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Abstract

Beans are a nutritional staple food in many countries. Its high content of bioactive compounds provides
antioxidant activity. Additionally, it contains volatile compounds that affect their sensory quality. This work
aimed to study the effect of fertilization on the bioactive compounds, antioxidant activity, and volatiles in Pinto
Centauro beans. An experimental design was used in randomized blocks with four fertilization treatments and
four replications. The fertilization treatments were: Control (T0): N 41, P 46, and K 22 kg ha-1; Treatment 1
(T1): N 41,P 46,K 22,5 12, and Zn 1 kg ha''; Treatment 2 (T2): N 45, P 60, K 22, S 22, and Zn 1.5 kg ha™';
Treatment 3 (T3): N 50, P 66, K 25, S 25, and Zn 2 kg ha''. The concentration of bioactive compounds (total
phenols, flavonoids, anthocyanins, and tannins) and antioxidant activity were measured in the testa, cotyledon,
and the seed. The abundance of volatile compounds was determined in the seed. Results indicated that the testa
showed a higher (p > 0.05) concentration of bioactive compounds (total phenols 78.40 (T2), flavonoids 6.22
(T2), anthocyanins 6.95 (T1), and tannins 3.12 (T1) mg g") compared to the cotyledon and seed. This was
reflected in the higher antioxidant activity that presented the testa (p > 0.05). About fertilization, T1 and T2
presented the highest values of bioactive compounds and antioxidant activity. Additionally, a positive and
significant correlation was found between phenolic content and antioxidant activity. In addition, T2 favors the
profile and abundance of volatile compounds, respectively. Finally, it is concluded that fertilization with T2
and the lowest concentrations of N 45, P 60, K 22, § 22, and Zn 1.5 kg ha™ is the most suitable, as it favored
the accumulation of bioactive compounds in the Pinto Centauro bean.
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Introduction

Beans arc the most important legume in world production, accounting for 85% of total legume
production. India, Brazil, Myanmar, and China contribute 55% of this production, and Mexico 7%
(CEDRSSA, 2020). Per capita consumption of beans worldwide is 2.46 kg per year (FIRA, 2022). Duc to its
source of carbohydrates (35-54%), low-cost proteins (16-33%), lipids (1-2%), vitamin B, minerals (3%), iron
(Kan eral, 2018), and fiber (5-10%), which represents 9% of the total seed content, it contributes to reducing
cholesterol and promoting intestinal transit (Iniestra er a/, 2005).

Additionally, due to its content of functional ingredients such as phenolic compounds, flavonoids,
anthocyanins, polyphenols, and tannins, it presents a high antioxidant activity (Rochin-Medina, 2022).
Because of this, it is considered to have therapeutic properties (anti-mutagenic, vasodilatory, anti-
inflammatory, and anticancer properties) (Abdulrahman er a/, 2020). The same ones that are associated with
the prevention or reduction of chronic degenerative diseases such as diabetes, obesity, cardiovascular discases,
and colon, breast, intestine, and ovarian cancer (Bedoya and Maldonado, 2022). Such diseases lead to cellular
degeneration through oxidative mechanisms, starting from the formation of free radicals in their initiation,
propagation, and termination stages, which are formed by environmental pollution, stress, or poor nutrition.
Although the free radicals are indispensable in various enzymatic reactions, high concentrations cause damage
to cellular structures, generating discases (Guija-Guerra and Guija-Poma, 2023).

Beans, with their antioxidant effect, can inhibit reactive oxygen species by preventing their oxidation
and expansion, achieving a balance (Pérez-Pérez er al, 2020). Beans also present the highest number of
polyphenols compared to soybeans and chickpeas (Garcia-Lafuente er al, 2014) and exhibit antioxidant
activity in the CaCo-2 cell line (Chen eral, 2019).

However, region, type of cultivation, climatic conditions, soil, and management can affect their
properties (Dong er al, 2004). The above is correlated with modern agriculture, which promotes high yields at
lower cost (Arreola and Sinchez, 2016). Therefore, balanced fertilization can increase the nutrient
concentration in bean crops.

In addition, the inclusion of micronutrients such as zinc (Zn) and secondary macronutrients such as
sulfur (S) in fertilization regimes represents a key agronomic strategy for improving the functional and
nutraceutical quality of beans (Phaseolus vulgaris L.). Both elements participate in essential metabolic
pathways, directly influencing the biosynthesis of bioactive compounds and the regulation of the plant's
antioxidant system (Akhtar et al, 2019).

Zinc is essential for the activity of more than 300 enzymes, including those related to antioxidant
defense, such as superoxide dismutase (SOD), which protects cells from oxidative damage (Chasapis ez al,
2020). Several studies have reported that its application in beans contributes to a greater accumulation of
phenolic compounds and flavonoids, significantly improving the antioxidant capacity of grains (Rengel, 2015;
Rosa-Valdés et al, 2020). Furthermore, zinc is linked to the regulation of genes involved in the synthesis of
secondary metabolites, positioning it as a key element in improving the nutraceutical quality of seeds (Liu er
al,2025).

Furthermore, sulfur is essential for the synthesis of amino acids such as cysteine and methionine, as well
as glutathione, a broad-spectrum intracellular antioxidant. In beans, adequate sulfur intake has been shown to
increase levels of anthocyanins, tannins, and other phenolic compounds, especially in the testa and cotyledons,
resulting in greater antioxidant activity (Koprivova and Kopriva, 2014). This action is due, in part, to the
participation of zinc in assimilation pathways that promote the synthesis of thiols and other bioactive
metabolites of high functional value (Burow er al, 2008).

Opverall, fertilization with zinc and sulfur not only favors crop growth and development but also
enhances its nutritional and functional value, positioning beans as a strategic food in healthy diets and
biofortification programs (Gio-Trujillo et al, 2022).
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However, the acceptance or rejection of a food is related to the consumer's subjective perception, the
same that are related to color, flavor, texture, consistency, and presentation of the product (Sharif er a/, 2017).
Among these, flavor plays a central role, as it determines consumer acceptance. When flavor expectations are
exceeded, the experience is communicated, and the purchase is repeated (Briickner and Wyllie, 2008).

Volatile compounds (VC) are responsible for the aroma and contribute to the flavor of foods. In beans,
VC can characterize bad odors, affecting their properties. These are produced as a defense mechanism to
adversities, signaling a response to activate their protection in the affected part (Brosset and Blande, 2022).
These compounds are intensified by water stress, frost, attacks by microorganisms, or storage conditions such
as heat, light exposure, presence of O,, harvesting, and shelling, generating undesirable volatile compounds
(Karolkowski er al, 2023). A better understanding of the volatile compounds involved in unpleasant flavors
and their origins should allow for the design of efficient strategies to limit their impact on overall perception
for a more acceptable design of healthy foods. Regarding the influence of these minerals on the aromatic profile,
several studies have shown that Zn fertilization not only contributes to improving the nutritional status of
crops but can also indirectly modulate the formation of volatile compounds through its influence on metabolic
pathways related to oxidative stress. In cereals such as corn (Zea mays) and wheat ( Triticum aestivum), it has
been reported that the application of Zn increases the activity of antioxidant enzymes such as superoxide
dismutase, catalase, and peroxidase, thereby promoting better management of oxidative stress (Cakmak, 2008;
Wang et al, 2021). This improvement in antioxidant activity can impact the reduction of aldehydes such as
hexanal and nonanal, commonly associated with lipid peroxidation and, therefore, with sensory defects. In
turn, this more balanced metabolic state may favor the synthesis of other compounds with greater aromatic
value, such as terpenes derived from carotenoid degradation. Although this relationship has not yet been
explored in depth in beans (Phascolus vulgaris L.), the extrapolation of these findings to legumes raises the
hypothesis that nutritional management with Zn could significantly influence the volatile profile of the grain,
with potential implications for its sensory, technological, and commercial quality.

Therefore, the objective of this study was to determine the content of bioactive and volatile compounds
and antioxidant activity of the seed, seed coat, and cotyledon from the Pinto Centauro bean cultivar with
different fertilization sources.

Materials and Methods

Plant macerial

Beans from the Pinto Centauro cultivar were used because they are the most tolerant race of
anthracnose, rust, and blight, with an early cycle and a seed coat tolerant to darkening, which favors its shelflife
(Rico-Alderete er al, 2020). The experiment was established at the “San Pedro” Ranch in the municipality of
Cusihuiriachi, Chihuahua (latitude: 28° 14' 22.075" N; longitude: 106° 50' 1.907" W; 1997 meters above sea
level). During the evaluation period, average maximum temperatures ranged between 23 °C and 34 °C, and
minimum temperatures between 2 °C and 16 °C, with an average precipitation of 108.44 mm (Quinta Lupita
UNIFRUT meteorological station).

Experimental design

A completely randomized block design was used with four fertilization treatments and four replications.
The fertilization treatments were: Control (T0): N 41, P 46, and K 22 kg-ha™; Treatment 1 (T1): N 41, P 46,
K22,512,and Zn 1 kgha™; Treatment 2 (T2): N 45, P 60,K 22, S 22,and Zn 1.5 kgha™"; Treatment 3 (T3):
N 50, P 66,K 25, S 25, and Zn 2 kg ha™. The planting was established in 1 ha (10,000 m*) with 20,833 plants
for Blok in furrows 0.30 m high, 0.80 m wide, and 0.50 m long, with 0.15 m between plants and 0.80 m between
furrows. A base fertilization was applied at the time of planting,
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Samples of bean seeds from each treatment were taken under physiological maturity conditions and
stored in refrigeration at 4 °C for subsequent analysis. For the experiment, 60 g of Pinto Centauro beans were
used, which were soaked in 70 ml of distilled water for 12 hours. Subsequently, a manual separation was carried
out, removing the seed coat from the seed and separating the cotyledons for each bean treatment. Once the
testa and cotyledon were separated, they were left to dry at room temperature and ground in a coffee grinder
(Protor Silex, China) until some flour was obtained and weighed with an electronic scale (Velab, New York,

USA).

Weight

For the seed weight, 100 seeds were randomly taken, and the weight was recorded as g/100 seeds using
an electronic scale (Velab, New York, USA), and this was done in triplicate (Aguirre-Santos and Gémez-
Aldapa, 2010).

Seed dimension
The dimensions of beans (length, width, and thickness) were determined using a Vernier caliper Mettro
made in China. For this, 100 seeds per treatment were evaluated (Espinosa-Pérez er al, 2015).

Extraction of bioactive compounds

Three grams of the flour (seed, testa, and cotyledon) were taken separately and homogenized with 25 ml
of 70% acidified acetone (acetone/water/acetic acid, 70:29.5:0.5, v/v/v). Subsequently, the extracts were
centrifuged (Thermo Scientific, ST 16R, USA) at 4000 rpm for 20 minutes at 10 °C. Then, the supernatant
was separated, and the residue was extracted once more.

The determination was carried out according to the methodology described by Singlenton and Ross
(1965). In a test tube, 1.5 ml of 2% Na,COs,, 0.5 ml of 50% Folin-Ciocalteau reagent, 2.75 ml of deionized
water, and 0.5 ml of the extract were added. The mixture was incubated at room temperature and in the dark
for 60 minutes. Then, the absorbance was measured at 725 nm in a spectrophotometer (Thermo Scientific, G
10S UV Vis, USA). The results were expressed as milligrams of gallic acid per gram of dry weight (mg GAE g
1

).

The quantification of flavonoids was done according to the method of Zhishen er a/ (1999). First, 250
uL of extract was placed and mixed with 75 pL of 5% sodium nitrite (NaNO,) and stirred using a vortex
(Genie2, Germany). The reaction was allowed to rest for 5 minutes, then 150 pL of 10% aluminum chloride
(AICl;) and 500 pL of 1 M NaOH were added. The mixture was then diluted to a final volume of 3 mL with
distilled water. The absorbance was measured at 510 nm in a spectrophotometer (Thermo Scientific, G 10S
UV Vis, USA). Flavonoids were quantified based on a catechin standard curve (0.2-0.12 mg/mL). The resulting
values were expressed in mg of catechin equivalents per gram of sample (mg CE g™").

Anthocyanins were determined according to the differential pH method described by Wrolstad (1976).
The extracts were diluted 1:5 with 0.025 M potassium chloride (pH 1.0) and 0.4 M sodium acetate (pH 4.5)
as buffers. Then, the absorbance was measured at 460 nm and 710 nm in a spectrophotometer (Thermo
Scientific, G 10S UV Vis, USA). It was calculated using the formula AM = (A x MW x DF x 1000) / (e x 1),
where the absorbance of the sample A = (AX vis-max - A700) pH1.0 - (A vis-max - A700) pH4.5, MW is the
molecular weight (449.2), € is the molar absorptivity of cyanidin-3-glucoside (26,900), DF is the dilution factor
used, and 1 is the path length (1 cm). The results are reported as cyanidin-3-glucoside (mg C3G) g of sample
(dry weight).

Condensed tannins were evaluated using the vanillin assay according to Flores-Cérdova er al (2017)
and Price er al. (1978). First, 1 ml of the extract was taken, and 4 ml of HCl solution in MeOH (8% v/v) and
a vanillin solution in MeOH (4% v/v) were added in a 1:1 ratio. The resulting mixture was maintained in a
water bath at 30 °C for 20 minutes. Finally, the absorbance was measured at 500 nm in a spectrophotometer
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(Thermo Scientific, G 10S UV Vis, USA). Tannins were quantified using a standard curve based on catechin
and expressed as mg equivalents of catechin per fresh weight of the sample (mg EC g).

Antioxidant activity
The antioxidant activity by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) methodology was carried out according
to the methodology of Meir et al (1995). First, 5 g of the fruit was macerated in 5 mL of methanol (80%) and
centrifuged at 6000 rpm for 10 min (Thermo Scientific, ST 16R, USA). From the resulting supernatant, 0.5
mL of the extract was taken and mixed with 2.5 mL of a freshly prepared DPPH solution (0.1 mM). The
mixture was then incubated for 60 minutes in the dark, and the absorbance was measured at 517 nm in a
spectrophotometer (Thermo Scientific, G 10S UV Vis, USA). The analysis was made in triplicate, and the
results were expressed as mg TEAC g™' (Trolox equivalent antioxidant activity) of dry weight based on a
calibration curve of Trolox.

Reducing power

The evaluation of the reducing power of the ferric ion (Fe, III) was carried out according to Flores-Cérdova ez
al (2018) and Oyaizu (1986). For this, 1 mL of the extract was mixed with 2.5 mL of phosphate buffer (5 mL,
0.2 M, pH 6.6) and 5 mL of 1% potassium ferricyanide K;Fe (CN),. After 20 minutes of incubation (50 °C),
5 mL of 10% trichloroacetic acid were added to the reacting mixture and then centrifuged at 4500 rpm for 15
minutes (Thermo Scientific, ST 16R, USA). The supernatant of the solution (5 mL) was mixed with distilled
water (5 mL) and ferric chloride (1 mL at 1%). Then, the absorbance was measured at 700 nm in a
spectrophotometer (Thermo Scientific, G 10S UV Vis, USA). The results are expressed in absorbance units.
Higher absorbance values indicate greater reducing power.

Volatile compounds

The preparation of the samples, the grinding process of the Pinto Centauro bean, was carried out in an
Oster blender, 2006, USA, for each treatment. First, 5.0 g of ground sample was placed in a 40 ml amber vial
sealed with PTFE/silicone septa (Supelco). Subsequently, the sample was heated at 50 °C for one hour and then
exposed to the fiber for one hour. After this, the fiber was desorbed in the injection port for 5 minutes at 200
°C within the GC-MS system (Agilent USA), equipped with a DB-WAX column (60m X 0.25 mm, 0.25 um,
Agilent USA). The chromatographic conditions were as follows: an injector temperature of 200 °C, an initial
oven temperature of 33 °C held for 5 min, increasing to 50 °C at a rate of 2 °C min, then the temperature was
increased to 250 °C at a rate of 5 °C per minute, holding it for 6.5 min. Helium was used as the carrier gas with
a linear velocity of 30 cm/s. The mass spectra were obtained using clectron ionization at 70 ¢V. The
temperatures of the transfer line and the ion trap were 250 and 180 °C, respectively. The identification of the
volatile compounds was carried out by comparing the mass spectra obtained from the samples against those

reported in the NIST MS 2014 library.

Statistical analysis

Treatments were developed under a completely randomized design. Data was analyzed using an analysis
of variance (ANOVA), and a Tukey’s test was conducted when treatments showed significant differences (p <
0.05). Each treatment was carried out on triplicate batches (n = 3).

Results and Discussion
Physical properties
Physical properties are synonymous with quality; weight, width, and length parameters showed

significant differences (p < 0.05) between treatments. T3 had the highest (p < 0.05) weight (32.25 g), and TO
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had the lowest (p < 0.05) (30.46 g). The largest width (p < 0.05) was found in T2 (8.46 mm) and T1 (8.36
mm), without showing significant differences between them (p > 0.05). Regarding length, T2 and T3 had the
highest values, 13.46 and 13.24 mm, respectively, without showing significant differences between them (p >
0.05). The largest length (p < 0.05) was found in T2 (13.46 mm). The highest thicknesses (p < 0.05) were
presented in T2 (5.28 mm) and T3 (5.20 mm) without presenting differences among them (p > 0.05).

Therefore, it could be said that the application of fertilizers benefits the quality of the bean. In a work
carried out by Mérquez-Quiroz et al (2018) in cowpea beans, with an application of ZnSO;, they obtained a
weight 0f20.5 gin 100 seeds of cowpea beans, a weight slightly lower than that obtained in this work, probably
due to the different variety worked.

The results obtained showed significant differences (p < 0.05) in yield (Table 1). Furthermore, an
increase in yield was observed with increasing doses of N, P, S, and Zn. T3 recorded the highest yield (p < 0.05),
indicating that the highest combination of nutrients evaluated (N 50, P 66, K 25, S 25, Zn 2 kg ha™) favored
crop productivity under the experimental conditions. However, it is important to highlight that T2, with a
lower concentration of inputs, achieved a competitive yield (2,050 kg ha™). Togay er a/. (2024) conducted a
study on beans grown under rainfed conditions, with six doses of Zn (0, 15, 20, 25, 30, 35 kg ha™) applied to
the soil, and obtained a yield of 2766 kg ha™ with the application of 25 kg ha™. Likewise, Kachinski er a/
(2020), using two bean varieties (BRS Esteio and IPR Campos Gerais) in a direct sowing system without
irrigation, with foliar applications of Zn (600 g ha™ of Zn), reported that the BRS Esteio cultivar reduced the
yield from 3399 to 2643 kg ha”', while in the IPR Campos Gerais cultivar, it increased from 3212 to 3744 kg
ha'. Therefore, the effect of Zn application on yield is dependent on the bean genotype and the application
method (Rico er al, 2020; Togay et al, 2024).

Table 1. Physical characteristics of Pinto Centauro beans

Treatments Yield Weight Length Width Thickness
(kgh?) 100-seed (g) (mm) (mm) (mm)
TO 1684 +£2.04a 30.46 + 0.044 c 11.98 £0.05¢ 8.12+0.013b 4.74+0.008 b
T1 1757 £ 1.25a 31.424+0.012b 12.80 £ 0.01b 836+0.011a 4.92+0.015b
T2 2050 + 0.87b 31.60 £ 0.011b 13.46+0.01a 8.46+0.011a 528+ 0.013a
T3 2233+ 0.64 ¢ 32.25+0.018a 13.24 +0.01 ab 8.12+0.010b 5.20+0.029 a

TO, beans fertilized with N 41, P 46, and K 22 kg ha™'; T1, beans fertilized with N 41, P 46, K 22, S 12, and Zn 1 kg ha"
!, T2, beans fertilized with N 45, P 60, K 22, $ 22, and Zn 1.5 kg ha™; T3, beans fertilized with N 50, P 66, K 25, S 25,
and Zn 2 kg ha™. a,b,c Different literals between columns denote significant differences (p<0.05) between treatments.
Values are expressed as mean + standard deviation (n = 3)

Phenols and flavonoids

The phenolic and flavonoid content obtained in the testa and cotyledon of Pinto Centauro beans is
shown in Table 2. The seed coat of T2 and T3 presented the highest content (p<0.05) of phenolic compounds,
75.10 and 78.40 mg GAE g™', respectively. And the highest flavonoid content (p < 0.05) was observed in the
seed coat of T2 (78.40 mg g') and T3 (75.1 mgg"), without showing significant differences between them (p
> 0.05).

In the seed, T1 obtained the higher phenolic content (p < 0.05) with 28.10 mg GAE g"'. Regarding the
flavonoid content, T1 had the highest concentration (p < 0.05) (59.80 mg GAE g). In the cotyledon, T1
showed the highest values (p < 0.05) of phenols (23.10 mg GAE g') and flavonoids (1.27 mg GAE g™").

In a study conducted by Chdvez-Mendoza et al (2019) on different bean varieties, it was shown that the
seed coat obtained the highest values compared to the cotyledon, ranging from 0.69 mg GAE g to 3.32 mg
GAE g', while in the cotyledon, these compounds were within the range of 0.44 mg GAE g t0 0.99 mg GAE
g'. Meanwhile, Garcia-Diaz er al (2018) conducted a study on pinto beans and mentioned that the testa shows
the highest phenolic values compared to the seed, obtaining a value of 34.1 mg GAE g in the testa and 1.69
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mg GAE g’ in the cotyledon. Regarding flavonoids, they obtained 2.8 mg ECat g in the testa and 0.26 mg
ECat g in the cotyledon. These values are lower than those obtained in this study. It is worth noting that the
study they conducted was merely a characterization and not an application of minerals, which probably
influenced the result obtained, unlike the one obtained in this study with higher values. Likewise, Zarate-
Martinez e al. (2021) infer the importance of phenolic acids in the physiology and morphology of the plant
with antioxidant properties, which correlates with the phenolic content. According to Bedoya er al (2022), it
explains that the number of phenolic compounds stored in the seed is likely due to its ability to inhibit early
germination.

Physiologically, the accumulation of phenolic compounds in the seed coat, particularly in T2 and T3,
could be associated with defense mechanisms activated by the availability of micronutrients such as sulfur and
zinc, which participate in metabolic pathways related to phenylpropanoid biosynthesis (Kopriva and
Koprivova, 2014). These secondary metabolites contribute to strengthening cell walls, inhibiting pathogens,
and protecting against oxidative stress, which can be reflected in improved physiological quality, viability, and
tolerance to adverse conditions of the seed during germination and storage.

From a nutritional perspective, the increase in the content of phenolic compounds and flavonoids is
particularly relevant due to their beneficial effects on human health. These compounds have been widely
recognized for their antioxidant capacity, which is associated with the prevention of chronic non-
communicable diseases, such as type 2 diabetes, cardiovascular discase, and some types of cancer (Luthria and
Pastor-Corrales, 2006; Rocha-Guzmén et a/, 2007). The phenol and flavonoid levels obtained in T2 and T3
exceed those reported in other studies (Chdvez-Mendoza et al, 2019; Garcfa-Diaz et al, 2018), suggesting that
the targeted application of nutrients can substantially improve the nutraceutical value of beans.

Furthermore, considering that a large portion of phenolic compounds are in the testa, the use of whole
or minimally processed beans could be more beneficial to human health, implying an important change in the
approach to bean consumption and processing in the food industry (Ganesan and Xu, 2017). In this sense, T2
stands out not only for achieving good agricultural yields but also for promoting the natural biofortification of
the grain, consolidating its potential as a functional food within public nutrition or sustainable rural
development programs.

Table 2. Determination of phenolic and flavonoid content in the seed, seed coat, and cotyledon of Pinto
Centauro beans

TO Tl T2 T3

Phenols mg GAE g™*

Seed 19.6 £0.94c 26.1+2.03a 28.1+0.02ba 22.1 +£0.02 bc
Seed coat 64.5+0.15b 59.8 +1.54 ¢ 78.40 + 1.53 a 75.1+0.48a
Cotyledon 179+ 0.37b 23.1+045a 194+191b 19.7 £3.61b
Flavonoids mg EQ g™*

Seed 0.68 £0.13b 0.96+0.09a 0.56+2.53¢ 0.60 £ 1.73 cb
Seed coat 3.48 +0.41 ¢ 419+0.72b 622+2.62a 628 +0.57a
Cotyledon 1.04+0.08 ¢ 1.27+0.56a 1.1540.04b 1.11 +2.28 ¢cb

TO, beans fertilized with N 41, P 46, and K 22 kg ha™'; T1, beans fertilized with N 41, P 46, K 22, S 12,and Zn 1 kg ha"
1; T2, beans fertilized with N 45, P 60, K 22, $ 22, and Zn 1.5 kg ha™; T3, beans fertilized with N 50, P 66, K 25, S 25,
and Zn 2 kgha™. a,b,c Different literals between columns denote significant differences (p<0.05) between treatments.
GAE = Gallic Acid Equivalents; EQ = Quercetin Equivalents Values are expressed as mean + standard deviation (n =

3)

Anthocyanins and tannins

The colors present in the bean testa are due to anthocyanins, which provide them with various colors
ranging from red to black. The content of anthocyanins and tannins evaluated in the testa and cotyledon of
Centauro pinto bean seeds shows significant differences among treatments (Table 3). It was found that T1, in

the seed coat, presented the highest (p < 0.05) anthocyanin content (6.95 mg C3G g'), and TO the lowest (p
7
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< 0.05) (1.77 mg C3G g"). In the seed, T1 had the highest (p < 0.05) concentration (6.53 mg C3G g'), and
TO had the lowest (p < 0.05) (1.09 mg C3G g"). In the cotyledon, T2 had the highest (p < 0.05) value (6.12
mg C3G g™') and TO the lowest (p < 0.05) (0.78 mg C3G g™").

Rochin-Medina er al (2022) evaluated anthocyanins in the seed of Saltillo pinto beans and obtained
0.23 mg C3G 100 g'. Salinas-Moreno et al (2005) mentioned that the pigmentation that appears in the
epidermis, which is due to the synthesis of anthocyanins, occurs in the subepidermal layer, within the cellular
body called anthocyanoplast. For this reason, in most studies, the seed coat shows the highest results.

Regarding the tannin content, T1 presented the highest values (p < 0.05) in the seed (3.19 mg EC g),
the seed coat (3.12 mg EC g-1), and the cotyledon (0.79 mg EC g"). Compared to the control with 0.89 mg
EC g'. The seed coat showed the highest content with 1.90 mg EC g-1, and the lowest (p < 0.05) content was
obtained by the control with 0.59 mg EC g"'. Regarding the cotyledon, the highest was for T2 with 3.12 mgg ™",
and the lowest value corresponded to T3 with 0.12 mg g

Rochin-Medina er a/. (2022) obtained 504.70 mg EC 100g" in the seed of Saltillo pinto beans. Melo er
al (2010) determined a condensed tannin content of 0.72 mg g' in the Narifio bean variety. Meanwhile,
Sharma (2019) mentions that tannins are present in the seed coat and, through their astringency, protect the
seed from microorganisms and predators due to their defense system. It is worth mentioning that the lowest
dose of N 41, P 46, K 22, S 12, and Zn 1 kg ha” (T1) had the highest concentration of these compounds,

surpassing the control.

Table 3. Anthocyanin and tannin content in the seed, seed coat, and cotyledon of Pinto Centauro beans.

TO T1 T2 T3

Anthocyanins mg C3G g

Seed 1.09 +0.14d 653+0.11a 5.08 £0.94b 2.88+0.24c
Seed coat 1.77 £ 0.18 ¢ 6.95+0.14a 2.45+0.24c 541 +0.14b
Cotyledon 0.78 +0.13d 372+0.19¢ 6.12+£052a 238+0.27b
Tannins mg EC g

Seed 089+ 1.14a 3.19+125a 1.01+142c¢ 250+ 1.74b
Seed coat 0.52+1.29b 312+ 1.13b 1.90 + 1.04 a 0.10+£0.83 ¢
Cotyledon 0.47 +1.67b 0.79 + 1.46a 0.48 +1.17b 0.12+091b

TO, beans fertilized with N 41, P 46, and K 22 kg ha'; T1, beans fertilized with N 41, P 46, K 22, S 12, and Zn 1 kg ha"
'; T2, beans fertilized with N 45, P 60, K 22,5 22,and Zn 1.5 kg ha™'; T3, beans fertilized with N 50, P 66, K 25, S 25,
and Zn 2 kgha™. a,b,c Different literals between columns denote significant differences (p<0.05) between treatments.
C3G = cyanidin-3-glucoside equivalents; EC = epicatechin equivalents. Values are expressed as mean + standard
deviation (n = 3)

The antioxidant activity, reducing power, and inhibition percentage of the seed, testa, and cotyledon are
shown in figure 1. Significant differences (p < 0.05) were observed among treatments. The highest percentage
of inhibition (p < 0.05) was presented in the testa of T2 (86.89%). In seed, T3 obtained the highest percentage
(p <0.05) (81.02). Concerning the tested DPPH method, the testa shows the highest content with T2 at 17.08
mg ET g', and the lowest value corresponds to the control with a total of 15.03 mg ET g'. For the seed, the
highest value was obtained by T2, with 4.40 mg g, and the lowest corresponds to the control, with a value of
1.86 mgg". Finally, the cotyledon in T2 presents the highest value with 13.45 mg ET g, and the lowest is from
the control with 3.12 mg ET g'.

The reducing power activity shows that T1 in the seed coat presented the highest value with an
absorbance of 3.52; in the seed, T1 presented an absorbance of 1,378, and in the cotyledon, all treatments were
equal. Therefore, both methodologies can capture free radicals; however, in the reducing power, the Fe** ion is
reduced to Fe** which could be due to the reducing flavonoids and anthocyanins, as it has also been observed



Salas-Salazar NA et al (2025). Not Bot Horti Agrobo 53(2):14499

in T1 that they contain these compounds (Bedoya Maldonato, 2022). Therefore, the technique used for
reducing power is a good indicator of its antioxidant potential. This aligns with Flores-Cordova er a/. (2018),
who mention that the reducing power measures the ability of an antioxidant to donate an electron; therefore,
an increase in absorbance is indicative of a high reducing power. And the T1 in testa was favored by the lower
applications made.
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Figure 1. a) Antioxidant activity of Pinto Centauro beans, DPPH method, and b) reducing power (mean
+ standard deviation). TO, beans fertilized with N 41, P 46, and K 22 kg ha''; T1, beans fertilized with N
41,P 46,K 22,S12,and Zn 1 kg ha''; T2, beans fertilized with N 45, P 60, K 22, S 22,and Zn 1.5 kgha™;
T3, beans fertilized with N 50, P 66, K 25,S 25,and Zn 2 kgha™". a,b,c Different letters between treatments
denote significant differences (p < 0.05) between treatments

Correlation berween variables

Table 4 shows the Pearson correlation coefficients between variables. There was a significant and
positive correlation between antioxidant activity and phenols and flavonoids; phenols with flavonoids and RP;
flavonoids with antioxidant activity and phenols; and reducing power with antioxidant activity, phenols, and
flavonoids.

Flavonoids are the main components of phenolic compounds since, in each treatment, the correlation
between phenols and flavonoids was significant. These compounds seem to be responsible for conferring the
antioxidant activity and reducing power of Centauro pinto beans. Aquino-Bolanos et a/ (2016) reported a
positive correlation between antioxidant activity and polyphenols in seed coats. In addition, Mastura er al
(2017) and Chévez-Mendoza er al (2019) evaluated different varieties of beans and established that the
antioxidant activity is dependent on phenolic content.
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Table 4. Pearson correlations between bioactive compounds of Pinto Centauro beans

AA TF F1 AN TA RP

AA 1.0000 0.7514* 0.7844** 0.2503 -0.4655** 0.7392*
p-value <0.0001 <0.0001 0.1409 0.0042 <0.0001

TF 0.7514** 1.0000 0.9578* 0.2508 -0.2055 0.8033**
p-value <0.0001 <0.0001 0.1400 0.2292 <0.0001

F1 0.7844* 0.9578* 1.0000 0.3191 -0.2259 0.8048**
p-value <0.0001 <0.0001 0.0578 0.1852 <0.0001

AN 0.2503 0.2508 0.3191 1.0000 0.33260* -0.0183
p-value 0.1409 0.1400 0.0578 0.0475 0.9152

TA -0.4654 0.2055 -0.2259 1.000 1.000 0.3417*
p-value 0.0042 0.2292 0.1852 0.0475 0.0413

RP 0.7392* 0.8033* 0.8048** -0.0183 -0.3417* 1.0000
p-value <0.0001 <0.0001 <0.0001 0.9152 0.0413

AC = Antioxidant activity, TP = Phenols, Fl = Flavonoids, AN = Anthocyanins, TN = Tannins, RP RP= Reducing
power. * = The correlation is significant at the 0.05 level (two-tailed). ** = The correlation is significant at the 0.01
level (two-tailed)

Volatile compounds

Although a total of 30 volatile compounds were identified (Table 5), it is important to highlight that
not all these compounds have the same sensory or technological relevance. Therefore, we prioritize the
discussion of those volatiles with proven aromatic impact, greater relative abundance, and possible involvement
in the quality or processing of dried beans.

Among the aldehydes, benzaldehyde was one of the most consistent and abundant compounds across
all treatments. This compound is widely recognized for its bitter, almond-like aroma and is associated with
pleasant aromatic notes in legume products (Oomah er al, 2007). Its constant presence suggests a possible
positive contribution to the typical aromatic profile of dried beans, in addition to acting as a stable sensory
marker under moderate storage or heat processing conditions.

Hexanal and nonanal, also detected, are associated with green, herbaceous, and fatty aromas (Burdock,
2010) derived from the oxidation of unsaturated fatty acids (MacLeod and Ames, 1988). While at low levels
they can contribute aromatic complexity, high concentrations of hexanal can indicate unwanted lipid
oxidation, especially in beans stored for long periods or poorly protected from light.

Regarding terpenes, D-limonene was one of the dominant compounds, especially in the control
treatment. This compound is recognized for its fresh citrus aroma and has been reported as one of the main
terpenes in legumes (Karolkowski ez al, 2021). The presence of D-limonene can be associated with a brighter,
cleaner aroma, especially valued in bean-based processed food applications (such as snacks or flours). Its
reduction in improved treatments suggests a possible chemical transformation by interaction with fertilizer
nutrients or soil microbiota.

-Pinene (T1) and Y-terpinene (T2), although not abundant, contribute fresh, resinous, or herbal notes
that could enrich the sensory profile of the beans. Their appearance in specific treatments suggests that they
could be modulated by specific nutritional or microbiological conditions.

Regarding alcohols, 2-ethyl-1-hexanol, identified in all treatments, is associated with herbaceous and
green notes. Although these compounds contribute less to the aroma due to their higher sensory threshold,
their presence may indicate the oxidation state of lipids and their interaction with phenolic precursors,
affecting product stability during thermal processing.
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Table 5. Volatile compounds identified in Pinto Centauro beans

Tr Volatile Treatment
compounds TO T1 T2 T3
Aldehydes
18.11 Hexanal 1.08 £+ 0.20 a 0.24+0.01b N.D. 0.32+£0.09b
26.4 Octanal 0.31+0.06a 0.28+£0.01a 0.43 +£0.04a 0.18+0.052a
29.68 Nonanal 1.88+0.22a 2.60+0.12a 1.63+0.35a 1.29+0.50 a
32.63 Decanal 0.29+0.07 a 0.20+0.02a 0.55+0.03a 0.17 £ 0.04 a
33.34 Benzaldehyde 19.63+3.73a | 2.09+0.12b |2.03+£0.25b 1.06 £ 0.07 b
Alcohols
2675 2-Methyl, 1-
pentanol 0.15+0.03 N.D. N.D. N.D.
28.4 1-Hexanol 0.62+0.04a 0.23+0.01b N.D. 0.27 £0.01b
32.26 2 Ethyl,1-hexanol 0.44 +0.06 a 0.36+0.00 a 0.30+0.052a 0.92+0.03a
34.05 1-Octanol N.D. 0.14 + 0.00 N.D. N.D.
41.55 Benzyl alcohol 0.22 +0.07 N.D. N.D. N.D.
Ketones
284 6 Methyl 5-hepten-
2-one N.D. N.D. 0.14+0.03a 0.08 £0.02a
33.18 3,  5-Octadien-2-
one N.D. 0.15+0.01a 0.21+0.06a 0.17 £ 0.06 a
36.61 Acetophenone 1.63+0.06 a 1.01 £ 0.08 ab 1.08 £ 0.24ab | 0.70+ 0.03b
Esters
17.76 Butyl acetate 0.23 +0.03 N.D. N.D. N.D.
23.96 Butyl butanoate 0.38+0.04a 0.12+0.01b 0.13+0.02b N.D.
2451 Ethyl hexanoate 0.42+0.01a 0.18+0.01a 0.31+0.02a 0.07 +£0.00 a
25.85 Hexyl acetate 1.56 +0.01 a 0.70+0.03bc | 0.82+0.02b | 0.31+0.00c
30.24 Butyl hexanoate 0.50 £ 0.06 a N.D. 0.33+0.08ab | 0.19+0.07b
30.32 Hexyl butanoate N.D. 0.26 £+ 0.00 N.D. N.D.
30.67 Hexyl 2-methyl
butanoate 0.84+0.13a 0.65+0.01a 0.74+0.03a 0.49 +0.02a
Terpenes
19.27 -Pinene N.D. 6.10 £ 0.47 N.D. N.D.
23.16 D-limonene 18.41+3.83a | 4.24+041b 540+ 1.86b 3.29+1.02b
24.92 Y-Terpinene N.D. N.D. 5.36 + 1.67 N.D.
Alkanes
16.22 D.ecane 2,4,6-
trimethyl N.D. 0.19 £0.01 N.D. N.D.
18.71 Decane N.D. 0.28 + 0.04 N.D. N.D.
Aromatic
hydrocarbons
25.23 Styrene 6.79+2.08a 222 +0.17a 1.93+0.47a 2.04+022a
25.76 o-cymene N.D. N.D. 7.90 + 0.63 N.D.

Tr, retention time; N.D., not detected. T0, beans fertilized with N 41, P 46,and K 22 kgha™; T1, beans fertilized with
N 41, P 46,K 22, S 12, and Zn 1 kg ha™; T2, beans fertilized with N 45, P 60, K 22, $ 22, and Zn 1.5 kg ha™'; T3,
beans fertilized with N 50, P 66, K 25, S 25, and Zn 2 kg ha™. a,b,c Different literals between columns denote
significant differences (p<0.05) between treatments. Values are expressed as mean + standard deviation (n = 3).
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1-Octanol, which contributes a fatty or cheesy aroma, could negatively affect perception at high
concentrations, as these notes are often associated with sensory deterioration in stored beans (Oomah er al,
2007). The fact that it appears only in T1 may have implications for the selection of treatments with better
postharvest performance.

As for ketones, such as 6-methyl-5-hepten-2-one, these contribute notes of fresh fruit or vegetables and
are generated by lipid degradation. In particular, the presence of 3,5-octadiene-2-one (a mushroom aroma) in
certain treatments can enrich sensory complexity, although it can also be associated with undesirable earthy
notes if it exceeds certain thresholds.

The detection of alkanes (2,4,6-trimethyl decane and decane) in the T1 treatment is technologically
relevant, as these compounds are byproducts of lipid oxidation and are considered chemical markers of the
onset of aroma deterioration. Their absence in the improved treatments could suggest improved oxidative
stability of the grain, which is desirable in products that will be stored or cooked.

Finally, the appearance of compounds such as p-cymene, which was present only in the improved
treatment, suggests possible biosynthetic pathways induced by nutritional management, opening a line of
interest for the study of functional aroma precursors.

The review of the volatile profile has allowed us to identify key compounds with a positive sensory
impact (e.g., benzaldehyde, D-limonene, f-pinene), as well as others related to lipid oxidation or potential
deterioration (e.g,, hexanal, alkanes). This information is relevant not only for aroma characterization but also
for understanding the technological implications of fertilization treatments on postharvest quality and
processing potential of beans.

Conclusion

This study demonstrated that the fertilization regime significantly influences the accumulation of
bioactive compounds and the antioxidant activity of different anatomical parts of the Centaury pinto bean
(Phaseolus vulgaris L.), specifically the seed, the tegument (testa), and the cotyledon. Among these, the testa
consistently presented the highest concentrations of total phenols, flavonoids, anthocyanins, and tannins,
which was associated with greater antioxidant activity, confirming that it is the main site of phytochemical
accumulation.

Based on the results, T2, which included moderate fertilization (N 45, P 60, K 22, S 22,Zn 1.5 kgha™),
is recommended as the optimal strategy to maximize the functional quality of the Centauro pinto bean. This
approach not only promoted the accumulation of health-promoting bioactive compounds but also improved
the antioxidant and volatile profile of the bean without requiring excessive nutrient application.

Regarding the volatile component profile results, key compounds with positive sensory impact were
identified (e.g., benzaldehyde, D-limonene, and f-pinene), as well as others related to lipid oxidation or
potential deterioration (e.g., hexanal, alkanes). This information is relevant not only for aroma characterization
but also for understanding the technological implications of fertilization treatments on postharvest quality and
bean processing potential.

These findings underscore the importance of implementing tailored fertilization strategies to enhance
the nutraceutical value of the bean. Furthermore, the results open new lines of research aimed at evaluating the
stability of these effects across different bean varieties and environmental conditions, with the goal of
strengthening their agronomic and functional impact
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