscopy FT-IR
The FTIR-ATR spectra were acquired by single rebound 
attenuated total reflectance spectroscopy using a diamond 
crystal with a diameter of 1.5 mm (UATR, PerkinElmer, 
USA). Samples were processed in triplicate and each 
spectrum was recorded with a resolution of 4.0 cm-1 and 
64 readings in the range of 600 to 4,500 cm-1 (Gao et 
al. 2023). Spectra were processed including baseline 
correction, automatic smoothing, and normalization of 
absorbance with respect to the starch fingerprint in the 
1,100-900 cm-1 region. The band ratios 1,047/1,022 cm-1 
and 995/1,022 cm-1 were used to estimate the short-range 
ordered starch structure (OM1 and OM2, respectively), 
expressed as percentages according to Ma et al. (2019).

Diffraction patterns and crystallinity degree (CD)
X-ray diffraction patterns were obtained using a diffractometer 
(Panalytical, X’Pert MPD, Switherland) operated at 1.8 kW 
and 40 mA. The diffractograms were acquired over a range 
of 4-40°, at a scan rate of 2.0° min-1 and a sampling interval 
of 0.02° (Davoudi et al. 2022; Figueroa-Flórez et al. 2023).
The data were then smoothed using the Savitzky–Golay 
algorithm and the deconvolution process was developed 
using the Gaussian function in the 5–30° region. The 
degree of crystallinity (CD) was estimated as the ratio of 
the areas of the crystalline peaks over the total area of ​​the 
diffractogram, using numerical integration methods and 
MATLAB software (MathWorks, R2019a, USA).

Data analysis
The results were expressed as mean values ​​of five replicates 
± standard deviation. Data were analyzed using the analysis 
of variance procedure and Tukey’s multiple range test with 
a significance level of 95% using Statgraphics Centurion 
software (Statgraphics Inc., version XVI, USA).

RESULTS AND DISCUSSION
Enzymatic activity of biocatalysts: pH and temperature
The activity of commercial enzymes using native cassava 
starch as substrate was evaluated as a function of pH and 
temperature (Figure 1). Bacterial AAM presented higher 
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enzymatic activity in a wide pH range from 6-8 and reached 
the best conditions at pH=6. Plant BAM presented a wide 
plateau of maximum values of biocatalytic activity in a pH 
range from 5-7, and the best conditions were found at pH=7. 
Polypeptides such as AMG and PUL presented higher 
enzymatic activities in the pH range from 4-5, reaching 
a maximum peak of activity at pH=4.5. It is evident that 
AAM presents higher stability to acidic conditions in the pH 

range from 5-8 compared to the rest of the polypeptides. In 
addition, the concentration of H+ ions altered the alkaline-
tolerant stability of the enzymes, affecting their enzymatic 
activity. This behavior is consistent with that reported by 
Kikani and Singh (2015), who demonstrated that pH changes 
altered the protein structure, affecting the three-dimensional 
shape of the enzymes —with the consequent deformation 
of catalytic sites— and its biocatalytic activity.

Figure 1. Enzyme activity profile as a function of pH (A) and temperature (B). AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; 
PUL: pullulanase.

Concerning temperature, AAM showed higher enzymatic 
activity under thermal conditions above 70 °C, possibly 
linked to its thermal resistance. AMG presented high 
enzymatic activity in the range from 60-70 °C with a 
maximum at 65 °C (Figure 1), bacterial PUL showed 
similar behavior, while plant BAM presented higher 
enzymatic activities between 50 and 60 °C with a 
maximum at 55 °C. Under thermal conditions above 

80 °C, a decrease in enzymatic activity is observed (except 
for AAM); it could be due to thermal stress promoted during 
heating that leads to molecular disorder and subsequent 
denaturation of the polypeptide structure (Sagu et al. 
2015). The molecular stability of bacterial AAM could 
be due to genetic adaptability, intrinsic to the conditions 
of the bacterial habitat where it performs its metabolic 
activities (Liu et al. 2017). In contrast, the reduction of 
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enzyme activity at temperatures below 40 °C is probably 
due to insufficient kinetic energy stimulating collisions or 
ionic interactions between substrate molecules and the 
enzyme active site (Fitter et al. 2001). Results show that 
pH and temperature can increase or decrease biocatalytic 
activities related to the effect they promote on the affinity 
of the catalytic site to the substrate.

Analysis of enzyme kinetics on native starch
The biocatalytic activity presented a gradual increase in 
glucose release with increasing substrate concentration, 
governed by a first-order exponential behavior, with 
subsequent inhibition at substrate concentrations above 
70 mM. Kinetic parameters such as vmax and km were 
estimated from the Lineweaver-Burk method (Figure 
2A, Table 2) due to a better regression fit (r2>0.90) 
compared to the Langmuir method. The results revealed 
that AAM and AMG presented lower km values with 
respect to BAM and PUL, thus showing a higher 
affinity of the catalytic sites of AAM and AMG on native 
cassava starch granules. This result is consistent with 
the morphological changes evidenced on the granular 
surface using SEM. It justifies the higher values in the 

releasing rate of reducing sugars over time (Figure 2B). 
The low catalytic activity of BAM is possibly associated 
with low adsorption capacity, characteristic of enzymatic 
polypeptides extracted from plant sources, which slow 
down catalytic activity processes (Lahmar et al. 2018). 
In addition, Zareian et al. (2010) report a decrease in 
enzymatic activity in bacterial pullulanase using soluble 
starch compared to pullulan; it is associated with the 
adsorption capacity of the enzyme to the substrate 
and the molecular size of the polymeric substance. 
Nevertheless, the estimated values for vmax and km 
are close to those reported in other studies using 
bacterial AAM (Torabizadeh et al. 2014), fungal AMG 
(Gupta et al. 2015), plant BAM (Vajravijayan et al. 
2018), and bacterial PUL (Li et al. 2018; Zeng et al. 
2019) biocatalysts in the presence of soluble starch 
as substrate. However, the values differ significantly 
from the kinetic parameters reported by other authors, 
who claim that such discrepancies depend on the type 
of substrate, the source, and the type of enzymatic 
extraction, as well as its purification process (Gupta et 
al. 2015; Chen et al. 2015; Liu et al. 2017; Wang et al. 
2019). 
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Figure 2. The behavior of enzyme kinetics on native cassava starch granules. Lineweaver-Burk linearization method (A), kinetics as a 
function of hydrolysis time (B). AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: pullulanase.

Figure 2B details the enzymatic hydrolysis behavior of 
native cassava starch, depending on the type of enzyme 
and based on the release of reducing sugars. The type 
of hydrolysis was biphasic, with a high rate of conversion 
in the first 5-6 h, followed by a progressive decrease 
in the degradation rate up to 24 h. The kinetics of the 
degradation rate were found to be similar to those of the 

enzyme. Similar depolymerization kinetics have been 
found in hydrolysis with α-amylase on waxy maize starch 
(Lin et al. 2016), amyloglucosidase on barley granules 
(Li et al. 2004), and β-amylase on soluble maize starch 
particles (Miao et al. 2015). This biphasic behavior is 
probably due to the type of substrate available —polymeric 
chains— in different areas of the granule, depending on 



10845

Rev. Fac. Nac. Agron. Medellín 77(3): 10839-10852. 2024

Enzymatic biocatalysis processes on the semicrystalline and morphological order of native cassava starches (Manihot esculenta)

their molecular structure and granular packing (Zhang et 
al. 2013). Thus, they explain that, initially, the enzymatic 
attack occurs on the linear, long, and unstable chains that 
make up the amorphous zone of the granule at a high 
conversion rate, followed by depolymerization on the short 
and molecularly stable polymeric chains that make up the 
crystalline region at a lower hydrolysis rate (Li et al. 2004). 
However, a decrease in substrate concentration and an 
occurrence of product inhibition due to the formation of 
oligosaccharides may also explain a lower digestion rate 
observed at longer times, according to the results found 
in the digestion of rice starch using different amylolytic 
enzymes evaluated by NMR spectroscopy (Dona et al. 

2010). Hydrolysis with AAM and AMG is characterized 
by a high rate of conversion of starch into reducing 
sugars compared to the enzymatic treatments of BAM 
and PUL, this behavior agrees with the enzyme activity 
values and the affinity of the enzymes to the substrate 
analyzed by the Michaelis-Menten constant (Table 
2). Also, enzymatic hydrolysis involves a polypeptide 
material in solution acting on a solid starch substrate. 
Therefore, the surface area accessible to the enzyme and 
the adsorption efficiency of the enzyme to the surface 
are critical kinetic parameters (Yang et al. 2019). They 
could explain the poor enzymatic activity of BAM on 
native cassava starch (Kim et al. 2008).

Table 2. Enzyme activities and kinetic parameters on native cassava starch.

Enzyme Ua(µM min-1 mL-1) Protein (mg mL-1) U (µM min-1 mg-1)  km(µM)x10-2 Vmax(µM s-1)

AAM 209.6±5.47a 0.400±0.03a   528.4±13.79a 0.76±4x10-4a 9.86±0.24a

BAM 1856.3±28.89b 22.83 ±1.87b   81.3±1.27b 4.92±6x10-3b  2.75±0.27b

AMG 1994.9±44.90c  5.570±0.35c 358.9±8.08c 0.35±2x10-4a   4.36±0.19ac

PUL 360.7±6.57d  3.220±0.60d 112.1±2.04d 1.59±5x10-4c  3.85±0.12c

AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: pullulanase; Ua: enzyme activity; U: specific activity; km: Michaelis-
Menten constant; vmax: maximum velocity. Equal letters within a column do not differ statistically (P<0.05).

The behavior of the enzyme kinetics was adjusted to 
two-parameter nonlinear models, which presented a 
good fit with a coefficient of determination r2>0.93 and 
(P<0.05) and showed their suitability to describe and 
study polymeric degradation on native cassava starch 
(Table 3). In the hyperbolic model, AAM and AMG 
enzymes presented higher values in the maximum 
asymptote “A” and a longer time to reach 50% of 
maximum hydrolysis, indicating higher enzymatic activity 

and higher depolymerization of starch granules. In the 
enzymatic action of BAM and PUL, the values of the 
maximum asymptote “A” were lower, as well as the time 
“t”, indicating a higher molecular resistance of cassava 
starch granules to this type of enzyme. This model has 
also been suitable for studying the degree of resistance 
of waxy maize starches to enzymatic digestion with 
amylases (Lin et al. 2016). In relation to the exponential 
model, the hydrolysis coefficients “a” were different for 

Table 3. Parameters derived from the hyperbolic fit and exponential model to fit the first-order kinetics during the hydrolysis of native cassava 
starch.

Enzyme
Hyperbolic model Exponential model

A[M]x10-2 B [h] r2 ax10-2 k [h-1] x10-1 r2

AAM 5.77±1x10-3a 7.03±0.29a 0.978 4.47±8x10-4a 1.48±2x10-4a 0.974
BAM 1.84±8x10-4b 4.53±1.87b 0.965 1.49±1x10-3b 2.11±1x10-3b 0.969
AMG 4.03±9x10-4c 4.55±0.39c 0.962 3.28±2x10-3c 2.04±4x10-3b 0.930
PUL 2.71±3x10-4d 6.07±0.46b 0.969 2.15±9x10-4d 1.64±6x10-4a 0.952

AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: pullulanase. A is the maximum asymptote (M), and B is the time halfway 
through the maximum asymptote; k is the hydrolysis rate constant. Equal letters within a column do not differ statistically (P<0.05).
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each enzyme, indicating a preferential and distinctive 
action on starch chains; these results are consistent with 
the behavior of the maximum asymptote values “A” and 
km. Lower values in the hydrolysis coefficient for BAM 
and PUL indicate a lower enzyme activity and a higher 
degree of molecular resistance of the starch granules. 
In addition, higher values in the hydrolysis constant “k” 
are consistent with the results of vmax estimated by the 
Michaelis-Menten model. The first-order exponential 
model was also used to evaluate biocatalysis processes 
on potato granules (Zhang et al. 2013), wheat, and waxy 
maize (Lin et al. 2016). In this study, the values of the 
maximum asymptote “A”, the biocatalysis coefficient 
“a”, and the constant km —which are characteristic 
parameters for each enzyme— presented a positive 
correlation with the decrease of amylose content after 
an enzymatic attack using amylolytic enzymes (AAM, 
BAM, and AMG) related to the preferential cleavage 
action on α-(1,4) glycosidic bonds.

Analysis of the enzymatic attack on the amorphous 
zones
Figure 3 shows the microphotographs of native and 
modified cassava starches. Native cassava starches (ANY 
by its Spanish acronym) exhibit smooth-surfaced spherical/
oval geometric shapes with truncated ends associated with 
the grating process during extraction (Salcedo-Mendoza 
et al. 2018). As the granules undergo enzymatic treatment, 
significant changes in microstructure can be observed; 
the AAM starches presented significant morphological 
changes associated with the action of α-amylase that 
caused the appearance of pores, cracks, and exo-erosions 
on the granular surface. In addition, microphotographs 
of AAM starches evidenced the presence of fragmented 
granules, overlapping layers resembling starch growth 
rings can be identified inside them (Figure 3; AAM-B). The 
amylolytic erosion of starch granules occurs in two ways: 
one is radial, from the surface towards the center of the 
granule, and another is superficial and acts peripherally 
(Das and Kayastha 2019). Consequently, it could be 
assumed that the degradation mechanism of α-amylase 
on cassava granules starts with diffusion and adsorption 
processes, followed by a surface erosion phenomenon 
on overlapping layers, harshly attacking both weak and 
unstable zones (amorphous lamellae) composed of linear 
amylose chains, and slowing its enzymatic activity on 
ordered amylose regions (crystalline lamellae).

Similar morphological changes were observed in AMG 
starches, with a less severe effect on the exo-erosion 
phenomenon compared to AAM but causing a partial 
or total loss of the polymeric structure internally. This 
may imply that the action of amyloglucosidase shows 
a greater endogenous action on the amorphous and 
unstable zones, which is more noticeable in irregular 
granules that present damage associated with the 
extraction process and lead to obtaining slightly eroded 
fragmented granules with a hollow appearance (Figure 
3, AMG-B). This result is congruent with Figueroa-Flórez 
et al. (2023), who argue that amyloglucosidase digestion 
on cassava starch was faster in the weakly packed 
inner region than in the densely packed peripheral 
zone, thus leaving granules with an empty/hollow 
structure. Meanwhile, BAM and PUL starches were 
characterized by the presence of slightly eroded and 
mostly fragmented granules, with a less severe effect in 
BAM starches; it could be associated with a lower affinity 
of the β-amylase catalytic sites for the polymeric chains 
of native cassava starch. The action of β-amylase and 
pullulanase on starch granules involves an exogenous 
action, whose hydrolytic processes start at the surface 
level in the amorphous zones and affect the amylose 
content with a subsequent stage that can lead to the 
fragmentation of granules into particles with noticeable 
morphological changes (Figure 3, BAM-B; PUL-B). Kim 
et al. (2008) hypothesized that enzyme-induced erosion 
of amorphous regions in starch granules leads to their 
fragmentation. Similar results have been reported on 
starches hydrolyzed from potatoes with plant β-amylase 
(Das and Kayastha 2019) and fungal pullulanase (Li et 
al. 2017), highlighting the presence of cracks and eroded 
areas on the surface after enzymatic action.

Moreover, the presence of undamaged granules is 
observed together with hydrolyzed granules as a result 
of non-homogeneous digestion. In this regard, Almeida et 
al. (2019) state that irregular granules with truncated areas 
are presumably more susceptible to enzymatic hydrolysis 
and, therefore, would show greater morphological changes 
with respect to whole granules of defined geometry. 
Likewise, in cereal starches hydrolyzed using various 
enzymes, the production of granules with porous structure 
stands out (Vajravijayan et al. 2018; Keeratiburana et al. 
2020; Zhang et al. 2021; Davoudi et al. 2022; Semwal 
and Meera 2023); these results differ from those found 
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in the present study. Cereal starches present numerous 
pores on the surface, which widen and increase the access 
of hydrolyzing enzymes to the interior of the granule 
(Blazek and Gilbert 2010; Zhang et al. 2021). However, 
microscopic analysis under different magnification foci 

reveals that ANY starches did not present surface holes 
or pores, which could restrict the access of amylolytic 
polypeptides and suggest that exogenous action governs 
the biocatalytic processes at the granular periphery, thus 
limiting the endo-erosion phenomenon.

Figure 3. Morphological changes in the amorphous zones of starch after enzymatic hydrolysis. A) Magnification at 1,000X, B) Magnification 
at 3,000X. AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: pullulanase.
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Enzymatic action on cassava starch granules produced 
significant changes in amylose content (Table 4). The 
decrease in amylose content in AAM, BAM, and AMG 
treatments can be associated with depolymerization of 
the polymeric chains due to the cleavage of α-(1,4) and 
glycosidic bonds, which subsequently induced variations 
in both morphological characteristics and semi-crystalline 
behavior evaluated from X-ray diffractogram (XRD) and 
infrared spectra analysis by FTIR. Native cassava starch 
exhibited a typical type-A diffraction pattern, with close 
peaks at Bragg angles (2θ) at 15.1, 17.2, 18.0, and 
22.9° (Figure 4). Type-A starches are characterized by 
arrangements of the amylopectin double helices as a 
closed monoclinic structure with low interhelical water 
content; this behavior is characteristic of tuber starches 
with low amylose content (<20% w/w) (Zhou et al. 2021; 
Salcedo-Mendoza et al. 2018). Hydrolysis with α- and 

β-amylase did not change the type-A diffraction pattern, 
which could indicate that hydrolysis occurred mainly in 
the amorphous region; results were congruent with SEM 
analyses. Meanwhile, the attack with AMG and PUL 
caused a significant decrease in diffraction intensity in 
the peaks at angles 17.2 and 18.0°, with partial loss of 
the peak at angle 18.0°. Studies have shown that peaks 
at angles (2θ) at 17.2 and 18.0° are characteristic of 
the amylopectin double helix arrangement (Wang et al. 
2019). This may indicate that hydrolysis with AMG and 
PUL occurred mainly in the amorphous zone by surface 
action at the granular periphery, followed by degradation 
in the crystalline zones that affected morphological 
changes; for instance, the appearance of eroded granules 
of hollow structure using amyloglucosidase and eroded-
fragmented granules after debranching action with 
pullulanase (Figure 3).

5               10              15             20              25              30              35

Diffraction angle (2θ)

ANY
AAM
BAM
AMG
PUL

Figure 4. X-ray diffraction patterns of native and modified cassava starches. AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; 
PUL: pullulanase.

Despite there was no change in A-type patterns after 
AAM and BAM attack, it is presumed that hydrolysis 
did not affect the long-range crystalline structure but did 
affect crystal melting, possibly because water gained 
greater accessibility in the crystalline regions after the 
amorphous regions were partially degraded (Gui et al. 
2021; Li et al. 2023). This could explain the variation in 
the crystallinity degree (CD) in AAM and BAM starches 
relative to the native counterpart (ANY) (Table 4). The 
CD1 was estimated by the deconvolution method under 

the definition of amorphous and crystalline zones in the 
X-ray diffractogram. A second method was proposed to 
estimate CD2 = [(Imax – Iam) / Imax] from the intensity of the 
highest crystalline peak, as a quick comparison between 
treatments due to the partial loss of the peak at the Bragg 
angle (2θ) at 18.0°. In the performed calculations, Imax 
corresponds to the intensity of the maximum peak in the 
diffractogram, and Iam corresponds to the highest relative 
intensity between the zones with the highest contribution 
by the amorphous part (19~22°) (Foresti et al. 2014).
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Table 4. Percentage of amylose, degree of crystallinity and molecular order.

Sample Amylose (%) 1CD (%) 2CD (%) 3CD (%) 4OM1
5OM2

ANY 18.64±0.18a 47.16±0.37a 43.59±0.63a 39.29±0.24a 0.930±2x10-3a 0.514±1x10-3a

AAM 16.91±0.27b 49.96±0.43b 46.25±0.28b 40.82±0.08b 0.903±1x10-3b 0.492±0x10-2b

BAM 17.71±0.46c 49.38±0.45a 45.46±0.22b 38.87±0.33c 0.945±1x10-3c 0.485±0x10-3b

AMG 16.10±0.14d 45.28±0.20c 42.79±0.41a 37.90±0.21d   0.961±0x10-3cd 0.519±2x10-3c

PUL 20.08±0.40e 41.22±0.50d 41.37±0.56c 36.65±0.10d  0.950±2x10-3d 0.547±1x10-3d

AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: pullulanase. 1CD: degree of crystallinity deconvolution method; 2CD: 
degree of crystallinity "maximum height" method; 3CD: degree of crystallinity estimated by FTIR; 4OM1: molecular order based on the ratio 
1,047/1,022 cm-1, 5OM2: molecular order based on the ratio 995/1,022 cm-1. Equal letters within a column do not differ statistically (P<0.05).

Results showed that the CD variations by such techniques 
were low, although, for the maximum height method, 
the CD1 values in AAM and BAM starches increased 
concerning the ANY sample. This could corroborate the 
preferential action of amylases on the amorphous zones 
in native cassava starch. In turn, the decrease of CD2 in 
AMG and PUL starches presupposes a depolymerization 
in both amorphous and crystalline zones, thus causing a 
greater molecular disorganization in the granule, which is 
reflected in the morphological changes evaluated by SEM.

FTIR spectra in the mid-infrared region of native and 
enzymatically modified starches are presented in Figure 
5. This method has been used to evaluate changes in starch 
structural organization at the short-range order molecular 
level (Gao et al. 2023). All the evaluated starches presented 
peaks at the 3,350 and 1,620 cm-1 bands designated to 

the stretching and angular deformation of O-H groups in 
tightly bound glucose units and water molecules, their width 
is attributed to the formation of inter- and intramolecular 
hydrogen bonds (Miao et al. 2015). The band at 2,940 cm-1 
is related to the stretching of C-H groups in glucose units; 
consequently, its intensity varies with the ratio of amylose/
amylopectin polymeric components (Almeida et al. 2019). 
The shifts and changes in band frequencies at 3,350, 
2,940, and 1,620 cm-1 in the hydrolyzed cassava starches 
with respect to the native counterpart allow us to suggest 
a possible molecular reorganization in the amorphous and 
crystalline lamellae after enzymatic treatments. In agreement 
with Ma et al. (2019), a helical realignment within the 
crystalline lamellae in modified starches is suggested due 
to shifts in the bands of C-H and O-H functional groups, 
which are structurally associated with glycosidic bonds and 
water strongly bound to the starch structure.

ANY
AAM
BAM
AMG
PUL

Ordered

Amorphous

Hydrated

4000          3500         3000          2500         2000           1500    1400         1300         1200         1100          1000

Wavelength (cm-1)

Figure 5. FTIR spectra of native and hydrolyzed cassava starches. AAM: α-amylase; BAM: β-amylase; AMG: amyloglucosidase; PUL: 
pullulanase.
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The region between 1,200 and 900 cm-1 represents 
the fingerprint of starch, in which a crystalline region is 
characterized by absorption peaks at 1,047 and 995 cm-1, 
while the absorption peak at 1,022 cm-1 is linked to the 
amorphous region (Davoudi et al. 2022; Gao et al. 2023). 
In this region, the bands at 1,080 and 1,150 cm-1 have 
been assigned to the bending and stretching vibrations 
of the C-O ring of anhydroglucose molecules (Wang et al. 
2019). In turn, the ratio between bands at 1,047/1,022 cm-1 
were used to quantify the degree of molecular order (MO) 
in starch granules (Table 4). The MO values presented a 
decrease in AAM and BAM starches with respect to native 
cassava starch (ANY), but significantly increased in AMG 
and PUL starches. These results suggest irreversible 
changes in the semicrystalline order of granules after 
polymeric degradation. An increase in MO values is 
likely correlated to helical disruption within the crystalline 
lamellae (Ma et al. 2019), which may lead to disorganization 
at the molecular level, as evidenced in AMG and PUL 
starches where changes in crystalline peaks and CD1 
were made based on X-ray diffraction spectra. From the 
amorphous and crystalline contributions defined by the 
ratio between the absorption peaks 1,047/1,022 cm-1, the 
maximum height method was applied assuming a baseline 
at the 1,065 cm-1 band to propose an alternative method 
to estimate and evaluate the degree of crystallinity by 
FTIR. The results show that the CD3 evaluated by FTIR 
were lower than those estimated by X-ray diffraction 
with differences of less than 15% (Table 4). Likewise, 
the results reveal that the CD behavior in the different 
enzymatic treatments concerning the native counterpart 
maintains a similar trend independent of the implemented 
method. Therefore, it can be assumed that the maximum 
height method applied to FTIR spectra is a good approach 
to evaluate the semicrystalline order of cassava starch 
granules during enzymatic modification processes.

Additionally, the band in the peak at 995 cm-1 has 
been assigned to the skeletal mode vibrations of the 
α-(1,4) (C-O-C) glycosidic bond, while the sharp peak at
1,022 cm-1 has been correlated to the stretching of C-O and 
C-O-C groups in α-(1,6) glycosidic bonds (Das and Kayastha 
2019). The ratio between the above bands was used as 
an approach to evaluate the differential enzymatic action 
of enzymes on glycosidic bonds (OM2) (Table 4). OM2 
values decreased after amylolytic processes with α- and 

β-amylase, indicating a possible higher activity on α-(1,4) 
glycosidic bonds. Also, a slight decrease in OM2 value in 
AMG starches suggests a presumed hydrolytic action on 
different glycosidic bonds in a random manner. However, 
Keeratiburana et al. (2020) state that amyloglucosidase 
is an enzyme with preferential action on linear chains, 
followed by action on branched sites. In contrast, a 
preferential action of pullulanase on α-(1,6)-glycosidic 
bonds can presumably be assigned due to increased OM2 
values. Therefore, the behavior of OM2 values suggests 
that hydrolytic processes attacked linear and branched 
ones in native cassava starch, causing changes at the 
morphological and structural level, which have been 
previously verified through SEM and XRD analysis.

CONCLUSION
The enzymatic activity of β-amylase and pullulanase 
on native cassava starch granules was lower than that 
presented by the enzymatic polypeptides of α-amylase and 
amyloglucosidase, which had a higher rate of conversion 
to glucose, linked to a better biochemical affinity between 
the active site of the enzyme and the substrate. The 
morphological and structural results revealed that the 
hydrolysis was performed in two stages with different 
conversion rates depending on the polymeric packing and 
the crystallinity levels inside the granule. The correlation of 
structural analyses performed by XRD and FTIR suggest 
that α- and β-amylase present a preferential action in the 
amorphous zones by selectively attacking internal and 
external α-(1,4)-glycosidic bonds, respectively. Additionally, 
they lead to the formation of granules with an eroded 
or porous surface and a crystalline structure of higher 
molecular order. On the contrary, from a semicrystalline 
approach, the hydrolytic action of amyloglucosidase 
on polymeric chains seems to occur randomly, with a 
higher activity on truncated or previously eroded zones 
leading to fragmented granules of hollow structure. In 
turn, pullulanase presented a preferential action on the 
branched ends of amylopectin, decreasing the degree of 
crystallinity in eroded and highly fragmented granules.
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Postharvest conservation of fresh fruits and vegetables is a constant challenge in the food industry. 
Biodegradable coatings represent an innovative and sustainable solution to extend their shelf 
life. In this context, this research evaluated the influence of a coating based on oxidized banana 
starch (Musa paradisiaca L. group AAA, cv. Cavendish) and olive oil on the conservation of cherry 
tomatoes (Solanum lycopersicum cv. Cerasiforme) during their storage at ambient conditions. 
Coating-forming emulsions were prepared using starch (4% m v-1) with a high degree of oxidation, 
glycerol, Tween 80, and olive oil. The products were dip coated. The starch extraction yield was 
27.26% by the wet milling method. The contents of lipids, crude fiber, proteins, carbohydrates, 
and ashes tended to decrease in oxidized starches with increasing reaction time, the opposite 
behavior for humidity (P≤0.05). Solubility and oil absorption capacity increased in oxidized 
starches, while water absorption and swelling power decreased (P≤0.05). The best combination 
for the formulation of oxidized starch coatings was 3% (m v-1) of glycerol and 0.3% (m v-1) of oil. 
This coating reduced weight losses and delayed the ripening process. The results suggested 
that the use of coatings based on oxidized banana starch and olive oil is an effective strategy for 
maintaining the quality and freshness of the fruits during a longer storage period.

La conservación poscosecha de frutas y hortalizas frescas es un desafío constante en la 
industria alimentaria. Los recubrimientos biodegradables representan una solución innovadora y 
sostenible para prolongar su vida útil. En este contexto, esta investigación evaluó la influencia 
de un recubrimiento a base de almidón oxidado de plátano (Musa paradisiaca L. grupo AAA, cv. 
Cavendish) y aceite de oliva en la conservación de tomates cherry (Solanum lycopersicum cv. 
Cerasiforme) durante su almacenamiento en condiciones ambientales. Se prepararon emulsiones 
formadoras de recubrimiento usando almidón (4% m v-1) con alto grado de oxidación, glicerol, 
Tween 80 y aceite de oliva. Los productos se recubrieron mediante inmersión. El rendimiento 
de extracción del almidón fue de 27,26% por el método de molienda húmeda. Los contenidos 
de lípidos, fibra cruda, proteínas, carbohidratos y cenizas tendieron a disminuir en los almidones 
oxidados al aumentar el tiempo de reacción, comportamiento opuesto para la humedad (P≤0,05). 
La solubilidad y capacidad de absorción de aceite aumentaron en los almidones oxidados, mientras 
que la absorción de agua y poder de hinchamiento disminuyeron (P≤0,05). La mejor combinación 
para la formulación de los recubrimientos de almidón oxidado fue 3% (m v-1) de glicerol y 0,3% (m v-1) 
de aceite. Este recubrimiento redujo las pérdidas de masa y retrasó el proceso de maduración. 
Los resultados sugirieron que el uso de recubrimientos a base de almidón oxidado de plátano y 
aceite de oliva es una estrategia eficaz para mantener la calidad y frescura de los frutos durante un 
periodo de almacenamiento más prolongado.
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T
here are new packaging methods, among which, 
coatings are qualified as a promising technology 
due to their applicability and characteristics 
attributed to the different products involved in 

their matrix. Besides, these coatings are environmentally 
friendly, as they try to minimize the impact of traditional 
packaging by using natural and biodegradable biopolymers 
that are obtained from natural sources or extracted from 
industrial by-products (Fernández et al. 2017).

The coatings consist in coating a fruit or vegetable with 
one or several thin layers of a continuous matrix that fits 
around the product. They are usually applied by immersion 
in the coating-forming solution, to reduce quality loss and 
extend the shelf life of fruits and vegetables, either whole 
or minimally processed, in synergy with other treatments 
and ingredients (Fernández et al. 2017).

Among the polysaccharides of greatest interest for the 
formulation of coatings is starch, which forms cohesive 
molecular networks that confer good mechanical 
properties such as adhesion and flexibility, which depend 
on the composition and source of the starch. These 
coatings are tasteless, odorless, and transparent, having 
a minor impact on the coated product. However, they 
present poor barrier properties against water vapor, 
and their semi-crystallinity and rapid degradation affect 
their mechanical properties, so their structure must be 
modified to improve these properties (Ramos-García et 
al. 2018).

Oxidation is a feasible chemical modification route, in 
which sodium hypochlorite (NaOCl) acts as an oxidizing 
agent. This reaction consists of the introduction of 
carbonyl and carboxyl groups that hydrate and swell the 
molecule better, improve stability at high temperatures, 
and impart transparency and low viscosity compared 
to native starch. During starch oxidation, the primary 
hydroxyl groups are oxidized to carboxyl groups or 
aldehydes, depending on the conditions of oxidant 
concentration, pH, and starch origin, among others. 
Partial depolymerization of the polysaccharide chains also 
occurs and various degrees of oxidation are obtained; 
for example, when there is a low concentration of active 
chlorine in an alkaline medium, a greater number of 
carboxyl groups are formed (Bonilla et al. 2013; Ramos-
García et al. 2018).

Starch oxidation is used in various applications due to its 
ability to enhance the properties of starch-based materials. 
Oxidation of starch modifies its chemical structure, 
improving its solubility and reducing its viscosity, which 
facilitates the formation of thin, uniform films and coatings. 
This modification is crucial in the food industry for creating 
effective edible coatings that improve food preservation. 
Oxidized starches provide better moisture and oxygen 
barrier properties, which are essential for extending the 
shelf life of perishable products. Studies have shown that 
oxidized starch coatings can reduce moisture loss and 
delay spoilage, which contributes to better preservation of 
fruits and vegetables, such as cherry tomatoes (Zamudio-
Flores et al. 2010). Furthermore, these coatings often 
exhibit antimicrobial properties, which help in controlling 
microbial growth and reducing fungal decay, thereby 
enhancing the shelf life and safety of the food (Ungureanu 
et al. 2023). Overall, the use of oxidized starch in edible 
coatings is justified by its improved functional properties 
and effectiveness in food preservation.

Among these products, there is the cherry tomato (Solanum 
lycopersicum cv. Cerasiforme). The cherry tomato is a 
vegetable of importance due to its wide consumption, either 
as a fresh product or as raw material for the food industry 
and is characterized by a short shelf life (Pérez-Díaz et al. 
2020); due to physiological changes during its postharvest 
stage. Its aw is 0.94, which is associated with the loss of 
water vapor during transpiration (Fich et al. 2020) and the 
subsequent weight loss due to dehydration. This, in turn, 
causes softening, flaccidity, and loss of turgidity and texture.

Previous studies have shown that edible coatings enhance 
the quality and shelf life of cherry tomatoes. For instance, 
the application of cornstarch coatings on tomato fruits 
has proven effective in maintaining postharvest quality by 
reducing weight loss and delaying ripening (Fitch-Vargas 
et al. 2019). Other studies have highlighted the use of 
various starch modifications, including oxidized and heat-
moisture-treated starches, which enhance the mechanical 
and barrier properties of the coatings (Zavareze et al. 2012).

Considering the above, this research aimed to evaluate the 
influence of a coating based on banana (Musa paradisiaca L. 
AAA group, cv. Cavendish) oxidized starch and olive oil on 
the preservation of cherry tomatoes (Solanum lycopersicum 
cv. Cerasiforme) during their storage at ambient conditions.
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MATERIALS AND METHODS
Isolation and chemical modification of banana starch
Green bananas (Musa paradisiaca L. AAA Group, cv. 
‘Cavendish’) with a maturity grade of one according to 
the Von Loesecke scale and caliber of 39 to 42 cm (NTE 
INEN 2801, 2013), were acquired in the twelfth week of 
harvest, in a farm in La Iberia parish of El Guabo canton 
of El Oro province, Ecuador.

Starch isolation was carried out by the wet method (Hidalgo 
et al. 2020). For this, once the peel was removed, the 
fruit was cut into pieces 2 to 3 cm long. Wet grinding was 
achieved with a 3% (m v-1) citric acid solution at a ratio 
of 1:0.25 with a domestic blender at 3,600 rpm for 2 min. 
The product obtained was filtered through a 345 µm mesh 
and washed until the outlet liquid was free of apparent 
starch residues. Subsequently, the liquid was allowed to 
settle for 3 h. The sediment was centrifuged (Corning® 
LSETM, NY, USA) at 5,000 rpm and the supernatant was 
removed. The paste (native starch) was centrifuged again 
and oven-dried (Memmert, Schwabach, Germany) at 50 °C
for 24 h to a constant mass. Finally, the dried product 
was ground and passed through a No. 60 mesh sieve 
(250 µm, ASTM E11, Gilson Co. Inc., USA) to obtain a 
uniform particle size. The yield (%) was calculated using 
Equation 1, Both masses were expressed in g. 

Mass of dry starch
Yield(%) x 100

Mass of banana pulp
= (1)

Starch oxidation
Starch oxidation was done according to the 
methodology proposed by Carhuallay et al. (2020) 
with some modifications. A starch solution (100 mL) 
was prepared at 30% (m  v -1); this was then placed 
in a thermo-stirring plate (Cimarec+TM Thermo Fisher 
Scientific Inc., Waltham, Massachusetts, USA) at 525 
min-1 and heated to 30 °C. The pH was then adjusted 
to between 9 and 9.5 with NaOH at 2 N. Next, 100 mL 
of 1.5% (m  v -1) NaClO was added dropwise for 30 min. 
During this time, the pH was maintained between 9 and 
9.5 with H2SO4 at 1 N. The solution was continuously 
stirred to promote the reaction according to the time 
evaluated in each treatment (40 and 90 min) and the 
pH was kept constant with a solution of NaOH at 1 N. 
When the reaction was finished, 1 g of sodium bisulfite 
was added and left to act for 1 min. The effluent 

was filtered with Whatman® qualitative filter paper until 
a clear liquid was obtained. The retained product was 
placed in an oven at 45 °C for 16 h until constant mass 
and was then ground and sieved.

Determination of carbonyl and carboxyl groups of 
starch
The carbonyl group was determined according to 
a volumetric method adapted by Fonseca et al. 
(2015). Four grams on a dry basis of oxidized starch 
was added to 100 mL of distilled water in a 500 mL 
beaker. The suspension was gelatinized in a boiling 
water bath for 20 min. The suspension was cooled 
until 40 °C and the pH was maintained at 3.2 with 0.1 N 
HCl. Following this, 15 mL of a hydroxylamine reagent 
were added to the mixture; the beaker was capped 
and placed in a water bath at 40 °C for 4 h with slow 
stirring on a thermostirring iron. For the preparation of 
the hydroxylamine reagent, a 500 mL volumetric flask 
was used in which 25 g of hydroxylamine hydrochloride 
were dissolved in 100 mL of NaOH at 0.5 N, completing 
the volume with distilled water. The reaction mixture 
was titrated to pH=3.2 with 0.1 N standardized HCl to 
determine excess hydroxylamine. The blank was titrated 
with native starch and hydroxylamine reagent following 
the same procedure. The carbonyl percentage was 
calculated according to Equation 2. 

(2)
Blank Sample

(HCl)
Dry base

V V
Carbonyl(%) x C x 0.028 x 100

M

−
=

Where V is the volume consumed by the blank and 
sample, expressed in mL; M is the mass in g; and C is, 
the equivalent molar concentration of HCl.

The carboxyl group was quantified according to Ashwar 
et al. (2014). In a 100 mL beaker, 2 g (bs) of starch was 
placed, 25 mL of HCl at 0.1 N was added and continuously 
stirred in a thermostirring iron at 350 min-1 for 30 min. The 
suspension was then filtered and washed with sufficient 
distilled water. The starch was then placed in a 600 
mL beaker and 300 mL of distilled water was added; 
the solution was boiled for 10 min to achieve complete 
gelatinization and allowed to cool to 40 °C. Subsequently, 
it was titrated with NaOH at 0.1 N. This procedure was 
also performed with the native starch as blank. Equations 
3 and 4 determined the carboxyl content (%):
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Blank Sample
NaOH

Dry base

meq acid
Carboxyl(%) 0, 00453 100

100 g of starch

V Vmeq acid
x C 100

100 g of starch M

= × ×

−
= ×

(3)

(4)

Where V is the volume consumed by the blank and sample, 
expressed in mL; M is the mass in g; and C is the equivalent 
molar concentration of NaOH.

Proximal composition of starches
The determination of the proximate composition of native 
and oxidized starches included the determination of protein 
content by the Dumas method (Mikó et al. 2023), crude 
fiber by the Weende method (Lopes et al. 2021); lipids 
and ash according to AOAC (2020). The moisture content 
was determined according to AOAC (2020). The total 
carbohydrate content was determined by difference.

Functional characterization of starches
Water solubility index (ISA), water absorption index 
(IAA), and swelling power (PHi) values were determined 
(Salcedo-Mendoza et al. 2016). To 1 g (dry basis) of 
starch contained in a test tube, 25 mL of distilled water 
preheated to 60 °C was added. The suspension was kept 
in a water bath at 60 °C for 30 min and manually shaken 
for 10 min after the heating started. Subsequently, it was 
centrifuged at 2,500 min-1 for 15 min and the supernatant 
(soluble starch) was recovered and the total volume 
was determined. Next, 10 mL of the supernatant was 
deposited in a Petri dish, previously weighed; it was dried 
in an oven at 70 °C for 16 h. The masses of the Petri 
dish with the material and the centrifuge tube containing 
the gel (insoluble starch) were recorded. The values of 
ISA, IAA, and Phi were calculated from Equations 5, 6, 
and 7, respectively. 

(5)

(6)

(7)

All masses were expressed in g and volumes in mL.

Oil absorption capacity (CAA) was determined using the 
methodology proposed by Olatunde et al. (2017) with 
modifications. In a centrifuge tube, previously weighed, 
2 g of sample was deposited and mixed with 20 mL of 
edible oil. It was allowed to stand at room temperature for 
30 min; then it was centrifuged at 2,000 min-1 for 25 min 
and the supernatant oil was removed, finally, the tubes 
were weighed on an analytical balance and the results 
were expressed according to Equation 8. 

(8)

The CAA was expressed in %, and both masses in g.

For the determination of the gelling temperature, a 10% 
(m v-1) starch solution was prepared in a 150 mL beaker, 
which was placed in a water bath at 85 °C. A thermometer 
was then placed inside the beaker and stirred continuously. 
Finally, the reading was taken when a paste was formed and 
the temperature remained stable (Carhuallay et al. 2020).

Selection of a coating based on the weight loss of 
cherry tomatoes
For the formulation of the coatings, an experimental 
design 22 completely randomized was applied using 
the Statgraphics Centurion XVI.I program (Statgraphics 
Technologies Inc., Virginia, USA), which was executed 
in three blocks, generating 12 runs that included eight 
replicates. The oxidized starch content was adjusted to 
4% (m v-1) in all runs. The percentages of glycerol (3 
and 3.5% mv-1) and olive oil (0.3 and 0.4% m v-1) were 
considered as design factors. The effect of the treatments 
on weight losses of cherry tomatoes (S. lycopersicum cv. 
Cerasiforme) was analyzed and a model was obtained 
for its estimation under the storage conditions studied. 
The results were expressed as percentage weight loss 
(WL) according to Equation 9. 

(9)M Mi fWL(%) 100
Mi

−
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Where WL is the weight loss (%); Mi is the initial mass (g); 
and Mf, the final mass (g).

Preparation and application of coating-forming 
emulsions
For the preparation of the coating-forming emulsions, 
the methodology described by El Halal et al. (2015) was 
followed with some modifications. Starch with a high 
degree of oxidation was used to prepare the coating-
forming emulsions. The oxidized starch solution (4% m v-1) 
for each of the treatments was heated with constant 
stirring to a temperature between 68 and 69 °C, 
corresponding to the gelatinization temperature (Schmiele et 
al. 2019). Next, the amount of glycerol was added according 
to the experimental design, and stirring was continued 
for 30 min maintaining the temperature constant. After 
cooling the solution to 35 °C, Tween 80 was added as an 
emulsifier considering a 1:1 ratio based on the amount of 
olive oil and stirring was continued for 1 min. Subsequently, 
the olive oil was added; this dispersion was homogenized 
(Homogenizer D-500, DLAB Scientific Instrument Inc., 
California, USA) at 15,000 rpm for 4 min.

To evaluate the effect of each of the coatings, selected 
cherry tomatoes were used, considering that they all 
presented similar sizes and ripening degrees of four 
(Saborío 2021) and without mechanical damage. The 
tomatoes were disinfected with a NaClO solution at 
5 mg kg-1 for 15 min, dried and coated by immersion in the 
film-forming emulsion for 4 min, and left to dry at ambient 
conditions for 48 h. The tomatoes were then dried at room 
conditions for 48 h. The tomato mass was then recorded, 
and the tomatoes were dried at 5 mg kg-1. The individual 
mass of the tomatoes was then recorded and considered 
as the initial mass; the final mass was determined after 
five days of storage at ambient conditions (20 to 25 °C 
and 70 to 85% relative humidity), dependent on time of 
day (Dovale-Rosabal et al. 2015).

Preservation of cherry tomatoes with oxidized starch-
based coatings
Based on the results on the effect of coatings on weight 
loss, a formulation was selected to verify its influence on 
the preservation of cherry tomatoes during storage under 
ambient conditions. The selected coating was applied by 
immersing the tomatoes in the emulsion for 4 min, followed 
by ambient drying for 48 h (Hoyos-Yela et al. 2019).

During 16 days of storage of cherry tomatoes, refractometric 
soluble solids (Al-Dairi et al. 2021), titratable acidity (Al-
Dairi et al. 2021), pH (NTE INEN-ISO 1842, 2013), and 
percentage weight loss were determined. To compare 
the changes, a batch of uncoated tomatoes was kept 
under the same storage conditions.

Statistical analysis
Analysis of variance was carried out to determine the 
statistical significance of the results of the different 
determinations. If there were significant differences, 
Duncan’s multiple range test was applied to determine the 
differences between means (P≤0.05). These differences 
were indicated with different letters for a determination.

RESULTS AND DISCUSSION
Yield of banana starch extraction
The banana starch extraction yield was 27.26±3.95%, 
applying wet milling, determined based on the weight 
of the peeled immature fruit. This value was similar 
to those reported by Hidalgo et al. (2020) for plantain 
(Musa paradisiaca) starch extraction. In these works, the 
influence of several variables of the wet milling process 
that affect this indicator, such as grinding speed and 
time, was explained.

Chemical characteristics of oxidized starch
Table 1 shows the results of the effect of oxidation time 
on the degree of starch oxidation. An increase (P≤0.05) 
of carbonyl and carboxyl groups formed was evident as 
the reaction time at constant temperature increased.

The reaction time of 90 min was more effective in 
obtaining a higher degree of oxidation, with values 
of 0.107±0.1027% for carbonyl groups (C=O) and 
0.071±0.0046% for carboxyl groups (COOH), behavior 
similar to those described by Bonilla et al. (2013) and 
Sumardiono et al. (2021) for cassava and sago starch, 
respectively. This is related to the oxidizing agent initially 
converting hydroxyl groups to carbonyl groups (C=O). 
Subsequently, these are converted to carboxyl groups 
(COOH) that are selectively formed by the oxidation of 
hydroxyl groups on the carbons of positions 2, 3, and 6 
of the glucose units that make up the starch molecule 
(Bonilla et al. 2013), defining the degree of substitution. 
Other factors such as pH, concentration of the oxidizing 
agent, and temperature influence this reaction. 
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Table 1. Effect of oxidation time on the oxidation degree of banana starch (Musa paradisiaca L. AAA group, cv. Cavendish).

Reaction time
(min)

Carbonyl groups
(%)

Carboxyl groups
(%)

0 0.000±0.0000a 0.000±0.0000a

40 0.059±0.0036b 0.048±0.0028b

90 0.107±0.1027c 0.071±0.0046c

Mean ± standard error; n=3. Different letters in the same column indicate significant differences (P≤0.05).

Effect of oxidation on the proximal composition of 
banana starch
The protein and moisture contents of the native starch were 
2.06±0.0306 and 10.22±0.0833%, respectively (Table 2), 
values close to those reported by Zamudio-Flores et al. 
(2015). For lipid, crude fiber, and carbohydrate contents, 
values of 0.7±0.0379, 0.42±0.0264, and 85.15±0.2685%, 

respectively, were obtained. These values depend on factors 
such as the origin and variety of the banana, regional climate, 
cultural practices, harvesting conditions, isolation methods, 
and type of oxidizing agent used in extraction, among others 
(Helen et al. 2022; Olatunde et al. 2017). The ash percentage 
was 1.46±0.0321%, which could be due to the presence 
of minerals such as calcium, potassium, and magnesium. 

Table 2. Effect of oxidation time on the proximal composition of banana starch (Musa paradisiaca L. AAA group, cv. Cavendish).

Reaction time
(min)

Carbohydrates
(%)

Lipids
(%)

Proteins
(%)

Crude fiber
(%)

Ashes
(%)

Humidity
(%)

0 85.15±0.2685a 0.70±0.0379a 2.06±0.0306a   0.42±0.0264a 1.46±0.0321a 10.22±0.0833a

40 84.50±0.0458b 0.42±0.0346b 1.35±0.0361b 0.32±0.035b 1.34±0.0416b 12.06±0.0872b

90 84.06±0.3164c 0.30±0.0100c 1.02±0.0964c   0.22±0.0208c 1.32±0.0945c 13.10±0.0416c

Mean ± standard error; n=3. Different letters in the same column indicate significant differences (P≤0.05).

The oxidation reaction time increased the moisture 
percentage (P≤0.05) in oxidized starches from 12.06±0.0872 
to 13.1±0.0416%, compared to native starches. This could 
have been due to the increase in the hydrophilic potential 
of oxidized starches because the carbonyl and carboxyl 
groups inserted in the molecule formed hydrogen bonds 
with water molecules (Zamudio-Flores et al. 2015). The 
contents of lipids, crude fiber, proteins, carbohydrates, and 
ash tended to decrease when the reaction time increased 
(P≤0.05). This was related to the oxidative effect of chlorine 
on protein denaturation, lipid saponification, and chemical 
disintegration in the starch molecule, due to the exposure 
time to sodium hypochlorite, as well as to the leaching of 
minerals during the oxidation process (Olatunde et al. 2017).

Effect of oxidation on the functional properties of starch
The technological behavior of starch is in correspondence 
with its functional properties, which are specific according 
to the starch origin and degree of modification (Cedeño-
Sares et al. 2021). Table 3 shows the values of the functional 

properties of starches. It is observed that the ISA increased 
with oxidation time, indicating greater solubility of the 
oxidized starch. On the other hand, both PHi and IAA 
decreased, suggesting a lower capacity of oxidized starch 
to absorb and retain water. CAA increased significantly, 
demonstrating a better ability of oxidized starch to 
interact with oils, which would be beneficial in some 
food applications. The gelation temperature decreased 
with oxidation time, implying that oxidized starch requires 
less energy to form a gel, an advantageous characteristic 
for certain industrial processes.

For native starch, these values were similar to those 
reported by Cedeño-Sares et al. (2021) and Correa et al. 
(2017) for starch from banana (Musa AAA cv. Cavendish) 
and Dominican plantain (M. paradisiaca), respectively. 
However, it was evidenced that increasing the reaction 
time, increased the ISA values (P≤0.05), expressed as 
soluble starch, from 0.031±0.0011 to 0.033±0.0016 g g-1

sample, compared to that obtained for native starch 
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(0.027 g g-1 sample). Olatunde et al. (2017) also obtained 
similar behavior in a study developed with bananas. 
According to Salcedo-Mendoza et al. (2018), ISA is related 
to the granule size and amylose content present in starch.

A contrary situation was observed for PHi and IAA values. 
As the reaction time increased, these values tended to 
decrease (P≤0.05), compared to those of native starch. 
This could be due to the structural disintegration of the 
granules, which would cause a decrease in the amorphous 
region (Carhuallay et al. 2020), with a low capacity to retain 
water, decreasing its PHi and IAA, with an increase in 
solubility (Vanier et al. 2017).

Reaction time increased AAC, coinciding with that reported 
by De Barros et al. (2016). Among the factors related to 
this increase, is the presence of crystalline and amorphous 
regions that are affected by the oxidizing agent (Tovar-

Table 3. Effect of oxidation time on functional properties of banana starch (Musa paradisiaca L. AAA group, cv. Cavendish).

Reaction time
(min)

ISA
(g soluble 

starch g-1 sample)

PHi
(g g-1)

IAA
(g insoluble 

starch g-1 sample)

CAA (%) Gelling temperature
(°C)

0 0.027±0.0011a 2.07±0.0135a 2.04±0.0142a 103.2±2.0236a 77.83±1.0408a

40 0.031±0.0011a 1.95±0.0141b 1.92±0.0132b 120.0±2.0216b   71.5±0.5000b

90 0.033±0.0016b 1.89±0.0139c 1.87±0.0141c 124.3±2.8158b  68.67±1.5275b

ISA, water solubility index; IAA, water absorption index; Phi, swelling power; CAA, Oil absorption capacity. Mean ± standard error; n=3. 
Different letters in the same column indicate significant differences (P≤0.05).

Benítez et al. 2019). The native starch presented higher 
water and oil retention, but lower solubility because its 
structure remained intact.

Concerning the gelation temperature, the values obtained for 
native starch corresponded to those reported by Martínez et 
al. (2015). However, extending the reaction time decreased 
(P≤0.05) the gelation temperature in oxidized starches. This 
was due to the early weakening and breaking of amylopectin 
double helix bonds and the introduction of negatively charged 
carbonyl and carboxyl groups, facilitating hydration, which 
would weaken the starch granule and cause it to gelatinize 
at a lower temperature (Carhuallay et al. 2020).

Influence of coatings on weight losses of cherry 
tomatoes
From the analysis of weight losses in cherry tomatoes for 
each of the treatments (Table 4), it was evidenced through 

Table 4. Weight loss percentage of cherry tomatoes (Solanum lycopersicum cv. Cerasiforme) in each treatment.

Treatment Glycerol
(% m v-1)

Olive oil
(% m v-1)

Weight loss
(%)

1 3.5 0.4   9.32 (0.0141)a

2 3 0.4 10.97 (0.0282)b

3 3.5 0.3   9.32 (0.0141)a

4 3 0.3   7.50 (0.0708)c

5 3.5 0.3   9.81 (0.0138)d

6 3.5 0.4   9.33 (0.0141)a

7 3 0.4 10.24 (0.1414)e

8 3 0.3   7.73 (0.1555)f

9 3 0.3   7.87 (0.1414)f

10 3 0.4 10.65 (0.1555)h

11 3.5 0.4   9.41 (0.1535)a

12 3.5 0.3   9.69 (0.1272)d

Mean (Standard error); n=3. Different letters indicate significant differences (P≤0.05).
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the Pareto diagram (Figure 1A), that the percentage of 
olive oil and its interaction with the percentage of glycerol 
as components of the coating-forming emulsions, had an 
impact (P≤0.05) on weight losses, evidencing a correct 

functionality of the coating. Glycerol is a hydrophilic 
molecule that facilitates water vapor migration; fatty 
acids in the film matrix, on the other hand, impart 
hydrophobicity. 

Figure 1. Influence of coatings based on banana oxidized starch and olive oil on weight losses of cherry tomatoes (Solanum lycopersicum cv. 
Cerasiforme): A) Pareto diagram; and B) estimated response surface.

The estimated response surface diagram (Figure 1B) 
shows the relationship between the factors studied and 
their combined effect on weight loss, in correspondence 
with the adjusted model that describes the behavior of 
this variable. Treatments with lower concentrations of 
olive oil (0.3% m v-1) generally exhibit slightly lower weight 
loss percentages compared to treatments with higher 
olive oil concentrations (0.4% m v-1), independently of 
the glycerol concentrations. This could be related to the 
influence of olive oil on the mechanical behavior of the 
coating, that is, the concentration of olive oil could affect 
its physical properties and increase the rate of weight 
loss during storage (Dovale-Rosabal et al. 2015). The 
variability in weight loss percentages across treatments 
indicates that factors other than olive oil concentration, 
such as glycerol concentration and other experimental 

conditions, may also influence weight loss in cherry 
tomatoes.

The value of the coefficient of determination indicated 
that the adjusted model (Equation 10) was able to explain 
96.52% of the variability in weight losses in coated cherry 
tomatoes, which allowed obtaining the best combination 
in the experimental region studied, for the formulation of a 
coating that would minimize weight losses during storage. 

 y = -69.6362 + 22.859 X1 + 219.6 X2 - 63.6487 X1 X2     (10)

Where y is the weight loss; X
1 is glycerol concentration; 

and X
2 is olive oil concentration.

The olive oil concentration and its interaction with the 
glycerol concentration were significant (P≤0.05). Thus, 
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it was obtained that for four oxidized starch coatings, it 
was necessary to add 0.3% (m v-1) olive oil and 3% (m v-1) 
glycerol. This formulation corresponded to the coating 
selected to evaluate its influence on the preservation of 
cherry tomatoes.

Influence of oxidized starch-based coatings on the 
preservation of cherry tomatoes
The pH and acidity values presented a characteristic 
behavior of the ripening of cherry tomatoes during storage 

(Figure 2), without significant variations due to the coating. 
The increase in pH and decrease in acidity could be mainly 
due to the transformation of organic acids into sugars 
through cellular respiration (Hoyos-Yela et al. 2019), a 
process that consumes these acids and generates less 
acidic products, which could raise the pH of the fruit. 
Furthermore, water loss through transpiration and specific 
storage conditions, such as the use of the coating, can 
influence the enzymatic and metabolic activity of the 
product, facilitating the degradation of organic acids. 

Figure 2. Evolution of pH and acidity in coated and uncoated cherry tomatoes (Solanum lycopersicum cv. Cerasiforme) during their storage 
at ambient conditions. Different letters indicate significant differences (P≤0.05).

Figure 3 shows the gradual increase in soluble solids associated 
with the ripening process of cherry tomatoes with and without 
coating during storage. However, tomatoes with coating 
presented a lower rate of increase in soluble solids up to 12 
days of storage, compared to tomatoes without coating, possibly 
due to the reduction in respiration and ethylene production 

(Kumar and Saini 2021). The coatings form a physical barrier 
that limits the exchange of gases, including oxygen and carbon 
dioxide. This decreases the respiration rate of the tomatoes and 
slows down the ripening process and therefore the increase 
in soluble solids. Additionally, coatings, by reducing ethylene 
production, delay the conversion of starches to simple sugars, 
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one of the main causes of the increase in soluble solids in 
tomatoes during ripening.

The percentage of weight losses increased during 
storage (Figure 3); however, lower values were recorded 
for coated tomatoes. Osae et al. (2022) mentioned 

that coatings act as a semi-permeable barrier against 
gas and moisture exchange, due to the hydrophobic 
character of the colloidal matrix, in this case, influenced 
by the addition of olive oil. Finally, it was evidenced that 
the coating reduced weight losses in cherry tomatoes 
by approximately 10%.

Figure 3. Evolution of weight loss and total soluble solids in coated and uncoated cherry tomatoes (Solanum lycopersicum cv. Cerasiforme) 
during their storage at ambient conditions. Different letters indicate significant differences (P≤0.05).

CONCLUSION
The research determined the best combination (4% m v-1 
oxidized starch coatings, 3% m v-1 of glycerol, and 
0.3% m v-1 of olive oil), for the formulation for a coating 
based on oxidized banana starch and olive oil, offering 
valuable information on food preservation techniques. 
It demonstrated the potential of this coating to reduce 
weight loss and delay the ripening of cherry tomatoes 
during storage. By elucidating the effects of reaction 

time on the properties of oxidized starch and identifying 
the best coating composition, the study contributes to 
the understanding of starch-based coatings for food 
preservation. The extraction yield of banana starch was 
27.26% by the wet milling method. Lipid, crude fiber, 
protein, carbohydrate, and ash contents tended to decrease 
in oxidized starches as reaction time increased, the 
opposite behavior for moisture content (P≤0.05). Solubility 
and oil absorption capacity increased in oxidized starches, 
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while water absorption and swelling power decreased 
(P≤0.05). With the application of the coating, weight 
losses were reduced in cherry tomatoes stored for 16 
days under ambient conditions, and lower soluble solids 
values were obtained, as an indicator of the delay in the 
ripening process. These results support sustainable food 
packaging solutions by utilizing natural materials such as 
banana starch and olive oil, potentially reducing reliance on 
synthetic additives. Additional research could explore the 
long-term effectiveness and scalability of the developed 
coating under storage conditions. Comparative studies 
with other preservation methods or coatings could provide 
information on the relative effectiveness and applicability 
of this technique.
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Perhaps one of the most important goals of sustainable development for developing countries is to 
enhance the utilization of renewable energy sources in all sectors in general and the agricultural sector 
in particular. The pre-cooling process helps to maintain quality and extend the shelf life of the fruits 
and vegetables. The aim of this study was to fabricate an indirect evaporative solar precooler (IESP) 
to reduce post-harvest loss for agricultural products. Tomato crop was chosen to be pre-cooled as an 
example of agricultural value chains. Experimental variables included three temperatures of cooling 
water (15, 10  and  5  °C) and two air velocities that passed through the cooling cabinet (1.5  and  2.5  m s-1). 
The results showed that at 1.5 m s-1 air velocity, the actual coefficient of performance was 19.4, 25.5 
and 34.7% at cooling water temperatures 15, 10 and 5 °C, respectively. At 2.5 m s-1 air velocity, the 
actual coefficient of performance was 23.1, 28.8 and 37.2% at cooling water temperatures 15, 10 
and 5 oC, respectively. The performance of the IESP under these conditions was 15.4 oC, 91.5% 
RH, 0.338 TR refrigeration load and 37.2% COPcyc. Total energy consumption was 6.4 kWh day-1. 
The solar pre-cooler performance proved a very feasible solution to the demands of small and 
medium horticultural holdings, especially in cities with a very hot climate to keep vegetables and 
fruits from deteriorating after harvest.

Quizás uno de los objetivos más importantes del desarrollo sostenible para los países en desarrollo 
es mejorar la utilización de fuentes de energía renovables en todos los sectores en general y 
en el sector agrícola en particular. El proceso de pre-enfriamiento ayuda a mantener la calidad 
y prolongar la vida útil de las frutas y verduras. Este estudio tuvo como objetivo fabricar un 
preenfriador solar evaporativo indirecto (IESP) para reducir las pérdidas posteriores a la cosecha 
de productos agrícolas. El cultivo de tomate fue elegido para ser preenfriado como ejemplo de 
cadenas de valor agrícolas. Las variables experimentales incluyeron tres temperaturas del agua 
de enfriamiento (15, 10 y 5 °C) y dos velocidades del aire que pasó por el gabinete de enfriamiento 
(1,5 y 2,5 m s-1). Los resultados mostraron que a una velocidad del aire de 1,5 m s-1, el coeficiente 
de rendimiento real fue de 19,4, 25,5 y 34,7% a temperaturas del agua de refrigeración de 15, 10 y 
5 oC, respectivamente. A una velocidad del aire de 2,5 m s-1, el coeficiente de rendimiento real fue 
de 23,1, 28,8 y 37,2% a temperaturas del agua de refrigeración de 15, 10 y 5 oC, respectivamente. 
El desempeño del IESP bajo estas condiciones fue de 15,4 oC, 91,5% HR, 0,338 TR carga 
frigorífica y 37,2% COPcyc. El consumo total de energía fue de 6,4 kWh día-1. El rendimiento 
del preenfriador solar resultó ser una solución muy viable para las demandas de las pequeñas 
y medianas explotaciones hortícolas, especialmente en ciudades con un clima muy cálido, para 
evitar que las verduras y frutas se deterioren después de la cosecha.
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E
gypt is the Middle East and North Africa region’s 
most populous country with over 92 million people 
and a projected 120 million by 2050 (FAO 2019). 
Rapid population growth, along with limited 

freshwater resources and arable land, is placing greater 
stress on Egypt’s rural and urban food systems in terms of 
quantity and terms of changing food preferences towards 
high-value, more perishable fruits, and vegetables. While 
food needs are growing, Food Loss and Waste (FLW) in 
Egypt is high, especially for perishable products. Across 
the region, fruit and vegetable FLW is estimated to reach 
45-55% of production annually (FAO 2019). Baseline data 
estimates for quantitative loss of over 45-50% over grapes 
and tomatoes, respectively, in the production, retail, and 
wholesale stages of the value chain alone, along with a 
serious loss of quality (Gustavsson et al. 2013). The pre-
cooling process (Removing field heat) is considered one 
of the most important post-harvest processes that directly 
affect the quality and production. Pre-cooling reduces 
microbial activity, respiration rates, and vital heat. This 
process reduces water loss and decomposition; thus, it 
helps to maintain quality and extend the shelf life of the 
fruits (Elkaoud et al. 2024). The energy consumption for 
air-conditioning systems has recently been estimated 
to be 45% of households and commercial buildings. 
Moreover, the propagation of air-conditioning appliances 
reinforces peak electricity demand during summer. So, 
the consumption of electricity is a big problem for vapor 
compression refrigeration systems (Choudhury et al. 2013). 
Sorensen (2004) mentioned that in Egypt, the amount of 
incident solar radiation per square meter ranges between 
5.0 and 8.0 kWh per day with about 3,500 sunshine hours 
per year. Solar energy has incredible potential to power our 
daily lives. The reduction in temperatures has the added 
advantage of decreasing the production and sensitivity of 
the produce to ethylene which accelerates ripening and 
senescence. Therefore, the quicker and more promptly 
the field heats, after harvest temperature is reduced, the 
faster these decay processes are restarted and hence the 
more of the initial quality can be maintained. However, 
with the increase the production of ethylene, enzymatic 
activity and higher respiration rate during ripening causes 
cell wall weakening and firmness loss (Senthilkumar et 
al. 2015). The pre-cooling system needs to consider 
the optimal temperature range for each fruit variety to 
prevent damage. Fresh fruits and vegetables need low 
temperatures (0 to 12.7 °C) and high relative humidities 

(80 to 95%) to lower respiration and to slow metabolic 
and transpiration rates. By slowing these processes, 
water loss is reduced, and food value, quality, and energy 
reserves are maintained (Banerjee et al. 2021). Delay in 
pre-cooling of the product can cause a necessary loss 
of quality because field temperature can be up to 30 °C 
(Talbot and Chau 2002). For example, every 1-h delay 
in pre-cooling strawberries harvested at 54 °C will raise 
10% low in shelf life (Brosnan and Sun 2001). Removing 
field heat from agricultural products could double shelf 
life (Lipinski et al. 2013). Sood and Kumari (2023) found 
that post-harvest losses of fruits occur due to a lack of 
proper techniques for harvesting, transportation, storage, 
and distribution. The freshness of fruits after harvest is 
controlled by water content, respiratory rate, ethylene 
production, endogenous plant hormones, and external 
factors such as microbial growth, temperature, relative 
humidity, and atmospheric compositions. Therefore, post-
harvest loss of fruits can be considerably reduced and 
their shelf life increased by careful manipulation of these 
factors. Fruits can also benefit from controlled environment 
storage and regularization at low temperatures.

Elkaoud and Mahmoud (2022) are interested in the 
post-harvest operations of fruits in Egypt, especially 
small farms, they indicated that the total area under fruit 
cultivation in Egypt is about 700,854 hectares (7,008.54 
million square meters). The post-harvest storage of 
perishable agricultural products is important to reduce 
the gap between demand and supply. Cold storage 
technologies are not popular in rural and remote areas 
due to the higher initial cost and the electrical energy 
requirement. Therefore, some low-cost technologies 
have been developed and, among these technologies, 
the evaporative cooling technology is gaining in popularity 
due to its simple design and lower initial cost (Kapilan 
and Patil 2023). Stand-alone cooling systems for the 
storage of perishables are needed in regions of the world 
lacking reliable electricity and the financial wherewithal 
to make sufficient investments in on-grid cold stores. To 
meet this need, an off-grid, batteryless solar refrigerated 
and evaporative cooled (SREC) was structured so that 
it can be self-built by smallholder farmers. Several 
innovative features have been incorporated including a 
“water battery” (a thermal reservoir) to provide nighttime 
cooling, a dual-use refrigeration coil to cool the thermal 
reservoir and interior air simultaneously, and a solar 
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adaptive controller to regulate power demand by 
refrigeration compressor based on available solar 
energy (Chopra et al. 2023). Vala (2022) reported that 
there are two principal methods of evaporative cooling: 
direct cooling and indirect cooling. Direct and indirect 
processes can also be combined. In the direct method 
of evaporative cooling outside unsaturated air is 
allowed to pass through a wet pad, due to evaporation 
of water air gets cooled and humidified. Whereas, in 
indirect method of evaporative cooling air is cooled as it 
flows outside the tubes of the heat exchanger in which 
cold water circulates. The combination of these two 
systems has obtained significantly enhanced cooling 
performance, with nearly 90% and a high energy 
efficiency ratio of up to 80. This system is energy efficient, 
environment friendly and having potential for cooling and 
storage of fruits and vegetables in countries where hot 
and dry weather prevails for most of the part. Sibanda 
and Workneh (2020) developed an indirect air-cooling 
combined with evaporative cooling (IAC + EC) system 
for temporary storage of fruit and vegetables (FV) to 
improve the shelf life of fresh produce under hot and 
humid climatic conditions. The study aimed to investigate 
the effect of IAC + EC in providing an optimum storage 
environment of temperature and relative humidity (RH) 
for the tomato fruit compared to storage under ambient 
conditions. The cooler efficiency varied from 88.04 to 
95.6%. The results in this study are evidence that IAC + 
EC system can provide optimum storage conditions for 
FV as well as being a low-cost technology utilizable in hot 
and sub-humid to humid areas in sub-Saharan Africa. 
Accordingly, this study aimed to fabricate an indirect 
evaporative solar precooler to reduce the post-harvest 

loss for agricultural products and to enhance food 
security and sustainability.

MATERIALS AND METHODS
The indirect evaporative solar precooler (IESP) has been 
fabricated and tested under an hourly solar intensity of 7 
kWh m-2 per day or maximum solar intensity for a solar 
declination angle of 45o. All the experiments were carried 
out during October and November 2022 A.D.

Agricultural product
Tomato is one of the most important horticultural crops. 
So, the tomato crop was chosen to be pre-cooled as 
an example of agricultural value chains. Fresh tomato 
fruits (F1 commercial hybrid) were obtained from a farm 
close to the test location on the same day of the harvest. 
The sample was collected in cages made of palm trees. 
Harvesting of the tomatoes was done before 10 o’clock 
in the morning. The field temperature was 27.5 oC. 
Fresh tomato fruits were immediately loaded in a car 
and transported to the test location. The sample was 
sorted manually and infected fruits that had mechanical 
damage were excluded. A sample of 50 kg was selected, 
packed, and kept under ambient conditions until the start 
of the experiment on the same day at 13:00 o’clock in 
the afternoon. The ambient temperature was 30.66 °C.

Description of the indirect evaporative solar pre-
cooler (IESP)
Figure 1 shows a a photograph of IESP during the 
experiments. IESP is fabricated from two solar photovoltaic 
panels (2×1 m, 550 W) connected in parallel as the power 
source.

Figure 1. The indirect evaporative solar pre-cooler (IESP) experimental setup.
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A charge controller (MPPT) of 30 Amps was used to supply 
IESP with the optimum voltage and current. To store the 
electrical energy generated by the panels, two batteries 
(200 Ah, 12 v) were used to operate the IESP at night. 
An inverter (1.5 kW, 170 ~ 280 V) was used to power the 
pump and suction fan. A compressor (750 W) was utilized 
to generate a refrigerating effect in the refrigerator that also 
included a condenser, an expansion valve, an evaporator 
and a tank cooler. The pre-cooling cycle consisted of a 
buffer tank (100 L), a pump (19 W, 14 L min-1), a cooling 
cabinet (1,400×600×600 mm), a cooling coil (34 pipes 
with 160 fins), and a suction fan (12 m3 min-1).

Essential parts of the IESP
The IESP consists of a solar energy system (Power 
source), refrigerator, and pre-cooling cycle.

Solar energy system (power source)
The power source included two photovoltaic panels, 
a solar charge controller, a battery, an inverter, and a 
control system. The panels were connected in parallel. 
For solar arrays to produce maximum power output, they 
must be at an optimal tilt angle to trap maximum radiation 
(Tripathy et al. 2017). According to Morales and Busch 
(2010), the optimum tilt angle correlates with latitude and 
is considered equal to the latitude or latitude ±15o (+ for 
winter and – for summer). This system is designed to 
operate all year round, so the tilt angle is set to be 30° to 
correspond to the latitude of the test location. 

Control system
This system is programmed to control the operation of 
the effective devices (Pump + Compressor) of IESP 
according to the temperature of either the buffer tank 
water or the cooling cabinet. The electronic system 
controls the operation of the hydraulic cycle of the pre-
cooling mechanism. It consisted of an Arduino Uno R3, 
a waterproof temperature sensor, and a relay. 

The buffer tank
The buffer tank is considered one of the most important 
parts of the cooling system. It contains the refrigerant fluid 
that is cooled directly by the evaporator (The evaporator 
of the refrigeration cycle that operates with Freon). The 
tank is made of a thick material to resist rust and low 
coefficient of thermal conductivity so as not to lose the 
heat stored in the fluid. It is isolated from the outside by a 

layer of glass wool with a thickness of 40 mm to maintain 
the temperatures inside the tank. The tank capacity was 
100 L. The process of transferring the cooling water from 
the tank to the cooling coil is done by a pump. The water 
returns to the tank to equalize the degree of the cooling 
medium in the tank that (operates inside the direct cooling 
circuit).

The cooling cabinet
The size of the cooling cabinet was chosen to accommodate 
50 kg of tomatoes to carry out the experiments. However, it 
is possible to re-size the room to suit commercial purposes. 
The dimensions of the cabinet were 1,400×600×600 mm. 
The side walls and bottom of the cooling cabinet were 
insulated by two insulating materials, namely a carbon 
steel layer 2 mm thick and glass wool 50 mm thick.

Experimental setup
The water flow rate was chosen at a limit that does not 
give temperatures less than required for pre-cooling. All 
experiments were carried out using a 6 L min-1 water flow 
rate of cooling water that passes through the cooling coil. 
The time for each experiment was 4 h and temperature 
and humidity were recorded every 20 min. The initial 
temperature of the cabinet was 24 °C. As for the humidity, 
it was monitored after placing tomatoes in the cabinet. 
Variables of experiments are as follows: I) The temperature 
of the cooling water: Experiments were carried out using 
three temperatures of cooling water 15, 10 and 5 °C. II) 
Air velocity: IESP was tested under two air velocities that 
passed through cooling cabinets 1.5 and 2.5 m s-1.

Measurements
Refrigeration load and Heat of respiration 
The heat of respiration was calculated according to (Ashrae 
2002) by the following Equation (1):

Where “Qres” is the Heat of respiration (W), “m” is the 
mass of tomatoes to be cooled (kg), “h” is the rate of 
respiration (J∙kg-1), and “n” is the operation time (hours). 

Field heat 
According to Sibanda (2019), field heat is the heat 
removed from freshly harvested tomatoes by introducing 
them into the cold store by reducing the field temperature 

(1)res.
1Q m h 3,600 n= × × ×
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of the tomatoes to the desired storage temperature. Field 
heat in the case of this study, therefore, is the amount 
of heat removed from the tomatoes as they cool from 
initial harvest temperature to pre-cooling temperature. 
The mass of the tomatoes is 50 kg, and the operating 
time is assumed at 4 h. The specific heat of tomatoes is 
3.985 kJ•(kg °C)-1, according to Fellows (2000). The field 
heat calculated from the Equation (2):

p
fh

m c (T2 T1)
Q 3,600 n

× −
= ×

(2)

Where “Qfh” is the field heat (kW), “m” is the mass of 
tomatoes to be cooled (kg), “Cp” is the specific heat of 
tomatoes (kJ•(kg °C)-1), “T2” is the pre-cooling temperature 
(℃) of tomatoes and “T1” is the initial tomatoes in crates 
temperature (℃).

Heat leakages
There is heat transfer because of leakages between the 
outside air and inside air through the walls and the roof as 
a result of the temperature gradient between the outside 
and inside temperature and is computed according to 
Ashrae (2002) by the following Equation (3):

QL - Uf × Af × (Ta - Tc)

Where “QL” is the heat leakages (W), “Uf” is the overall 
heat coefficient = 0.936 W•m-2 °C-1, “Af” is the surface 
area of the cooling cabinet (4.08 m2), “Ta” is the ambient 

(3)

(4)

actual
Re f load

cyc
Total

Q
(COP ) P= (5)

temperature (°C) and “Tc” is the temperature of material 
inside the refrigerator (°C). So, the refrigeration load 
was estimated by the following Equation (4): 

Refrigeration load = (Heat of respiration + Field heat 
+ Heat leakages) x 1.1

Where “1.1” is to compensate for the heat losses that may 
result from the frequent opening of the cooling cabinet 
door correspond to Thompson (2004).

Actual coefficient of performance
The solar refrigerator’s efficiency is measured as the cooling 
capacity of solar energy absorbed by the solar collector 
(Mansoori and Patel 1979), following Equation (5):

Where PTotal is the total energy consumption (Refrigerator 
+ Pump + Suction fan).

RESULTS AND DISCUSSION
Cooling cabinet temperature and humidity 
At 1.5 m s-1 air velocity:
It is noticeable that the cabinet temperature decreased 
by decreasing the cooling water temperature from 15 to 
5 °C at the same time, the cabinet humidity increased by 
decreasing the cooling water temperature as well. Figure 
2 shows the effect of operating duration on temperature 
and humidity using 15 °C cooling water temperature. 

Figure 2. Effect of operating duration on temperature and humidity using 15 °C cooling water temperature.
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These results indicated that the cooling cabinet 
temperature dropped from 24 to 20 oC while the humidity 
(RH) inside the cooling cabinet increased from 38.72 to 
75.3% during 4 h of operation using 15 °C cooling water 
temperatures. Under the same experimental conditions, 
the temperature and humidity can be estimated from the 
following Equations (6) and (7):

        Cabinet temperature (°C) = 24.152x10-6E-04t

           Cabinet humidity (%) = 0.1454t + 40.288

(6)

(7)

These relationships indicate that it is possible to calculate 
the temperature and relative humidity (RH) inside the 
cabinet by knowing time (t) and the coefficient of correlation 
is very high and closer to 1 (R2=0.99). So, the correlation 
between temperature and relative humidity and between 
the local time is a positive strong correlation as shown 
in Figure (2).

Figure 3 shows the effect of operating duration on 
temperature and humidity using 10 °C cooling water 
temperature.

Figure 3. Effect of operating duration on temperature and humidity using 10 °C cooling water temperature.

The results showed that the cooling cabinet temperature 
dropped from 24 to 18.3 °C while the humidity inside the 
cooling cabinet increased from 37.52 to 81.2% during 
4 h of operation with load using 10 °C cooling water 
temperatures. Under the same experimental conditions, 
the temperature and humidity can be estimated from the 
following Equations (8) and (9):

         Cabinet temperature (°C) = 22.788x10-1E-03t

          Cabinet humidity (%) = 0.1754 + 39.256

These relationships also indicate that it is possible to 
calculate the temperature and relative humidity (RH) 
inside the cabinet by knowing time (t) and the coefficient 
of correlation is very high and closer to 1 (R2=0.9).  

(8)

(9)

Figure 4 shows the effect of operating duration on 
temperature and humidity using 5 °C cooling water 
temperature.

These results indicated that the cooling cabinet temperature 
dropped from 24  to 16.1 °C while the humidity inside the 
cooling cabinet increased from 39.9 to 89.8% during 4 h of 
operation with load using 5 °C cooling water temperatures. 
Under the same experimental conditions, the temperature 
and humidity can be estimated from the following Equations 
(10) and (11):

      Cabinet temperature (°C) = 21.205x10-0.001t         (10)

      Cabinet humidity (%) = 0.2118t + 41.481             (11)

Temp. (°C) RH (%)

Temp. (°C) = 23.169x10-7E-04t

              R2 = 0.9477
RH (%) = 0.1726t + 38.447
        R2 = 0.998

26

24

22

20

18

16

14

12

10

8

6

4

2

0

Co
ol

in
g 

ca
bi

ne
t t

em
pe

ra
tu

re
 (°

C)

0         20         40         60        80        100      120       140      160       180      200       220      240     

Local time (min)

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Co
ol

in
g 

ca
bi

ne
t h

um
id

ity
 (%

)

10 °C cooling water temperature



10871

Rev. Fac. Nac. Agron. Medellín 77(3): 10865-10876. 2024

Promoting food security and sustainability with a transportable indirect evaporative solar pre-cooler

Figure 4. Effect of operating duration on temperature and humidity using 5 °C cooling water temperature.

At 2.5 m s-1 air velocity:
Figure 5 shows the effect of operating duration on 
temperature and humidity using 15 °C cooling water 
temperature.

These results indicated that the cooling cabinet 
temperature dropped from 24 to 20 °C while the humidity 
inside the cooling cabinet increased from 38.72 to 75.3% 

during 4 h of operation with a load using 15 °C cooling water 
temperatures. Under the same experimental conditions, 
the temperature and humidity can be estimated from the 
following Equations (12) and (13):

      Cabinet temperature (°C) = 23.816x10-7E-04t         (12)

      Cabinet humidity (%) = 0.1477t + 40.975             (13)

Figure 5. Effect of operating duration on temperature and humidity using 15 °C cooling water temperature.

These relationships also indicate that it is possible 
to calculate the temperature and relative humidity 
(RH) inside the cabinet by knowing time (t) and the 
coefficient of correlation is very high and closer to 1 

(R2=0.99). So, the correlation between temperature 
and relative humidity and between the local time 
is a positive strong correlation as shown in Figure 
(5).
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Figure 6. Effect of operating duration on temperature and humidity using 10 °C cooling water temperature.

Figure 7 shows the effect of operating duration on temperature 
and humidity using 5 °C cooling water temperature. These 
results indicated that the cooling cabinet temperature 
dropped from 24 to 15.4 °C while the humidity inside the 
cooling cabinet increased from 40 to 91.5% during 4 h of 
operation with load using 5 °C cooling water temperatures. 

Figure 6 shows the effect of operating duration on 
temperature and humidity using 10 °C cooling water 
temperature.

These results indicated that the cooling cabinet temperature 
dropped from 24 to 18.3 °C while the humidity inside the 
cooling cabinet increased from 37.52 to 81.2% during 

4 h of operation with load using 10 °C cooling water 
temperatures. Under the same experimental conditions, 
the temperature and humidity can be estimated from the 
following Equations (14) and (15):

Cabinet temperature (°C) = 22.788x10-1E-03t           (14)

Cabinet hymidity (%) = 0.1754t + 39.256               (15)

Under the same experimental conditions, the temperature 
and humidity can be estimated from the following Equations 
(16) and (17):

          Cabinet temperature (°C) = 20.9x10-0.001t        (16)

          Cabinet humidity (%) = 0.2162t + 41.851    (17)

5 °C cooling water temperature

Temp. (°C) RH (%)

Temp. (°C) = 20.899e-0.001t

              R2 = 0.8044
RH (%) = 0.2162 t + 41.851
        R2 = 0.9948

26

24

22

20

18

16

14

12

10

8

6

4

2

0

Co
ol

in
g 

ca
bi

ne
t t

em
pe

ra
tu

re
 (°

C)

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Co
ol

in
g 

ca
bi

ne
t h

um
id

ity
 (%

)

0         20       40        60        80       100      120     140      160      180      200      220     240     

Local time (min)

Figure 7. Effect of operating duration on temperature and humidity using 5 °C cooling water temperature.



10873

Rev. Fac. Nac. Agron. Medellín 77(3): 10865-10876. 2024

Promoting food security and sustainability with a transportable indirect evaporative solar pre-cooler

From the results, it was found that the lowest temperature 
was 15.4 °C at the same time the highest relative humidity 
was 91.5% at 5 °C cooling water temperature.

From the previous results, it is notable that 5 °C 
cooling water temperature is considered optimal as it 
achieved the lowest temperature (16.1 and 15.4 °C) 
and, at the same time, it achieved the highest humidity 
(89.8 and 91.5%) of the cooling cabinet during 4 h of 
operation with load at air velocity 1.5 and 2.5 m s-1, 
respectively. These climatic conditions are suitable for the 

pre-cooling process and correspond to the recommended 
temperature and humidity for tomato storage 
(From 12 to 15 °C and RH>85%), according to Beckles
(2012).

Refrigeration load
Heat of respiration
According to Suslow and Cantwell (2009), the respiration 
rates of tomatoes change with the change in storage 
temperatures, so the respiration heat was calculated 
according to Table 1. 

Table 1. Respiration heat using the recorded temperatures under the experimental variables.

*(Suslow and Cantwell 2009).

Field heat
Field heat was calculated using the recorded temperatures 

under the variables of the experiments, as shown in 
Table 2.

Table 2. Field heat using the recorded temperatures under the experimental variables. 

Experimental variables (T2)
Pre-cooling 

temperature of 
tomatoes (°C)

(T1)
Initial tomatoes in 

crates temperature (°C)

The field heat
(kW)

Air velocities
(m s-1)

Cooling water 
temperatures (°C)

1.5
15 20.6 28.50 0.110
10 19.4 30.77 0.141
5 16.1 30.35 0.197

2.5
15 20.0 29.47 0.131
10 18.3 30.03 0.162
5 15.4 30.66 0.211

Experimental variables Pre-cooling 
temperature of 
tomatoes (oC)

Respiration rates* 
(J∙kg-1)

Heat of 
respiration 

(kW)Air velocities
(m s-1)

Cooling water 
temperatures (oC)

1.5
15 20.6 450 0.00160
10 19.4 406 0.00141
5 16.1 342 0.00120

2.5
15 20.0 427 0.00150
10 18.3 384 0.00133
5 15.4 320 0.00111

Heat leakage
The heat leakage was calculated using the recorded 

temperatures under the experimental variables as 
shown in Table 3. 
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Table 3. Heat leakage using the recorded temperatures under the experimental variables.

Experimental variables (T2)
Pre-cooling 

temperature of 
tomatoes (°C)

(T1)
Initial tomatoes in 

crates temperature (°C)

The heat 
leakage

(kW)Air velocities
(m s-1)

Cooling water 
temperatures

(°C)

1.5
15 20.6 28.50 0.030
10 19.4 30.77 0.043
5 16.1 30.35 0.054

2.5
15 20.0 29.47 0.036
10 18.3 30.03 0.045
5 15.4 30.66 0.058

Refrigeration load = (Heat of respiration + Field heat + 

Heat leakages) × 1.1) × 4 operation time                (18)

Table 4. The refrigeration load under the experimental variables.

Experimental variables

Heat of 
respiration

(kW)

Field 
heat
(kW)

The heat 
leakage

(kW)

The refrigeration load

Air velocities
(m s-1)

Cooling water 
temperatures

(oC)
(kW) (Ton R.)

1.5

15 0.00160 0.110 0.030 0.620 0.176
10 0.00141 0.141 0.043 0.815 0.232
5 0.00120 0.197 0.054 1.110 0.316

2.5

15 0.00150 0.131 0.036 0.740 0.210
10 0.00133 0.162 0.045 0.920 0.260
5 0.00111 0.211 0.058 1.190 0.338

From the previous results, the refrigeration load was 
calculated by the following Equation (18), as shown in 
Table 4.

Effect of Air velocity and cooling water temperatures 
on refrigeration load
The results indicated that the refrigeration load increased 
by decreasing the water temperature from 15 to 5 °C; it 
also, increased by increasing air velocity from 1.5 to 2.5 
m s-1. At 1.5 m s-1 air velocity, the refrigeration load was 
0.176, 0.232, and 0.316 TR at cooling water temperatures 
of 15, 10, and 5 °C, respectively. At 2.5 m s-1 air velocity, 
the refrigeration load were 0.21, 0.26, and 0.338 TR at 
cooling water temperatures 15, 10, and 5 °C, respectively.

Actual coefficient of performance (COPcyc)
A summary of the refrigeration load and the actual coefficient 
of performance under the experimental variables is shown 
in Table 5. 

Effect of air velocity and cooling water temperatures 
on COPcyc
The actual coefficient of performance increased by 
decreasing the water temperature from 15 to 5 °C and 
also, increased by increasing air velocity from 1.5 to 
2.5 m s-1.

At 1.5 m s-1 air velocity, the actual coefficient of 
performance were 19.4, 25.5, and 34.7% at cooling 
water temperatures 15, 10, and 5 °C, respectively. At 
2.5 m s-1 air velocity, the actual coefficient of performance 
was 23.1, 28.8 and 37.2% at cooling water temperatures 
15, 10, and 5 °C, respectively. The use of 5 °C cooling 
water temperature has achieved the highest COPcyc at 
1.5 and 2.5 m s-1 air velocities.
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Table 5. A summary of the refrigeration load and the actual coefficient of performance under the experimental variables.

CONCLUSION
To achieve sustainable development of the agricultural 
sector, renewable energy should be relied upon 
to operate electrical energy-consuming systems, 
especially in developing countries. In this study, an 
IESP was successfully fabricated and tested to promote 
food security. It is completely powered by solar energy 
and is compact in size and transportable. The IESP 
performance proved a very feasible solution to the 
demands of small and medium horticultural holdings. 
From the experimental results, it can be observed that 
5 °C cooling water temperature is considered optimal 
as it achieved the lowest temperature and at the same 
time it achieved the highest humidity. Based on the 
findings of this study, these climatic conditions are 
suitable for the pre-cooling process and correspond to 
the recommended temperature and humidity for tomato 
storage. So, the pre-cooling process is considered one of 
the most important techniques for handling horticultural 
crops to reduce post-harvest losses. However, choosing 
the appropriate pre-cooling technology is crucial to 
ensuring economical operation and sustainability.
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Blueberries are a fruit that is an important source of bioactive components beneficial to the human diet, 
such as anthocyanins and total phenolics, which are altered by the use of high temperatures during 
processing. This study aimed to evaluate the use of artificial neural networks in the optimization of 
sucrose concentration and time for the osmotic pre-treatment of blueberries of the Biloxi variety, to retain 
the greatest amount of anthocyanins and total phenolics in the subsequent preparation of jam. Artificial 
neural networks of the feedforward type were used, with a Backpropagation training algorithm with 
Levenberg-Marquardt weight adjustment, to achieve the optimal predicted combination that maximizes 
the retention of these bioactive components. The model achieved its best performance with 11 neurons 
in the hidden layer, achieving an R2 coefficient of 0.98 and a mean square error of 4.76, indicating a 
strong ability for generalization. Artificial neural networks allowed to obtain the best optimal combination 
of predicted multiple responses of factors consisting of a sucrose concentration of 1.64 M and a time of 
211.52 min, which retained a higher content of total monomeric anthocyanins with 70.98 mg cyanidin-
3-O-glucoside 100 g-1 of jam and total phenolics with 110.54 mg GAE g-1 of jam.  On the other hand, 
through single-response optimization was obtained that the combination of experimental factors that 
maximized total anthocyanins (71.59 mg cyanidin-3-O-glucoside 100 g-1 of jam) was 1.54 M of sucrose 
and 232.73 min and for total phenols (111.06 mg GAE g-1 of jam) 1.79 M of sucrose and 196.36 min. 
The use of artificial neural networks is an excellent alternative for modeling phenomena, compared to 
traditional methods.

El arándano es un fruto que posee una fuente importante de componentes bioactivos beneficiosos 
para la dieta humana, como las antocianinas y fenoles totales, que se ven alterados por el uso de 
temperaturas altas durante el procesamiento. El objetivo de este estudio fue evaluar el uso de 
redes neuronales artificiales en la optimización de la concentración de sacarosa y el tiempo para el 
pretratamiento osmótico de arándanos de la variedad Biloxi, con la finalidad de retener la mayor cantidad 
de antocianinas y componentes fenólicos totales en la elaboración posterior de mermelada. Se utilizó 
redes neuronales artificiales del tipo feedfoward, con algoritmo de entrenamiento de Backpropagation 
con ajuste de pesos de Levenberg-Marquardt para lograr la combinación óptima predicha que maximice 
la retención de estos componentes bioactivos. El modelo logró su mejor rendimiento con 11 neuronas 
en la capa oculta, logrando un coeficiente R2 de 0,98 y un error cuadrático medio de 4,76; lo que indica 
una gran capacidad de generalización. Las redes neuronales artificiales permitieron obtener la mejor 
combinación de los factores experimentales –concentración de sacarosa (1,64 M) y tiempo (211,52 
min)- que maximizaron los contenidos de antocianinas monoméricas totales (70,98 mg cianidina-3-O-
glucósido 100 g-1) y fenoles totales (110,54 mg AGE g-1) presentes en mermelada. En cambio, mediante 
optimización de respuesta se obtuvo que la combinación de factores experimentales que maximizó las 
antocianinas totales (71,59 mg cianidina-3-O-glucósido 100 g-1 de mermelada) fue 1,54 M de sacarosa 
y 232,73 min y para fenoles totales (111,06 mg GAE g-1 de mermelada) 1,79 M y 196,36 min. El uso de 
redes neuronales artificiales es una excelente alternativa para modelar fenómenos, en comparación con 
los métodos tradicionales.
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I
n the current environment, the execution of any 
industrial operation sans the application of machine 
learning is nearly implausible (Chhajer et al. 2022; 
Chang et al. 2022; Liao et al. 2023). Artificial Neural 

Networks (ANNs) are one of the most widely used machine 
learning techniques for modeling, regression analysis, and 
classifying agricultural products (Çetin and Sağlam 2022). 
The capacity to develop prediction models utilizing ANNs 
has been a significant contribution of artificial intelligence 
and machine learning (Rodríguez-Hernández et al. 2021; 
Soumyabrata et al. 2022).

Due to the complex relationship between molecular 
structure and activity, linear models often fall short in 
capturing all sources of variation. Artificial Neural Networks 
(ANNs) are particularly effective for modeling non-linear 
interactions. Among these, the multi-layer perceptron 
(MLP), a type of ANN, offers near-perfect estimates 
compared to linear models (Çetin and Sağlam 2022; Vidra 
and Németh 2022).

ANN is an algorithm meant to grasp complex difficulties 
that basic machine learning algorithms cannot. ANNs are 
constructed in a more sophisticated and intricate network 
of interconnectedness than the human brain (Costa et al. 
2022). The approach is based on algebraic equations and 
is intended to channel data to a model (Chhajer et al. 2022).

In the most basic terms, ANNs are a network of numerical 
equations. A sequence of equations is used to process 
one or more input variables, resulting in one or more 
outputs. Every network has three layers: an input layer, 
a hidden layer, and an output layer. The independent 
variables or predictors are represented by the input layer, 
the hidden layer is where the mapping between input 
and output occurs, and the output layer is the dependent 
variable. The precise prediction of weights is critical to 
obtaining a decent model. This aim is accomplished by 
the backpropagation algorithm; it is this algorithm that 
distinguishes ANN as a learning model (Chhajer et al. 
2022; Rodríguez-Hernández et al. 2021).

The benefit of ANNs is that they can learn from historical 
data and have a general framework. In addition, when 
compared to the response surface technique (RSM), 
the key advantages of ANNs are: ANNs do not require 
any prior definition of an adequate fitting function, and 

they are capable of universal approximation. They can 
estimate practically any nonlinear function, including 
quadratic functions; RSM, on the other hand, can only 
estimate quadratic functions. To create an efficient model, 
ANN is expected to need a significantly greater number 
of experiments (number of patterns) than RSM. Indeed, 
ANNs may perform well even with limited data as long 
as the data is statistically properly distributed in the input 
domain, as is the case with Design of Experiments. As 
a result, RSM experimental data should be sufficient to 
build an effective ANN model (Vidra and Németh 2022). 
ANNs are presently the most widely used artificial learning 
techniques in biotechnology, with applications ranging 
from pattern detection in chromatographic spectra to 
functional studies of genomic and proteomic sequences 
(Hesami et al. 2020).

Fruits are frequently high in bioactive chemicals like 
vitamins, phenolic compounds, carotenoids, flavonoids, 
and so on, which are heat-labile components whose rate 
of degradation varies depending on the process conditions 
used. The loss of bioactive substances throughout the 
manufacturing process can be accelerated or slowed by 
the product composition (jam), such as pectin type and 
concentration, sugar, fruit and cultivar, and pH. These are 
ready-to-eat, shelf-stable goods that can be transferred 
to any location (Shinwari and Rao 2018).

Vaccinium corymbosum (blueberry) is one of the most 
commonly consumed soft fruits and is recognized as an 
important source of bioactive components in the human 
diet, playing an important role in maintaining a healthy 
lifestyle; bioactive chemicals found in blueberries, such 
as flavonoids, stilbenes, phenolic compounds and tanins, 
may protect against degenerative illnesses, and their 
health benefits are frequently linked to antioxidant qualities 
(Dias et al. 2023; Dong et al. 2023; Barraza-Jáuregui et 
al. 2017). The health advantages of antioxidant activity 
and phenolics are mostly connected to their ability to 
scavenge free radicals. Excessive reactive oxygen species 
generation can cause oxidative stress in cellular lipids, 
proteins, and nucleic acids, which has been linked to the 
development of cancer, cardiovascular disease, diabetes, 
central nervous system illnesses, and chronic obstructive 
pulmonary disease (Çetin and Sağlam 2022). Furthermore, 
taste is the most essential element driving customer 
preferences, making flavor a key aim. Blueberry flavor 



10879

Rev. Fac. Nac. Agron. Medellín 77(3): 10877-10885. 2024

Artificial neural networks in the retention of anthocyanins and total phenolics in the osmotic pre-treatment of Biloxi variety blueberry (Vaccinium corymbosum L.) jam

perception has been linked mostly to the mix of sugars, 
acids, and volatile organic chemicals that, when recognized 
by taste and olfactory receptors, provide a wide range of 
flavor sensations (Dias et al. 2023). 

Although these fruits may be eaten fresh, preserving them 
in processed goods like jellies, jams, and cakes extends 
their shelf-life and enables year-round enjoyment. However, 
making jam has a number of obstacles, one of which is 
preserving the healthy components in the fresh fruit while 
preventing spoiling. Heat treatment duration, component 
identity and quantity, and fruit pre-treatment are all suitable 
preparation stages to optimize. Heat treatment, as well 
as the addition of sugar and citric acid, can all affect jam 
quality and final flavone and anthocyanin concentrations 
(Barraza-Jáuregui et al. 2017).

Osmotic dehydration (OD) pre-treatment is a method that 
involves immersing items in an aqueous solution containing 
salt or sugar. It is commonly used on fruits and vegetables 
(Alabi et al. 2022). By lowering water activity in the fruit, 
this approach may preserve the quality of the fruit that 
is later used in jam production. The difference in solute 
concentration between the solution and the interstitial fluid 
drives the process, causing water to depart and solutes to 
enter the cells until osmotic equilibrium is reached (Ahmed 
et al. 2016; Barraza-Jáuregui et al. 2017).

According to research, prior to jam manufacture, osmotic 
dehydration pre-treatment of strawberries with sucrose 
stabilizes anthocyanin better than just adding sucrose 
during jam preparation (Watanabe et al. 2011). The 
main anthocyanins involved in blueberry color are 
delphinidin and cyanidin 3-glucoside and to a lesser 
extent malvidin, petunidin, and peonidin. However, the 
variety, maturity, storage conditions, and other components 
of the blueberry affect these anthocyanins and phenolic 
compounds (Barraza-Jáuregui et al. 2017). Sugars’ 
impacts, including not just monosaccharides but also 
oligo and polysaccharides, in the manufacture of jam on 
the anthocyanin content have been studied (Skrede et al. 
2008). However, the solute’s identity and concentration 
(often sucrose), immersion time, temperature, pressure, 
raw food structure, food-to-solution ratio, permeability, size, 
and shape of the fruit, all have an effect on the osmotic 
dehydration process (Barraza-Jáuregui et al. 2017). 

This study aimed to optimize, through the use of artificial 
neural networks, the sucrose concentration and the osmotic 
pre-treatment time of blueberries of the Biloxi variety, 
to retain the greatest amount of anthocyanins and total 
phenolic components for the subsequent preparation of 
jam.

MATERIALS AND METHODS
Raw material
Blueberry fruits (Vaccinium corymbosum L.) Biloxi variety, 
from the district of Virú, province of Virú, department of La 
Libertad, Peru. The content of soluble solids (13.49±0.10%), 
titratable acidity (0.49±0.09%), and pH (3.47±0.12) were 
evaluated. Fruits were picked at commercial ripeness 
and chilled before being sent to the National University 
of Trujillo’s Department of Agro-industrial Engineering. 
The blueberry fruits were received verifying their good 
condition, such as intense blue color, spherical shape with 
an approximate diameter of 20±2 mm, and firmness to the 
touch; and that they have not presented the development of 
microorganisms. The Fruit was kept in 1,000 kg clamshell 
packaging in the dark at 3.0±0.5 °C and 94±3% RH 
(Barraza-Jáuregui et al. 2017).

Jam preparation
Blueberry fruits were washed using drinking water with 
sodium hypochlorite at 50 ppm, to remove foreign particles 
and reduce the microbial load, subsequently, the fruits 
were cut in half. To create a data matrix input for the 
ANN that is statistically well distributed, a rotational 
composite central design was applied, consisting of 
twelve experimental units (Vidra and Németh 2022). The 
osmotic pre-treatment (Figure 1) was carried out with 
concentrations of sucrose solution (between 0.88-2.04 M)
and immersion times (between 60-360 min), with a 
ratio of fruit: syrup of 1:10 (w/w), maintaining constant 
agitation (vertical stirrer IKA® EUROSTAR 20 Digital, 
Königswinter, Germany) at 48 rpm (at 20 °C), subsequently 
the dehydrated blueberry fruits were removed from the 
osmotic solution, for which were placed in a strainer 
for a time of 10 min, to eliminate the excess of solution 
(Barraza-Jáuregui et al. 2017; Watanabe et al. 2011; 
Rahman et al. 2022). For the preparation of the jam, 
the proportion used of dehydrated blueberries was 60% 
and sucrose 40%, the cooking was carried out by initially 
adding 10% of the amount of sucrose calculated, later 
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when this came to 50 °Brix the rest of the sucrose when 
the jam came to 62 °Brix, it was removed from cooking 
and finally brought to 64 °Brix. The filling in cylindrical 
glass jars (220 mL capacity, transparent, 74.6 mm
wide, 67 mm high and 70 mm twist-off metal cap) was 
done hot at a temperature not lower than 85 °C (this 
temperature improved the fluidity of the product during 

filling and at the same time allowed the formation of an 
adequate vacuum inside the container), hermetically 
sealed jars and chilled to 20 °C for at least 1.5 h to 
achieve thermal shock, that guarantees the safety of the 
product. Before being employed in the study, samples 
were maintained in total darkness at 5 °C for at least 24 h 
(Lu-Lu et al. 2016; Shinwari and Rao 2018).

Figure 1. Experimental scheme for osmotic pre-treatment and preparation of Biloxi variety blueberry jam.

Total monomeric anthocyanins
To 10 g homogenized jam was treated with acidified 
ethanol (0.01 M HCl solution in ethanol; 40 mL). The 
extract was chilled overnight before being filtered the 
next day through S&S 520 (Schleicher and Schuell - 
Whatman filter paper grade 520, Maidstone, United 
Kingdom) (Wicklunda et al. 2005; Barraza-Jáuregui et 
al. 2017). The total monomeric anthocyanins (TA) in 
the extracts were calculated using the pH-differential 
technique (Lee et al. 2005), using hydrochloric acid/
potassium chloride buffer (0.025 M, pH=1.0) and sodium 
acetate buffer (0.4 M, pH=4.5) as the buffers. In brief, 
0.2 mL of the filtrate was mixed with 1.8 mL of one of 
the buffer solutions, and absorbance was measured 
on a UV-VIS spectrophotometer at 510 and 700 nm 
(GENESYSTM 10, THERMO, USA). The anthocyanin 
content in the extract was determined and represented 
as cyanidin-3-O-glucoside equivalent per 100 g of jam 
using Equation 1 (Giusti and Wrolstad 2001).  

mg A Mw DF
TA 100

100 g jam Ma L
  ∗ ∗

= ×  ∗ 
(1)

Where: A= (A510–A700)pH=1.0 – (A510–A700)pH=4.5; Mw= 
molecular weight (449.2 g mol-1); DF= dilution factor 
(50); Ma = extinction coefficient 26,900 L cm-1 mol-1; L= 
path length (1 cm).

Total phenolics
In a flask, homogenized jam was diluted with ethanol 
(2 g jam 10 mL-1 solution). The extract was chilled overnight 
before being filtered (S&S 520) the next day. The 
Folin-Ciocalteu test was used to evaluate the phenolic 
component content (Çetin and Sağlam 2022). Briefly, 20 μL
of diluted extract was combined with 100 μL of Folin-
Ciocalteu reagent and 1,580 μL of distilled water.

The mixtures were vortexed (Thermo ScientificTM A 
LP Vortex Mixer, FBKT17302, Darmstadt, Germany), 
held in the dark at room temperature for 20 min, and 
then transferred into a 40 °C water bath with 300 μL 
addition of 20% sodium carbonate (w/v) for another 20 
min. The samples were promptly chilled in an ice bath 
for 3 min, and the A765 was quantified using a UV-VIS 
spectrophotometer (UV-VIS GENESYSTM 10, THERMO, 

Sucrose
concentration
(0.88 - 2.04 M)

Time (60 - 360)
min)

Blueberry

Osmotic pre-treatment

Jam preparation

Blueberry

jam

Total monomeric anthocyanins [mg
   cyanidin 3-O-glucoside (100 g jam)-1]

  Total phenolics [mg GAE (g jam)-1]
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USA). A calibration curve was created using gallic acid 
as the standard (Absor=3.3167xQ + 0.0044; R2=0.9936; 
Absor: absorbance; Q: amount of gallic acid) was armed 
with 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 
and 0.50 mg mL-1 gallic acid solutions, and the findings 
were reported as gallic acid equivalents (mg GAE g-1 jam) 
(Barraza-Jáuregui et al. 2017; Piljac-Zegarac et al. 2009).

Data processing
MLP-type ANN was employed in this investigation to 
estimate anthocyanins and total phenolics (Çetin and 
Sağlam 2022). In the first instance, the input and output 
data were normalized (center=min, scale=max–min) 
(Costa et al. 2022; Yu et al. 2022; Vidra and Németh 
2022). The number of inputs was taken as two, the 
number of neurons in the hidden layer as 11, and the 
number of outputs as two. The logistic activation function 
was used in the hidden layer and the linear function in the 
output layer. Backpropagation was used with Levenberg-
Marquardt adjustment, in addition to the learning ratio of 
0.01 and threshold of 0.01. The training data was given 
in supervised learning as a sequence of labeled outputs, 
each of which was a feature collection set (tagged with 

the correct output corresponding to the feature set) 
(Chhajer et al. 2022; Rodríguez-Hernández et al. 2021). 
The coefficient of determination R2 (maximization) and 
the mean square error MSE (minimization) were used 
to evaluate model performance (Yu et al. 2022; Vidra 
and Németh 2022; Soumyabrata et al. 2022). For data 
processing, the R version 4.2.1 software was used, with 
the libraries: “rsm”, “MASS”, “neuralnet”, “ggplot2” and 
“colorRamps”.

RESULTS AND DISCUSSION
ANN were trained in 1,000 cycles with the Brackpropagation 
algorithm, where the highest performance of the model 
was achieved with 11 neurons in the hidden layer (Figure 
2), having a coefficient of determination R2 of 0.988 and a 
mean square error of 4.760, presenting a good capacity 
for generalization. Çetin and Sağlam (2022) determined 
the performance of ANN presenting R2 value of 0.916 in 
the modeling of total phenols in dehydrated apples. ANN 
is the most effective dataset modeling approach. It is used 
for data fitting and prediction, which have a non-linear 
connection. It is a self-organizing map and a multi-layer 
perceptron (Chhajer et al. 2022).

Sucrose
concentration
(M)

Time (min)

Total monomeric
anthocyanins [mg

cyanidin-3-O-glucoside
(100 g jam)-1]

Total phenolics [mg
GAE (g jam)-1]

Figure 2. Artificial neural networks in the retention of anthocyanins and total phenolics in the osmotic pre-treatment of Biloxi variety blueberry jam.
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Before the osmotic pre-treatment, the content of total 
monomeric anthocyanins and total phenolic compounds 
were 104.47±3.89 mg cyanidin-3-O-glucoside 100 g-1 
and 161.04±23.24 mg GAE g-1 in variety Biloxi blueberry 
fresh, respectively. After osmotic pre-treatment and the 
preparation of the jam, ANN allowed to obtain (Table 1) 
the best optimal combination predicted multiple-response 
(Figure 3) of factors made up of a sucrose concentration of 
1.64 M and a time of 211.52 min, which retained a higher 
content of total monomeric anthocyanins with 70.98 mg 
cyanidin-3-O-glucoside 100 g-1 of jam (confidence interval at 
95% between 70.88 and 71.08 mg cyanidin-3-O-glucoside 

100 g-1 of jam) and total phenolics with 110.54 mg GAE g-1 
of jam (95% confidence interval between 110.40 and 
110.68 mg GAE g-1 of jam), similar trends were observed 
by Barraza-Jáuregui et al. (2017), where the greatest 
phenolic and anthocyanin contents were determined 
to produce blueberry jam pretreatment conditions of 
1.65 M and 242 min and strawberry jam pre-treatment 
conditions of 1.46 M and 219 min. Osmotic treatments for 
impregnation with sucrose in solution, before making the 
jam, at concentrations of 0.29 to 2.34 M, for 5 to 60 min, 
are effective for the efficacy of anthocyanins (Watanabe 
et al. 2011). 

Table 1. Multiple-response and single-response values for optimization through artificial neural networks in the retention of anthocyanins and 
total phenolics in the osmotic pre-treatment of Biloxi variety blueberry jam.

Factors
Total monomeric 

anthocyanins [mg cyanidin-
3-O-glucoside (100 g jam)-1]

Total phenolics 
[mg GAE (g jam)-1]

Prediction
Sucrose 

concentration 
(M)

Time 
(min)

Point 
estimate

(95%) CI Point 
estimate

(95%) CI

Lower Upper Lower Upper
Multiple-response 1.64 211.52 70.98 70.88 71.08 110.54 110.40 110.68

Single-response
1.54 232.73 71.59 71.50 71.69 - - -
1.79 196.36 - - - 111.06 110.92 111.20

Figure 3. Contour overlap for multiple-response optimization in the retention of anthocyanins in the osmotic pre-treatment of Biloxi variety 
blueberry jam.
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Regarding the single-response optimization for total 
monomeric anthocyanins (Table 1 and Figure 4) the 
combination of factors of sucrose concentration of 1.54 M 
and time of  232.73 min allowed to retain 71.59 mg cyanidin-
3-O-glucoside 100 g-1 of jam (confidence interval at 95% 
between 71.50 and 71.69 mg cyanidin-3-O-glucoside 100 g-1 
of jam ); and for total phenolics (Table 1 and Figure 5) the 
combination of sucrose concentration of 1.79 M and time of 
196.36 min allowed the retention of 111.06 mg GAE g-1 of jam 
(95% confidence interval between 110.92 and 111.20 mg 
GAE g-1 of jam). It should be noted that the retention of 
anthocyanins and phenolic compounds was low when the 
sucrose concentration and immersion time moved away 
from the optimization zone (maximization of retention), either 
towards a lower or higher value of the levels of work factors. 
Barraza-Jáuregui et al. (2017) reported a similar tendency, 
with an island of high phenolic component or anthocyanin 
content surrounded by lower expected quantities; lengthy 
times and/or high sucrose concentrations, as well as short 
periods and/or low osmotic concentrations, may lower the 
concentration of phenolic chemicals and anthocyanins in 
the jam. Because anthocyanins are water-soluble pigments 
found in most fruits, sugars suppress water activity and 
protect the flavylium cation from nucleophilic attack at the 
C-2 position by water, resulting in colorless carbinol base. 
At low quantities; however, sugar breakdown products 

(furfurals) from processes such as the Maillard reaction 
promote anthocyanin destruction (Shinwari and Rao 2018).  
Osmotic dehydration inhibits water activity in fruit, which 
has been shown to preserve phenolic components and 
anthocyanins during jam production (Watanabe et al. 2011). 
Furthermore, reduced water activity may impede enzymes 
that hydrolyze pigments, such as polyphenol oxidase and 
b-glucosidase. Sucrose may also act as a steric inhibitor, 
blocking anthocyanin-ascorbate or anthocyanin-phenolic 
condensation. Furthermore, due to colligative effects, the 
oxygen solubility of high osmotic solutions is limited, providing 
a partial oxygen barrier that can shield the pigments from 
oxidation (Barraza-Jáuregui et al. 2017; Wrolstad et al. 
2005). Significant losses occur when they are kept and 
transported in unsuitable settings. Preservation techniques 
such as drying, freezing, pickling, sugaring, and salting may 
provide a considerable answer to these challenges (Çetin 
and Sağlam 2022; Shinwari and Rao 2018). During osmotic 
dehydration, the concentration of the osmotic agent is an 
important factor in mass transfer kinetics (Shukla et al. 2018). 
Low sugar concentrations result in little water loss and solid 
gain ratios (Figures 4 and 5, low sucrose concentrations) 
(Cichowska et al. 2019). As osmolarity rises, so does 
water loss and hypertonic solution absorption. However, 
as concentration increases, water loss becomes less 
efficient. Due to case hardening and viscosity fluctuations, 
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Figure 4. Contours surface in the retention of anthocyanins in the osmotic pre-treatment of Biloxi variety blueberry jam.
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fruit cell membranes and pericarp are projected to become 
less permeable in severely hypertonic solutions, lowering 
penetration (Figures 4 and 5, high concentrations) (Ahmed 
et al. 2016; Winkler et al. 2019; Brüggenwirth and Knoche 

2016). Furthermore, prolonged exposure to the osmotic 
pre-treatment conditions may cause anthocyanin and other 
chemicals in the hypertonic solution to leach (Barraza-
Jáuregui et al. 2017) (Figures 4 and 5, longer time points). 
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Figure 5. Contours surface in the retention of total phenolics in the osmotic pre-treatment of Biloxi variety blueberry jam.

CONCLUSION
The artificial neural networks allowed to obtain the optimal 
combination of multiple-response factors consisting of a 
sucrose concentration of 1.64 M and a time of 211.52 min, 
which maximized the content of total monomeric anthocyanins 
and total phenols; corresponding concentrations of 70.98 
mg cyanidin-3-O-glucoside 100 g-1 of jam and 110.54 mg 
AGE g-1 of jam, respectively. From the perspective of simple-
response optimization for total monomeric anthocyanins, 
the combination of experimental factors was sucrose 
concentration of 1.54 M and time of 232.73 min, allowed 
to retain 71.59 mg cyanidin-3-O-glucoside 100 g-1 of jam. 
For total phenols, the combination of experimental factors 
was a sucrose concentration of 1.79 M and time of 196.36 
min, which corresponded to total phenolic retention of 
111.06 mg of AGE g-1 of jam. The use of artificial neural 
networks is an excellent alternative to model phenomena, 
compared to traditional methods.
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The high demand for starch in the food industry drives the search for new alternative sources for 
extraction. In this regard, Colocasia esculenta (L.) Schott, an edible root, is a promising alternative 
source for starch extraction. This study focused on correlating the technological and thermal properties 
with the microstructure and size distribution of starch from white and purple varieties. Starch granules 
with high thermal stability (132-258.3 °C) and good digestibility based on granule size (0.79-4.05 µm) 
were obtained. It was demonstrated that larger starch granules exhibit higher water absorption capacity 
(WAC) (139±0.53%). Moreover, the increase in WAC results in a higher gelatinization temperature 
(76.1±0.3 °C), which is favorable as it allows the use of this starch in food processing at high temperatures. 

La alta demanda de almidón en la industria alimentaria provoca la búsqueda de nuevas fuentes 
alternativas para su extracción. En este sentido, Colocasia esculenta (L.) Schott es una raíz comestible 
que demuestra ser una buena fuente alternativa para la extracción de almidón. Este estudio se centró 
en relacionar las propiedades tecnológicas y térmicas con la microestructura y la distribución de 
tamaño del almidón de las variedades blanca y morada. Se obtuvieron gránulos de almidón con una 
alta estabilidad térmica (132-258,3 °C) y buena digestibilidad basada en el tamaño de los gránulos 
(0,79-4,05 µm). Se demostró que los gránulos de almidón más grandes originan mayor capacidad de 
absorción de agua (WAC) (139±0,53%), además el aumento de WAC genera una mayor temperatura 
de gelatinización (76,1±0,3 °C), este comportamiento es favorable, pues permite el uso de este almidón 
en el procesamiento de alimentos a altas temperaturas.
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G
lobal production of native starch is projected to 
reach 156.5 million tons by 2025, driven primarily 
by its extensive use in the food industry (Compart 
et al. 2023). However, traditional sources such 

as maize, potato, wheat, cassava, and sweet potato 
are being overexploited, highlighting the urgent need to 
investigate new botanical sources of starch (Singh et al. 
2024). Research and characterization of novel or alternative 
starches could alleviate pressure on these limited sources.

Taro (Colocasia esculenta L.), a perennial herbaceous plant 
native to Asia and widespread in tropical and subtropical 
regions of the Americas has garnered increasing interest 
due to its technological and nutritional properties. Thriving 
in climates with annual precipitation between 1,800 and 
2,500 mm and temperatures ranging from 12 to 35 °C, 
taro benefits from high solar luminosity (Nagar et al. 2021; 
Gupta et al. 2023). The edible corm of taro, which can be 
spherical, ellipsoidal, or conical in shape, typically contains 
27% starch on a dry weight basis, with starch granules 
ranging from 1 to 6.5 µm (Legesse and Bekele 2021; 
Huang et al. 2024). Its high moisture and carbohydrate 
content promotes microbial activity, leading to post-harvest 
losses. Although research has been conducted on taro, 
most of it has focused on the characterization of fresh 
corms, with less attention given to the study of taro flour 
and starch (Boahemaa et al. 2024).

Starch, owing to its functional properties and diverse 
applications in the industry, stands out as the most 
commercially significant carbohydrate. These properties 
are closely linked to the composition, morphology, 
and molecular structure of amylose and amylopectin 
within starch granules, factors influenced by genetic, 
agronomic, and environmental conditions (Saraiva et 
al. 2020; Choque-Quispe et al. 2024). Technological 
properties assessed for starches in the food industry 
include gelatinization, solubility index, swelling capacity, 
water absorption capacity, syneresis/retrogradation, and 
emulsification capacity (Hui et al. 2024). Understanding 
these functional properties is critical for predicting starch 
behavior when incorporated into food products. Marboh and 
Mahanta (2021) highlighted the interrelationship between 
these technological properties. For instance, higher water 
absorption capacity correlates with reduced syneresis, 
thereby enhancing stability during the freezing and thawing 

cycles of foods. Additionally, gelatinization alters the starch 
structure, leading to enhanced water separation in certain 
starches post-freezing and thawing (Moorthy et al. 2024). 
In Peru, particularly in the Huánuco region, the climatic 
conditions are favorable for the cultivation of taro, where 
both white and purple varieties are grown. However, the 
lack of scientific studies on the technological properties of 
taro has limited its economic exploitation. The aim was to 
study the morphology, color, techno-functional properties, 
and thermal behavior of starch extracted from taro (white 
and purple).

MATERIALS AND METHODS
This study was carried out in the Laboratorio Central de 
Investigación at the UNAS, located in the city of Tingo 
María, Rupa Rupa district, Leoncio Prado province, 
Huánuco region, Peru which is geographically located at 
9°17’08’’ south latitude and 75°59’52’’ west longitude, at a 
height of 660 meters above sea level (masl), with a relative 
humidity of 80%, and an average annual temperature of 
25 °C.

Raw material
Approximately 5 kg of fresh roots from the two taro varieties, 
white and purple, were collected from the CIPTALD (Figure 
1); geographically situated at the coordinates: 9°51” 
south longitude and 75°00’’ longitude, in the Huánuco 
department (Peru). For the identification of the varieties, 
a cross-sectional cut was made in the roots to identify the 
color of the pulp, The purple variety was coded as PTS, 
and the white variety as WTS.

Starch extraction
The extraction was done according to the methodology of 
Naidoo et al. (2015). The roots were selected according to 
their variety and the first washing was done to eliminate 
impurities. Later the roots were peeled, and a second 
washing using distilled water was done, then the pulp 
was cut into 3 mm thick slices. These slices were dried 
at 50 °C for 8 h in an electric stove (MMM Group, EC 222 
ECO, Germany), then the dry matter was ground and sifted 
(mesh=180 µm). Distilled water was added to the powder 
that was obtained at a proportion of 1:10 (powder mass: 
distilled water mass) at room temperature, and it was put 
in constant agitation for 6 h. Then it was left to sediment 
for 24 h, and later it was centrifuged at 14,000 g for 20 
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min (HETTICH, MIKRO 22 R, Germany). Finally, the solid 
fraction was dried at 50 °C for 24 h and the starch obtained 
was packaged in glass recipients with a screw-on top.

Analysis of the starch microstructure 
The methodology described by Liu et al. (2018) was 
used, and the microstructures were observed using a 
scanning electron microscope (SEM) (Phenom-World 
B.V., Phenom ProX, Netherlands). The starches were 
fixed to the aluminum specimen holders with carbon 
tape, and they were covered with a gold film in a 
metallizer (Leica, EM ACE200, USA) for 5 min, with a 
5 nm thickness. The micrographs were observed with 
increments from 4,000 and 4,500x, with an acceleration 
voltage of 15 kV while the images were obtained.

Chromaticity analysis
The color measurements were done using a colorimeter 
(Konica Minolta, Chroma meters CR-400, Japan); 
the basis for the measures was: luminosity (L*), red-
green chroma (a*), and yellow-blue chroma (b*). The 
measurements were taken by placing the starches 
in a glass cell, focalizing the sources of the light, and 
covering the base of the glass cell with a white plaque. 

Figure 1. Plant and root. PTS (A, B) and WTS (C, D).

The whiteness index  (WI) was determined using 
Equation 1, reported by Guo et al. (2019).

(1)2 2 2WI 100 (100 L*) (a*) (b*)= − − + +

Analysis of the starch technological properties
Water absorption capacity (WAC)
The method proposed by Ashri et al. (2014) was utilized. 
For this, a suspension of starch with distilled water was 
prepared in a proportion of 1:15 (starch mass: water 
volume); it was agitated for 1 h and was centrifuged 
at 1,006 g for 15 min to eliminate the supernatant. The 
mass of the wet starch was recorded, and the WAC was 
expressed as a percentage using Equation 2. 

wet starch mass (g)
WAC(%) 100

dry starch mass (g)
= × (2)

Solubility in cold water (S)
This was estimated according to the method 
recommended by Zhu et al. (2017a). To do this, the 
starch was dispersed in water at a concentration of 1% 
(w/w) and it was agitated at 100 rpm for 30 min at 25 °C, 
utilizing a magnetic agitator (Ultra-Turrax, IKA®, USA); 

8 cm

8 cm
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later the mix was centrifuged at 1,372 g for 10 min. The 
supernatant was poured onto a plaque and was dried at 
105 °C for 4 h; finally, the dissolved solids were weighed, 
and the solubility was expressed as a percentage, 
according to Equation 3: 

dry supernatant mass (g)
S(%) 100

dispersed starch mass (g)
= × (3)

Stability during freezing-thawing (Si)
The methodology described by Salgado-Ordosgoitia et 
al. (2018) was utilized. For this, a starch suspension was 
prepared at 5% (w/v); this was heated at 95 °C for 30 
min in a water bath with constant agitation (MEMMERT, 
WNB 22, Germany). The gel obtained was cooled at 
26±2 °C, from which, 2 g was placed in centrifuge tubes 
and was stored at 4 °C for 24 h. Later, they were frozen 
(LG, GR-5392QLC, South Korea) at -20 °C for 48 h. The 
thawing was done at 25 °C for 3 h and the samples were 
centrifuged at 2,360 g for 15 min. Finally, the separated 
water was weighed and the percentage of syneresis was 
calculated using Equation 4: 

mass of the separated liquid water(g)
Si(%)

mass of the starch from the gel (g)
= (4)

Analysis of the starch thermal behavior
Thermal stability (TG/DTG)
For the thermogravimetric analysis, a calorimeter was used 
(SETARAM, Labsys EVO robot option, USA), following 
the methodology described by Londoño-Restrepo et 
al. (2014). For this, 5 mg of starch was weighed in an 
aluminum crucible and the samples were heated from 
25 to 550 °C; the best heating velocity was 10 °C min-1 
with a nitrogen flow of 50 mL min-1. The mass loss was 
processed using Calisto software incorporated into the 
equipment. The maximum temperature for each thermal 
event was calculated on the DTG curve.

Analysis of gelatinization by DSC
The method proposed by Iturri et al. (2021) was used. 
For this, 10 mg of starch was weighed in an aluminum 
crucible, and to create the suspension, distilled water was 
added at a 1:3 ratio (starch mass: distilled water mass). 
The crucible was sealed and stored between 25 and 27 
°C for 1 h. The calorimeter (SETARAM, Labsys EVO 
robot option, USA) was calibrated with indium (99.99% 

purity, fusion temperature of 126.63 °C). The heating was 
programmed from 25 to 110 °C; the best heating velocity 
was 5 °C min-1 in an inert environment with a nitrogen flow 
of 30 mL min-1. The gelatinization temperatures (onset, To; 
peak, Tp; and conclusion, Tc) and gelatinization enthalpy 
(ΔH) were calculated with the Calisto SETARAM software.

Statistical Analysis
All analyses were performed in triplicate and the values 
are reported as mean ± standard deviation. The t-student 
statistical analysis with paired variables proposed by 
Flores-Ruiz et al. (2017) was utilized to evaluate if a 
statistically significant difference existed between the two 
taro varieties concerning the size, WAC, S, Si, WI, and 
thermal behavior of the starch granules. The statistical 
test was performed using the Statistical software version 
13 (StatSoftInc, Tulsa, OK, USA.) with 95% confidence.

RESULTS AND DISCUSSION
Morphological characterization and size distribution 
The starches from both varieties of taro proved to be 
similar morphologically, presenting characteristics of 
irregular polyhedral granules with central cavities (Figure 
2 and Table 1); this same morphology was also reported 
by Andrade et al. (2017) and Martins et al. (2020) in C. 
esculenta starch granules. Nonetheless, this morphological 
similarity is not common among the starch sources, for 
example, Zhu (2016) found differences in the morphology 
of starches due to the genetic variations between Alocasia 
macrorrhiza, Amorphophallus campanulatus, Cyrtosperma 
merkusii, and Xanthosoma sagittifolium.

The granules of PTS and WTS had similar size ranges 
in the inferior as well as superior limits; moreover, there 
was no proven significant statistical difference between 
them for the average arithmetic size (Table 1), nor did 
they prove to have the same size distribution (Figures 
2C and 2D). For granules of PTS, a large percentage 
was in the size intervals of 1.13–1.47 µm (22.1%) and 
1.81–2.14 µm (20.7%), while for granules of WTS, the 
greatest percentage was found in the size intervals of 
1.21–1.57 µm (20.7%), 1.57–1.93 µm (23.6%) and 1.93–
2.29 µm (18.6%). The difference in the size distribution 
between the PTS and WTS also was evidenced by the 
values difference of the diameter representative of the 
sample (D[3,2]). The interval for the diameters of the starch 
granules (Table 1) was within the range reported by Zhu et 
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Table 1. Morphologic characterization, size, chromaticity, technological and thermal properties of taro starch.

Morphology and Size  PTS*  WTS*

Form Polyhedric with cavities and roundedness Polyhedric with cavities and fissures 
Size range (µm) 0.79-3.84 0.85-4.05 
Average (µm) 1.97±0.66a 1.90±0.63a

D[3,2] (µm) 2.41 2.31

Chromaticity
L* 99.72±0.13a 96.43±0.08b

a* -0.59±0.01b 0.29±0.02a

b* 8.87±0.04a 8.92±0.05a

WI 91.10±0.04a 90.39±0.06b

Technological properties
WAC (%) 127.8±1.61b 1.39±0.53a

S (%)   1.33±0.21b 3.20±0.12a

Si (%) 6.92±1.22a 6.24±1.13a

Thermogravimetry ∆T; (% m m-1) ∆T; (% m m-1)
Δm1 (stage 1) 30-139 °C; (7.9%) 30.3-132.8 °C; (7.1%)
Stability (stage 2) 139-258.3 °C; (0.0%) 132.8-229.6 °C; (0.0%)
Δm2 (stage 3) 258.3-360.1 °C; (54.8%) 229.6-380.0 °C; (64.4%)
Δm3(stage 4) 362.4-554.3 °C; (10.0%) 381.7-554.1 °C; (7.4%)

Gelatinization (DSC)
To (°C) 74.9±0.4b 76.1±0.3a

Tp (°C) 78.6±0.2b 81.5±0.5a

 Tc (°C) 83.2±0.3b 88.0±0.7a

ΔH (J g-1) 2.7±0.0b 3.1±0.1a

Values in the same row with different super indices have statistically significant differences according to the t-student test (P<0.05). PTS*: 
Purple taro starch, WTS*:  White taro starch. D[3,2] : Sauter diameter; WI: Whiteness Index; WAC: Water retention capacity; S: Solubility; Si: 
Syneresis; ΔT: Thermal decomposition temperature range; % m m-1: Percentage mass loss.

al. (2017b) (0.39–5.02 µm) in starch granules in three C. 
esculenta  varieties originating from the Jiangsu province 
of China; in that study, the difference in granule sizes was 
also subjected to the C. esculenta varieties, as reported 
by Zhu (2016). According to Aboubakar et al. (2008), the 
size of starch granules that are highly digestible for kids 
and the elderly is between 3≤d≤20 μm, which indicates 
that PTS and WTS are highly metabolized.

The size distribution of the starch granules had an 
important effect on the WAC since large granules have 
greater swelling causing greater water absorption, this can 
be visualized in Figure 2D, where the granules of WTS 
had a high percentage of larger granules and generated 
an elevated WAC (Table 1). 

The increase in the WAC influenced the delay of the 
gelatinization process, increasing the typical temperatures 
for the process; for example, for the granules of WTS, 
the WAC was 139% with To, Tp, and Tc greater than for 
the granules of WTS which had a WAC of 127.8%. Also, 
the gelatinization enthalpy (Table 1) was affected by the 
increase in the WAC; this behavior was also reported by 
Calle et al. (2021) in starch of Xanthosoma sagittifolium.

Whiteness index
This parameter is related to starch purity; the chromaticity 
values are in Table 1. According to Sit et al. (2014), a 
value superior to 90.0 for this index reflects a high purity 
for the extracted starch. Consequently, the starches 
from the two varieties of this study (PTS and WTS) had 
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acceptable purities for their use in the food industry, as 
mentioned by Guo et al. (2019), given that they are framed 
within the acceptable range (PTS: WI=91.10±0.04 and 
WTS: WI=90.39±0.06). The differences in the a* chroma 
between the varieties were due to the intensity of the 
non-enzymatic browning (Maillard reaction), which is 
related to the humidity content of the starch (Kim et al. 
2013; Deka and Sit 2016). For example, the TG analysis 
for the PTS revealed a higher humidity, of 7.9%, with 
a*=–0.59, and in the WTS it was 7.1% with a*=0.29. 
Greater humidity content generates a greater WI due to 
the water reflection effect; this was corroborated by the 
data (PTS: 7.9% with WI=91.10 and WTS: 7.1% with 
WI=90.39).

On the other hand, a greater amylopectin content 
generates a greater opacity (less luminosity) in the 
starch, as was mentioned by Bultosa and Taylor (2003); 
this was corroborated by the DTG analysis (Figure 3), 
where the PTS presented a more acute area under the 
degradation curve and it had a greater luminosity, which 
is characteristic of the lower amylopectin content.

Technological properties 
Water absorption capacity
To establish the starch functionality when submitted to 
the thermal process it is necessary to quantify the WAC, 
which allows for the prediction of the capacity to be used 
as an emulsifier and in the formation of gels. According 

Figure 2. Morphology and size distribution of the starch granules. PTS (A, C) and WTS (B, D).
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to the results of the WAC, a statistical difference 
existed (P<0.05) between the PTS with 1.28 g g-1 

(127.8%) and the WTS with 1.39 g g-1 (139.0%). These 
values were inferior to those reported by Calle et al. 
(2021) for Colocasia spp. Flour (1.75±0.15 g g-1); this 
difference is related to the larger average size of the 
granules reported by these authors (117.24±8.62 µm), 
which influences the greater WAC. The differences 
in the WAC between the PTS and WTS can also 
be explained because of the white variety’s high 
percentage of larger-sized granules (Figure 2). On the 
other hand, the relationship proposed by Amon et al. 
(2014), as it presented a greater WAC, it is possible to 
consider that the WTS presents a greater quantity of 
hydrophilic constituents on the external surface of the 
granule (polysaccharides).

Solubility in cold water
Solubility is the capacity that the starch has to bond with 
the water, indicating the degree of association between 
amylose-amylopectin, crystallinity, and granule size (Rafiq 
et al. 2015; Wang et al. 2018). The greatest percentage 
of solubility was for the WTS, in comparison to the PTS; 
this is explained due to the greater amylopectin content 
(branched chain, more hydrogen bonds) (Figure 3) and 

the smaller granule size of the starch (D[3,2]=2.31 µm), 
making that the water gets in the starch granules. Studies 
done for other starch sources reported similar values for 
solubility, such as 2.67–3.86% for three varieties of C. 
esculenta (Falade and Okafor 2013), 1.25% for Dioscorea 
alata L., 3.70% for Manihot sculenta, and 2.97% for 
Solanum tuberosum (Alvis et al. 2008).

Stability during freezing-thawing
This parameter is important because it predicts a possible 
microbiological degradation (increase in water activity) 
and decreases in the sensory quality of the frozen foods 
after thawing due to the thermal variations, and the water 
changes phase, provoking the liberation of liquid water 
during storage (Gupta et al. 2021).

During the freezing and thawing process of the starches, 
the phenomenon evidenced is “syneresis,” which is related 
to the loss of water due to exudation. The syneresis values 
did not reveal a statistical difference (Table 1); this can 
be attributed to the fact that during the freezing-thawing 
process, both samples had the same size of ice crystals, 
analogous to the average granule sizes of the starch (Table 
1), and the same amylose-amylopectin crystalline structure 
as also reported by Liu et al. (2019).
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Thermogravimetry (TG/DTG)
Table 1 shows the percentages of mass loss and the 
degradation temperature intervals, and in Figure 4 the 
TG and DTG are recorded with the stages of thermal 
degradation. The principal event of the first stage was water 
loss and volatile compounds; likewise, according to Liu 
et al. (2010), during this stage, there is rapid dehydration 
and decomposition of glucose hydroxyl groups which 
form water molecules, which are evaporated in this same 
stage of decomposition. The PTS presented a greater 
percentage of mass loss in comparison to the WTS, 
and the maximum decomposition temperatures were 
75.9 and 72.5 °C, respectively (Figure 3). Andrade et 
al. (2017) and Elmi Sharlina et al. (2017), found similar 
weight loss percentages in the starch associated with 
the first stage.

In the second stage, the starch granules showed thermal 
stability, with no mass loss occurring (Table 1 and Figure 
4). The PTS presented greater thermal stability in this 
stage, reaching a ∆T range of 119.3 °C; while for the WTS, 
the ∆T range was 96.8 °C. This behavior is explained by 

the greater amylose content present in the PTS (Figure 
3); curve with a slim base and greater height in stage 3, 
which generated a higher internal energy demand during 
the thermal destructuring in this stage. Moreover, the 
amylose-amylopectin proportion is 20/80, as reported 
by Singla et al. (2020), and the amylose has a linear 
chemical structure that generates greater resistance to 
thermal degradation. According to Martins et al. (2020), 
the differences in the temperature range during this stage 
are related to the crystallinity of the starch as a function 
of the disposition of amylose and amylopectin; these 
authors reported that the average typical temperature 
at the end of this stage is 251.9 °C; in this study, similar 
temperatures were found. 

Londoño-Restrepo et al. (2014) indicated that the widening 
of the peak with a lower height in the third stage of thermal 
decomposition corresponds to a greater amylopectin 
content in the starch (Figure 3). In the third stage, a 
greater decomposition occurred, related to the loss of 
mass for the majority compound (amylose for the PTS and 
amylopectin for WTS); there was also a difference in the 

Figure 4. TG/DTG thermogram of starch from purple (PTS) and white (WTS) Taro.

degradation temperature range of the starches (Figure 4 
and Table 1). Studies related to the thermal behavior of 
the C. esculenta starch revealed similar values in the loss 
of mass and temperature range for this stage; the same 
which are associated in this stage with the degradation 

of amylose and the breaking of the amylopectin chain 
(Liu et al. 2010; Andrade et al. 2017; Martins et al. 2020).
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existed due to the formation of CO2 originating from the 
separation of oxygen from the amylose-amylopectin 
complex; the final waste from the pyrolysis process, with 
an absence of external oxygen flow, reached 27.3% for 
the PTS and 21.1% for WTS; according to Mukurumbira 
et al. (2017) and Xu et al. (2014), this difference can be 
attributed to the crystalline structure and the increase 
of the intermolecular interactions during the thermal 
decomposition of the starch’s polymeric structure.

Analysis of the gelatinization by DSC 
The PTS and WTS presented a zone for endothermal 
energy exchange, corresponding to the gelatinization 
process (Figure 5). The typical temperatures for the 
endothermal peak, To, Tp (peak temperature), and Tc 
revealed significant statistical differences between the 

samples (Table 1). On top of presenting the greater 
amylose content, the WTS also had a greater Tp; which 
generated a greater energy demand (3.1 J g-1), given 
that the amylose acts as a dilutant (greater absorption 
of water molecules in the starch granules during the 
gelatinization). Coronell-Tovar et al. (2019) and Elmi 
Sharlina et al. (2017), also indicated that the different 
typical temperatures and the enthalpy during the 
gelatinization were associated with the amylose and 
amylopectin content, crystallinity degree, morphology, 
size distribution, and the water absorption capacity 
of the starch granules. The gelatinization enthalpy 
presented statistical differences between the PTS and 
the WTS (Table 1); these values for the enthalpy were 
similar to those reported by Jiang et al. (2012) in starch 
granules of C. esculenta and D. bulbifera, respectively. 
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CONCLUSION
The comparative study of purple (PTS) and white (WTS) 
sweet potato starches revealed significant similarities 
and differences in their morphological, technological, 
and thermal properties. Both varieties exhibited similar 
morphology, with polyhedral granules and cavities; 
however, WTS stood out for having larger granules, 
resulting in higher water-holding capacity (WHC) and 
opacity. Thermogravimetry showed higher thermal 
stability for PTS, whereas WTS differential scanning 
calorimetry exhibited a higher peak temperature (Tp) 

and greater gelatinization enthalpy, suggesting higher 
energy requirements. These findings underscore the 
importance of considering the specific characteristics of 
each starch variety for effective application in the food 
industry and other technological areas.
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Considering previous studies on the potential use of vinasse in the agricultural sector, this study 
seeks to design a feed for broilers in three presentations according to the stages of the animal’s 
feeding program (start 1-14, growth 15-30 and end 31-42 days) that includes vinasse in the 
formulation. To this end, soybeans were considered as a source of protein, a diet with metabolizable 
energy between 12,351.06 and 14,025.78 kJ∙kg-1. The granulometry was determined according to 
the broiler management manuals, and the feed manufacturing process was specified in a block 
diagram and a flow diagram; in the same way, a test protocol for the use of the feed formulated in a 
sample of broilers of the Cobb breed. This research suggests that using vinasse in feed formulations 
for broilers could provide significant benefits to the agricultural sector. 

Considerando estudios previos sobre el potencial uso de la vinaza en el sector agropecuario, este 
estudio busca diseñar un alimento para pollos de engorde en tres presentaciones de acuerdo con 
las etapas del programa de alimentación del animal (inicio 1-14, crecimiento 15-30 y finalización 
31-42 días) que incluya vinaza en la formulación. Para ello, se consideró el grano de soya como 
fuente de proteína, una dieta con energía metabolizable entre 12.351,06 a 14.025,78 kJ∙kg-1. Se 
determinó la granulometría de acuerdo con los manuales de manejo de pollos de engorde, y se 
especificó el proceso de fabricación del alimento en un diagrama de bloques y un diagrama de 
flujo; de igual forma se propone un protocolo de prueba para el uso del alimento formulado en una 
muestra de pollos de engorde de la raza Cobb. Esta investigación sugiere que el uso de la vinaza 
en las fórmulas de los beneficios para pollos de engorde podría aportar importantes beneficios al 
sector agrícola.
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V
inasse is a liquid residue resulting from the 
distillation process from molasses or fermented 
sugarcane juice (Saccharum officinarum) to obtain 
ethanol in the production of rum, tequila, brandy, 

cachaça or bioethanol (Aristizábal 2015). In the liquor 
industry, for every liter of ethanol produced, 12 to 15 L of 
vinasse is obtained as a residue. Vinasse is a brown liquid 
with a low pH, sweet odor, and high content of dissolved 
and suspended organic matter (Conadesuca 2016).

García and Rojas (2006) indicate that vinasse contains 
soluble inorganic substances such as potassium and 
calcium, organic substances resulting from the metabolic 
process of yeasts and other microorganisms, alcohol and 
residual sugars, some insoluble organic substances, and 
volatile organic substances. The presence of high content 
of organic matter, potassium, and calcium, as well as 
moderate amounts of nitrogen and phosphorus, make it a 
highly polluting waste for water (Rajagopal et al. 2014), and 
its effects include a decrease in luminosity, photosynthetic 
activity and dissolved oxygen. It also causes eutrophication 
of water, contributes to an increase in insect and vector 
populations, resulting in the development of diseases.

There are different types of technologies for the handling 
and use of distillery vinasse. García and Rojas (2006) and 
Leal et al. (2003) studied the potential use of vinasse and 
concluded that, due to the presence of elements such as 
calcium, magnesium, sodium, potassium, zinc, and copper 
in adequate quantities, in addition to compounds and 
plant constituents such as free fatty acids, carbohydrates, 
amino acids, proteins, lipids, sugars among others, it 
can be combined with raw materials in order to produce 
animal feed.

Giraud and Rodríguez (2023) physicochemically characterized 
the vinasse and evaluated some alternative uses using the 
Hierarchical Analytical Process Method (AHP), where they 
considered the evaluated physicochemical potential, ease 
of production, utility in the market, and environmental 
contribution of the possible products as criteria; in the 
same way, they took into account as alternatives for the 
use of vinasse, liquid fertilizer (fertigation), pellet fertilizers, 
organic matter for the production of biogas and feed for 
livestock. The alternative recommended by consensus 
of the experts according to the AHP methodology was 
the feed for small animals and birds, accrediting as a 

key factor the high potential of the vinasse at the level 
of its physical-chemical characterization, particularly for 
its contribution of vegetable protein, fat, nutrients, and 
organic acids. 

Likewise, previous studies indicate that the use of vinasse 
as part of the feed formulation for broilers increases their 
live weight and the efficiency of nutrient utilization by 
increasing digestibility and absorption, the latter attributed 
in part to the high contribution of B vitamins (Hidalgo et 
al. 2009; Rodríguez and Garcés 2015).

The design of feed for broilers is based on two aspects: 1) 
the need in Venezuela for an accessible source of protein 
such as chicken meat (Encovi 2022), and 2) the study by 
Hidalgo et al. (2009) shows that vinasse improves the 
immune system of chickens, which can be an important 
contribution since December 2022, Venezuelan poultry 
production has been impacted by a crisis of avian influenza 
(OPS 2023).

The Venezuelan poultry sector consists mainly of private 
companies that operate medium to large facilities for the 
production of chicken meat and eggs. On the other hand, 
within the diversity of breeds for broilers, there is the 
Cobb breed. In this breed, it is important to differentiate 
according to the commercial purpose between the male 
(meat production) and the female (egg production). They 
are characterized by their excellent growth rate with 
low-cost diets. Broiler diets are formulated to provide 
the energy and nutrients essential for broiler health and 
production efficiency. The basic nutritional components 
that birds require are water, amino acids, energy, vitamins, 
and minerals (Pronavicola 2018). 

Based on what has been indicated, this study seeks to 
design a feed for broilers as an alternative use for vinasse. 
This approach would contribute to less management of 
this material as an environmental benefit and provide a 
lower-cost feed as an agro-industrial benefit.

MATERIALS AND METHODS
The study proposes the design of a feed for broilers 
considering vinasse in its formulation, including: 1) the 
formulation of the product, 2) the design of the production 
process for the feed, and 3) a proposal to evaluate the 
efficacy of the product in the bird growth.
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Product formulation for broilers
Three formulations were designed according to the 
stage of the bird’s feeding plan (Table 1), taking as a 
reference the diet for a) EB 34 hybrid chickens used in 

the study by Hidalgo et al. (2009), b) laying hens of the 
Lohmann-Brown genetic line of Organización El Tunal 
(2023), and c) Japanese quails from the trial by Martins 
et al. (2017). 

Table 1. Formulations designed for broiler feeding according to their different stages in the feeding program. 

                Raw materials (%) Beginning
(1-14 days)

Growth
(15-30 days)

Finalized
(31-42 days)

Ground corn 61.0 55.0 42.0
Soy 27.0 26.5 33.0
Wheat bran 3.0 4.5 6.0
Vinasse 5.0 10.0 15.0
Dicalcic phosphate 1.3 1.4 1.5
Calcium carbonate 1.3 1.2 1.2
Will 0.2 0.2 0.2
Vitamin and mineral premix (Hidalgo et al. 2009) 1.0 1.0 1.0
DL-Methionine 0.2 0.2 0.1

The broiler feed formulation was developed based on 
an extensive literature review and consultations with 
experts on the subject, resulting in a formulation for 
each stage of the poultry feeding program that meets the 
nutritional requirements of broilers, as shown in Table 1.

The amount of vinasse in the formulation is increased as the 
bird grows. The main physicochemical characteristics of this 
ingredient being those presented in Table 2. The amount of 
nutrients such as nitrogen, potassium, phosphorus, calcium, 

iron, and manganese, which are required in broiler feed for 
its proper development, stand out in the composition of the 
vinasse used in the study (Vásquez 2018).

According to Hidalgo et al. (2009), the inclusion of vinasse 
in the feed favors the feed conversion ratio, which means 
a reduction in costs by substituting ingredients such as 
molasses and cane juice. Additionally, vinasse is easy to 
produce and does not require any prior treatment before 
its inclusion in the preparation of the food. 

Table 2. The main characteristics of the vinasse considered for the formulation of broiler feed. 

Physicochemical characteristic               Value

Humidity (%) 92.50
Protein (% w/w) 1.09
Carbohydrates (% w/w) 1.70
Ashes (% w/w) 1.20
Grease (ppm) 7,787.00
Total Nitrogen (ppm) 1,061.00
Potassium (ppm) 3,410.00
Phosphorus (ppm) 366.00
Calcium (ppm) 2,157.00
Manganese (ppm) 29.50
Iron (ppm) 19.06
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Conversely, nitrogen-adjusted metabolizable energy 
(MI) was calculated for each formulation to quantify the 
total energy contribution (Table 3). The results indicate 

that the reported values remain within the recommended 
range for achieving optimal broiler growth performance, 
as reported by Torres (2018).

Table 3. Energy input of broiler feed formulations at different stages of the feeding program. 

Energy intake of macronutrients 
(kJ•kg-1)

Beginning
(1-14 days)

Growth
(15-30 days)

Finalized
(31-42 days)

Ground corn 8,926.26 8,048.29 6,146.22
Soy 4,908.19 4,817.33 5,999.27
Wheat bran 90.43 135.65 180.45
Vinasse 66.99 133.98 200.97

Metabolizable energy
(adjusted for nitrogen) 13,991.87 13,135.25 12,526.91

Design of the production process for food
The broiler feed production process involves eight 
phases: raw material reception, storage, raw material 
cleaning, grinding, mixing, sieving, pelletizing, and 
packaging. To test this design, future researchers must 
consider the bromatological analysis of the product in 
its different presentations, then verify the nutritional 
composition, and the presence of possible contaminants, 
to know its physicochemical properties, and rule out any 
microbiological contamination.

Figure 1 shows the diagram of the proposed manufacturing 
process of a broiler feed.

Process description
The process begins with the receipt and storage of dry 
macro ingredients and vitamins in separate silos, while 
the vinasse is received in tanker trucks and stored in a 
closed tank. The macro ingredients are cleaned to remove 
impurities and then screened to optimize the grinding 
process. Material with a size between 1.0 and 3.5 mm is 
transported directly to the weighing hopper, while larger 
particles of this size are crushed in a hammer mill. Material 
smaller than 1.0 mm in size is stored in a flour silo, as 
recommended for crumb and pellet feeds (Arbor Acres 
2018). Vitamins and minerals are ground to a particle size 
of less than 3.5 mm, except for calcium carbonate which is 
supplied in particles of 2.0 to 4.0 mm (ISA Poultry 2010).

The macro-ingredients, vitamins, and vinasse are weighed 
and added to the industrial mixer according to the feed in 

the feeding stage to be produced to obtain a homogeneous 
mixture of the feed. If the feed is produced in crumbs, it 
goes directly to a packing scale (feed for the initiation 
stage), in case the feed is required in mini pellets or 
pellets, it continues the production line. In the latter case, 
the coarse powder is heat-treated (maximum 80 °C) by 
adding steam to a spiral conveyor belt. The increase in 
temperature reduces the percentage of moisture in the 
powder and additionally, together with the pressure of 
the pelletizer, the pellet is compacted in a better way, 
increasing its density and therefore its quality.

Once heat-treated, the hot powder is turned into pellets 
in the pellet machine to the desired diameter and then 
left to stand in a counter-current cooler. The final product 
is passed through a rotary sieve to ensure the desired 
particle size, weighed, and packaged in bird feed bags.

Proposal to evaluate the efficacy of the product in 
the growth of birds
The testing phase aims to provide an assessment of broiler 
feed that includes vinasse in its formulation, based on 
its impact on growth, feed conversion ratio, and overall 
health of the birds.

It is proposed to carry out the test in a chicken farm located 
in the state of Carabobo, Venezuela, where the average 
temperature is 31 °C, and there is a relative humidity of 
59% (González 2017); the lighting and ventilation of the 
shed must be adequate (Pronavicola 2018). It includes 
a manual three-phase feeding system, ad libitum, with 
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60 male chicks of the Cobb breed, and an experimental 
design of completely randomized blocks (Gutiérrez 2015), 
distributed in two equal groups: a control group and another 

with the formulated feed. Each group is subdivided into 
three (subgroups of 10 chickens) to consider the repetitions 
of the trial covering the three stages of the poultry feeding 

Figure 1. Diagram of the manufacturing process of a broiler feed. A) Block diagram and B) Flow diagram.

A

B
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program: initiation from 1 to 14 days, growth from 15 to 30 
days, and termination from 31 to 42 days (Vásquez 2018).

During the trial, the supply of vinasse is proportional to the 
percentage indicated according to the stage of the feeding 
program in Table 1 and the amount of feed is fixed according 
to the nutritional needs of the breed, distributed in four daily 
rations. Before starting the trial, both groups of animals 
(control and formulated feed) are weighed to determine 
the average starting weight, and the feeding carcass is 
cleaned to ensure accuracy in the evaluation. Throughout 
the trial, feed is weighed before and after feeding to the 
animals to measure product acceptance and calculate the 
feed conversion ratio. At the end of each growth stage and 
before changing the feed ratio, the animals are weighed 
again on an empty stomach to determine the final weight. It 
is recommended at the end of the trial (42 days) to slaughter 
ten animals from each group to determine the total yield in 
carcass, breast, thighs and legs, viscera, and abdominal fat.

In Venezuela, poultry farms are located in the coastal area 
(western, central, and eastern) due to their proximity to both 
the ports through which most inputs arrive and the cities that 
are centers of consumption (Álvarez 2014). Based on this, 
the state of Carabobo is proposed as a site to carry out the 
testing phase of the formulated food. Additionally, the farm 
must have adequate lighting and ventilation conditions that 
allow the desired development of the broiler.

Before starting the feed testing phase, researchers must 
select 60 healthy chicks with 1 day of life. Likewise, 
during the development of the test, they must consider 
the vaccination plan required to maintain the birds’ health 
(Pronavicola 2018). Variables of interest are 1) the weight 
of the chicken before and after eating, 2) the weight of the 
chicken at the beginning and end of each feeding stage, 
and 3) the weight of the food consumed; With these 
variables, the aim is to calculate the acceptance of the 
product, the feed conversion ratio, and the growth of the 
chicken in the different stages of feeding, with which it 
can be defined as whether or not the formulated product 
meets the desired objective, that is, that the vinasse within 
the formulation of the feed for broiler feeding is beneficial.

CONCLUSION
The study shows that it is possible to design a broiler feed 
containing vinasse that meets the essential nutritional 

requirements. The amount of vinasse used in the feed 
aligns with the recommended daily dietary intake for 
broilers, which falls between 12,351.06 to 14,025.78 
kJ•kg-1. A production process was developed for the feed 
in three different forms (initiation, growth, and completion), 
integrated into the standard broiler feed production line, 
and made ready for introduction to the market.

For future research, it is suggested to conduct a test phase 
to evaluate the effectiveness of the feed, as well as an 
economic study to assess its feasibility for broilers. It is 
also recommended to carry out field trials with varying 
proportions of vinasse in broiler feed, involving different 
genetic lines and/or other poultry species, to expand the 
scope of the study and provide practical application insights.
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This study analyzed the leaf spectral response of three native timber forest species in the tropical 
dry forest: Diomate (Astronium graveolens Jacq.), Choibá (Dipteryx oleifera Benth.), and Algarrobo 
(Hymenaea courbaril L.). The study was conducted at the León Morales Soto Arboretum and Palmetum, 
at the Universidad Nacional de Colombia in Medellín, Antioquia, Colombia. Spectral data from the leaves 
were collected in situ using the portable spectroradiometer ASD FieldSpec HandHeld-2, which operates 
with a spectral resolution of 1 nm (resampled to 10 nm) and covers a spectral range between 325 and 
1,075 nm (limited to 400-900 nm). Based on the measurements, the behavior and spectral variability 
of the species were evaluated. One-factor Analysis of Variance and Mann-Whitney-Wilcoxon U-test 
were implemented in reflectance spectra to select the optimal narrow bands for species discrimination. 
The classification capacity of the selected narrow bands was assessed using the K-nearest neighbors’ 
algorithm. It was found that A. graveolens and H. courbaril exhibited spectral signatures typical of healthy 
vegetation, while D. oleifera showed spectral changes during the early stages of senescence. Regarding 
spectral separability, 23 narrow bands in the visible region and near-infrared region were identified as 
optimal for distinguishing the plant species. The supervised classification algorithm applied to these 23 
narrow bands achieved an overall accuracy of 95.8%. In conclusion, these findings provide valuable 
insights into the spectral response of important tropical species and contribute to their conservation 
efforts by enhancing understanding of their unique spectral characteristics in diverse and heterogeneous 
ecosystems like tropical forests.

Esta investigación analizó la respuesta espectral foliar de tres especies forestales maderables nativas 
del bosque seco tropical, Diomate (Astronium graveolens Jacq.), Choibá (Dipteryx oleifera Benth.) y 
Algarrobo (Hymenaea courbaril L.). El estudio se efectuó en el Arboretum y Palmetum León Morales 
Soto de la Universidad Nacional de Colombia, sede Medellín, Antioquia, Colombia. Los datos espectrales 
de las hojas se colectaron in situ con el espectrorradiómetro portátil ASD FieldSpec HandHeld-2, que 
trabaja con una resolución espectral de 1 nm (remuestreada a 10 nm) y un rango espectral entre 325 
y 1.075 nm (acotado entre 400 y 900 nm). A partir de las mediciones, se evaluó el comportamiento 
y la variabilidad espectral de las especies. Se implementó el Análisis de Varianza de un factor y la 
prueba U de Mann – Whitney – Wilcoxon en los espectros de reflectancia con el fin de seleccionar las 
bandas estrechas óptimas para discriminar las especies. Se evaluó la capacidad de clasificación de las 
especies en las bandas estrechas seleccionadas, utilizando el algoritmo de los K vecinos más cercanos. 
Encontrando que A. graveolens e H. courbaril presentaron firmas espectrales típicas de la vegetación 
saludable y D. oleifera evidenció cambios espectrales en el período inicial de la senescencia. Respecto 
a la separabilidad espectral, se encontraron 23 bandas estrechas en la región visible e infrarrojo cercano 
óptimas para diferenciar las especies vegetales. El algoritmo de clasificación supervisada aplicado en las 
23 bandas estrechas, tuvo una precisión general del 95,8%. En conclusión, estos hallazgos proporcionan 
valiosos conocimientos sobre la respuesta espectral de importantes especies tropicales y contribuyen a 
sus esfuerzos de conservación al mejorar la comprensión de sus características espectrales únicas en 
ecosistemas diversos y heterogéneos como el bosque tropical.
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A
ggarwal (2004) explains that every object 
possesses a distinct spectral response, which 
is determined by the energy reflected or emitted 
at different wavelengths. In the realm of remote 

sensing, artificial sensors capture radiation within specific 
contiguous bands and convert it into either multi or 
hyperspectral images, or numerical data that can be 
processed using computers. Through digital manipulation 
of this information, reflectance curves or spectral signatures 
can be generated, which have found widespread application 
in local and regional vegetation studies.

Remote sensing involves the use of aerial and satellite 
sensors to capture images of the Earth’s surface, and these 
images can have different spectral resolutions, such as 
multi or hyperspectral (Nalepa 2021). On the other hand, 
spectroradiometry is a field within remote sensing that 
utilizes portable devices known as spectroradiometers. 
These instruments can measure the radiant energy flux 
at the surface of objects, specifically focusing on leaf 
samples in this particular investigation. 

In tropical regions, the majority of spectral investigations 
have primarily focused on analyzing the canopy level 
through the processing of aerial and satellite imagery. This 
approach is driven by the complex structure and diversity 
of tropical forests, which present challenges in acquiring 
and analyzing spectral data at the leaf level. Consequently, 
remote sensing emerges as a valuable tool for gathering 
information in these ecosystems, offering advantages in 
terms of efficiency and cost-effectiveness compared to 
direct data collection methods.

Spectral investigations conducted at the leaf level using 
the spectroradiometry technique find greater applicability 
in extratropical forests. These ecosystems exhibit a higher 
degree of species homogeneity, making fieldwork for 
capturing spectral readings more feasible. Additionally, 
the measuring instrument used typically possesses a high 
spectral resolution, enabling precise quantification of even 
minor variations in reflectance across the electromagnetic 
spectrum (O’Shaughnessy and Rush 2014). This enhanced 
spectral resolution significantly enhances the predictive 
capabilities during data analysis.

In recent years, spectroradiometry has found applications 
in various areas such as species identification, phenology 

tracking, and monitoring the phytosanitary status of 
vegetation (Clark et al. 2005; Clark and Roberts 2012; 
Lu et al. 2017). Most of these studies have been conducted 
in the Americas, Southeast Asia, and the western fringe 
of Europe. Spectral signatures have been documented 
in the tropical dry forest for species such as Diomate 
(Astronium graveolens), Cedro Rojo (Cedrela odorata), 
Ceiba (Ceiba pentandra), Nogal Cafetero (Cordia alliodora), 
Algarrobo (Hymenaea courbaril), and Caoba (Swietenia 
macrophylla). In the tropical rainforest, species like Caucho 
(Castilla elastica), Choibá (Dipteryx oleifera), Olla de 
Mono (Lecythis ampla), Surá (Terminalia oblonga) and 
Suribio (Zygia longifolia) have been studied. Genera such 
as Quercus, Pinus, and Acer have been investigated in 
temperate forests. Spectral studies have also focused on 
the Rhizophoraceae family in the mangrove ecosystem 
(Clark and Roberts 2012; Papeş et al. 2013; Prasad and 
Gnanappazham 2014; Ferreira et al. 2016; Miyoshi et 
al. 2020).

The tropical ecosystem is recognized as a significant 
source of species with valuable characteristics such as 
hardness, strength, and durability, making them highly 
sought after in both the market and scientific communities, 
leading to numerous studies focusing on the spectral 
characterization of leaves and wood. However, the findings 
reported so far lack generalizability due to the adoption of 
different methodologies (Clark and Roberts 2012), limiting 
comparisons with other studies (Rasaiah et al. 2014). It is 
important to research the spectral behavior of plant species 
at different phenological stages, particularly in the case of 
D. oleifera, and to explore data processing techniques, 
especially supervised classification with K-nearest neighbors, 
which have been underutilized in spectroradiometry.

This study aims to analyze the leaf spectra of three timber 
forest species (A. graveolens, H. courbaril, and D. oleifera) 
native to tropical dry forests using spectroradiometry, a 
technique commonly applied in ecosystems with higher 
homogeneity. The study had the following specific 
aims: a) to examine the spectral characterization of 
leaf samples using spectroradiometry, b) to identify the 
narrow bands that exhibit the best discriminatory power 
for distinguishing between the species, c) to evaluate 
the spectral discrimination ability of the species in the 
selected narrow bands. The hypothesis evaluated in this 
research is that spectroradiometry is a reliable technique 
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for separating and classifying leaves from different forest 
species.

MATERIALS AND METHODS
Study area
The research was conducted at the León Morales Soto 
Arboretum and Palmetum of the Universidad Nacional 

de Colombia, located in Medellín, Antioquia, Colombia 
(Figure 1). The study area climate is characterized by 
a mean annual air temperature of 19 °C and a mean 
annual precipitation of 1,752 mm (IDEAM 2010). These 
climatic conditions classify the area as belonging to the 
Premontane Rainforest (bh-PM) life zone, according to 
the Holdridge classification system.

Figure 1. Location of tree species in the León Morales Soto Arboretum and Palmetum of the Universidad Nacional de Colombia, Medellín, 
Antioquia, Colombia.
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Selection of forest species
A literature review was conducted to identify tropical timber 
tree species that have undergone spectral analysis. The 
studies indicate that sample size varies depending on the 
number of available individuals at each site, such as at 
the Arboretum and Palmetum León Morales Soto, where, 
despite species diversity, the collection has a limited 
number of individuals. Sample size recommendations 
range from one to five individuals per species and from 3 
to 15 leaves per tree (Castro-Esau et al. 2006; Féret and 

Asner 2011). Based on this review, four individuals per 
species and three leaves per tree were selected at the 
Universidad Nacional de Colombia, Medellín Headquarters. 
The selected species are listed in Table 1.

Diomate (A. graveolens) is a forest species belonging to 
the Anacardiaceae family (Figure 2A). It is characterized 
by compound, alternate, imparipinnate leaves that are 
arranged spirally. The leaves are composed of 11 to 15 
lanceolate, acuminate, and serrate leaflets (Gómez and 
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Table 1. List of forest species with their abbreviations, identification codes in the León Morales Soto Arboretum and Palmetum, common 
names, scientific names, and references consulted.

Abbreviation Codes Common name Scientific name References

Asg
760, 761, 
933, 1911

Diomate Astronium graveolens Jacq.
Castro-Esau et al. 2006; Ferreira 
et al. 2016

Dip
425, 1397, 
1408, 1785

Choibá Dipteryx oleifera Benth.
Clark et al. 2005; Clark and 
Roberts 2012

Hyc
165, 282, 
422, 1105

Algarrobo Hymenaea courbaril L.  Papeş et al. 2013; Ferreira et al. 
2016; Miyoshi et al. 2020

Toro 2008). According to the IUCN Red List, Diomate 
holds a classification of Least Concern (LC) (Machuca et 
al. 2022) and plays a vital role in the ecological restoration 
of the tropical dry forest in Colombia. 

Choibá (D. oleifera) is a member of the Fabaceae family 
(Figure 2B) and is characterized by compound, alternate, 
imparipinnate leaves. The petiole is smooth, winged, and 
grooved, while the rachis is winged and bears 4-8 pairs 
of elliptic leaflets (Cogollo et al. 2004).  

Choibá is classified as a Vulnerable Species (VU) in the 
Colombian Red Book of Plants (Cárdenas and Salinas 
2007). On the other hand, Algarrobo (H. courbaril) is a forest 
species belonging to the Fabaceae family (Figure 2C). 
It exhibits compound, alternate, and paripinnate leaves, 
with a pair of elliptical leaflets 3–12 cm long and 1.5–7 
cm wide (Gómez and Toro 2008). According to the IUCN 
Red List, Algarrobo is classified as Least Concern (LC) 
(Bachman 2023) and plays a crucial role in the restoration 
of the tropical dry forest in Colombia.

A B C
Figure 2. Forest species selected for foliar sampling: A) A. graveolens, B) D. oleifera, and C) H. courbaril.

Foliar sampling
In this study, a total of four individuals from each 
of the three tree species were selected. Branches 
were extracted from the middle third of the canopy of 
each tree, specifically, those directly exposed to solar 
radiation. A minimum of three leaflets were collected 

from these branches to capture the spectral reflectance 
data (Figure 3).

The collected leaves were carefully wiped with gauze, 
and then placed in moist cotton and polyester towels. 
They were subsequently stored in labeled polyethylene 



10911

Rev. Fac. Nac. Agron. Medellín 77(3): 10907-10919. 2024

- Leaf spectrum analysis of three tropical timber species: Diomate (Astronium graveolens), Choibá (Dipteryx oleifera), and Algarrobo (Hymenaea courbaril)

bags, with each bag bearing the abbreviation and code 
corresponding to the respective arboreal individual. The 
leaves were stored in these bags for approximately 2 
h, until the leaf sampling was completed. Subsequently, 
the spectral measurements of the three species were 
taken in situ under uniform conditions.

Spectral measurements
The spectroradiometer used in this study was the ASD 
FieldSpec HandHeld-2, a portable device that employs 
firmware for internal hardware management and desktop 
software for configuring data recording and processing. 
This instrument offers a high spectral resolution of 3 nm 
(interpolated to 1 nm) and a minimum scan time of 17 ms. 
Used to capture spectral signatures in the ultraviolet (UV) 
and near-infrared (NIR) regions, covering a wavelength 
range from 325 nm to 1,075 nm.

The approximate size of the leaves, excluding the petiole, 
ranged from 8 to 20 cm in length. For this reason, a field 

Arboreal individuals
Asg 760
Asg 761
Asg 933
Asg 1911

Arboreal individuals
Dip 405
Dip 1397
Dip 1408
Dip 1785

Arboreal individuals
Hyc 165
Hyc 282
Hyc 422
Hyc 1105

Astronium graveolens Dipteryx oleifera Hymenaea courbaril

Figure 3. Experimental design for the acquisition of spectral signatures.

of view (FOV) of approximately 14 cm in diameter was 
chosen by placing the sensor with a 25° optic at a distance 
of 30 cm from the nadir. In this way, the influence of 
surrounding materials on the spectral measurements of 
the leaves was reduced. 

To ensure accuracy and account for any potential variation 
in solar radiation, the data were collected within a ±30 
min interval from solar noon. Three points on each leaf 
were scanned, evenly distributed, and perpendicular to 
the main rib of the leaf blade (Figure 3). For this purpose, 
a field spectroradiometer was used, calibrated every 15 
min using the spectral signature of a 3.6” reference white 
panel, which exhibits nearly 100% reflectance across the 
electromagnetic spectrum. 

The spectral signatures were collected on clear days in 
April when solar elevation angles ranged between 87 
and 89°, which minimized the effects of atmospheric 
conditions and variations in the sun’s position. To reduce 



10912

Rev. Fac. Nac. Agron. Medellín 77(3): 10907-10919. 2024

- Alzate-Marin EJ, Toro-Restrepo LJ, Suárez-Gómez JA

the influence of external factors, a matte black plastic 
material was utilized to absorb direct solar radiation from 
the wavelengths of the visible and near-infrared spectrum.

It is highlighted that the D. oleifera samples were in an early 
stage of senescence in April, which could have influenced 
their spectral characteristics. The senescence process can 
affect the cellular structure and chemical composition of 
leaves, altering their ability to reflect energy at different 
wavelengths. To ensure the validity of the comparison, 
spectral samples were collected under standardized 
conditions, and potential influences of the senescence 
state were considered in the analysis.

Spectral characterization
The spectral records (a total of 36 records per species) 
were processed using spectral interpretation software. 
This software allowed for the calculation of the mean 
and standard deviation of these records. Subsequently, 
spectral signatures were plotted using the ggplot2 package 
in RStudio 1.1.463, covering a wavelength range between 
400 and 900 nm of the electromagnetic spectrum.

Extraction of optimal spectral bands
Considering previous research on the similarity in reflectance 
between contiguous bands and the advantages of using 
narrow bands, this study reduced the dataset by applying 
a simple averaging function every 10 nm. Originally, the 
data were distributed at 1 nm intervals between 400 and 
900 nm. To obtain narrowbands every 10 nm, wavelengths 
were grouped into 10 nm ranges (for example, from 400 
to 410 nm, from 410 to 420 nm, and so on). Within each 
of these ranges, the reflectance data were averaged to 
obtain the mean value of the corresponding narrowband, 
ranging from 405 to 895 nm. This process resulted in a 
reduced dataset where each narrowband represents an 
average reflectance within a specific wavelength interval.

To determine the appropriate statistical analysis for each 
species’s reflectance patterns, an initial assessment of 
distribution normality and variance homogeneity was 
conducted. For datasets exhibiting normal distribution 
and homoscedasticity, analysis of variance (ANOVA) was 
applied. Conversely, datasets that showed deviation from 
normal distribution were subjected to the Mann-Whitney-
Wilcoxon U Test. The statistical analyses were conducted 
using the base package in RStudio 1.1.463 software.

ANOVA is a statistical method used to assess the equality 
of population means. Specifically, a one-factor ANOVA is 
employed, which involves utilizing a single characteristic, 
referred to as the treatment or factor, to categorize the 
populations (Triola 2009). The primary aim of this test is to 
evaluate the null hypothesis, which states that the population 
means of the two groups of reflectance values are equal 
(Equation 1). This null hypothesis is then compared against 
the alternative hypothesis, which suggests a significant 
difference between the two population means (Equation 2).

(1)

Where θsp is the mean reflectance of each tree species 
to be compared in each spectral band.

The test statistic used by ANOVA has a Snedecor F 
distribution (Equation 3). According to Triola (2009), 
the numerator of the F-statistic measures the variance 
between sample means     and the denominator of the 
F-statistic depends on the variability within the samples
     :

(2)

0 sp1 sp2H : θ = θ

0 sp1 sp2H : θ ≠ θ
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SCE
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= =
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− −

(3)

Where SCR is the sum of squares of the regression, SCE 
is the sum of squares of the residuals, n is the number of 
observations in the sample and k is the degrees of freedom.

The Mann-Whitney U test assesses whether two populations 
have different means or medians, especially with non-normal 
data (Yue and Wang 2002). The null hypothesis proposes 
that the means or medians are equal (Equation 1), while 
the alternative suggests they are different (Equation 2).

To conduct the Mann-Whitney U test, the two samples are 
merged, and the observations are arranged in ascending 
order from lowest to highest (Equation 4). According to Yue 
and Wang (2002), the U-test statistic can be computed 
using the following Equation:
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(4)

Where n1 and n2 are the sizes of the two samples, and  
R1 and R2  correspond to the sum of each of the samples.

Species discrimination algorithm
The supervised K-nearest neighbor (K-NN) classification 
method was employed on the dataset consisting of 108 
records, which represents the total spectral records 
obtained from the combination of three points on 
every leaf, three leaflets, four individuals, and three 
forest species. These data were extracted from narrow 
bands that exhibited statistically significant differences 
(P<0.05) across all combinations of forest species. In this 
analysis, 70% of the data (76 records) were randomly 
selected as the training set, while the remaining 30% 
(32 records) were used for testing. The class package in 
RStudio 1.1.463 was utilized for data processing.

The K-NN (K-nearest neighbors) algorithm estimates 
the value of an unknown point based on similarity with 
neighboring points (Cover and Hart 1967). In this approach, 
the Euclidean distance between observations is calculated 
(Equation 5).  According to Amat (2016), to ensure accurate 
estimates, it is necessary to normalize predictor values when 
their scales differ, as shown in Equation (6).

(5)
p 2

i j ri rjr 1

ri rj
,i j )r rax min

d( x, x ) ( x x )

x x
dN(x x ) m (x (x )

=
= −

−
= −

∑

(6)

Where d is the Euclidean distance between the points 
xi and xj evaluated at the r-th input feature, max(xr) and 
min(xr)  are the maximum and minimum values observed 
in the training set of xr.

The K-nearest neighbor (K-NN) classification method 
classifies objects based on the number of neighboring 
observations, denoted as K. In this study, K is set to one, 
meaning that the category of an object is determined by 
the value of its nearest neighbor.

RESULTS AND DISCUSSION
Spectral signatures
Figure 4 displays the average leaf spectral signatures ± 
standard deviation (S.D) of the forest species Diomate, 
Choibá, and Algarrobo within the wavelength range of 
400 to 900 nm. This range corresponds to the visible 
(VIS, 400-700 nm) and near-infrared (NIR, 700-900 nm) 
regions of the electromagnetic spectrum.

Figure 4 presents the spectral characteristics of forest 
species, illustrating a distinctive pattern of low reflectance 
in the visible (VIS) range and high reflectance in the near-
infrared (NIR) range.  The spectral signatures showed an 
increase in reflectance within the green region (500-600 nm), 
peaking around the 555 nm band with average reflectance 
ranging from 14 to 31%. Additionally, there was a notable 
rise in reflectance from the visible (VIS) to the near-infrared 
(NIR) range, especially within the red edge position (REP) 
segment (680-730 nm), ranging from 9 to 16% at 680 nm 
and from 14 to 19% at 730 nm. In contrast, reflectance 
remained consistently high in the NIR range (730-900 nm) 
and tended to stabilize at longer wavelengths.

The spectral signature of A. graveolens (Figure 4A) showed 
low reflectance (<15%) in the ranges of 400-500 nm and 
600-680 nm. The highest reflectance was observed in the 
visible region of the electromagnetic spectrum, specifically 
around the 553 nm band (18±3%). Reflectance sharply 
increased from the 685 nm band (16±3%) onwards, reaching 
its maximum in the near-infrared (NIR) region at the 765 
nm band (34±4%), followed by a relatively stable trend.

The spectral signature of D. oleifera (Figure 4B) exhibited 
the highest average reflectance values among the three 
species. Reflectance in the 430-500 nm range was notably 
high and gradually increased until reaching its peak at 
the 554 nm band (31±10%). Subsequently, there was 
a significant decrease in reflectance until the 687 nm 
band (10±2%). In the red edge position (REP) segment 
(687-730 nm), reflectance showed an increasing trend 
with considerable variability before stabilizing at longer 
wavelengths.

The leaf spectrum of H. courbaril (Figure 4C) exhibited 
less variability in the visible (VIS) region compared 
to the other species. Reflectance in the 400-500 nm 
segment was low (<9%). It reached its maximum in the 
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green region, specifically in the 554 nm band (14±4%). 
It then showed a gradual increase in the 682 nm band 
and reached its peak in the near-infrared (NIR) region, 

specifically in the 755 nm band (39±10%). From there, 
reflectance remained relatively constant until the 900 
nm band.

Figure 4. Leaf spectral signatures of mean reflectance (solid line) and standard deviation (±S. D, dotted line) of A) A. graveolens, B) D. 
oleifera, and C) H. courbaril. 
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The results show a notable difference in average 
reflectance between the visible and near-infrared spectra 
of D. oleifera leaves compared to H. courbaril and A. 
graveolens. This variation is due to D. oleifera being 
in an early senescence stage in April when spectral 
records were taken. During this phase, deciduous trees 
typically exhibit changes in reflectance spectra, such as 
increases in the visible spectrum and decrease in the 
near-infrared spectrum (Clark et al. 2005). However, 
there have been no specific studies on the spectral 
variability of D. oleifera across different phenological 
stages.

H. courbaril and A. graveolens exhibited typical spectral 
signatures of healthy vegetation, characterized by low 
reflectance in the visible spectrum and high reflectance 
in the near-infrared spectrum. Despite a notable 
increase in reflectance from the red edge to the near-
infrared, previous research confirms that H. courbaril 
and A. graveolens maintain low reflectance in the visible 
and near-infrared spectra (Papeş et al. 2013; Ferreira et 
al. 2016; Miyoshi et al. 2020). These findings highlight 
the consistency in the spectral response of these plant 

species, suggesting that low reflectance in the visible and 
the near-infrared are useful distinctive characteristics for 
the identification and characterization of H. courbaril and 
A. graveolens.

The study showed minimal variation in reflectance for 
H. courbaril and A. graveolens compared to the spectral 
signatures reported for the tropical dry forest (Papeş et 
al. 2013; Ferreira et al. 2016; Miyoshi et al. 2020). It 
is important to note that the life zone, which includes 
environmental factors such as rainfall and temperature, 
influences the spectral response of species and 
physiological stress. However, in this experiment, the 
impact of this variable was not significant, as the spectral 
signatures obtained in the premontane rainforest were 
similar to those of the tropical dry forest.

Spectral separability
Figure 5 shows the number of species pairs that can be 
distinguished from each other (Asg vs Dip, Asg vs Hyc, 
and Dip vs Hyc). Significant differences were found in 
most spectral bands among all species pairs, except for 
the bands centered at 715 and 725 nm, corresponding 
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Figure 5. Frequency of occurrence of narrow bands with P<0.05, according to U-test and ANOVA.
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to the red edge position (REP). The analysis revealed 
that 23 narrow bands effectively classified all species 
combinations, 25 narrow bands differentiated between 
two pairs of species, and only two narrow bands were 
able to distinguish one or fewer pairs of species.

Table 2 shows the optimal narrow bands for distinguishing 
plant species. Within each pair of species, significant 

variations were observed across a range of 33 to 48 narrow 
bands, demonstrating statistically significant differences 
(P<0.05). Notably, when comparing A. graveolens to H. 
courbaril and A. graveolens to D. oleifera, over 38 bands 
in the visible and near-infrared spectrum proved to be 
distinguishing factors. However, in the case of D. oleifera 
and H. courbaril, the disparity was limited to 33 bands 
primarily within the visible range. 

Table 2. Potentially optimal narrow bands for the discrimination of each pair of plant species, identified using ANOVA and Mann-Whitney-
Wilcoxon U test (P<0.05). 

Pair of species
Narrow bands

Visible (400-700 nm) NIR (701-900 nm)

Asg vs Dip
405, 415, 425, 435, 485, 495, 525, 535, 545, 555, 
565, 575, 585, 595, 605, 645, 655, 665, 675, 685, 
695

735, 745, 755, 765, 775, 785, 795, 805, 815, 
825, 835, 845, 855, 865, 875, 885, 895

Asg vs Hyc
405, 415, 425, 435, 445, 455, 465, 475, 485, 495, 
505, 515, 525, 535, 545, 555, 565, 575, 585, 595, 
605, 615, 625, 635, 645, 655, 665, 675, 685, 695

705, 735, 745, 755, 765, 775, 785, 795, 805, 
815, 825, 835, 845, 855, 865, 875, 885, 895

Dip vs Hyc
425, 435, 445, 455, 465, 475, 485, 495, 505, 515, 
525, 535, 545, 555, 565, 575, 585, 595, 605, 615, 
625, 635, 645, 655, 665, 675, 685, 695

705, 735, 745, 755, 775

Table 2 indicates that A. graveolens and D. oleifera 
exhibited moderate separability in the electromagnetic 
spectrum, with 38 out of 50 (76%) significant narrow bands. 
This differentiation was observed consistently across 
both the visible and near-infrared spectra. In the case of 
A. graveolens and H. courbaril, their spectral reflectance 
diverges in almost all narrow bands, except for the bands 
centered at 715 and 725 nm in the near-infrared range, as 
indicated in Table 2. The analysis revealed a high level 
of separability between these species, with 48 out of 50 
(96%) bands effectively distinguishing them.

On the other hand, the spectral signatures of D. oleifera 
and H. courbaril showed lower separability compared 
to the other species pairs, with a total of 33 out of 50 
(66%) significant narrow bands (Table 2). Additionally, 
the differentiation between these two species is slightly 
more fragmented and is predominantly limited to the 
visible spectrum (425-695 nm). According to Table 2, the 
separability between A. graveolens and H. courbaril shows 
a broader range of significant narrow bands, achieving 
96% spectral differentiation. In contrast, the separability 

between D. oleifera and H. courbaril, as well as between 
A. graveolens and D. oleifera, ranges from 66 to 76% of 
significant narrow bands. This pattern suggests that the 
early senescence stage of D. oleifera may have reduced 
the effectiveness of some narrow bands in distinguishing 
this species from others, affecting the overall interpretation 
of the spectral results.

Figure 6 shows the average reflectance curves and 
highlights the spectral regions (shaded areas) where 
the three pairs of species exhibit statistically significant 
differences. The analysis revealed that a total of 23 narrow 
bands contributed to the spectral separability of the three 
species. This study identified the most sensitive narrow 
bands for accurately identifying tree species, which were 
predominantly located in the blue (425, 435, 485, 495 nm), 
green (525, 535, 545, 555, 565, 575, 585, 595 nm), red 
(605, 645, 655, 665, 675, 685, 695 nm), and near-infrared 
(735, 745, 755, 775 nm) spectral regions.

In the study, five wavelengths matched the optimal bands 
recommended by Thenkabail et al. (2004) for 350 to 
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2,500 nm. Kumar et al. (2013) demonstrated the differentiation 
of tea plantations using bands in the blue, green, red, and 
near-infrared spectra. Zulfa et al. (2020) found that species 
in the Rhizophoraceae family were effectively discriminated 
against using the visible and mid-infrared spectra. These 
studies indicate that the best separation of plant species 
occurs in the green, red edge, and near-infrared regions. The 
presence of 14 out of the 23 selected bands in these segments 
highlights their importance for accurate discrimination.
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Figure 6. Distribution of the significant narrow bands (in gray) that best discriminate the three pairs of species, identified from ANOVA and the 
Mann Whitney - Wilcoxon U test, whose P<0.05.

Spectral discrimination
The spectral classification was performed on the 23 
narrow bands that exhibited statistically significant 
differences. The results of the K-NN test are presented 
in Table 3, which shows the confusion matrix. The rows 
represent the true class, while the columns indicate the 
classifier output. The total count and the corresponding 
accuracy percentage are provided at the end of each 
row.

Table 3. Confusion matrix obtained from the supervised K-NN classification of the three forest species A. graveolens, D. oleifera, and H. 
courbaril.

Species A. graveolens D. oleifera H. courbaril Total Accuracy (%)

A. graveolens 12 0 0 12 100
D. oleifera 0 12 0 12 100
H. courbaril 1 0 7 8 88

Total 32 95.8

Furthermore, out of the eight data samples for H. courbaril, 
the classifier accurately classified seven instances, resulting 
in an 88% effectiveness. On average, the accuracy across 

the test dataset reached 95.8%. These results highlight the 
exceptional accuracy achieved in discriminating between 
different species using the significant narrow bands.
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Although KNN achieved perfect accuracy in identifying D. 
oleifera, differences during the early senescence stage 
of this species may have caused overlaps in the spectral 
signatures of other species. This overlap is reflected in the 
confusion matrix (Table 3), where the spectral signature 
of H. courbaril was incorrectly assigned to A. graveolens. 
This suggests that variations in the phenological state of 
the species can influence the model’s accuracy, indicating 
the need to consider these factors to improve spectral 
differentiation between species.

In previous studies, Maxwell et al. (2018) used KNN to 
classify the Indian Pines dataset with an accuracy of 
78.6 to 82.1%, which is lower than that of this study. In 
contrast, Castillo et al. (2008) achieved 100% accuracy 
when classifying Eucalyptus leaves using near-infrared 
spectroscopy, which is close to the 95.8% accuracy 
obtained in this study.

Research on the K-NN model in vegetation has tended 
to focus on disease detection and crop nutritional 
status, with a notable gap in its application for spectral 
discrimination of species in tropical forests. The K-NN 
model is valuable in this context for its ability to classify 
based on the spectral similarity between samples (Lu 
et al. 2017; Karadağ et al. 2020), which is particularly 
relevant in complex environments like tropical forests, 
where spectral variability is high and species differences 
are subtle.

The phenological state of D. oleifera, especially during 
the early senescence stages, is crucial for spectral 
data analysis. This phenomenon shows that the results 
are influenced both by the intrinsic characteristics of 
the species and its phenological state. Therefore, it 
is essential to consider this factor in future studies to 
improve the accuracy of classification and interpretation 
of spectral data.

This research suggests that spectroradiometry is highly 
useful for species classification, as it allows capturing 
fine details of leaf reflectance. Despite the challenges 
associated with the time and resources required for 
data acquisition in tropical environments, its application 
remains essential for advancing the understanding of 
biodiversity and the functioning of tropical ecosystems.

CONCLUSION
The findings suggest that the leaves of A. graveolens and 
H. courbaril were in good physiological condition since 
they exhibited a spectral pattern characterized by low 
reflectance in the visible spectrum and high reflectance 
in the near-infrared spectrum. However, the leaves of D. 
oleifera showed changes in their reflectance spectrum, as 
they were in the early stages of leaf senescence. At an 
interspecific level, significant variations in leaf reflectance 
were observed across different wavelengths, which were 
crucial for identifying specific narrow bands in the blue (425, 
435, 485-495 nm), green (525-595 nm), red (605, 645-695 
nm), and near-infrared (735-775 nm) regions. These bands 
proved ideal for the accurate classification of the studied 
species, as validated by the K-NN algorithm achieving a 
classification accuracy of 95.8%. For future studies, it is 
recommended to consider the phenology of species in the 
acquisition of spectral data. The study provides valuable 
information in the field of remote sensing by demonstrating 
the effective use of hyperspectral data to classify forest 
species and highlights the need to consider phenological 
states in spectral studies. These approaches have practical 
implications for biodiversity monitoring, conservation efforts, 
and ecological research in tropical forest environments.
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