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SUMMARY

Phaseolus vulgaris (common bean) is one of the most economically important members of the Fabaceae

family and a crop of high nutritional value. Seed and leaf morphological traits are key determinants of yield,

shaped by genetic and environmental factors. In this study, we characterized a diversity panel of 434 P. vul-

garis accessions for morphological and colorimetric traits. Using genome-wide association studies based on

both single-nucleotide polymorphisms and structural variants, we identified 73 high-confidence quantitative

trait locus (QTL). In total, we present 114 candidate genes within 25 quantitative trait loci linked to seed and

leaf morphology and color, including an OVATE Family Protein 5 (PvOFP5), which was functionally validated

as a key regulator of seed size in common bean. We employed a heterologous approach by overexpressing

the inferior (Mesoamerican) and superior (Andean) alleles of PvOFP5 in Arabidopsis thaliana wild-type and

knockout lines, and confirmed the key role of PvOFP5 in determining seed area. This work provides a com-

prehensive atlas of genetic associations for bean morphology and color, and highlights PvOFP5 as a promis-

ing target for marker-assisted breeding aimed at optimizing seed size.
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INTRODUCTION

The common bean (Phaseolus vulgaris) is one of the most

important legume crops and the most widely consumed by

humans. It is a diploid (2n = 2x = 22), predominantly

self-pollinated species and one of the five domesticated

species within the Phaseolus genus (Bitocchi et al., 2017).

It holds significant economic and nutritional value world-

wide (Bulut et al., 2023; Cronk et al., 2006; Hayat

et al., 2014; Murube et al., 2021). Beans are consumed both

as immature pods (snap beans) or mature dry seeds, and

both are a rich source of proteins, complex carbohydrates,

dietary fiber, minerals, and bioactive phenolics (Hayat

et al., 2014). Due to their low carbon and water footprints

and ability to fix atmospheric nitrogen, beans also contrib-

ute significantly to sustainable agriculture (Uebersax

et al., 2022). In 2023, global dry bean production reached

28.5 million tonnes, with an export value of 5 million USD,

with the top five producers being India, Brazil, Myanmar,

China, and the United States (FAO, 2025). Common bean

exhibits substantial morphological diversity, particularly in

seed shape, size, weight, and color-related traits (Garc�ıa-

Fern�andez et al., 2021; Giordani et al., 2022; Jurado

et al., 2024). Seed morphology is important to both con-

sumer preferences and agronomic value. These traits
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influence market class, processing quality, cooking time,

water absorption, and nutritional composition (Berry

et al., 2020; Vidak et al., 2022). For example, the seed coat

not only determines color and texture but also contributes

to mineral content (Blair et al., 2013).

Two independently domesticated gene pools, the

Andean and Mesoamerican, have shaped the global diver-

sity of common bean (Bellucci et al., 2023; Bitocchi

et al., 2012; Cortinovis et al., 2024; Gepts et al., 1986; Singh

et al., 1991). These pools differ significantly in seed traits

such as size, color pattern, and storage protein composi-

tion (Murube et al., 2021). Their hybridization in

post-domestication breeding has introduced broad pheno-

typic variation in plant and seed morphology, especially in

European cultivars, which often carry introgressions from

both pools (Angioi et al., 2010; Bellucci et al., 2023; Campa

et al., 2018; Santalla et al., 2002).

This phenotypic diversity has enabled genome-wide

association studies (GWAS) and quantitative trait locus

(QTL) mapping approaches to uncover the genetic basis of

important agronomic traits (Alves et al., 2024; Blair

et al., 2009; Garc�ıa-Fern�andez et al., 2021; Giordani

et al., 2022; Izquierdo et al., 2023; Jurado et al., 2024; L�o

pez-Hern�andez et al., 2023; Mir et al., 2021; Murube

et al., 2020). Recent GWAS have identified numerous QTL

associated with seed morphological traits (Alves

et al., 2024; Giordani et al., 2022; Jurado et al., 2024), pod

morphology and color (Di Vittori et al., 2021; Garc�ıa-Fern-
�andez et al., 2021), and yield-related attributes (Izquierdo

et al., 2023; Mir et al., 2021).

Next to seeds, leaf traits are critical targets for investi-

gation due to their central role in photosynthesis, which

directly influences plant productivity and yield potential

(Zhu et al., 2010). Leaf morphology, including size, shape,

and color, plays a critical role in photosynthetic efficiency,

light capture, transpiration, and stress response. As such,

these traits are closely linked to yield and resilience under

environmental stress, making them valuable targets for

genetic improvement, particularly in the context of climate

change (Chitwood & Sinha, 2016; Niinemets, 2010). To

date, a GWAS on drought tolerance was conducted includ-

ing leaf elongation rate highlighting a QTL on Pv03

(Hoyos-Villegas et al., 2017) and a QTL analysis focusing

on leaf allometry (Zhang, Zhang, et al., 2020). However,

comprehensive GWAS covering diverse leaf morphological

traits in P. vulgaris are still lacking and none yet have lev-

eraged high-throughput image phenotyping for leaf shape

traits in large panels.

In this study, through the application of image-based

phenotyping, we mapped 71 morphological and colorimetric

traits related to leaves and seeds using a panel of 434 P. vul-

garis accessions genotyped by sequencing (GBS), as well as

a subset of 200 accessions sequenced using whole-genome

sequencing (WGS). By integrating both single-nucleotide

polymorphism (SNP) and structural variant (SV) data, we

identified 73 high-confidence marker-trait associations

(MTAs). We provide 114 candidate genes of 25 QTL involved

in seed and leaf morphology and pigmentation. Notably, we

validate PvOFP5 as a key determinant of seed size using het-

erologous expression in Arabidopsis thaliana, comparing

superior and inferior alleles from P. vulgaris. The genetic

architecture of leaf and seed morphological traits presented

here not only provides insights into domestication and diver-

sification processes but also supports marker-assisted selec-

tion for improved varieties. This is particularly relevant for

developing resilient, high-yielding cultivars in the face of

global food demand and environmental challenges. These

findings provide new insights into the genetic architecture of

the common bean phenome and offer a foundation for future

molecular breeding efforts.

RESULTS

Analysis of morphological and colorimetric traits in the

common bean diversity panel

We analyzed seed and leaf morphological and colorimetric

traits of a common bean diversity panel comprising 434

accessions (Figure 1; Figure S1; Table S1) and subjected

these traits to GWAS using both GBS data on 434 acces-

sions and WGS-derived data on a selected subset of 200

accessions. The subset accessions were selected to maxi-

mize genetic diversity and ensure balanced representation

of the major gene pools identified in the GBS dataset. GBS

of the full 434 accession panel yielded 4771 SNPs, whereas

WGS of a representative 200-accession subset identified

3.57 million SNPs and 7100 duplications and deletions, col-

lectively referred to as SVs. Population structure analysis

using the GBS data assigned accessions to either the

Mesoamerican or Andean gene pools, or as admixed (for

accessions with <80% assignment to either pool;

Figure S2A). Principal component analysis (PCA) using

GBS data revealed that PC1 explained 51.66% of the total

genetic variance, clearly separating the two gene pools,

while PC2 explained 3.96% of the within-group variation.

Similar patterns were observed using WGS-derived SNP

and SV data: for SNPs, PC1, and PC2 explained 57.19 and

6.06% of the variance, respectively, and for SVs, 40.47 and

4.37% (Figure S2b).

Morphological traits recorded for seeds included

weight, area, perimeter, circularity, height, and width

(Table 1; Table S2). Colorimetric descriptors encompassed

gray value, integrated density, L*, a*, b* values, RGB

values, and reflectance across the visible spectrum: violet

(380–450 nm), blue (450–495 nm), green (495–570 nm), yel-

low (570–590 nm), orange (590–620 nm), and red

(620–750 nm). In a follow-up experiment, we rephenotyped

the 200 WGS accessions by measuring seed size, L*, a*, b*
values, X/Y/Z spectra, and visible light wavelengths.
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In addition to seed traits, we characterized apical leaf-

let morphology in all 434 accessions, assessing extent,

solidity, area, perimeter, and roundness. For the

200-accession subset, we extended this analysis to the tri-

foliate leaves, capturing morphological traits (area, extent,

solidity, perimeter, eccentricity, centroid, and roundness)

and colorimetric descriptors (spectral integral, chlorophyll

content, infrared reflectance, R/G/B, H/S/V, X/Y/Z, L*/a*/b*,
and reflectance from violet to red; Figure 1B,C).

We then assessed whether morphological and colori-

metric traits differed significantly between the Mesoameri-

can and the Andean gene pools. In the trifoliate leaves,

Mesoamerican accessions exhibited significantly higher

absorbance in the violet, blue, green, yellow, orange, and

red wavelengths, as well as for L*, spectral integral, chloro-
phyll, and X/Y/Z color metrics (Table 1; Table S2;

Figure S3). Morphologically, Mesoamerican trifoliate

leaves showed higher solidity, roundness, and centroid 1

value, but lower perimeter, area, and centroid 2 values

compared to Andean accessions (Table 1; Table S2;

Figure S4). For the apical leaflets, solidity, roundness, and

extent were also significantly higher in the Mesoamerican

gene pool; however, unlike the trifoliate leaves, leaf area

did not differ significantly between pools.

Figure 1. Seeds and leaves of the bean diversity panel.

Seed and leaf morphological and colorimetric traits were measured including: weight, area, perimeter, circularity, height, and width, gray value, integrated den-

sity, L*, a*, b* values, RGB values, and reflectance across the visible spectrum: violet (380–450 nm), blue (450–495 nm), green (495–570 nm), yellow

(570–590 nm), orange (590–620 nm), and red (620–750 nm). Morphological descriptors were obtained by using seed and leaf images. Images of (A) seeds and

(B) single leaves were obtained from the full 434 panel and (C) trifoliate leaves were obtained from accessions of the 200 panel. Scale bar = 5 cm.
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In the 200-accession panel, Mesoamerican seeds had

significantly smaller seed size and lower a* and b* color

values (Table 1; Table S2; Figure S5). For the full 434-panel,

Mesoamerican seeds exhibited higher minimum gray

value, blue spectrum reflectance, and circularity, while a*,
b*, area, weight, height, width, and perimeter were all sig-

nificantly lower (Table 1; Table S2; Figure S6).

In summary, Mesoamerican plants tend to have leaves

with higher color intensity and more compact, rounded

shapes, while Andean plants have larger, less compact

leaves. Mesoamerican seeds are generally smaller, lighter

in color, and more circular, whereas Andean seeds are

larger, more elongated, and more intensely colored. These

differences reflect distinct morphological and colorimetric

traits between the two gene pools.

PCA of leaf and seed morphological and colorimetric

traits revealed that PC1 and PC2 accounted for 34.2 and

23.4% of the total variance, respectively (Figure 2A). Inter-

estingly, no clear separation was observed between

Andean and Mesoamerican accessions based on pheno-

typic and colorimetric traits. Analysis of variable contribu-

tions indicated that variation along PC1 was primarily

driven by seed colorimetric traits, while leaf colorimetric

traits contributed most to the variation along PC2. We per-

formed a correlation network analysis and identified 10

clusters comprising ≥2 features, of which five were

Figure 2. Colorimetric and morphological descriptors of leaves and seeds.

(A) Principal component analysis (PCA) of Andean (AND), Mesoamerican (MES), and admixed common bean accessions including variable contribution to PC1

and PC2. PC1 explains the separation of accessions mainly by seed descriptors while PC2 by leaf descriptors.

(B) Network analysis using |r| ≥0.7 and P < 0.05. L/S200 = Leaf and seed descriptors from the 200 panel, L/S434 = Leaf and seed descriptors from the 434 panel.

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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color-related and five morphology-related (Figure 2B). Of

the top three clusters, two were color-related comprising

25 seed color features and 18 leaf color features, and one

morphology-related cluster comprising six seed morphol-

ogy features (size, area, height, perimeter, weight, width;

Table S3). These phenotypic differences between gene

pools reflect domestication-related divergence and lay the

foundation for GWAS to dissect the genetic architecture of

color and morphology in P. vulgaris.

The genetic architecture of the common bean leaf and

seed phenome

We performed GWAS for a total of 71 morphological and

colorimetric descriptors across the common bean diversity

panel. Using GBS data, we identified 35 high-confidence

MTAs, defined as associations detected by at least two of

the five GWAS models (CMLM, MLM, MLMM, BLINK, and

FarmCPU). Similarly, WGS identified 24 MTAs based on

SVs and 15 MTAs based on SNPs (Figure S7; Tables S4–
S7). In total, we identified four QTL previously reported in

common bean GWAS analyses (Garc�ıa-Fern�andez

et al., 2021; Hagerty et al., 2016; Murube et al., 2020). For

instance, a MYB transcription factor (Phvul.004G144900)

associated in our dataset with multiple seed color traits—

orange, red, yellow, gray value, green, and L*—is also

linked to pod width, height, and wall thickness in earlier

studies (Garc�ıa-Fern�andez et al., 2021; Hagerty et al., 2016).

Moreover, two QTL located on chromosome 11 were con-

sistent with prior findings (Garc�ıa-Fern�andez et al., 2021;

Murube et al., 2020). The first QTL, located at 2.3 Mb and

associated with violet and X seed color, encompassed two

candidate genes: a basic helix–loop–helix (bHLH) transcrip-

tion factor (Phvul.011G026500) and a WD40 repeat protein

(Phvul.011G028400), which share 17 and 19% sequence

similarity, respectively, with the WD40 proteins ZmKRN2

and OsKRN2 known to regulate grain yield in maize and

rice (Chen et al., 2022). The second QTL, located at 4.2 Mb,

was linked to blue, green, and violet seed wavelengths and

included a bZIP transcription factor (Phvul.011G047100)

and a probable lipid transfer protein (Phvul.011G047400).

Across all datasets, we detected 21 novel QTL and 114

candidate genes. Of these, five QTL were identified from

GBS data, eight from WGS-SV data, and one from

WGS-SNP data using at least two GWAS models, corre-

sponding to 10, 51, and 3 candidate genes, respectively

(Figure S8; Table S8). In addition, we identified 32, 10, and

7 additional QTL from GBS, WGS-SV, and WGS-SNP data-

sets, respectively.

To assess pleiotropic effects across the three datasets,

we compared significant signals (≥2 GWAS models) and

identified three shared QTL comprising 35 candidate genes

(Figure 3). Two pleiotropic QTL were located on chromo-

some 2 and were detected in both WGS-SNP and WGS-SV

analyses. The first, located at 1.77 Mb, contained eight

candidate genes associated with seed perimeter, area, and

width and was previously identified by Garc�ıa-Fern�andez

et al. (2021) to be associated with pod perimeter and WRKY

transcription factor (Phvul.002G016100), MYB transcription

factor (Phvul.002G015100) and two CYP82C2-related genes

(Phvul.002G022800, Phvul.002G022900) as candidate genes.

Here, we present six more candidates: These included

two isoflavone 20-monooxygenases (Phvul.002G014700,

Phvul.002G014800), a microtubule-associated protein

(Phvul.002G015300), an ethylene-responsive transcription

factor (Phvul.002G016700), a caffeoyl-CoA

O-methyltransferase (Phvul.002G017500), and a zeaxanthin

epoxidase (Phvul.002G018700). Expression data support

the functional relevance of these candidates, with

Phvul.002G014800 expressed in Andean domesticated

pods, high transcript levels of Phvul.002G014700,

Phvul.002G016700, and Phvul.002G018700 at 40 days

post-anthesis (DPA), and mature black seeds exhibiting ele-

vated expression of Phvul.002G015100, Phvul.002G015300,

Phvul.002G016100, and Phvul.002G017500 (Parreira

et al., 2018; Perez de Souza et al., 2019; Roy et al., 2025).

The second QTL on chromosome 2, located at

35.56 Mb, was associated with seed gray value and com-

prised 20 candidate genes. These included a VQ-motif-

containing protein (Phvul.002G189900), a PLATZ

transcription factor (Phvul.002G190500), eight CCR4-NOT

transcription complex subunits (Phvul.002G191700,

Phvul.002G191800, Phvul.002G191900, Phvul.002G192100,

Phvul.002G192300, Phvul.002G192400, Phvul.002G192500,

Phvul.002G192900), five CCR4-associated factor 1 homolog

11-related genes (Phvul.002G192200, Phvul.002G192950,

Phvul.002G193000, Phvul.002G192700, Phvul.002G193100),

three glycerol-3-phosphate O-acyltransferases

(Phvul.002G192000, Phvul.002G192600, Phvul.002G192901),

a flavin reductase-related gene (Phvul.002G194000), and a

bHLH transcription factor (Phvul.002G194400). Transcrip-

tomic data support their developmental relevance:

high expression was observed in Andean flowers

(Phvul.002G189900, Phvul.002G192000), Mesoamerican

wild pods (Phvul.002G192600, Phvul.002G194000,

Phvul.002G194400), 10 DPA (Phvul.002G190500), mature

black seeds (Phvul.002G191700, Phvul.002G191800,

Phvul.002G191900, Phvul.002G193000), and in final

seed developmental stages (Phvul.002G192000,

Phvul.002G191900, Phvul.002G193000) (Jurado et al., 2024;

Parreira et al., 2018; Perez de Souza et al., 2019; Roy

et al., 2025).

A third pleiotropic QTL was located on chromosome 10

(26.75 Mb) and was identified in both GBS and WGS-SV ana-

lyses. This region was associated with trifoliate leaf round-

ness and perimeter and comprised six candidate

genes, including a MYB/SANT-like DNA-binding protein

(Phvul.010G083800), a MYB domain protein 100-related gene

(Phvul.010G078300), two trichome birefringence-like 3 genes

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2026), 126, e70909
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(Phvul.010G075700, Phvul.010G075800) moderately

expressed in Mesoamerican wild pods (Perez de Souza

et al., 2019), an AtMYB1-like gene (Phvul.010G075500)

expressed at 40 DPA and in mature seeds (Jurado et al., 2024;

Parreira et al., 2018), a pectinacetylesterase family protein

(Phvul.010G075200), an ABC transporter G family member

38 (Phvul.010G076901), highly expressed in Andean

domesticated flowers (Perez de Souza et al., 2019), a

CYP71B21-related gene (Phvul.010G079100) expressed in

Andean domesticated flowers, at 40 DPA, and in mature

seeds (Jurado et al., 2024; Parreira et al., 2018; Perez de

Souza et al., 2019), and a MATE efflux family protein

(Phvul.010G068200).

Additionally, a GBS-derived QTL on chromosome 6

was associated with multiple colorimetric traits, including

the green, orange, and yellow wavelengths; X and H color

coordinates; the 520/580 nm wavelength ratio; and R and Y

components. Candidate genes in this region included a

flavonol 3-O-glucosyltransferase (Phvul.006G201100)

highly expressed in Mesoamerican wild pods, Andean

domesticated flowers and pods, and 10 DPA (Parreira

et al., 2018; Perez de Souza et al., 2019), an SRF-type tran-

scription factor (Phvul.006G202300) highly expressed in

black seeds (Roy et al., 2025), and a SAC51-related tran-

scription factor (Phvul.006G203400) highly expressed in

black seeds, 40 DPA, and in mature seeds (Jurado

et al., 2024; Parreira et al., 2018; Roy et al., 2025).

In total, we identified 66 candidate genes associated

with seed color, 20 with seed morphology, 14 with both

seed color and morphology, 19 with leaf morphology, and

3 with leaf color. Among these, we found 59 transcription

factors, 14 monooxygenases, 14 transferases, and 6 trans-

porters, highlighting the diverse molecular mechanisms

underlying variation in seed and leaf traits in common

bean.

Functional validation of PvOFP5 as a key player regulating

the seed size in common bean

Seed area is a major determinant of yield in common

bean. In this study, we identified a prominent QTL located

on chromosome 6. This locus was detected in the GBS

dataset but not in the WGS dataset, potentially due to

Figure 3. Common bean phenotype QTLome using genotype-by-sequencing (GBS), structural variance (SV) and whole-genome sequencing (WGS).

Counts of associated traits of leaf and seed color and morphology using WGS, SV and GBS data. Only significant single-nucleotide polymorphisms (SNPs) iden-

tified in ≥ two GWAS methods were considered significant. Common QTL across all panels are highlighted with a candidate gene. Lc, leaf color traits; Lm, leaf

morphology traits; QTL, quantitative trait locus; Sc, seed color traits; Sm, seed morphology traits.

� 2026 The Author(s).
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differences in population size and sequencing approach.

This QTL harbors the candidate gene PvOFP5, a 1218 bp

gene encoding an ovate family protein, located at position

27.49 Mb (Figure 4; Table S9). Using WGS-SNP data, the r2

between the target SNP (S06_27905417) and the nearest

gene SNP (S06_27485455) was 0.497, indicating moderate

linkage disequilibrium. We cloned two alleles of PvOFP5:

the inferior allele (OFP5-1) from the Mesoamerican gene

pool and the superior allele (OFP5-2) from the Andean

gene pool. Comparative sequence analysis revealed five

SNPs (T533A, T727A, G814A, C1095T, A1101G) comparing

Ece122 (MES) to Ece153 (AND) that result in three amino

acid substitutions: D178E, V243E, and R272K. Structural

predictions using AlphaFold suggested that the D178E sub-

stitution occurs within an alpha-helix, while the V243E and

R272K changes are located in unstructured regions.

Due to the challenges associated with stable transfor-

mation and long generation time in common bean, we

used A. thaliana as a heterologous system to investigate

the functional role of these alleles. Both PvOFP5 alleles

were overexpressed in the Columbia-0 (Col-0) wild-type

(WT) background and used to complement the ofp5 T-DNA

knockout (KO) line. For the WT overexpression (OX) lines,

we obtained two independent biological replicates per

allele, while three and five independent lines were

obtained for the OFP5-1 and OFP5-2 complementation

lines, respectively.

Phenotypic analysis showed that plant height was sig-

nificantly reduced in both independent ofp5 KO lines

(Figure 5A). Complementation with either allele restored

the WT phenotype, but OX of the inferior OFP5-1 allele

resulted in a significantly smaller plant height compared to

both WT and the OFP5-2 OX lines. Rosette diameter was

not significantly altered in the KO or complementation

lines. However, OX of OFP5-1 in the WT background led to a

reduced rosette diameter compared to the corresponding

complementation line. Silique morphology, quantified

through image analysis, revealed that WT OX of both alleles

led to shorter and rounder siliques relative to WT

(Figure 5B). Silique width was significantly increased only

in OFP5-2 OX lines compared to both WT and ofp5mutants.

To validate the function of PvOFP5 in regulating seed

size, we used seed cross-sectional area as a proxy and

quantified seed area, length, and width using image-based

phenotyping (Figure 5C). All three traits were reduced in

the KO lines. Across all parameters, OFP5-2 consistently

Figure 4. Identification of PvOFP5 as seed size determinant.

(A) Manhattan plot overlay of BLINK, CMLM, FarmCPU, MLM, and MLMM of seed area using genotype-by-sequencing (GBS) data and haplotype plot of seed

area in mm2 with dots representing the accession’s gene pool. Chromosome 6 shows an association with a quantitative trait locus (QTL) comprising PvOFP5.

(B) Cloning of PvOFP5 identified five single-nucleotide polymorphisms (SNPs) at indicated positions in Ece122 with low seed area, a Mesoamerican gene pool

accession, compared to Ece153 with high seed area, an Andean gene pool accession, translating to three amino acid substitutions. D178E is located in an alpha-

helix. Asterisks indicate significant differences as assessed by Student’s t-test (P < 0.001).

� 2026 The Author(s).
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Figure 5. Both bean alleles PvOFP5 complement the Arabidopsis thaliana AtOFP5 knockout lines. The Mesoamerican OFP5-1 allele (five SNPs) as well as the

Andean OFP5-2 (no SNPs) complement the A. thaliana knockout line ofp5-1 (two independent biological replicates) and the overexpression (OX) in wild type

Columbia-0 (Col-0; three and five biological independent replicates for the OFP5-1 and OFP5-2 alleles) shows a slightly reduced height.

(A) Height and rosette diameter of 4-week-old plants (nCol-0 = 5, nofp5-1 = 4, nofp5-2 = 4, nOFP5-1-OX Col-0 = 21, nOFP5-2-OX Col-0 = 33, nOFP5-1-OX ofp5-1 = 8, nOFP5-2-OX

ofp5-1 = 6) and phenotypic image with respective mutant lines.

(B) Length [cm], width [mm] and roundness of the siliques of 5-week-old plants (nCol-0 = 19, nofp5-1 = 12, nofp5-2 = 12, nOFP5-1-OX Col-0 = 63, nOFP5-2-OX Col-0 = 100,

nOFP5-1-OX ofp5-1 = 23, nOFP5-2-OX ofp5-1 = 34).

(C) Seed area [mm2], width and length [mm] of wild type, knockout, overexpression, and complementation lines (nCol-0 = 4379, nofp5-1 = 2308, nofp5-2 = 2091, nOF-

P5-1-OX Col-0 = 3799, nOFP5-2-OX Col-0 = 7994, nOFP5-1-OX ofp5-1 = 1516, nOFP5-2-OX ofp5-1 = 3152). Letters indicate significances P < 0.05 calculated either with two-way

ANOVA or Kruskal–Wallis test with post-hoc Tukey’s HSD or Dunn-test, respectively, based on the data normal distribution. SNP, single-nucleotide polymorphism.

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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produced larger seeds than OFP5-1. The inferior allele

complemented the seed area and length phenotype in the

KO background but led to reduced seed size when overex-

pressed in WT. In contrast, OX of the superior allele OFP5-

2 led to increased seed area and length compared to WT.

Interestingly, seed width showed a more complex pattern:

OX of OFP5-1 in WT resulted in an increase in seed width,

while its complementation line showed reduced width.

Both OX and complementation of OFP5-2 led to increased

seed width.

Together, these results demonstrate that PvOFP5

plays a key role in regulating seed size in common bean.

The superior allele from the Andean gene pool enhances

seed area, length, and width, whereas the Mesoamerican

allele is associated with smaller seeds. This functional

divergence reflects natural allelic variation contributing to

this yield-related trait of seed volume in domesticated

common bean.

DISCUSSION

Seed color and morphology are key traits influencing both

consumer preference and breeder selection. In this study,

we mapped multiple seed morphological and colorimetric

descriptors (Figures 1 and 2; Table 1; Table S2) and con-

ducted GWAS of leaf morphological and colorimetric traits

(Figure 3; Tables S4–S7). In addition to SNP-based map-

ping, we incorporated SV data to uncover novel

loci, particularly those involved in seed morphology. While

SNP-based GWAS have identified numerous trait-

associated loci, SVs—such as insertions and deletions—are

increasingly recognized for their capacity to drive substan-

tial phenotypic variation (Alonge et al., 2020). Integrating

SVs with SNP data enhances both the resolution and

power of association analyses, thereby providing a more

comprehensive understanding of the genetic architecture

underlying complex traits.

Previous studies (Garc�ıa-Fern�andez et al., 2021; Hag-

erty et al., 2016; Murube et al., 2020) have identified QTL

associated with seed morphology and pod color. Interest-

ingly, several co-localized QTL were reported to influence

both seed morphology and color, suggesting potential

pleiotropic effects.

In the present analysis, we applied a stringent filtering

criterion by considering only SNPs detected in at least two

GWAS models (MLM, MLMM, CMLM, FarmCPU, and

BLINK). This conservative approach was chosen to mini-

mize false positives arising from multiple testing across

numerous traits. While this likely reduced the total number

of detected loci, it increased the reliability of identified

associations (Table S8). It is plausible that additional candi-

date genes and QTL could be revealed under a less strin-

gent threshold, particularly for complex polygenic traits.

Despite the well-established genetic differentiation

between Andean and Mesoamerican gene pools, PCA of

seed and leaf descriptors revealed no clear separation

between these groups (Figure 2A). This lack of phenotypic

stratification may suggest convergent selection on these

traits, extensive gene flow between the populations, or a

high degree of plasticity in the morphological and colori-

metric traits analyzed. However, pairwise comparisons did

reveal significant differences between Andean and Meso-

american accessions for many traits (Table 1).

Most traits exhibited positive correlations, reflecting

shared developmental or biochemical pathways influenc-

ing morphology and pigmentation (Figure 2B). However,

some leaf colorimetric parameters, such as leaf saturation

and the a* and b* components, showed negative correla-

tions. This may result from opposing pigment contribu-

tions (e.g., chlorophyll versus carotenoids) or from light

reflectance differences linked to developmental or physio-

logical variation among accessions.

Together, these findings highlight the complex yet

interconnected genetic basis of seed and leaf morphology

and coloration in common bean. The integration of SNP-

and SV-based GWAS approaches revealed both

known and novel loci (Figure 3; Table S8), underscoring

the importance of combining complementary genomic

resources to capture the full spectrum of genetic variation

underlying these traits. This comprehensive framework not

only refines our understanding of the phenotypic diversity

observed across gene pools but also provides a robust

foundation for functional validation of key candidate

genes, such as PvOFP5, implicated in seed size regulation

(Figure 4).

PvOFP5 regulates seed size

Similarly, Alves et al. (2024) mapped seed weight to posi-

tion 22 116 966 bp on chromosome 6, approximately

5.37 Mb upstream of PvOFP5; however, the underlying

candidate gene was not reported (Alves et al., 2024). Given

that A. thaliana is a well-established heterologous system

for functional validation of crop and wild plant genes

(Cheng et al., 2020; Niu et al., 2025; Qin et al., 2025), we

employed the Mesoamerican (inferior) and Andean (supe-

rior) PvOFP5 alleles to complement the Arabidopsis ofp5

KO phenotype and to overexpress them in a WT back-

ground (Figure 5). Members of the OFP group are known

to interact with TONNEAU1 RECRUITMENT MOTIF (TRM)

proteins, thereby modulating cell division and determining

fruit and organ shape in diverse crops such as tomato,

pepper, cucumber, melon, and potato (Snouffer

et al., 2020; Tsaballa et al., 2011, 2013; Wang et al., 2016,

2025; Wu et al., 2018). OFPs have also been implicated in

drought resilience in rice (Ma et al., 2017) and fruit ripening

in banana (Liu et al., 2015). In Arabidopsis, AtOFP5

is essential for female gametophyte and embryo sac devel-

opment (Pagnussat et al., 2007), and accordingly, the ofp5

KO exhibits reduced seed size. Remarkably, despite

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2026), 126, e70909
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fundamental differences in seed storage composition

between Arabidopsis (predominantly lipids) and common

bean (proteins and starch), both common bean alleles suc-

cessfully complemented the KO phenotype. These obser-

vations support the notion that seed size regulation may

rely, at least in part, on conserved mechanisms among

dicotyledonous species. Moreover, the alleles preserved

their relative phenotypic effects, with the superior allele

conferring larger seeds than the inferior one. These find-

ings highlight the robustness of A. thaliana as a heterolo-

gous system for dissecting functional and allelic variation

in crop genes, providing an efficient alternative to transfor-

mation in complex or recalcitrant species such as common

bean. Moreover, our results position PvOFP5 as a central

regulator of seed development in common bean and high-

light its potential as a breeding target for improving seed

traits and overall bean quality.

CONCLUSION

Our study provides a comprehensive resource of QTL and

candidate genes controlling leaf and seed morphology and

color in common bean, thereby significantly enriching the

genetic framework available to the legume research com-

munity. By exploring multiple morphological and colori-

metric descriptors—many of which were analyzed by

GWAS for the first time—we uncovered novel loci and trait

relationships that deepen our understanding of phenotypic

diversification and its molecular underpinnings. The inclu-

sion of both SNP- and SV-based association analyses

proved particularly powerful, enabling the discovery of

candidate genes that may have remained undetected by

conventional SNP-only approaches. These findings not

only advance fundamental insights into organ develop-

ment, pigmentation, and adaptation but also provide valu-

able targets for marker-assisted selection and genomic

prediction in breeding programs. Furthermore, our suc-

cessful use of A. thaliana as a heterologous system to

functionally validate PvOFP5 underscores the versatility of

this model plant for rapid gene characterization across spe-

cies. Together, this integrative approach—linking popula-

tion genomics, quantitative genetics, and functional

validation—illustrates an effective and scalable framework

for elucidating the genetic architecture of complex traits in

crops with long generation times and limited transforma-

tion efficiency.

EXPERIMENTAL PROCEDURES

Plant material and sequencing

The original seed and sequencing data for the common bean
accessions used in this study were previously described
(Table S1) (Bellucci et al., 2023; Cortinovis et al., 2024). In total 434
P. vulgaris accessions were sequenced by GBS revealing 4792
SNPs, a subset of 200 accessions were selected and sequenced by

WGS revealing 7100 duplications and deletions and 3 570 040
SNPs. As reference genome we used the P. vulgaris Pha-
vu.G19833v2.1 (common bean genotype G19833) from Phytozome
(DOE-JGI and USDA-NIFA; https://phytozome-next.jgi.doe.
gov/info/Pvulgaris_v2_1), which comprises approximately 537 Mb
assembled into 11 chromosomes with ~27 000 annotated genes.
Two experiments were conducted to characterize the morphologi-
cal traits of leaves and seeds. In Experiment I, 200 WGS acces-
sions were grown under long-day conditions. Specifically, seeds
of each accession were scarified and germinated at room temper-
ature in Petri dishes. Once the radicle had emerged, germinated
seeds were transplanted into 30 cm (diameter) 9 30 cm (height)
pots in a climate-controlled greenhouse. The plants were grown
under an 8/16 h light/dark regime with a photon flux density of
400–500 lmol m�2 sec�1 (LED lighting), 70% relative humidity,
and day/night temperatures of 24°C/20°C, following a randomized
complete block design with three biological replicates per acces-
sion. In Experiment II, 434 GBS accessions, including the 166
WGS accessions, including three replicates were grown in a poly-
tunnel greenhouse between June and August 2023.

Morphological analysis

For colorimetric features of seeds and leaves X-Rite ColorMunki
spectrophotometer controlled by ArgyllCMS v.1.9.2 profiling soft-
ware was utilized. Shape-related features were analyzed by Adope
Photoshop� and Python 3.6 ANACONDA distribution using
‘skimage’, ‘pandas’, and ‘matplotlib’. We summarized the wave-
length detected by ‘ColorMunki’ spectrophotometer to the color
ranges of the visible light (violet: 380–450 nm, blue: 450–495 nm,
green: 495–570 nm, yellow: 570–590 nm, orange: 590–620 nm,
red: 620–750 nm). ‘Spectra Integral’ is the total reflectance over
the full spectral range measured and gives an indication of bright-
ness or reflectance intensity, ‘520/580’ is referred to as the reflec-
tance in green-yellow range between 520 and 580 nm and
indicates the chlorophyll or carotenoid content, ‘Chlorophyll’ is
the chlorophyll-specific index (670 and 750 nm), and ‘Infrared’ the
infrared reflectance (700–1000 nm) often used to describe plant
health. The red, green and blue channel intensities of the visible
spectrum is described as ‘R’/‘G’/‘B’, the HSV model with hue (type
of color), saturation (intensity/purity of color), brightness (value/lu-
minance, color lightness or darkness) with ‘H’/‘S’/‘BV’, while
‘X’/‘Y’/‘Z’ is the color space components CIE 1931 tristimulus
values. The CIELAB color refers to ‘L’/‘a’/‘b’ and is the lightness,
red-greenness, and yellow-blueness. For the seed 434 panel the
gray value which is a proxy for the brightness level of individual
pixels and the integrated density which is the sum of all pixel
values in a region was calculated.

As morphological descriptors, the area, extent (bounding box
area; shape compactness versus bounding box), solidity (convex
hull area; convexity; 1 = solid, <1 = concave), perimeter, eccentric-
ity (ellipticity � shape elongation), centroid (geometric center of
the object), roundness (4�p�area/perimeter2), circularity (roundness
measure), size, height, width, and weight were considered.

GWAS of morphological traits

For GWAS, the R package GAPIT3 (Wang & Zhang, 2021) was
used, employing EMMA (efficient mixed-model association) as a
variance component method to correct for population structure
effects with a kinship matrix and three PCs as fixed effects. MLM,
compressed MLM, MLMM (Zhang et al., 2010), BLINK (Huang
et al., 2019), and FarmCPU (Liu et al., 2016) were used as models
for association testing to identify significant associations between
genetic variants (SNPs) and the phenotype of interest. We used

� 2026 The Author(s).
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the Bonferroni correction to adjust the significance threshold for
multiple comparisons and used only signals detected by up to
three methods for downstream analysis. Overlaid Manhattan plots
were generated in the R package rMVP (Yin et al., 2021). Candidate
genes were identified by scanning the genetic area � 100 kb of
the lead SNP.

Genomic analysis

For the analysis of the genomic diversity, Tassel 5 (Bradbury
et al., 2007) was used in combination with iTOL (https://itol.embl.
de/) for visualization of the WGS phylogenetic tree. To assess pop-
ulation structure within the GBS GWAS panel, we used STRUC-
TURE v2.3.4 (Pritchard et al., 2000) under the admixture model
with correlated allele frequencies, testing K values from 1 to 13.
For each K, six independent runs were performed, each with 500
burn-in iterations followed by 5000 Markov Chain Monte Carlo
iterations. The optimal number of clusters was determined using
the DK (Evanno et al., 2005) method implemented in PopHelper
(Francis, 2017). Accessions with an unknown origin were assigned
to either the Mesoamerican or Andean gene pool (membership
≥0.8), or classified as admixed if the percentage of membership of
any sub-cluster was <0.8.

Data analysis

Data were analyzed using the R environment version 4.3.2 using
the packages ‘ggplot2’. Significances were computed by either
ANOVA with post-hoc Tukey HSD test or Kruskal–Wallis and post-
hoc Dunn-test based on the data normal distribution.

Network analysis

The morphological and colorimetric data network was constructed
with features annotated by tissue and class. Pairwise Pearson cor-
relations between metabolites were calculated, and edges were
retained for correlations |r| >0.7 with P < 0.05. The network was
built using ‘igraph’, with node degree calculated to identify hub
features. The network was visualized using ‘ggraph’ with the
Kamada-Kawai layout. All analyses were performed in R (4.3.2.)
using the ‘tidyverse’, ‘igraph’, and ‘ggraph’ packages.

Genotyping of A. thaliana T-DNA insertion lines

DNA was extracted following (Berendzen et al., 2005) from
SALK_201425 and SALK_203823, and positive T-DNA insertion
lines were identified following the instructions of the provider
(http://signal.salk.edu/tdnaprimers.2.html).

Arabidopsis thaliana OX and complementation

The total RNA from ECe122 (MES, small seeds; OFP5-1) and
ECe153 (AND, large seeds; OFP5-2) was isolated using a
NucleoSpin� RNA plant kit (Macherey-Nagel, D€uren, Germany)
according to the manufacturer’s instructions. First-strand cDNA
was synthesized using 1.5 lg RNA and Prime ScriptTM RT reagent
Kit with gDNA eraser (Takara, Kusatsu, Japan) according to the
manufacturer’s instructions. Full-length cDNA of leaf samples of
the founder lines was amplified by using 250 ng (fw-primer:
TAGGTACCATGGAACCAAGAAGGAACAC, rv-primer: TATACTC-
GAGAGTCGCCTCCACTGACAAG). GatewayTM pENTRTM 1A Dual
Selection Vector was used for restriction-enzyme based cloning
(KpnI and XhoI) followed by LR recombination using pK2GW7
(Karimi et al., 2002). Columbia-0 and T-DNA insertion lines of
OFP5 were transformed using Agrobacterium tumefaciens strain
GV3101 (Zhang, Chen, et al., 2020) and screened for single homo-
zygous insertions using kanamycin resistance.

Arabidopsis thaliana phenotyping

Plants were grown under long-day conditions in a greenhouse
and phenotyped for rosette diameter and plant height. For seed
size and silique measurements, seeds were placed on a square-
shaped Petri dish, while siliques were scanned directly without
support (Figure S10). All samples were scanned at a resolution of
600 dpi. Seed area [mm2], width and length [mm] and silique
roundness, length [cm] and width [mm] was quantified using
Python 3.6 (Anaconda distribution) with the ‘skimage’, ‘pandas’,
and ‘matplotlib’ library.
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Table S2. Morphological and colorimetric descriptors of leaves
and seeds.

Table S3. Clusters and features of network analysis of morpholog-
ical and colorimetric leaf and seed descriptors.

Table S4. Mapping results of genome-wide association study
(GWAS) using single-nucleotide polymorphisms (SNPs) of geno-
typing-by-sequencing and whole-genome sequencing or structural
variants of leaf color, morphology, and seed color and
morphology.

Table S5. Genotyping-by-sequencing significant associations of ≥
two methods of genome-wide association study using leaf and
seed morphology and colorimetric data.

Table S6. Significant structural variants of ≥ two methods of
genome-wide association study using leaf and seed morphology
and colorimetric data.

Table S7. Whole-genome sequencing significant associations of ≥
two methods of genome-wide association study using leaf and
seed morphology and colorimetric data.

Table S8. Novel candidate genes identified using seed and leaf
morphological and colorimetric descriptors with GBS, WGS-SV,
and WGS-SNP data.

Table S9. GWAS results for seed area in the full panel of 434
accessions genotyped by genotyping-by-sequencing, analyzed
using MLM, CMLM, MLMM, BLINK, and FarmCPU models.

Figure S1. Methodological overview.

Figure S2. Population structure analysis of common bean diversity
panel.

Figure S3. Colorimetric features of leaves of the subset of 200
accessions.

Figure S4. Morphological features of leaves of the subset of 200
and the full 434 panel.

Figure S5. Colorimetric and morphological features of seeds of
the subset of 200 accessions.

Figure S6. Colorimetric and morphological features of seeds of
the subset of 434 accessions.

Figure S7. Genome-wide association mapping of leaf and seed
agro-morphological traits using MLM, CMLM, MLMM, BLINK, and
FarmCPU.

Figure S8. Significant associations across five GWAS methods
using GBS, SV, and WGS data.

Figure S9. AtOFP5 T-DNA insertion lines ofp5_1 and ofp5_2.

Figure S10. High-throughput phenotyping of siliques and seeds of
Arabidopsis thaliana.

REFERENCES

Alonge, M., Wang, X., Benoit, M., Soyk, S., Pereira, L., Zhang, L. et al.

(2020) Major impacts of widespread structural variation on gene expres-

sion and crop improvement in tomato. Cell, 182, 145–161.e23.
Alves, S.M., Lacanallo, G.F., Gonc�alves-Vidigal, M.C., Vaz Bisneta, M., Vidi-

gal Rosenberg, A.G. & Vidigal Filho, P.S. (2024) Genome-wide associa-

tion for morphological and agronomic traits in Phaseolus vulgaris L.

accessions. Plants, 13, 2638.

Angioi, S.A., Rau, D., Attene, G., Nanni, L., Bellucci, E., Logozzo, G. et al.

(2010) Beans in Europe: origin and structure of the European landraces

of Phaseolus vulgaris L. Theoretical and Applied Genetics, 121, 829–843.
Bellucci, E., Benazzo, A., Xu, C., Bitocchi, E., Rodriguez, M., Alseekh, S.

et al. (2023) Selection and adaptive introgression guided the complex

evolutionary history of the European common bean. Nature Commu-

nications, 14, 1908. Available from: https://doi.org/10.1101/2022.09.28.

509856

Berendzen, K., Searle, I., Ravenscroft, D., Koncz, C., Batschauer, A., Coup-

land, G. et al. (2005) A rapid and versatile combined DNA/RNA extraction

protocol and its application to the analysis of a novel DNA marker set

polymorphic between Arabidopsis thaliana ecotypes Col-0 and Lands-

berg erecta. Plant Methods, 1, 4.

Berry, M., Izquierdo, P., Jeffery, H., Shaw, S., Nchimbi-Msolla, S. & Cichy, K.

(2020) QTL analysis of cooking time and quality traits in dry bean (Phaseo-

lus vulgaris L.). Theoretical and Applied Genetics, 133, 2291–2305.
Bitocchi, E., Bellucci, E., Giardini, A., Rau, D., Rodriguez, M., Biagetti, E.

et al. (2012) Molecular analysis of the parallel domestication of the com-

mon bean (Phaseolus vulgaris) in Mesoamerica and the Andes. New

Phytologist, 197, 300–313.
Bitocchi, E., Rau, D., Bellucci, E., Rodriguez, M., Murgia, M.L., Gioia, T. et al.

(2017) Beans (Phaseolus ssp.) as a model for understanding crop evolu-

tion. Frontiers in Plant Science, 8, 722.

Blair, M.W., D�ıaz, L.M., Buend�ıa, H.F. & Duque, M.C. (2009) Genetic diver-

sity, seed size associations and population structure of a core collection

of common beans (Phaseolus vulgaris L.). Theoretical and Applied

Genetics, 119, 955–972.
Blair, M.W., Izquierdo, P., Astudillo, C. & Grusak, M.A. (2013) A legume bio-

fortification quandary: variability and genetic control of seed coat micro-

nutrient accumulation in common beans. Frontiers in Plant Science, 4,

275.

Bradbury, P.J., Zhang, Z., Kroon, D.E., Casstevens, T.M., Ramdoss, Y. &

Buckler, E.S. (2007) TASSEL: software for association mapping of com-

plex traits in diverse samples. Bioinformatics, 23, 2633–2635.
Bulut, M., Wendenburg, R., Bitocchi, E., Bellucci, E., Kroc, M., Gioia, T. et al.

(2023) A comprehensive metabolomics and lipidomics atlas for the

legumes common bean, chickpea, lentil and lupin. The Plant Journal,

116, 1152–1171.
Campa, A., Murube, E. & Ferreira, J.J. (2018) Genetic diversity, population

structure, and linkage disequilibrium in a Spanish common bean diversity

panel revealed through genotyping-by-sequencing. Genes (Basel), 9, 518.

Chen, W., Chen, L., Zhang, X., Yang, N., Guo, J., Wang, M. et al. (2022) Con-

vergent selection of a WD40 protein that enhances grain yield in maize

and rice. Science, 375, eabg7985.

Cheng, Y., Cheng, L., Cao, Q., Zou, J., Li, X., Ma, X. et al. (2020) Heterolo-

gous expression of svmbd5 from Salix viminalis L. promotes flowering

in Arabidopsis thaliana L. Genes (Basel), 11, 285.

Chitwood, D.H. & Sinha, N.R. (2016) Evolutionary and environmental forces

sculpting leaf development. Current Biology, 26, R297–R306.
Cortinovis, G., Vincenzi, L., Anderson, R., Marturano, G., Marsh, J.I., Bayer,

P.E. et al. (2024) Adaptive gene loss in the common bean pan-genome

during range expansion and domestication. Nature Communications, 15,

6698.

Cronk, Q., Ojeda, I. & Pennington, R.T. (2006) Legume comparative geno-

mics: Progress in phylogenetics and phylogenomics. Current Opinion in

Plant Biology, 9, 99–103.
Di Vittori, V., Bitocchi, E., Rodriguez, M., Alseekh, S., Bellucci, E., Nanni, L.

et al. (2021) Pod indehiscence in common bean is associated with the fine

regulation of PvMYB26. Journal of Experimental Botany, 72, 1617–1633.
Evanno, G., Regnaut, S. & Goudet, J. (2005) Detecting the number of clus-

ters of individuals using the software STRUCTURE: a simulation study.

Molecular Ecology, 14, 2611–2620.
FAO. (2025) World Food and Agriculture – Statistical Yearbook 2025. Rome:

FAO. Available from: https://doi.org/10.4060/cd4313en

Francis, R.M. (2017) Pophelper: an R package and web app to analyse and

visualize population structure. Molecular Ecology Resources, 17, 27–32.
Garc�ıa-Fern�andez, C., Campa, A., Garz�on, A.S., Miklas, P. & Ferreira, J.J.

(2021) GWAS of pod morphological and color characters in common

bean. BMC Plant Biology, 21, 1–13.
Gepts, P., Osborn, T.C., Rashka, K. & Bliss, F.A. (1986) Phaseolin-protein

variability in wild forms and landraces of the common bean (Phaseolus

vulgaris): evidence for multiple centers of domestication. Botany, 40,

451–468.
Giordani, W., Gama, H.C., Chiorato, A.F., Garcia, A.A.F. & Vieira, M.L.C.

(2022) Genome-wide association studies dissect the genetic architecture

of seed shape and size in common bean. G3: Genes, Genomes, Genetics,

12(4), jkac048.

Hagerty, C.H., Cuesta-Marcos, A., Cregan, P., Song, Q., McClean, P. &

Myers, J.R. (2016) Mapping snap bean pod and color traits, in a dry bean

� snap bean recombinant inbred population. Journal of the American

Society for Horticultural Science, 141, 131–138. Available from:

https://journals.ashs.org

14 of 15 Julia von Steimker et al.

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2026), 126, e70909

 1365313x, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70909 by E

lena B
itocchi - U

niversity Polit D
elle , W

iley O
nline L

ibrary on [06/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1101/2022.09.28.509856
https://doi.org/10.1101/2022.09.28.509856
https://doi.org/10.4060/cd4313en
https://journals.ashs.org


Hayat, I., Ahmad, A., Masud, T., Ahmed, A. & Bashir, S. (2014) Nutritional

and health perspectives of beans (Phaseolus vulgaris L.): an overview.

Critical Reviews in Food Science and Nutrition, 54, 580–592.
Hoyos-Villegas, V., Song, Q. & Kelly, J.D. (2017) Genome-wide association

analysis for drought tolerance and associated traits in common bean.

Plant Genome, 10, plantgenome2015.12.0122.

Huang, M., Liu, X., Zhou, Y., Summers, R.M. & Zhang, Z. (2019) BLINK: a

package for the next level of genome-wide association studies with both

individuals and markers in the millions. GigaScience, 8, giy154.

Izquierdo, P., Kelly, J.D., Beebe, S.E. & Cichy, K. (2023) Combination of

meta-analysis of QTL and GWAS to uncover the genetic architecture of

seed yield and seed yield components in common bean. Plant Genome,

16, 1–20.
Jurado, M., Garc�ıa-Fern�andez, C., Campa, A. & Ferreira, J.J. (2024) Identifi-

cation of consistent QTL and candidate genes associated with seed traits

in common bean by combining GWAS and RNA-Seq. Theoretical and

Applied Genetics, 137, 143.

Karimi, M., Inz�e, D. & Depicker, A. (2002) GATEWAY vectors for

Agrobacterium-mediated plant. Trends in Plant Science, 7, 193–195.
Liu, J., Zhang, J., Hu, W., Miao, H., Zhang, J., Jia, C. et al. (2015) Banana

ovate family protein MaOFP1 and MADS-box protein MuMADS1 antago-

nistically regulated banana fruit ripening. PLoS One, 10, e0123870.

Liu, X., Huang, M., Fan, B., Buckler, E.S. & Zhang, Z. (2016) Iterative usage

of fixed and random effect models for powerful and efficient genome-

wide association studies. PLoS Genetics, 12, e1005767.

L�opez-Hern�andez, F., Burbano-Erazo, E., Le�on-Pacheco, R.I., Cordero-

Cordero, C.C., Villanueva-Mej�ıa, D.F., Tofi~no-Rivera, A.P. et al. (2023)

Multi-environment genome-wide association studies of yield traits in

common bean (Phaseolus vulgaris L.) 9 Tepary bean (P. acutifolius A.

Gray) interspecific advanced lines in humid and dry Colombian Carib-

bean subregions. Agronomy, 13, 1396.

Ma, Y., Yang, C., He, Y., Tian, Z. & Li, J. (2017) Rice OVATE family protein 6

regulates plant development and confers resistance to drought and cold

stresses. Journal of Experimental Botany, 68(17), 4885–4898. Available

from: https://doi.org/10.1093/jxb/erx309

Mir, R.R., Choudhary, N., Bawa, V., Jan, S., Singh, B., Bhat, M.A. et al.

(2021) Allelic diversity, structural analysis, and genome-wide association

study (GWAS) for yield and related traits using unexplored common

bean (Phaseolus vulgaris L.) germplasm from Western Himalayas. Fron-

tiers in Genetics, 11, 1–17.
Murube, E., Beleggia, R., Pacetti, D., Nartea, A., Frascarelli, G., Lanzavec-

chia, G. et al. (2021) Characterization of nutritional quality traits of a com-

mon bean germplasm collection. Food, 10, 1572.

Murube, E., Campa, A., Song, Q., McClean, P. & Ferreira, J.J. (2020) Toward

validation of QTLs associated with pod and seed size in common bean

using two nested recombinant inbred line populations. Molecular Breed-

ing, 40, 7.

Niinemets, €U. (2010) Responses of forest trees to single and multiple envi-

ronmental stresses from seedlings to mature plants: past stress history,

stress interactions, tolerance and acclimation. Forest Ecology and Man-

agement, 260, 1623–1639.
Niu, F., Yuan, M., Zhao, H., Pang, Z., Yan, J., Ning, R.X. et al. (2025) Heterol-

ogous expression of SpsTAC2 in Arabidopsis affected branch angle and

secondary vascular system development. Plant Signaling & Behavior, 20,

2450821.

Pagnussat, G.C., Yu, H.J. & Sundaresan, V. (2007) Cell-fate switch of syner-

gid to egg cell in Arabidopsis eostre mutant embryo sacs arises from

misexpression of the BEL1-like homeodomain gene BLH1. Plant Cell, 19,

3578–3592.
Parreira, J.R., Balestrazzi, A., Fevereiro, P. & Ara�ujo, S.d.S. (2018) Maintain-

ing genome integrity during seed development in Phaseolus vulgaris L.:

evidence from a transcriptomic profiling study. Genes (Basel), 9, 463.

Perez de Souza, L., Scossa, F., Proost, S., Bitocchi, E., Papa, R., Tohge, T.

et al. (2019) Multi-tissue integration of transcriptomic and specialized

metabolite profiling provides tools for assessing the common bean (Pha-

seolus vulgaris) metabolome. Plant Journal, 97, 1132–1153.

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000) Inference of population

structure using multilocus genotype data. Genetics, 155, 945–959.
Qin, Y., Wang, R., Chen, S., Gao, Q., Zhao, Y., Chang, S. et al. (2025)

Tissue-specific expression analysis and functional validation of SiSCR

genes in foxtail millet (Setaria italica) under hormone and drought

stresses, and heterologous expression in Arabidopsis. Plants, 14,

2151.

Roy, J., Sreedasyam, A., Osborne, C., Lee, R. & McClean, P.E. (2025) Seed

coat transcriptomic profiling of 5-593, a genotype important for genetic

studies of seed coat color and patterning in common bean (Phaseolus

vulgaris L.). BMC Plant Biology, 25, 284.

Santalla, M., Rodi~no, A.P. & De Ron, A.M. (2002) Allozyme evidence sup-

porting southwestern Europe as a secondary center of genetic diver-

sity for the common bean. Theoretical and Applied Genetics, 104,

934–944.
Singh, S.P., Gepts, P. & Debouck, D.G. (1991) Races of common bean (Pha-

seolus vulgaris, Fabaceae). Economic Botany, 45, 379–396.
Snouffer, A., Kraus, C. & van der Knaap, E. (2020) The shape of things to

come: ovate family proteins regulate plant organ shape. Current Opinion

in Plant Biology, 53, 98–105.
Tsaballa, A., Athanasiadis, C., Pasentsis, K., Ganopoulos, I., Nianiou-

Obeidat, I. & Tsaftaris, A. (2013) Molecular studies of inheritable grafting

induced changes in pepper (Capsicum annuum) fruit shape. Scientia Hor-

ticulturae, 149, 2–8.
Tsaballa, A., Pasentsis, K., Darzentas, N. & Tsaftaris, A.S. (2011) Multiple

evidence for the role of an ovate-like gene in determining fruit shape in

pepper. BMC Plant Biology, 11, 46.

Uebersax, M.A., Cichy, K.A., Gomez, F.E., Porch, T.G., Heitholt, J., Osorno,

J.M. et al. (2022) Dry beans (Phaseolus vulgaris L.) as a vital component

of sustainable agriculture and food security—a review. Legume Science,

5, e155.

Vidak, M., Lazarevi�c, B., Javornik, T., �Satovi�c, Z. & Carovi�c-Stanko, K. (2022)

Seed water absorption, germination, emergence and seedling pheno-

typic characterization of the common bean landraces differing in seed

size and color. Seeds, 1, 324–339.
Wang, J. & Zhang, Z. (2021) GAPIT version 3: boosting power and accuracy

for genomic association and prediction. Genomics, Proteomics & Bioin-

formatics, 19, 629–640.
Wang, S., Chang, Y. & Ellis, B. (2016) Overview of OVATE FAMILY PRO-

TEINS, a novel class of plant-specific growth regulators. Frontiers in

Plant Science, 7, 417.

Wang, Z.Q., Shan, Q.Y., Xu, Q., Xu, Q., Wu, M.-Q., Li, Q. et al. (2025) OVATE

family protein 20 regulates fruit shoulder width by modulating auxin dis-

tribution in pepper. Plant Physiology, 199, kiaf404.

Wu, S., Zhang, B., Keyhaninejad, N., Rodr�ıguez, G.R., Kim, H.J., Chakrabarti,

M. et al. (2018) A common genetic mechanism underlies morphological

diversity in fruits and other plant organs. Nature Communications, 9,

4734.

Yin, L., Zhang, H., Tang, Z., Xu, J., Yin, D., Zhang, Z. et al. (2021) rMVP: a

memory-efficient, visualization-enhanced, and parallel-accelerated tool

for genome-wide association study. Genomics, Proteomics & Bioinfor-

matics, 19, 619–628. Available from: https://doi.org/10.1016/j.gpb.2020.10.

007

Zhang, M., Zhang, S., Ye, M., Jiang, L., Vallejos, C.E. & Wu, R. (2020) The

genetic control of leaf allometry in the common bean, Phaseolus vul-

garis. BMC Genetics, 21, 29.

Zhang, Y., Chen, M., Siemiatkowska, B., Toleco, M.R., Jing, Y., Strotmann,

V. et al. (2020) A highly efficient Agrobacterium-mediated method for

transient gene expression and functional studies in multiple plant spe-

cies. Plant Communications, 1, 100028. Available from: https://doi.org/10.

1016/j.xplc.2020.100028

Zhang, Z., Ersoz, E., Lai, C.Q., Todhunter, R.J., Tiwari, H.K., Gore, M.A. et al.

(2010) Mixed linear model approach adapted for genome-wide associa-

tion studies. Nature Genetics, 42, 355–360.
Zhu, X.G., Long, S.P. & Ort, D.R. (2010) Improving photosynthetic efficiency

for greater yield. Annual Review of Plant Biology, 61, 235–261.

� 2026 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2026), 126, e70909

GWAS reveals OFP5 as key seed size regulator in common bean 15 of 15

 1365313x, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70909 by E

lena B
itocchi - U

niversity Polit D
elle , W

iley O
nline L

ibrary on [06/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3835/plantgenome2015.12.0122
https://doi.org/10.1093/jxb/erx309
https://doi.org/10.1016/j.gpb.2020.10.007
https://doi.org/10.1016/j.gpb.2020.10.007
https://doi.org/10.1016/j.xplc.2020.100028
https://doi.org/10.1016/j.xplc.2020.100028

	GWAS identifies regulators of seed and leaf morphology in common bean, revealing OFP5 as a major seed size determinant
	 SUMMARY
	 INTRODUCTION
	 RESULTS
	 Analysis of morphological and colorimetric traits in the common bean diversity panel
	 The genetic architecture of the common bean leaf and seed phenome
	 Functional validation of PvOFP5 as a key player regulating the seed size in common bean

	 DISCUSSION
	 PvOFP5 regulates seed size

	 CONCLUSION
	 EXPERIMENTAL PROCEDURES
	 Plant material and sequencing
	 Morphological analysis
	 GWAS of morphological traits
	 Genomic analysis
	 Data analysis
	 Network analysis
	 Genotyping of A. thaliana T-DNA insertion lines
	 Arabidopsis thaliana OX and complementation
	 Arabidopsis thaliana phenotyping

	 ACKNOWLEDGEMENTS
	 AUTHOR CONTRIBUTIONS
	 CONFLICT OF INTEREST
	 DATA AVAILABILITY STATEMENT
	Supporting Information
	 REFERENCES


