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Association mapping for total
phenols, total flavonoids
and antioxidant activity in
a Mesoamerican bean
diversity panel
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José dos Santos Neto2, Jessica Delfini3,
Daniel Fernando Viana Fagundes1, Paul Gepts4

and Leandro Simões Azeredo Gonçalves1*

1Agronomy Department, Universidade Estadual de Londrina (UEL), Londrina, Brazil, 2Plant Breeding,
Instituto de Desenvolvimento Rural do Paraná (IDR-Paraná), Londrina, Brazil, 3GDM Seeds,
Cambé, Brazil, 4Department of Plant Science, Section of Crop and Ecosystem Sciences, University of
California, Davis, Davis, CA, United States
Beans are highly important for food and nutritional security in several South America,

Asia, and Africa countries. Exploiting this crop’s genetic diversity is essential for

breeding programs’ success. The objective of this study was to identify genomic

regions associated with total phenolic content (TPC), total flavonoid content (FLA),

and antioxidant activity (DPPH) in common bean grains in a Mesoamerican bean

diversity panel. Phenotypic data were collected from two locations (Research

Stations of the Paraná Rural Development Institute IAPAR-EMATER – IDR-Paraná)

in the municipalities of Londrina and Guarapuava, Paraná, Brazil, and were subjected

to variance analysis, heritability estimation, as well as histogram, density distribution,

and boxplot analyses to assess genetic progress for black and carioca cultivars. For

the genotypic data, four multi-locus genome-wide association studies (GWAS) were

conducted to detect significant QTNs for the target traits. All analyses were

performed using the R software. Analysis of variance showed a significant effect of

genotype and genotype × environment interaction (p<0.01) for all traits, while no

significant effect was observed for the environment. Heritability ranged from 93.1%

to 99.8%, indicating low influence of environmental variation. Significant correlations

(p<0.01) were observed among the traits evaluated. After filtering the SNPs obtained

via GBS, 25,011 high-quality SNPswere identified for theGWAS study. After removing

SNPs with high linkage disequilibrium, 707 SNPs were retained for population

structure analysis. In total, 147 unique QTNs were significant for the three

biochemical traits studied (TPC, FLA, and DPPH), of which 41 were detected at

least twice by one of the seven multi-locus methods used or in different

environments analyzed (Londrina, Guarapuava, and LSmeans). Candidate genes

linked to the biosynthesis of phenolic compounds and antioxidant activity were

also identified, highlighting the genetic complexity of these traits.
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1 Introduction

The common bean (Phaseolus vulgaris L.) is a cornerstone of

human nutrition, serving as the most significant legume for direct

human consumption globally. Rich in carbohydrates and proteins,

common bean offer a balanced nutritional profile and a diverse

array of amino acids that surpass that of cereals (Sá et al., 2020;

Huertas et al., 2023). With an energy value of 340 calories per 100

grams, common beans can fulfill up to 35% of daily protein

requirements while providing essential vitamins and dietary fiber.

Furthermore, beans are a critical source of micronutrients, boosting

iron (Fe) concentrations 4-10 times greater and zinc (Zn)

concentrations 2-3 times higher than staple cereals like maize,

wheat, and rice (Blair, 2013). Currently, bean cultivation spans

approximately 36.79 million hectares globally, producing an

estimated 28.34 million tons, cementing its role as a dietary

staple, particularly across Latin America and Eastern and

Southern Africa (FAOSTAT, 2024; Myers and Kmiecik, 2017).

Brazil stands out as one of the world’s leading producers and

consumers of common beans. In 2023, the country produced

approximately 3.04 million tons (CONAB: Companhia Nacional

de Abastecimento, 2024), with an average consumption of 12.2

kilograms per person. The carioca commercial group is the

preferred type, accounting for approximately 60% of the Brazilian

consumer market, characterized by its cream-colored seed coat with

brown stripes, followed by the black group, which occupies around

20% of the market (EMBRAPA, 2024).

Beyond their status as an essential source of proteins and

micronutrients, common beans are also rich in bioactive phenolic

compounds, which have been linked to a reduced risk of chronic

diseases, including cardiovascular and neurodegenerative disorders,

diabetes, and cancer (Rodrıǵuez Madrera et al., 2020). The phenolic

profile of common beans has been extensively characterized, with

phenolic acids, such as p-coumaric, ferulic, and cinnamic acids,

predominating in the cotyledons, while a diversity of flavonoids is

concentrated in the seed coat (Rodrıǵuez Madrera et al., 2021;

Kajiwara et al., 2022; Campa et al., 2023).

Extensive genetic variability in the phenolic composition of

common bean has been documented, highlighting opportunities for

selecting promising parental lines in breeding programs (de Lima et al.,

2014; Myers and Kmiecik, 2017; Rodrıǵuez Madrera et al., 2020;

Nogueira et al., 2021; Campa et al., 2023). Myers et al. (2019)

assessed total phenolic content (TPC) in 149 snap bean accessions,

revealing considerable variability among genotypes and identifying 11

quantitative trait nucleotides (QTNs) associated with TPC. Among

these, seven candidate genes were linked to these QTNs, with five

regulatory genes implicated in elevated phenolic content. Similarly,

Campa et al. (2023) investigated the genetic basis of ten flavonoid

compounds in a panel of 308 bean accessions, uncovering 31 significant

QTNs. This analysis led to the identification of 58 candidate genes,

including 31 previously characterized in the phenylpropanoid pathway

and 27 newly proposed based on association studies and homology

with anthocyanin-related genes from Arabidopsis thaliana.

Enhancing the concentration of phenolic compounds in

commercial common bean cultivars is a key strategy for
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biofortification aimed at addressing malnutrition in developing

nations where beans are a dietary staple, such as Brazil (Delfini

et al., 2021b; Nogueira et al., 2021). In this study, we identified

genomic regions associated with the accumulation of total phenols,

flavonoids, and antioxidant activity in common bean grains using a

Brazilian diversity panel enriched with Mesoamerican accessions

adapted to tropical environments. Our findings provide valuable

genetic insights to inform breeding programs that develop

nutritionally enhanced beans with increased health benefits.
2 Materials and methods

2.1 Genetic material

The Mesoamerican common bean diversity panel (BDP) used

in this study was developed to gather accessions adapted to tropical

conditions, reflecting the diversity of Brazil’s domesticated

Mesoamerican gene pool (Delfini et al., 2021a). This panel

includes cultivars, landraces, and breeding lines, all conserved in

the gene bank of the Instituto de Desenvolvimento Rural do Paraná

IAPAR-EMATER (IDR-Paraná). This study analyzed a subset of

the Brazilian diversity panel of common beans (BDP), including

178 Mesoamerican common bean accessions.

The experiments were conducted during the 2018 rainy season

at the research stations of the IDR-Paraná in the municipalities of

Londrina (23°22’8”S; 51°9’48”W) and Guarapuava (25°23’51”S; 51°

32’36” W), located in the Paraná state, Brazil. The experimental

design adopted was a randomized block design with four

replications. Each plot consisted of four rows, 2.00 m in length,

with 0.5 m spacing between rows and a density of 12 plants per

linear meter. Pest, disease, and weed control was carried out

according to crop recommendations. After physiological maturity,

each experimental plot was harvested, and a sample of 100 g of

grains without physical or insect damage and free of disease was

taken. These samples were stored in a cold chamber at a

temperature of 5.6°C and 33% humidity until laboratory analyses

were performed.
2.2 Phenotyping for total phenolics,
flavonoids, and DPPH

Samples of 50 g of grains from each experimental plot were

ground in a mill (Perten 3100) to obtain a homogeneous powder

using a 60-mesh sieve. The bean flour samples were packaged and

stored at -18°C until analysis. The moisture content of the ground

grains was determined by drying at 105 ± 3°C until constant weight,

using triplicate repetitions of approximately 2 grams each, with the

results expressed as a percentage (Brasil, 2009).

For the determination of total phenolic content (TPC), total

flavonoid content (FLA), and antioxidant activity (DPPH), a

metabolic extract was obtained following the methodology of

González and Vázquez (2008), with minor modifications. The

extract was prepared by extracting 1.0 g of fresh samples with 10
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mL of 70% ethanol (v/v), homogenized in a blender (500 W) for 20

seconds, followed by centrifugation at 1013 x g (Excelsa 2 Fanem

model 205N) for five minutes.

To determine TPC, 1.0 mL of the metabolic extract was mixed

with 1.0 mL of methanol, 1.0 mL of 0.2 N Folin-Ciocalteu reagent,

and 1.0 mL of 10% sodium carbonate (w/v). The mixture was

allowed to rest for 30 minutes in the dark at room temperature (25°

C). Subsequently, absorbance was measured at a wavelength of 765

nm using a Micronal spectrophotometer (AJX1600). Gallic acid was

used as a standard at 10.0–100.0 mg L-1 concentrations, and results

were expressed as mg of gallic acid equivalents per 100 g of sample

(mg GAE 100 g-1) (Swain and Hillis, 1959).

FLA was determined by mixing 1.0 mL of the metabolic extract

with 1.0 mL of 5.0% aluminum chloride (w/v) and 2.0 mL of

methanol, allowing the mixture to rest for 30 minutes in the dark.

Absorbance was then measured using a spectrophotometer

(Micronal, AJX-1600) at 425 nm. Quercetin was used as a

standard at concentrations of 50.0–500.0 mg L-1, and results were

expressed as mg of quercetin equivalents (QE) per 100 g of sample

(mg QE 100 g-1) (Lee et al., 1995).

For determining antioxidant capacity (DPPH) by scavenging

the 2,2-diphenyl-1-picrylhydrazyl (DPPH•) radical, 50.0 mL of the

metabolic extract was mixed with 1.0 mL of 100 mM acetate buffer

(pH 5.5), 1.0 mL of methanol, and 0.5 mL of ethanolic DPPH

solution (250.0 mM). The tubes were kept at room temperature in

the dark for 15 minutes. The absorbance of the remaining DPPH•

radical was measured using a spectrophotometer (Thermo-

Genesys) at a wavelength of 517 nm. The calibration curve was

prepared using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid) as a standard, and results were expressed as mmol of

Trolox equivalent antioxidant capacity (TEAC) per 100 g of fresh

sample (Brand-Williams et al., 1995).

Phenotypic data were subjected to variance analysis, and

heritability was subsequently determined. Histogram, density

distribution, and boxplot graphs were generated for the groups of

bean accessions evaluated, categorized by grain color (carioca,

black, and colored) and genetic material type (cultivars, lines, and

landraces). T-test was used to evaluate the difference between the

bean groups. All analyses were performed using R software (R Core

Team, 2024) (https://www.r-project.org), using the packages

ggplot2 (Wickham and Wickham, 2016), FactoMineR (Lê et al.,

2008), and cluster (Maechler, 2019) packages.
2.3 Genotyping and genome wide
association study

The genotyping-by-sequencing (GBS) technique was used to

obtain the SNPs. The methodology used, as well as the results of the

population structure and linkage disequilibrium (LD) analyses, are

detailed in a previous work (Delfini et al., 2021a). In summary, GBS

was conducted using the restriction enzyme CviAII (Ariani et al.,

2016) and the data were imputed using Beagle software version 5

(Browning et al., 2018), and only SNPs anchored to chromosomes
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in the common bean reference genome (Schmutz et al., 2014)

were used.

A total of six multi-locus genome-wide association studies

(GWAS) were implemented in the MLM.GUI 4.0 software (Wen

et al., 2018) was used to detect significant QTNs for the target traits:

mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, pKWmEB,

and ISIS-EM-BLASSO. Population structure (Q) and kinship

matrix (K) were included in the model to reduce false positives

and enhance analytical power. STRUCTURE results (K = 2) were

used for Q, and a kinship matrix was calculated using the

mrMLM.GUI 4.0 software. For all methods, default parameters

were used, and a logarithmic odds score (LOD) ≥ 3 was used as the

critical value for significant associations. The phenotypic data used

for GWAS were the adjusted means from each of the two

environments. To obtain more reliable results, only QTNs that

showed repeatability (i.e., detected at least twice using different

methods or in different environments) were considered significant

and were used in searches for favorable alleles and candidate genes.
2.4 Identification of favorable alleles

For each QTN, all accessions in the panel were initially divided

into two groups based on the QTN genotype, and alleles associated

with a positive effect on the phenotype (i.e., those associated with an

increase in the analyzed trait) were identified. Subsequently, the

number of favorable alleles for each accession was determined, and

the association between the accumulation of these superior alleles in

the same accession and trait was verified. Boxplots were generated

using R software for better visualization of the results.
2.5 Candidate gene search

The search for potential candidate genes focused on QTNs

detected using multiple methods or environments. The search

radius (physical distance) was limited according to the decline of

half the LD corrected for population structure and relatedness

(r2vs). Genes within the association region were identified based

on the reference genome annotation of common bean Phaseolus

vulgaris v.2, published on the Phytozome v10.3 website (http://

phytozome.net). Subsequently, genes with putative functions

related to the traits of interest were selected as candidate

genes, as indicated by Gene Ontology (GO) annotation (http://

www.geneontology.org/).
3 Results

3.1 Nutritional characterization

The analysis of variance showed significant effects for genotypes

and genotype × environment interactions (p<0.01) for all traits

evaluated, while no significant effect was observed for the

environment (Table 1). The experimental coefficient of variation
frontiersin.org
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ranged from 3.67 to 6.40%, and heritability ranged from 93.1 to

99.8%, indicating a low influence of environmental variation.

Significant correlations (p<0.01) were observed among traits, with

values of 0.74 (TPC × FLA), 0.48 (TPC × DPPH), and 0.50

(FLA × DPPH).

No differences were observed among the cultivar groups

(cultivars, lines, and landraces) for TPC (Figure 1). Regarding the

color groups (Carioca, black, and colored), the Carioca group had

the highest average value (165.70 mg GAE 100 g-¹), followed by the

colored and black types, with 154.31 and 132.67 mg GAE 100 g-¹,

respectively. For the carioca group, the highest TPC values were

found in the genotypes FEB200, FEB178, TAA Gol, Carioca1070,

and LP07 (332.42, 290.17, 277.83, 249.90, and 249.36 mg GAE 100

g-¹, respectively), while in the black group, the highest values

were found in BAT76, DOR445, ARC2, Awauna, and

BlackHawk (354.36, 309.73, 272.58, 228.78, and 210.16 mg GAE

100 g-¹, respectively).

Total flavonoid content (FLA) ranged from 108.55 to 712.73 mg

QE 100 g-¹, with no differences observed among the cultivar groups.

The carioca group (422.18 mg QE 100 g-¹) had higher average FLA

values than colored and black beans (371.47 and 315.57 mg QE 100

g-¹, respectively). In the carioca group, the highest FLA values were

observed in the genotypes Carioca1070, LP15, FEB200, LP14, and

LP13 (653.34, 626.26, 615.80, 606.14, and 603.07 mg QE 100 g-¹,

respectively), while in the black group, they were DOR445, BAT76,

BlackHawk, ARC2, and LP09 (687.66, 671.44, 602.26, 574.89, and

567.31 mg QE 100 g-¹, respectively).

The average value for antioxidant activity (DPPH) was 803.80

mmol TEAC 100 g-¹ (range: 444.91–944.34 mmol TEAC 100 g-¹).

The average values for landraces, breeding lines, and cultivars were

788.11, 816.53, and 797.92 mmol TEAC 100 g-¹, respectively, and for
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807.36, and 776.65 mmol TEAC 100 g-¹, respectively. The highest

antioxidant activity values were observed in the carioca group

genotypes BRS Ametista, Aporé, IAPAR 72, LP31, and FEB178

(936.41, 931.53, 893.61, 893.32, and 893.28 mmol TEAC 100

g-¹, respectively), and in the black group genotypes Diamante

Negro, BRS Campeiro, BRS Esplendor, ICAQuetzal, and LP29

(944.34, 923.41, 903.60, 894.75, and 892.72 mmol TEAC

100 g-¹, respectively).

Linear regression analysis showed no significant effects (p>0.05)

for all traits in both the carioca and black groups, indicating a lack

of genetic progress (Figure 2). The coefficient of determination (R²)

was 0.00 for most traits.
3.2 Genome-wide association study

In total, 147 unique QTNs were identified as significant for the

three biochemical traits studied (TPC, FLA, and DPPH), with 41 of

these QTNs being detected at least twice by one of the seven multi-

locus methods used or in different environments analyzed (LDA,

GUA, and LSmeans), as shown in Table 2 and Supplementary

Figure S1. Table 2 presents the QTNs that demonstrated

repeatability. The analyses revealed variation in the number of

QTNs associated with each trait: 11 QTNs for TPC, 17 for FLA, and

13 for DPPH. One pleiotropic QTN was identified, showing a

significant association at least twice for more than one trait,

specifically shared between TPC and FLA. In addition to this

pleiotropic QTN, seven overlapping QTNs were found within a

genomic region defined by linkage disequilibrium (LD) of ± 296 kb.

Two QTNs associated with FLA and DPPH were located on

chromosome Pv2, where an overlap occurred. Other overlapping

QTNs, all associated with DPPH, were identified on chromosome

Pv06. Additionally, on chromosome Pv11, overlapping QTNs were

observed for all three traits: TPC, FLA, and DPPH.

QTNs were identified on all 11 common bean chromosomes,

with chromosomes Pv02 and Pv11 having the highest number of

QTNs, with five each. The phenotypic variation explained (PVE) by

these QTNs varied significantly, ranging from very low values, close

to 2%, to 16.37%. Although some QTNs showed negligible effects,

the observed effects varied from -135.18 to 79.81.

Different PVE and QTN effect results were obtained for the

same QTN using different methods, with more significant results

for PVE. For instance, the FASTmrMLM method identified some

QTNs with effects and PVE close to zero. ISIS EM-BLASSO

identified the highest number of significant SNPs among the six

methods used, followed by pLARmEB, FASTmrMLM, mrMLM,

pKWmEB, and FASTmrEMMA. However, when focusing only on

QTNs that demonstrated repeatability, the mrMLM and

FASTmrMLM methods stood out, followed by FASTmrEMMA,

ISIS EM-BLASSO, pKWmEB, and pLARmEB. The FASTmrMLM

method achieved 99% efficiency, indicating that only 1% of the

SNPs detected by this method did not show repeatability. In

contrast, the mrMLM, ISIS-EM-BLASSO, and pLARmEB

methods achieved efficiencies of 70, 52, and 10%, respectively.
TABLE 1 Analysis of variance and genetic parameters for total phenols
(TPC), flavonoids (TFC), and antioxidant activity (DPPH) detected in
accessions from the Brazilian Diversity Panel (BDP) of Mesoamerican
beans evaluated in two environments.

Source of Variation DF
Mean Square1/

TPC TFC DPPH

Block/Environment 4 887.8 1094.9 622.7

Genotypes (G) 177 19577.3** 101438.9** 38467.0

Environment (E) 1 300.6ns 1553941.6ns 161826.4

G x E 177 9062.7** 24100.7** 21523.9

Error 708 57.1 185.3 2645.8

CV(%) 5.0 3.67 6.40

Mean – Londrina 150.3 333.2 791.6

Mean – Guarapuava 151.2 409.1 815.9

Genotypic variance 3253.4 16875.6 5970.2

GxE variance 1500.9 3985.9 3146.4

Residual variance 57.1 185.3 2645.8

Heritability 99.7 99.8 93.1
1/ns: not significant, **,*: significant at 1% and 5% probability levels by the F-test.
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FIGURE 1

(A) density distribution, and boxplot for (B) genetic material and (C) seed colors for total phenols (TPC), flavonoids (TFC), and antioxidant activity
(DPPH) detected in accessions from the Brazilian Diversity Panel (BDP) of Mesoamerican beans evaluated in two environments.
FIGURE 2

Genetic progress for total phenols, flavonoids, and antioxidant activity detected in accessions from the Brazilian Diversity Panel (BDP) of
Mesoamerican beans evaluated in two environments for the carioca (A) and black (B) groups.
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TABLE 2 QTNs associated with biochemical traits detected at least twice by different methods and in different environments in bean accessions from
the Brazilian Diversity Panel (BDP).

Trait SNP Chr
Position
(bp) QTN effecta

LOD
scoreb PVE (%)c MAFd Gen Enve Methodsf

TPC S01_50735044 1 50735044 -37.58 ~ -28.05 3.45 ~ 4.08 3.88 ~ 10.01 0.074 TT 2 1, 2, 3, 5

S02_1586043 2 1586043 -42.07 ~ -28.14 4.15 ~ 3,48 2.61 ~ 8.12 0.068 CC 2 1, 3

S02_29447398 2 29447398 -30.72 ~ -27.92 3.92 ~ 4.30 2.73 ~ 5.53 0.051 AA 3 2, 3

S04_530220 4 530220 11.73 ~ 25.41 3.44 ~ 3.084 3.29 ~ 3.86 0.433 GG 1 2, 5

S04_46204203 4 46204203 -17.88 ~ -13.87 3.73 ~ 5.16 2.27 ~ 5.25 0.343 AA 2 3, 5

S04_30710165 4 30710165 -41.72 ~ -34.45 5.80 ~ 6.10 9.11 ~ 12.88 0.068 AA 3 1, 2

S07_33216755 7 33216755 -11.89 ~ -11.74 3.44 ~ 3.15 3.79 ~ 7.40 0.343 AA 3 2, 4

S08_62021787 8 62021787 -49.05 ~ -25.30 5.12 ~ 5.48 5.93 ~ 6.29 0.208 TT 1 2, 5

S09_1020796 9 1020796 -62.34 ~ -59.16 3.80 ~ 12.39 7.56 ~ 16.37 0.051 GG 1 1, 3

S11_51176633 11 51176633 -20.91 ~ -14.23 3.63 ~ 4.63 2.44 ~ 7.34 0.360 GG 2 1, 3

S11_26987117 11 26987117 26.96 ~ 34.07 3.17 ~ 4.33 5.14 ~ 7.93 0.063 GG 3 1, 2

TFC S01_8509201 1 8509201 -1.351.794 ~ -991.714 45.55 ~ 3.18 71.44 ~ 132.73 0.051 TT 2 1, 5

S01_50735044 1 50735044 -501.45 ~ -804.20 4.71 ~ 59.36 6.62 ~ 37.88 0.073 TT 2 1, 2, 3, 6

S01_8509201 1 8509201 -89.03 ~ -67.04 3.22 ~ 6.54 5.10 ~ 8.99 0.051 TT 3 1, 2, 6

S01_50735044 1 50735044 -48.62 ~ -38.09 3.05 ~ 3.94 2.54 ~ 2.32 0.073 TT 3 2, 3

S02_48936608 2 48936608 -60.263 ~ -55.58 3.03 ~ 3.61 5.43 ~ 9.37 0.063 AA 1 1, 5

S02_44447895 2 44447895 -60.67 ~ -111.60 4.90 ~ 7.44 8.36 ~ 9.88 0.118 AA 1 3, 6

S04_21623159 4 21623159 -50.81 ~ -49.18 3.62 ~ 3.77 4.51 ~ 4.35 0.056 GG 3 2,6

S05_25227738 5 25227738 43.37 ~ 50.71 4.11 ~ 5.12 5.66 ~ 7.74 0.14 CC 1 1, 6

S05_40440289 5 40440289 -453.04 ~ -407.81 42.06 ~ 44.40 64.22 ~ 71.44 0.290 TT 2 2, 4

S05_40440289 5 40440289 -77.39 ~ 24.59 3.02 ~ 4.43 2.95 ~ 11.58 0.292 TT 3 2, 3, 5

S07_9231578 7 9231578 -45.32 ~ -25.87 3.32 ~ 5.19 3.21 ~ 9.86 0.244 GG 1 1, 2, 6

S09_1508891 9 1508891 46.53 ~ 58.04 4.96 ~ 6.30 3.07 ~ 13.75 0.250 AA 2 2, 3, 4

S09_1508891 9 1508891 26.77 ~ 79.81 3.31 ~ 4.69 3.20 ~ 10.87 0.253 AA 3 2, 3, 5

S10_23691763 10 23691763 -81.96 ~ -73.60 3.33 ~ 4.60 2.54 ~ 6.14 0.051 GG 3 1, 4

S11_810526 11 810526 -57.68 ~ -50.86 4.33 ~ 5.51 8.18 ~ 11.82 0.108 CC 1 1, 5

S11_51571189 11 51571189 30.28 ~ 32.10 3.39 ~ 3.90 3.66 ~ 4.11 0.191 TT 1 4, 6

S11_810526 11 810526 -43.65 ~ 40.70 3.11 ~ 3.49 3.73 ~ 4.22 0.107 CC 3 2, 6

DPPH S02_1874289 2 1874289 21.85 ~ 27.61 4.76 ~ 5.57 3.43 ~ 7.68 0.25 AA 2 1, 2, 4, 5

S03_29510952 3 29510952 23.9 ~ 31.47 3.40 ~ 6.66 5.35 ~ 9.27 0.219 AA 2 1, 2, 6

S03_29510952 3 29510952 24.12 ~ 55.73 3.38 ~ 4.11 6.20 ~ 12.67 0.219 AA 3 1, 3

S04_41930968 4 41930968 28.36 ~ 57.80 3.22 ~ 3.27 5.10 ~ 5.29 0.281 TT 1 1,2

S04_41930968 4 41930968 18.72 ~ 23.36 3.34 ~ 3.41 4.41 ~ 6.73 0.284 TT 3 2, 6

S06_18875256 6 18875256 20.01 ~ 26.27 4.67 ~ 5.54 3.51 ~ 8.49 0.352 GG 2 1, 4

S06_26302529 6 26302529 -22.61 ~ -16.97 3.29 ~ 3.31 2.69 ~ 4.74 0.222 TT 2 1, 2

S06_26506550 6 26506550 17.30 ~ 24.96 3.80 ~ 5.27 3.91 ~ 8.05 0.386 TT 2 1, 2

S08_53591932 8 53591932 14.10 ~ 18.51 3.20 ~ 3.40 2.70 ~ 4.61 0.46 CC 2 1, 2

(Continued)
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Although the ISIS EM-BLASSO method initially identified the

highest number of SNPs, many of these SNPs were discarded in

subsequent stages of the study.

The Guarapuava environment identified the highest initial

number of significant SNPs, with 53, followed by Londrina and

LSmeans, with 49 and 45, respectively. However, when considering

the more stable SNPs, Guarapuava had the highest number,

followed by LSmeans, while the Londrina environment had the

lowest number of significant SNPs.
3.3 Favorable alleles

Favorable alleles that demonstrated repeatability were identified

in each QTNs, meaning alleles were associated with increased

biochemical content. Subsequently, an analysis was conducted to

investigate whether the accumulation of these alleles corresponded

to an increase in TPC, FLA, and DPPH content (Figure 3). The

results indicated a progressive increase in TPC, FLA, and DPPH

levels in bean grains, proportional to the number of favorable alleles

in the genotype.
3.4 Candidate genes

Initially, genes in the genomic regions identified around the

QTNs were searched. Some QTNs were located within the

candidate genes, while others were at varying distances, ranging

from 6.6 to 287 kbp (kilobase pairs) from the QTNs. This highlights

the intricate and multifaceted nature of genetic regulation,

emphasizing the need for further research and exploration to fully

understand genetic associations.

The identified gene functions were associated with various

processes, including redox reactions, protein phosphorylation,

transcriptional regulation, metabolic processes, transmembrane

transport, and metal ion transport, reflecting the diversity of

biological functions of genes linked to QTNs. All the biochemical

compounds studied had at least one candidate gene whose function

was related to their composition, as indicated in Table 3. The

highest number of candidate genes was found for DPPH, followed
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by FLA, with 8 and 2 candidate genes, respectively, while only one

gene was associated with TPC.
4 Discussion

Phenolics, defined by at least one phenol unit with one or more

hydroxyl substituents, are essential secondary metabolites in plants,

impacting plant physiology and human health. In plants, phenolics

fulfill diverse functions, such as shielding against UV radiation,

activating defense mechanisms against biotic and abiotic stresses,

attracting pollinators, modulating hormones like auxins, and

contributing to tissue pigmentation (Kołton et al., 2022). These

compounds act as potent antioxidants for human health, reducing

oxidative stress linked to degenerative diseases (Gan et al., 2017;

Zeb, 2020). Common beans are notably rich in phenolic

compounds, particularly in the seed coat, and their levels are

influenced by both genetic (e.g., cultivar) and environmental (e.g.,

growing location) factors (Rocha-Guzmán et al., 2007; Rodrıǵuez

Madrera et al., 2020; Campa et al., 2023). Identifying genes or

genomic regions involved in the biosynthesis of phenolic and

antioxidant compounds in bean grains could significantly bolster

breeding programs to develop cultivars with enhanced nutraceutical

properties. In this study, we utilized a Brazilian diversity panel,

including Mesoamerican varieties adapted to tropical conditions, to

gain genetic insights that could facilitate the development of

superior bean cultivars.

The broad variability in TPC, FLA and DPPH observed within

the Brazilian common bean diversity panel underscores the

potential for selecting genotypes enriched in bioactive

compounds. This genetic diversity offers a resource for breeding

improvement and an opportunity to identify genomic regions

associated with these traits. The variability observed is consistent

with findings from other studies involving diverse bean germplasms

(Gan et al., 2017; Rodrıǵuez Madrera et al., 2020, 2021; Márquez

et al., 2024). Notably, the high heritability values for TPC, FLA, and

DPPH suggest that these traits are primarily under genetic control,

thus enhancing the likelihood of successful selection for bean lines

with elevated concentrations of bioactive compounds. Ribeiro and

Mezzomo (2020) similarly reported high heritability estimate for
TABLE 2 Continued

Trait SNP Chr
Position
(bp) QTN effecta

LOD
scoreb PVE (%)c MAFd Gen Enve Methodsf

S08_41543926 8 41543926 25.25 ~ 48.56 3.51 ~ 5.77 4.40 ~ 4.80 0.163 CC 2 3, 4, 6

S10_43748160 10 43748160 -18.38 ~ 16.07 3.84 ~ 4.00 4.36 ~ 7.62 0.382 TT 2 5, 6

S11_51209832 11 51209832 21.11 ~ 30.24 3.05 ~ 6.14 3.85 ~ 6.46 0.197 GG 2 1, 4, 5, 6

S11_51209832 11 51209832 22.14 ~ 27.25 3.73 ~ 6.24 6.99 ~ 7.30 0.281 AA 3 4, 5
aQuantitative trait nucleotide effect.
bLOD value, the significant threshold for transformed P-value.
cPVE (%): phenotypic variation explained.
dMinor allele frequency.
eEnvironment: 1-Londrina, 2-Guarapuava, 3-LSmeans.
fMethods: 1-FASTmrMLM, 2-ISIS-EM-BLASSO, 3-mrMLM, 4-pLARmEB; pleiotropic QTNs are shown in bold.
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total phenolics in recombinant lines of Andean beans, further

reinforcing the genetic determination of these traits.

Despite the high heritability values observed for bioactive

compounds, there was a lack of genetic progress for these traits in

the carioca and black bean groups. This can be partly attributed to

the fact that these characteristics have not been the focus of
Frontiers in Agronomy 08
breeding programs, coupled with a relatively narrow genetic base

of Brazilian Mesoamerican beans. This potential trade-off between

yield and nutraceutical properties underscores the need to

incorporate specific evaluations of bioactive compounds into

breeding programs to promote improvements in the nutritional

quality of cultivars. In their study, Ribeiro and Maziero (2024)
FIGURE 3

Accumulation of favorable alleles in relation to adjusted global means (LSmeans) for total phenols (mg GAE 100g-1), flavonoids (mg QE 100g-1), and
antioxidant activity (DPPH) (80 mmol TEAC 100g-1) traits present in common bean accessions from the Brazilian Diversity Panel (BDP).
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evaluated the genetic progress of Brazilian Mesoamerican bean

cultivars for both macro- and micronutrients. They reported

annual increases of 0.59, 5.39 and 3.39% for potassium, calcium,

and magnesium, respectively, while gains for micronutrients were

negative. These results underscore the need to integrate

comprehensive nutrient evaluations into the bean breeding

pipeline, thereby facilitating effective biofortification of cultivars.

The high correlation between TPC and FLA underscores the

substantial contribution of flavonoids to the overall polyphenol

composition in common beans. Furthermore, the positive

correlations of both TPC and FLA with DPPH emphasize the role of

these bioactive compounds in antioxidant defense mechanisms. These

results align with findings from previous studies (Gan et al., 2017;

Rodrıǵuez Madrera et al., 2020; Nogueira et al., 2021). Interestingly,

carioca group accessions showed higher TPC and FLA levels than the

black group. However, Rodrıǵuez Madrera et al. (2020), in their

evaluation of the phenolic profile—including 12 hydroxycinnamic

acids and derivatives, 13 anthocyanins, and 15 flavonols—across a

panel of 220 common bean lines, found no clear relationship between

phenolic composition and seed phenotype, indicating that phenolic

diversity is not strictly linked to seed color traits.

In the study in question, among the ML-GWAS methods

employed, ISIS EM-BLASSO stood out for identifying the highest

number of significant SNPs compared to the other methods, which

include pLARmEB, FASTmrMLM, mrMLM, pKWmEB, and

FASTmrEMMA, in descending order of effectiveness. However,

focusing on QTNs that demonstrated repeatability, the mrMLM and

FASTmrMLM methods excelled. They were followed by

FASTmrEMMA, ISIS EM-BLASSO, pKWmEB, and pLARmEB,

respectively. These results align with other studies in the literature

(Ma et al., 2018; Zhang et al., 2018; Fang et al., 2020; Delfini et al.,

2021b). FASTmrMLM, an evolution of mrMLM, stands out for being

faster, more reliable, having higher statistical power, greater estimation
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accuracy, and a low false-positive rate (Tamba and Zhang, 2018). This

reliability of FASTmrMLM can instill confidence in its use. While ML-

GWASmethods share similar approaches, the differential identification

of QTNs reflects the distinct screening and estimation models of each

(Lee et al., 2023). Based on the results, FASTmrMLM is considered the

most reliable method due to its low rate of false-positive associations.

Several QTNs were detected at least twice, using different methods

or across various environments, and are considered reliable. The

recurrent detection of these QTNs confirms the robustness and

complementarity of employing diverse methods and contexts. It also

demonstrates that certain QTNs exhibit consistent behavior in distinct

environments. Additionally, the combined application of multiple

statistical methods offers the advantage of more easily identifying

QTNs with minor effects, which are essential for traits with complex

genetic bases, such as TPC and FLA (Sharma et al., 2020; Campa et al.,

2023; Lee et al., 2023).

In addition to being important for gene identification, GWAS

analyses can also facilitate the discovery of genomic regions associated

with traits of interest. The information obtained through markers can

be utilized in breeding programs to effectively integrate specific loci into

elite germplasms (Ibrahim et al., 2020). The QTNs identified in this

study may play a significant role in this process, as the accumulation of

favorable alleles is linked to a progressive increase in the content of

bioactive compounds and antioxidant activity.

The availability of genomic sequences and gene annotations for

common beans has enabled the identification of genes located in

genomic regions near the QTNs, potentially associated with

bioactive compound content and antioxidant activity. For TPC

and FLA, genes that play important roles in the biosynthesis of

flavonoids and the modification of isoflavones, a subclass of

flavonoids, were identified.

For antioxidant activity, the gene PTHR31388 gene plays a

significant role in plant antioxidant and defense responses. The
TABLE 3 List of potential candidate genes located in genomic regions underlying quantitative trait nucleotides (QTNs) associated with variation in
nutritional content in common bean.

Trait QTN Candidate gene Functional annotation

TPC S01_50735044 Phvul.001G261500.1 Flavonoid 3’-monooxygenase/Flavonoid 3’-hydroxylase

TFC S01_50735044 Phvul.001G261500.1 Flavonoid 3’-monooxygenase/Flavonoid 3’-hydroxylase

S02_48936608 Phvul.002G014700.1 Isoflavone 2’-hydroxylase/Isoflavone 2’-monooxygenase

DPPH S03_29510952 Phvul.003G117000.1 (1 of 1) PTHR31388:SF44 - PEROXIDASE 40

S06_26302529 Phvul.006G156000.1 Beta-amyrin synthase (LUP4)

Phvul.006G156200.1 Beta-amyrin synthase (LUP4)

Phvul.006G156300.1 Linoleate 9S-lipoxygenase/Linoleate 9-lipoxygenase

Phvul.006G156900.1 Beta-amyrin synthase (LUP4)

Phvul.006G157800.2 Adomet decarboxylase/S-adenosyl-L-methionine decarboxylase

S06_26506550 Phvul.006G156600.3 Beta-amyrin synthase/2,3-oxidosqualene beta-amyrin cyclase

Peptide-methionine (R)-S-oxide reductase/Selenoprotein R

S08_53591932 Phvul.008G194300.2
4-hydroxyphenylpyruvate dioxygenase/p-

hydroxyphenylpyruvate oxidase
Traits1. TPC: total phenols (mg GAE 100g-1), TFC: Flavonoids (mg QE 100g-1), and DPPH: antioxidant activity (80 mmol TEAC 100g-1).
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beta-amyrin synthase gene (LUP4) is involved in the biosynthesis of

specific compounds called saponins. Although it does not directly act

on antioxidant activity, the saponins derived from it may contribute

to the plant’s antioxidant properties (Elekofehinti, 2015). The beta-

amyrin synthase gene catalyzes the conversion of 2,3-oxidosqualene

into beta-amyrin, a critical step in producing several secondary

compounds, including saponins. The gene encoding linoleate 9S-

lipoxygenase is a key enzyme in the plant oxylipin pathway. It

catalyzes the oxidation of linoleic acid and other polyunsaturated

fatty acids to form fatty acid hydroperoxides, which are intermediates

in the biosynthesis of various bioactive compounds, including

jasmonates. The adenosylmethionine decarboxylase gene plays a

central role in the metabolism of polyamines, known for their

antioxidant properties (Chen et al., 2019). Finally, the gene

encoding the enzyme 4-hydroxyphenylpyruvate dioxygenase is

critical in a key step of the catabolism of the amino acid tyrosine,

leading to the formation of homogentisate. This pathway is crucial for

tyrosine degradation and the biosynthesis of important compounds

such as plastoquinone and tocopherol (vitamin E), both of which

have significant antioxidant activity.

Nevertheless, while these candidate genes provide insights into the

genetic control of bioactive compounds, functional validation remains

to be performed. Future studies employing CRISPR gene editing or

overexpression experiments, alongside integrated transcriptomic and

proteomic analyses are essential to confirm these gene-trait association.
5 Conclusion

This study revealed genetic diversity in the Mesoamerican

common bean diversity panel, providing opportunities for nutritional

biofortification. High heritability values for TPC, FLA and DPPH

suggest a strong genetic basis, beneficial for breeding programs

targeting enhanced bioactive compounds. GWAS identified 147

unique QTNs, with 41 showing repeatability, making them reliable

targets for selection. Candidate genes linked to the biosynthesis of

phenolic compounds and antioxidant activity were also identified,

highlighting the genetic complexity of these traits.
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